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To ensure long-term sustainability of the littoral marine ecosystem for water-based management and aquaculture
potential, it is necessary to quantify and project the effect of seawarming on the resident biota. This study evaluated
the potential of an oyster Suitability Sites Occurrence Model (SSOM) to predict the status of littoral areas in the
future due to sea warming. Data sources comprised Moderate Resolution Imaging Spectroradiometer (MODIS)
and Landsat 7 ETM+. The suitable sites were ranked on a scale of 1 (least suitable) to 5 (most suitable). In the
suitability model, score 5 had the highest proportion (35.8%) of oyster suitability which shrank to 16.2% with a
4 °C increase in sea temperature. Future increases in sea temperature are likely to cause shrinkage in the spatial
extent of most suitable and suitable oyster sites. Thus changes in marine oyster suitability in littoral zones are
predicted to worsen gradually as sea temperatures increase in the future. Differences in the recorded sea tempera-
ture of ≤6 °Cwithin and between sites may influence spatial variations in oyster habitat due to future sea warming.
Such concepts could form an alternative scientific basis for quantification of potential global climate change effects
on biodiversity for marine systems policy adaptation analysis, aquaculture potential, and management.
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1. Introduction

Elevated demands for freshwater, population growth, and increased
industrial discharge, have great implications on coastal ecosystems and
estuaries, and therefore associated policy formulation and management
(Alber, 2002; Flemer and Champ, 2006). Coastal littoral zones bear the
brunt of such synergistic effects of multiple anthropogenic activities due
to their proximity to land. Therefore, there is an increasing awareness
that water resource management is needed to mitigate human impacts
on such sensitive ecosystems. One such environmental threat is climate
change (Johanna andWelch, 2016).Water resource ecosystems are likely
to be manifested directly in changes to fisheries stock structure, phenol-
ogy, distribution, and indirectly through habitat changes, and suspended
sediments in the water column, potentially influencing the accessibility
of target species, reducing fisheries sustainability and food security
(Kjelland et al., 2015; Johanna and Welch, 2016). For example, studies
have shown that globally, marine systems are likely to be sensitive to
.

climate change (Lassalle and Rochard, 2009). According to Cheung et al.
(2010), the occurrence of sessile marine fisheries, especially oysters
(Family Ostreidae), are vulnerable to temperature change.

Oysters are considered amajor fishery, with their abundance at an all-
time low, estimated at 15% of historic levels worldwide. The resource is
considered to be near functional extinction (Beck et al., 2011). Their re-
covery has been hindered by interaction of factors such as eutrophication,
disease and habitat loss, exacerbated by climate change effects. Current
production is heavily dependent on aquaculture (Jackson, 2008). In the
near future, wild oyster restorationmay emerge as amajor focus tomax-
imize environmental benefits, or to maximize the yield from the fishery.
For progress to bemet, different issues on ecological perspectives and cli-
mate changes have to be addressed. Important ecological perspectives
may include variables considered for oyster growth, survival, quality
and quantity. Changes in parameters for optimal growth of oysters, in-
cluding sea temperature, depth, Chlorophyll-a and suspended sediment
concentration (SSC), may affect their distribution if altered (Leffler and
Greer, 1991; Tack et al., 1992; FAO, 1997; Kjelland et al., 2015).

The challenge is to provide policy-makers with reliable information
for oyster resource management and aquaculture potential, based on
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integrated data and tools derived from both earth observations and
scientific models (Lehmann et al., 2014). This is because other than for
biodiversity conservation in itself, bivalves (among them oysters)
have been recognised as sources of animal protein with high nutritional
value. Collected from oceanic habitats or aquaculture platforms,
bivalves are widely exploited at subsistence and commercial levels
(Radiarta et al., 2011). However, in most developing countries such as
Kenya, historical yields and management tools of oysters are poorly
known, but isolated and invalidated records do exist (Ruesink et al.,
2005; Kimani et al., 2008). Nevertheless, trials on oysters culture were
set up in Gazi, Kenya under a Kenya-Belgium project in 1986 (Kofi,
1986), and provide some historic information.

Several authors have developed tools and models to assess the im-
pacts of climate change on water resources (e.g., Wakelin et al., 2015;
Aura et al., 2016; Johanna and Welch, 2016). Due to the vast extent of
oceanic waters, there is growing importance of satellite data for marine
climatology (Winterfeldt et al., 2011). Analyses of climate variability
using satellites is useful in quantifying and predicting climate signals
that may have an effect on habitat suitability of biota (Schmelzer and
Fig. 1. Study area of potential littoral oyster areal extent along the Kenya coast indicating a) Ken
with red markings (A1, A2, A3) wheremeanMODIS values for Chl-a, SST and SSC were obtaine
coastline. The bathymetry threshold used in this study was up to spring high water mark level
Holfort, 2011; Walczowski and Piechura, 2011; Wolter and Timlin,
2011; Yamaguchi and Kawamura, 2005). Adequate water-based man-
agement tools that could quantify possible climate change implications,
delineate suitable sites for biota, and give future projections of climate
changes based on satellite data are lacking, but are critical to mitigate
such impacts. This is because to ensure adaptation to changing climate,
future monitoring and research must be closely linked to responsive,
flexible and reflexive marine management systems (Brander, 2010).

Oysters provide an excellent indicator of freshwater inflow, tidal
pattern and salinity distributions in many estuaries as well as littoral
areas (Petes et al., 2012; Soniat et al., 2013). They offer good candidates
for research in estuaries and littoral areas for water-basedmanagement
throughwater quality improvements (Kellogg et al., 2013), storm surge
protection (Piazza et al., 2005) and landscape diversity (Eggleston,
1999). Oysters have been used, for example, as indicators in Gulf of
Mexico estuaries and littoral zones with historically productive oyster
fisheries (Buzan et al., 2009; Pollack et al., 2011). In theWestern Indian
Ocean region (WIO), from the Seychelles, Aldabra, Tanzania, Somalia
and Kenya, Crassostrea spp. (Crassostrea cucullata, Born; Crassostrea
yan coastline on the Kenya map, b) county/district boundaries along the Kenyan coastline
d, and c) socio-infrastructure, marine parks, lakes and rivers distribution along the Kenyan
of about 3.5 m.
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forskali, Gmelin; Crassostrea pulmura, Carpenter) are abundant in the
upper eulittoral zone (Okemwa et al., 1986; Tack et al., 1992). In some
cases the upper distribution limit is known to be slightly (0.3–0.5 m)
above the mean high water spring tide level, and probably changing
with wave action (Chelazzi and Vannini, 1980).

Changes in sea surface temperature (SST) is widely considered as a
significant consequence of climate change (IPCC, 2014). Evidence
shows that increasing temperatures has contributed to sea-level rise
(SLR) in recent decades (IPCC, 2007). Estimates of future SST vary for
different regions, but global SST for the next century is expected to in-
crease at a greater rate than during the past 50 years (IPCC, 2014).
Local, regional, and global factors will influence future relative SST and
SLR for specific coastlines around the world. Assuming that these SST
trends continue, the IPCC has projected future changes in surface tem-
perature until the middle of the 22nd century (2000–2150), and that
these changes will range from 1.0 °C (the best estimate for low scenar-
io-RCP2.6) to 4.0 °C (the best estimate for high scenario-RCP8.5) in the
world oceans (IPCC, 2014).

Sea temperature has been regarded as the most important parame-
ter for growth and survival of oysters relative to other factors (FAO,
1997; Chelazzi and Vannini, 1980). Furthermore, changes in water tem-
perature will affect the timing and levels of productivity across coastal
and marine systems (Olonscheck et al., 2013). Sea temperature at the
Kenya coast have been reported to range between 25 and 32 °C with a
thermal stress threshold which occurs at 29.3 °C (Obura, 2001;
Grimsditch et al., 2010). There have been reports of sea surface temper-
ature (SST) anomalies that rose to 1–2 °C above seasonal maxima, and
caused 50–90% coral mortality in the studied areas of Kenya in
March–April 1997/1998 (Wilkinson et al., 1999; Goreau et al., 2000;
Obura, 2001) in March–April 1997/1998. Such sea warming may pose
potential negative impacts on habitat suitability for oyster occurrence.
Quantifying and projecting the effects of climate change on oyster hab-
itat suitability could contribute greatly towards understanding how cli-
mate change influences areal extent of biota and water resources such
as those in the littoral zones. Globally, aquaculture suitability models
have been used to demonstrate the impact of climate change on aqua-
culture activities (Aura et al., 2016; Liu et al., 2014; Saitoh et al., 2011).
Fig. 2. Schematic diagram for the development of littoral oyster Suitable Sites OccurrenceMode
were assigned using the Analytical Hierarchical Process (AHP).
Yet limited information is available on suitable sites for uncultured spe-
cies, and ecosystemmodelling in relation to climate change and habitat
suitability. The aim of this study was to quantify and project the effects
of seawarming on the spatial distribution of oysters in the littoral zones
of the Kenya coast.

2. Materials and methods

2.1. Study area

The littoral oysters Crassostrea spp. of the WIO region are found on
the trunks, stilt roots and pneumatophores of mangrove plants and
rocky substrata in the wave-affected brackish-marine environments of
the Kenyan coast (Okemwa et al., 1986). The ecological studies of this
species indicate that it is abundantly found in the upper eulittoral
zone following the shore terminology of Hartnoll (1976). The tides on
which the oysters depend for their filter feeding (Morton, 1977; Tack
et al., 1992) exhibit a large range in this portion of the WIO region and
are semi-diurnal. The study selected the littoral areas (up to spring
high water mark level of about 3.5 m) of the Kenya coast (−2–−4°S,
39.4–41.5°E) which is approximately 600 km long, along the littoral
areas of the Indian Ocean as potentially suitable sites for the occurrence
of littoral oyster (Fig. 1). Various studies on the vertical distribution of
mollusks (such as oysters) on the Kenya coast have demonstrated that
they may be size-related both interspecifically and intraspecifically
(Ruwa and Brakel, 1981). However, scanty published information on
the ecological characteristics, habitats and distribution exist for the
Kenya coast, prompting the need for the current study. Existing litera-
ture mainly focuses on current regimes and tidal measurements. The
Kenya coast is under the influence of the dominant offshore current re-
gimes. During the South East Monsoon (SEM), which occurs between
April and October, the current circulation is dominated by the north-
ward flow of the East African Coastal Current (EACC). In this season,
the ocean also receives the heaviest inflow of river discharge from the
rivers Tana and Sabaki. During theNorth EastMonsoon (NEM), between
November and March, the northward flowing EACC meets the south-
ward flowing Somali Current (SC) to form the Equatorial Counter
l (SSOM) for coastal Kenya.Weights for biophysical (0.60) and platform (0.40) sub-models

Image of Fig. 2


Table 1
Sources of data used in the study. The sourcing was based on existing literature for essen-
tial parameters for littoral oyster growth, survival and occurrence. Analytical Hierarchical
Process (AHP) weights developed for individual parameters are shown in parentheses.
MODIS data were for the years 2011–2014.

Sub-model Indicator (AHP weights) Source of data
(resolution)

Biophysical Chlorophyll-a (0.40) MODIS*/Aqua (1 km)
Sea surface temperature (0.30) MODIS*/Aqua (1 km)
Suspended sediment concentration
(0.20)

Kd490 MODIS*/Aqua (1 km)

Bathymetry (0.10) UNEP* (150 m)
Platforms Distance to mangroves/trunks/rocks

(0.57)
LANDSAT* 7 ETM+ (15 m)

Distance to socio-infrastructure (0.43) LANDSAT 7 ETM+ (15 m)
Constraints River mouth LANDSAT 7 ETM+ (15 m)

Lake LANDSAT 7 ETM+ (15 m)
Township/industrial area LANDSAT 7 ETM+ (15 m)
Marine park LANDSAT 7 ETM+ (15 m)

MODIS*-sourced from NASA (http://oceancolor.gsfc.nasa.gov/cgi/browse.pl); UNEP*-United
Nations Environment Program; LANDSAT*- Sourced from GLOVIS (glovis.usgs.gov).
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Current (Aura et al., 2014). The littoral areas are shallow with a wide
continental shelf whose extent ranges between 15 and 60 km. The
mean depth at high spring tide is 12 m at 1.5 nautical miles (nm) and
18.0 m at 6.0 nm. The depth increases rapidly to 100 m beyond 7 nm
and generally decreases northwards. Terrigenous sediments from the
rivers dominate the bottom surface in the bay areas (Aura et al., 2014).

2.2. Approach to quantifying the implications of sea warming on oyster
occurrence

Several steps were involved towards quantifying the implications of
seawarming on littoral oyster habitat suitability (Fig. 2). Oyster Suitable
Sites Occurrence Model (SSOM) for the Kenya coast was developed in
the initial stages that involved use of satellite data in the GIS-based
Multi-Criteria Evaluation (MCE) approach. The satellite data consisted
of biophysical, platforms and constraints factors. The final stage of de-
veloping the model involved relating performance of oyster suitability
sites developed with the latest Intergovernmental Panel on Climate
Change (IPCC, 2014) projections, to assess future changes of spatial ex-
tent of suitability sites for oysters in the littoral areas of the Kenya coast.

2.2.1. Biophysical factors
Oysters are bivalves (inequivalve) with solid shells and have a sed-

entary existence, preferring firm bottom substrates. However, they
can also be found on mud and sand-mud bottoms. Oysters can survive
broad range of salinity gradients in excess of 35%,where they are unlike-
ly to breed. Oysters have a broad temperature tolerance of−1.8 to 35 °C
but spawning generally occurs at temperatures N20 °C and rarely at 15–
18 °C. Growth of oyster larvae is very rapid in good conditionswhich in-
clude the lower sub-tidal depths of up to 40m (FAO, 1997), natural phy-
toplankton as food supply, sea temperature for metabolic activities for
provision of energy (Leffler and Greer, 1991; FAO, 1997; Ruesink et al.,
2005), and a moderately transparent water column to prevent clogging
Table 2
Biophysical and platform (attachment) requirement and suitability scores for oyster along th
suitable).

Suitability score and ratings

Indicator 5 4

Chlorophyll-a (mg m−3) 0.10–0.08 0.08–0.06
Sea surface temperature (SST, °C) 24.0–26.0 22.0–24.0; 26
Suspended sediment concentration (SSC, mg m−3) N3.5 3.5–3.0
Bathymetry (m) 5.0–10.0 10.0–15.0
Distance to mangrove/trunks/rocks (km) b0.1 0.1–0.2
Distance to socio-infrastructural facility (km) b0.5 0.5–0.6
their filter feeding ability (Morton, 1977; Everett et al., 1995). Under
these conditions oysters should reach a market size of about 70–100 g
within 18–30 months (FAO, 1997).

Based on these requirements, important biophysical data which in-
clude sea surface temperature (SST), Chlorophyll-a (Chl-a), suspended
sediment concentration (SSC), and bathymetry (Silva et al., 2011,
2012; Cho et al., 2012) were used in the present study. The Chl-a, SST
and Kd490 (for SSC) were derived from theModerate Resolution Imag-
ing Spectroradiometer (MODIS)-Aqua sensor as daily level-2 data at
1 km resolution (Table 1). To reduce the effect of cloud cover, all
MODIS data images were computed as monthly composite imagery
which was used to generate average biophysical values.

We extracted Kd490 fromMODIS to calculate SSC based onWang et
al. (2005) algorithm:

SSC ¼ 1:43� Kd490ð Þ−0:89 ð1Þ

where Kd490 is the diffuse attenuation coefficient at 490 nm as an indi-
cator of water turbidity.

Bathymetric data were sourced from United Nations Environmental
Program (UNEP: http://gridnairobi.unep.org/). The Remote Sensing
software used to process, analyse and display the data in this study
were SeaDAS 6.3 (GSFC/NASA, USA) and ERDAS Imagine version 9.3
(ERDAS Atlanta, GA, USA).

2.2.2. Platforms and constraints factors
The study employed the use of platforms as factors that positively af-

fect the quality and quantity of oysters. Littoral oysters such as
Crassostrea spp. are found on trunks, stilt roots, rocks, pneumatophores
of mangrove plants, and socio-infrastructural facilities (Okemwa et al.,
1986). A reconnaissance survey to identify possible oyster platforms
was carried out in the preliminary stages of the study that involved ob-
servation, identification and recording of oyster samples and habitats.
Constraints consisted of marine parks, lakes, river mouths, marine
parks and township or industrial area. Constraints were defined as
areas that were excluded from analyses of the present study. This is be-
cause the constraint area may limit the potential of suitable site for oys-
ter culture in the future.

2.2.3. Development of Suitable Sites Occurrence Model (SSOM) for oysters
The SSOM comprised a combination of a biophysical sub-model

(monthly images of Chl-a, SSC, SST and bathymetry), a platform sub-
model (distance to trees/trunks, distance to socio-infrastructural facili-
ties) and a constraints sub-model (distance to lakes, river mouths, ma-
rine park and township or industrial area). All datawas integrated into a
1 km resolution spatial database and reclassified in the spatial analyst
tools to create a standard scoring system. The distance analysis method
was used to convert platforms data that were provided in vector for-
mats, into raster formats. Each indicator layer was scored on a scale of
1 (least suitable) to 5 (most suitable) for the indicator suitability criteri-
on for oyster suitability (Table 2). In this case, an s-curve relationship
was used for ranking parameter values between scores 1 and 5. The
next step was to provide a weighting for each criteria and factor.
e Kenyan coast. The scale units are represented by scores of 1 (least suitable) to 5 (most

3 2 1

0.06–0.04 0.04–0.02 b0.02; N0.10
.0–28.0 20.0–22.0; 28.0–30.0 18.0–20.0; 30.0–32.0 b20.0; N32.0

3.0–2.5 2.5–2.0 b2.0
15.0–20.0 20.0–25.0 b5.0; N25.0
0.2–0.3 0.3–0.4 N0.4
0.6–0.7 0.7–0.8 N0.8

http://gridnairobi.unep.org
http://usgs.gov
http://usgs.gov


Table 3
Proportional model output (%) of biophysical parameters contribution in oyster habitat
suitability classifications, resulting from projections using three scenarios of SST increase.
Values are in percentage of the total potential area (4200 km2; up to spring high water
mark of about 3.5 m).

Suitability scores

Parameter Model 1 2 3 4 5

SST Original 7.0 5.0 10.0 27.0 51.0
+1 °C 7.5 6.0 9.0 30.2 47.3
+2 °C 9.0 7.1 13.0 37.0 33.9
+4 °C 15.0 21.0 17.0 20.3 26.7

Chl-a Original 9.0 6.0 10.0 32.0 43.0
+1 °C 10.1 7.3 11.5 33.9 37.2
+2 °C 9.7 8.2 19.5 31.1 31.5
+4 °C 18.3 17.2 20.1 23.7 20.7

SSC Original 7.3 8.2 11.2 32.1 41.2
+1 °C 9.0 7.3 17.8 30.0 35.9
+2 °C 9.7 8.2 19.5 31.1 31.5
+4 °C 16.0 12.8 23.4 29.5 18.3

Bathymetry Original 5.1 6.2 10.7 30.1 48.0
+1 °C 5.1 6.2 10.7 30.1 48.0
+2 °C 5.1 6.2 10.7 30.1 48.0
+4 °C 5.1 6.2 10.7 30.1 48.0

Overall model Original 16.5 21.4 12.2 14.1 35.8
+1 °C 10.0 20.2 13.7 16.5 32.3
+2 °C 17.8 27.6 15.7 19.9 19.0
+4 °C 18.1 28.4 16.5 20.8 16.2

Fig. 3. Time series of monthly a) chlorophyll-a (Chl-a) concentration, b) suspended
sediment concentration (SSC), and c) sea surface temperature (SST) for the three
marine zones (A1, A2, and A3) along Kenyan coastal area from 2011 to 2014.
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Parameter weights were determined by pair-wise comparisons in rela-
tion to relative importance to growth and survival (biophysical) and
quality and quantity (platforms) of oysters. The comparisons were
done according to the analytical hierarchy process (AHP) for decision-
making (Malczewski, 1999). The AHP demands that each criterion
should be paired against each other (Saaty, 2008) in order to develop
a set of relative weights for each parameter in themulti-criteria evalua-
tion (MCE) function (Saaty, 1997, 2008; Malczewski, 2006).

In the AHPmethod, the relative importance of one of the criterion to
the other was scored on a scale of 1 to 4 and 1 to 2 for biophysical and
platform factors, respectively. Therefore, the least important was 1
and the reciprocal of the value chosen was assigned to the reverse rela-
tionship. The parameter values in each column of the matrix were
summed, each value in thematrix divided by the column sum, resulting
in a normalizedmatrix. The values in each row of the normalizedmatrix
were averaged to formweights of each parameter (Table 2). After com-
parisonsweremade, the principal eigenvector of the pair-wise compar-
ison matrix was computed to give the best fit for a total weight of 1.0. A
consistency ratio (C.R.) of 0.1 or less was acceptable and showed good
consistency in judgement of weights criteria (Saaty, 2008). Consistency
ratio (C.R.) is a single numerical value which measures the level of in-
consistency of the pair-wise comparison matrix (i.e. the likelihood
whether factor weights were randomly assigned in the study) (Saaty,
2008).

The next step was GIS analysis using ArcGIS 10.0 (Environmental
System Research Institute, ESRI, USA) for MCE function (Saaty, 1997,
2008; Malczewski, 2006). To create the model, a new toolbox under
the name “biophysical” was created. All the biophysical data were
added into the sub-model screen using weighted overlay in the spatial
analysis tools. Similar steps for the platform and constraints sub-models
of weighted overlay were done. All the steps were combined into the
SSOMmodelwith a 1 km resolutionmodel output. Similar to parameter
raster cell ranking, themodel output suitability scores were ranked on a
scale of 1 (least suitable) to 5 (most suitable). All spatial data used in the
GIS models was built on the WGS 1984 Universal Transverse Mercator
(UTM) coordinate system.

2.2.4. Assessing implications of sea warming on oyster distribution
The final stage involved determining the relationship between the

performances of oyster suitability scores developed, and the latest
IPCC (2014) predictions. The relationship was used to demonstrate
the application of oyster suitability sites in exploring the extent of future
perspectives of the impact of climate change on coastal biota. After
SSOM construction, the effect of SST warming was modelled using tem-
perature increases of 1 °C, 2 °C or 4 °C as case-studies for model inputs
due to possible future SST variations. These three SST values were se-
lected based on the fifth assessment report of the IPCC (2014).

In order to assess the extent of oyster suitability differences due to
climate change, suitability models for increases (positive extent, i.e. in-
crease in habitat suitability classification), decreases (negative extent,
i.e. decrease in habitat suitability classification) and no change (no ex-
tent, i.e. lack of habitat suitability difference) in the suitable areas
were developed. This was done by subtracting the resultant model
score after sea temperature increase, from the original model score.

3. Results

Prevalence of platforms appeared to decrease northwards from
Kwale (A1) to Lamu (A3) (Fig. 1c). The Chl-a concentration was the
highest in the March–May (0.06–0.09 mg m−3) and October–Novem-
ber (0.06–0.10 mg m−3) periods (Fig. 3a). The lowest concentrations
(0.02–0.06 mgm−3) were recorded in June–July and December–Febru-
ary of every year. Region A3 emerged with the highest Chl-a concentra-
tions (≈0.10 mg m−3 in March–May and October–November), while
the least was at A1. SSC were positively correlated with Chl-a (Fig.
3b). The annual peaks in SSC occurred in March–May (4.0–4.9 g m−3)
and October–November (3.5–4.9 g m−3). The lowest SSC were found
in June–July and December–February of every year with a minimum
in A1 (2.0 g m−3). The time series of SST exhibited a biomodal peak
with thewarmestmonths occurring in June–July andDecember–Febru-
ary of every year (Fig. 3c). The SST range was 25–31 °C.

Results of the biophysical parameters' contribution based on the
model output scenarios are shown in Table 3. In the original model,
SST emerged as the best indicator (most suitable score of 51%) of the

Image of Fig. 3
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potential area for oyster suitability, followed by bathymetry (48.0%),
Chl-a (43.0%), and SSC (41.2%). Further additions of SST at 1 °C, 2 °C,
and 4 °C, kept the same trend of parameters' importance. Sea warming
favoured increased contributions in the lower scores (scores 1, 2 and 3)
for all the biophysical parameters, with further reduction of proportion-
al contributions in the higher scores of 4 and 5.

Fig. 4 shows the suitability map (SSOM) of oyster habitat suitability
along theKenya coast, togetherwith predicted suitabilitymodels for the
changes in oyster habitat suitability based on sea warming projections
due to three scenarios of SST increases. Spatial extent for oysters in
the littoral zone of the Kenya coast was about 4200 km2 measured to
Fig. 4. Littoral oyster Suitable Sites Occurrence Model (SSOM) together with predicted suitabili
SST increases for coastal Kenya waters. The scale units are represented by scores of 1 (least su
the spring high water mark level of about 3.5 m. Sites with high scores
of 4 and 5 (hence suitable and most suitable sites, respectively) were
found in areas around Kwale, Mombasa, Tana River and Lamu. Lower
scores of 1–3 occurred in areas that were away from the littoral zones.
In the suitability model, score 5 had the highest proportion (35.8%) of
oyster habitat suitability which decreased to 16.2% with increases in
sea temperature from 1 °C to 4 °C (Figs. 4 and 5, Table 3). In the original
model, the least suitable sites had the least proportion of 16.5% but re-
corded slight proportional increases with increase in sea warming
from 1 °C to 4 °C. Moderate suitability score of 3 and suitability score
of 4 recorded minimal increases in proportional habitat suitability of
ty models for the changes in oyster habitat extent for sea warming projection scenarios of
itable) to 5 (most suitable) for the potentiality of oyster distribution.

Image of Fig. 4


Fig. 5. Predictedmodelled changes in suitability scores due to sea warming that are given
as percentage of the total potential area (4200 km2) for inshore oyster habitat suitability
(up to spring high water mark level of about 3.5 m), resulting from projections using
three scenarios of SST increase.
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oyster with increased sea temperatures. The suitability score of 2
showed a decrease in the proportion of oyster habitat suitability with
additional of 1 °C, but increased proportionallywith increase in sea tem-
peratures of 2 °C and 4 °C.

Fig. 6 shows modelled suitability maps of predicted littoral oyster
habitat suitability differences due to possible future sea warming in
coastal Kenya. Oyster suitability classification near Kwale showed min-
imal increase in oyster suitability extent due to future increases in sea
temperature. Future increases in sea temperature were associated
with the shrinkage of the extent of most suitable (score 5) and suitable
(score 4) oyster sites near Tana River. Sites near Lamu had a mixture of
decreases and no change of suitability classification due to future sea
warming.

Highest proportions of suitability classification were recorded in
areas with no oyster habitat suitability differences with increases in
sea temperature. But the proportional extent decreased with increase
in sea warming (Table 4). At both large-scale increase (−2) and
small-scale increase (−1) in oyster suitability classification, minimal
expansions in proportions of oyster sites were recorded with future in-
creases in sea temperature. At small-scale decreases (+1) in oyster
suitability classification, there was a minimal expansion in proportions
of oyster sites with future increases in sea temperature. At large-scale
decreases (+2) in oyster suitability classification, slight increases in
sea temperatures had no effect on oyster proportional suitability, but
slightly increased with increase in further sea warming.
Fig. 6.Modelled suitability maps showing predicted habitat suitability differe
4. Discussion

Marine waters satellite observations in the visible and near-infrared
bandsmake it possible to obtain measurements on several variables re-
lated to ocean colour, primarily Chl-a concentration, SSC, and SST. How-
ever, for coastal Case-2 waters containing more yellow substances and
increased suspended matter, non-phytoplankton matter plays an im-
portant role.

in the determination of the optical properties of the water body.
Since there are no studies in the region linking satellite data and in
situ data with high precision of similar geographical sites, the current
study could not determine the consistency of MODIS Chl-a, SST and
SSC data with in situ data. However, a few studies conducted on the
Kenya coast, have presented a similar range of results (e.g. KCDP,
2015; Obura, 2001). Driven by seasonal changes, Chl-a concentrations
have been recorded to range between 0.04 and 0.10 mg m−3, with the
highest ranges in the rainy season. The wet season has been associated
with increased water levels in coastal rivers with high Chl-a likely due
to increased discharges of freshwater containing abundant nutrient
matter along the coastal shore, which enhances phytoplankton growth
(Liu et al., 2010).

Similar to Chl-a, SSC concentrations have been shown to range be-
tween 3.5 and 5.0 gm−3 (KCDP, 2015). Suspended sediment concentra-
tion can be affected by Chl-a concentration, water pollution, sea level
rise and tide regimes which can vary among coastal regions that expe-
rience different environmental conditions (Wang et al., 2005). Such a
relationship is likely to be linkedwith SSC concentrations that positively
correlated with Chl-a. The SST ranges for the Kenya coast have been as-
sociated with rainy and dry seasons with a range of 25–32 °C (Obura,
2001). Thus, biophysical parameters on this coast appear to be influ-
enced by seasonal variations, in this case, dry and wet seasons, an indi-
cation that such parameters are climate-driven. Based on the model
analysis, the order of importance of the biophysical parameters affecting
the model were as follows: SST N bathymetry N Chl-a N SSC (Table 3).
This was an indication that sea temperature (SST) could be ranked as
a priority preference variable in the determination of oyster habitat suit-
ability as opposed to SSC. The ranking of parameter contributions to the
model could signal the likelihood of seawarming to have significant im-
pacts on the oyster habitat suitability. However, since there were signif-
icant seasonal variations in the biophysical parameters, the temporal
extent of the model could be investigated further in order to ascertain
seasonal contributions.
nces in littoral oyster areal extent due to sea warming in coastal Kenya.

Image of Fig. 6
Image of Fig. 5


Table 4
Predictedmodelled change in littoral oyster areal extent due to seawarming, resulting fromprojections using three scenarios of SST increase. Values are in percentage of the total potential
area (4200 km2; up to spring high water mark of about 3.5 m).

Extent Increase (e.g., 5–4, 4–3…, 3–5, 2–4…) No change (e.g., 5–5, 4–4…) Decrease (e.g., 5–4, 4–3…, 5–3, 4–2…)

Model/Score −2 −1 0 +1 +2

+1 °C 0 1.6 94.3 4.1 0
+2 °C 2.1 1.4 78.7 12.5 5.3
+4 °C 2.5 1.8 71.5 15.3 8.9
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The present study employed a GIS-based model and used satellite
remote sensing data to develop a SSOM for oysters along the Kenya
coast. Biophysical factors, such as SST, SSC and bathymetry, and
platform factors that were relevant to the coastal areas of Kenya were
incorporated into themodel. Though in situ datamay provide robust ac-
curacy to the model, sampling on such a large extent of the approxi-
mately 600 km Kenyan coast would prove to be cumbersome and
costly. The GIS and satellite data for the model construction in this
study could therefore offer a better alternative. However, accuracy of
the SSOM could be improved further. In the biophysical sub-model,
additional factors that influence oyster growth and survival, such as sa-
linity, dissolved oxygen, feedbacks of temperature increases to phyto-
plankton and other biophysical responses, and hydrodynamics could
be included in the SSOM. Despite the absence of active fishery and an
overall dearth of historical data, the abundance and status of oysters
in the littoral zones are known to fluctuate with variable salinity
(Barnes et al., 2007). Additionally, sea level rise (hydrodynamics),
though affecting sea temperature changes, has been noted to affect sa-
linity variations and oyster growth (Huang et al., 2015).

Climate change is a complex phenomenon which could be influ-
enced by many factors (IPCC, 2007). Apart from the rainy and wet sea-
sons, the Kenyan coast is under the influence of the dominant offshore
current regimes which influence littoral zones. In the NEM season, oc-
curring between November and March, the northward flowing East Af-
rican Coastal Current meets the southward flowing Somali current to
form the Equatorial Counter Current. During the SEM season, which oc-
curs between April and October, the current circulation is dominated by
northward flow of the EACC (Aura et al., 2016). Global climate events,
among them El Niño, have been implicated as major factors controlling
the climate of the oceans (Liu et al., 2014; Zhang et al., 1996). Thus, pro-
jections of biota habitat suitability in the future under changing climate
conditions are of importance in advising relevant authorities on the
management of littoral zones.

The spatial extent of oyster suitability was confined in the littoral
zonemainly in Kwale,Mombasa, Tana River and Lamu. This is attributed
to the presence of mangroves, trunks, and land-based buildings for oys-
ter attachment. The prevalence of socio-infrastructural platforms ap-
peared to decrease northwards from Kwale to Lamu (Fig. 1c) which
most likely affected the model performance in favour of Lamu. In the
suitability model, score 5 had the highest proportion (35.8%) of oyster
suitability which decreased to 16.2%with a 4 °C increase in sea temper-
ature. Most suitable oyster sites showed high levels of habitat suitability
differences due to increased seawarming (Fig. 5). Thiswould imply that
such areas may experience proportional loss of littoral niches in the fu-
ture due to increased seawarming.Moderately suitable sites (suitability
of 2, 3, and 4) recorded proportional increases in oyster habitat suitabil-
ity based on future sea warming. Such findings would be due to loss of
most suitable sites that tended to accumulate in areas with moderate
conditions for oyster occurrence. Thus future global warming effects
(IPCC, 2007, 2014) are likely to gradually decrease the extent of the
most suitable oyster sites along the Kenyan coast, impacting negatively
on their abundance and distribution.

Slight differences in SST within and between sites recorded would
influence spatial variations in oyster suitability sites (Fig. 6). For exam-
ple, oyster habitat suitability near Kwale (A1, see Fig. 3) showed mini-
mal increase in oyster suitability classification due to future increases
in sea temperature. Furthermore, future increases in sea temperature
were associated with shrinkage of oyster suitability classification near
Tana River and a mixture of decreases and no change of suitability
classification near Lamu (A3). The model generally predicted a decrease
of themost suitable areas for oyster occurrence under future scenarios of
seawarming due to climate change. Such concepts should be considered
by management authorities in establishing policies and programmes to
address future climate induced changes in the littoral zone.

5. Conclusion

Future increases in sea temperature are likely to cause shrinkage in
the spatial extent of ‘most suitable’ and ‘suitable’ oyster sites. This is pre-
dicted toworsen in the future due to predicted increases in sea temper-
atures. Differences of ≤6 °C recordedwithin and between sitesmayhave
an influence on spatial variations in oyster habitat suitability due to fu-
ture sea warming. Application and determination of the changes in the
marine environment on oyster distribution involved the use of domi-
nant indicators for ecological feedback (biophysical and platform fac-
tors) and projections (latest climate change predictions). The order of
oyster biophysical parameters preference from most preferred to the
least preferred was SST N bathymetry N Chl-a N SSC. However, consider-
able seasonal variability in the biophysical parameters in the present
studymay require further investigations to determine the temporal ex-
tent of the oyster suitability model. Such concepts could form alterna-
tive baseline information in marine ecosystem models on how to
quantify and predict global change effects for biodiversity and aquatic
resource management.
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