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The total extent of Kenyan mangroves was estimated at four points in time (1985, 1992, 2000
and 2010) using Landsat satellite imagery. By 2010 total mangrove coverage was estimated at
45,590 ha representing a loss of 18% (0.7% yr™) in the 25 years between 1985 and 2010. Landsat
images proved adequate to detect changes in mangroves and the rates of decline are similar to
(although slower than) global estimates.
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Abstract

Mangroves in Kenya provide a wide range of valuable services to coastal communities despite
their relatively small total area. Studies at single sites show reductions in extent and quality
caused by extraction for fuel wood and timber and clearance for alternative land use including
saltpans, aquaculture, and tourism. Such studies suggest that Kenyan mangroves are likely to
conform to the general global trend of declining area but there are no reliable recent estimates of
either total mangrove extent or trends in coverage for the country. The total extent of Kenyan
mangroves was estimated at four points in time (1985, 1992, 2000 and 2010) using Landsat
satellite imagery. Due to its medium resolution, Landsat may underestimate mangrove areas in
Kenya where relatively small, linear, coastal features occur. There is also a high frequency of
clouds in the coastal areas which can cause data gaps during analysis. However comparison with
aerial photographs taken in 1992 showed satisfactory levels of accuracy (87.5%) and Cohen’s
Kappa (0.54) validating its use in this context. These 1992 data provided an independently
validated baseline from which to detect changes (fore- and hind-casted) in other periods after
removing cloud coverage. We estimated total mangrove coverage in 2010 at 45,590 ha
representing a loss of 18% (0.7% yr™) in the 25 years between 1985 and 2010. Rates of
mangrove loss for Kenya varied both spatially and temporally with variations possibly due to
legislative inadequacies and differences in habitat alteration patterns. Hence freely available
Landsat images proved adequate to detect changes in mangroves and revealed that Kenya shows
rates of decline similar to (although slower than) global estimates.

Key words: Mangrove, Land use and land cover change, Landsat, Kenya.
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1 Introduction

Mangroves are dominant along many tropical and sub-tropical coastlines and are one of the most
productive ecosystems on earth with a mean production of 8.8 t C/ha/yr (Jennerjahn and Ittekkot,
2002). They provide a wide range of ecosystem goods (including fuel wood, medicine, food,
construction materials) and services (including fisheries nursery grounds, sediment trapping and
sewage phytoremediation) of immense value to local, national and global communities (Barbier
et al., 2008). Their ability to sequester and store carbon makes them important candidates for
conservation efforts under schemes such as Reduced Emissions from Deforestation and
Degradation (REDD+) (Donato et al., 2011). Despite this importance, these unique coastal
forests are among the most threatened habitats in the world (FAO, 2007). Their estimated global
coverage is 137,760 km? (Giri et al., 2010) which represents a decline of 23 % in area compared
with 1990 (Spalding et al., 1997).

Local communities living adjacent to mangrove ecosystems have traditionally collected fuel
wood, fish and other natural resources from them at rates that were sustainable (Dahdouh-
Guebas et al., 2000). However, in recent decades many coastal areas have come under intense
pressure from rapid urban and industrial development, compounded by a lack of effective
governance and/or power among responsible government institutions. Mangroves have been
overexploited or converted to various other forms of land use, including agriculture, aquaculture,
salt ponds, urban and industrial development and coastal roads and embankments. Analyses of
the true economic value of mangroves indicate that their destruction for short term profit is
usually economically irrational; in fact, the discrepancy between their value as intact systems and
their value after destruction is one of the greatest for all habitats (Balmford et al., 2004). Given
this market failure and the threats to this ecosystem it is crucial to accurately determine the
current extent, rates of change and distribution of mangroves to allow effective conservation
planning and management (Fatoyinbo et al., 2008).

In Kenya mangroves are found along the 536 km coastline which extends over 3 degrees latitude
from 1° 42" south to 4° 40' south (Fig 1). Mangroves are common features in protected bays,
creeks, estuaries, and river deltas spread all along the Kenya coast. Two communities of
mangroves (fringe and creek) formations occur along the Kenya coast. The largest formations
occur in the north coast around the Lamu area and at the River Tana delta, (Ferguson, 1993,
Kairo, 2001). Nine species of mangroves are found in Kenya with Rhizophora mucronata and
Avicennia marina being the dominant species (Abuodha and Kairo, 2000). The responsibility for
the management of mangrove forests is entrusted to the Kenya Forest Service (Abuodha and
Kairo, 2001). A commonly quoted estimate of mangrove area in Kenya is 52,000 ha, a figure
dating from 1981 (Doute et al., 1981). Subsequent estimates vary greatly and the methods used
to derive them are not always clear (see reviews in FAO, 2003; 2007). A recent global
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estimate of mangrove coverage by Giri et al, (2010) was 12.3% lower than the estimates by Food
and Agriculture Organization (FAO, 2007), implying large potential errors in previous estimates
for individual countries especially those with relatively small total areas or where change has
been rapid. There is thus a need for up to date estimates of mangrove coverage in the country,
based on clear methodology, which could allow the assessment of current forest status and
changes over time.

Remote sensing has been used to map coastal habitats and is often a reliable alternative to
ground-survey methods of mapping, particularly in remote or inaccessible regions. Remote
sensing applications have been applied to mangroves for inventory and mapping, change
detection, and for management purposes. Landsat and SPOT XS data, as well as high spatial
resolution airborne multispectral and SIR-C radar data were recently applied in mangrove
management in Mozambique and Tanzania (Fatoyinbo et al. 2007, Ferreira et al 2009). In
Kenya remote sensing has been applied in a number of studies on mangrove status (Doute et al.,
1981; Gang and Agatsiva , 1992; Dahdouh-Guebas et al., 2004a), species assemblages
(Neukermans et al., 2008) and impacts of human disturbance (Dahdouh-Guebas et al., 2004b;
Obade et al., 2004). However, only Doute et al. (1981) provided an overview of mangrove
coverage for the country as a whole; the other studies were concerned with the exploration of
high resolution imagery at local spatial extents.

The high costs of much commercially available high-resolution satellite imagery preclude its
routine use in many developing countries. The present study employed Landsat Thematic
Mapper (TM) imagery because the free availability of archived images makes the development
of capacity and techniques in its use with mangroves potentially transferable to projects without
substantial funding. Landsat spatial (30m on the ground) and temporal (16 days return period)
resolution is less than for many recent commercial alternatives; this might cause particular
problems in habitats that are fragmented or linear, such as mangroves. In addition extensive
cloud cover (which is particularly common in coastal areas) reduces the accuracy and usefulness
of the images. Although Landsat has limitations that might cause underestimation of mangrove
areas, historical data goes back more than 30 years which makes it ideal for change estimates.
Landsat has been used by several authors in the large scale mapping of mangrove (e.g. Liu et al.,
2008, Giri et al., 2008, Giri et al., 2011). One objective of the current work was to explore the
usefulness of Landsat to mapping mangroves in Kenya; where the coverage is relatively small
and fragmented and where cloud cover is common along the coast. The existence of
contemporaneous high resolution aerial images unaffected by clouds allowed the validation of
the Landsat image classifications in Kenya. Other key objectives, having tested the feasibility of
using Landsat images, were to establish the total current coverage in the country and to detect
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any changes over the last 25 years. Revised data on extent and conditions of mangrove forests in
Kenya could provide critical information needed for policy-making and resource management.

2 Data and Methodology

2.1 Study region

The Kenyan Coast is situated immediately south of the equator; it covers a distance of 536 km
(Fig. 1) stretching from Ishakani at the Kenya-Somali boarder in the North to VVanga at the
Kenya-Tanzania boarder in the South (UNEP, 1998). Its notable feature is a well developed
fringing reef system running parallel to the coastline except where major rivers (the Tana and the
Athi Sabaki) discharge into the Indian Ocean (Hamilton and Brakel, 1984). Other features of the
Kenyan coast include mangrove forests (Fig. 1), rocky shores and sea grass meadows as well as a
number of islands to the south. Approximately three million people inhabit the Kenyan coastal
areas, and the rapidly growing population exerts pressures on most of the natural environments
(Government of Kenya, 2009)

Figure 1. The coastal area of Kenya showing major mangrove areas

2.2 Data

Landsat images covering the entire Kenyan coastline were acquired from the US Geological
Survey (USGS) Center for Earth Resources Observation and Science (EROS) website
(www.glovis.usgs.gov). Data collected within the same year and seasons are best for this kind of
study. However simultaneous cloud-free images of the whole region were not available for all
time periods, prompting the need to combine data taken from images spanning up to two years
into four separate periods for use in tracking change: a) the ‘1985 imagery (including images
from 1984 to 1985), b) the ‘1992’ imagery (including images from 1990 to 1992), c) the 2000
imagery (including images from 2000 to 2002), and d) the ‘2010’ imagery (including images
from 2008 to 2010). A total of 5 images were required to cover the entire coastline of Kenya.
Three bands were used (bands 3, 4 and 5) which are in the red, near-infrared and middle-infrared
regions. Other bands were not used to avoid introduction of atmospheric artefacts that could
cause classification errors (Buchanan et al., 2008).

Medium scale (1:25,000) black and white panchromatic aerial photographs taken in 1992 exist
for the entire Kenyan coastline. The images are available at the Marine Data Center of the Kenya
Marine and Fisheries Research Institute, Mombasa and provide a very accurate, cloud free
estimate of coverage of mangrove areas along the whole coast. In the present study, a GIS layer
derived from the aerial photographs was used as reference data for the assessment of the Landsat
classification from the 1992 period; because of the high accuracy of the distributional data they
provided a ‘ground-truthing’ image for the whole coastline at this point in time.
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2.3 Image analysis

All images were processed from digital number values to at-satellite reflectance to make them
comparable, using the correction procedures detailed in (Chander et al., 2009). Individual
images were mosaicked and then initially clipped to a 10km buffer area around the coast, to
reduce the area of image to be classified. Based on previous studies it is highly unlikely that
mangroves would be present further away from the coast (Long and Skewes, 1996).

Image classification was undertaken using an unsupervised maximum likelihood classification
algorithm. As only a narrow strip of coastal land was being classified, the number of classes
specified was kept relatively low. Alternative classifications using between 10 and 20 classes
were undertaken. Classifications with greater than 20 classes defined failed to converge to a
stable classification. Changes in the number of classes had little effect on the identification of
mangrove areas, so the results from a classification using 12 classes were used in all years.
Following initial classification of images, areas classified as cloud cover or cloud shadow were
identified based on examination of colour composite images of the area. These areas were
removed from the initial unclassified image, and replaced with cloud free areas from other
images gathered within the same time period to generate images for analysis with the minimum
cloud cover.

Analysis of the minimum cloud cover images used the same maximum likelihood technique,
with 12 classes. Some areas far from the coast, which were unlikely to be mangroves, were also
classified in the same class as more obvious mangrove areas. As mangroves are only found in
low-lying coastal areas (FAO, 1994; Long and Skewes, 1996) a height-based filter was used to
remove these mis-classified areas. Elevation data were obtained from the global Digital Terrain
Model (DTM) derived from the Shuttle Radio Topography Mission (SRTM). SRTM data are
influenced by the height of vegetation overlying the land surface, due to radar scattering in the
vegetation canopy, and this effect has been used to estimate vegetation heights e.g. Simard et al.
(2006). The absolute vertical error of SRTM data has been estimated as 16 metres, although it is
likely to be less in the area under consideration (Rodrigues et al. 2005). For the current
application areas with an elevation of < 8m above sea level were defined as areas that would
contain mangroves. This zone was found to contain 95% of the areas classified as mangrove in
the 1992 aerial data, as was therefore deemed appropriate for use.

The minimum mapping unit for mangrove classification was chosen to be 0.18 ha. This was
based on the distribution of mangrove areas found in the 1992 aerial-photograph data. Therefore
any areas classified as mangroves, but smaller than this, were removed from the image, provided
that they were not coincident with areas that were mangrove in the previous time period and
hence could represent remaining areas that had been degraded. Once this had been completed,
the total areas of mangrove for each of the four periods were determined.

The 1992 aerial photograph data provided an opportunity to assess classification accuracy.
Therefore an error matrix was constructed based on comparisons of the 1992 aerial photograph
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and Landsat data from the same period. This was used to derive the percentage classification
accuracy (i.e. the percentage of the area being considered that was classified correctly, either as
mangrove or as hon-mangrove) and Cohen’s Kappa (k, range 0-1), an alternative measure used
to determine the extent to which the classification is better than random (Jensen et al., 1996).

Total area classified as mangrove could not be directly compared between periods due to
variation in the areas covered by clouds in different periods. To allow between-periods
comparisons layers containing all areas classified as cloud in either period of each period - pair
(i.e. 1985-1992, 1992-2000 etc.) were created. These areas were then removed from the
mangrove layers for both periods, leaving images that were cloud free over the same locations at
both points of time and thus allowing detection of change in these areas un-confounded by
clouds. The cloud free areas for each year pair were between 68 and 73% of the aerial derived
data from 1992.

The estimates of mangrove area derived from the Landsat images for each period did not
represent the total area present due to the residual cloud coverage. In order to estimate the actual
area of mangrove at each time point, the total area of mangrove from the 1992 high accuracy
aerial derived data was determined. The proportion of this area which was classified as
mangrove using the Landsat data was used to derive a total area estimate for the 1992 Landsat
classification. Percentage changes calculated between periods after the removal of clouds were
then applied to the 1992 baseline Landsat area to allow calculation of total areas in other time
periods. In addition to estimating total area in this way, changes in coverage in different major
mangrove areas (see Fig. 1) were also determined to compare rates of change in different areas.

3 Results and Discussion

The Landsat classification of mangroves in 1992 had a percentage accuracy of 87.5% and a
kappa coefficient of 0.54, and was therefore assumed to have performed adequately for the
purposes of assessing temporal change in mangrove extent in Kenya.

Temporal changes in mangrove cover at Gazi- Vanga system located in south Coast Kenya is
shown in figure 2 and the temporal change in the extent of mangrove in different areas is shown
in Figure 3. The total area of mangrove has reduced continually in Kenya since 1985 although
the overall rate of loss is not uniform and is slowing. In 1985 there was an estimated 55,280 ha
of mangrove. By 1992 this had reduced to 51,880 ha, a loss of 6.2% over the period or an
average of 0.89% yr. Total coverage in 2000 was 46,930 representing a further loss of 9.5%
(1.19% yr't) and in 2010 it was 45,590 ha (2.8% loss or 0.28% yr'). Hence in the 25 years
between 1985 and 2010 Kenya lost 18% of its mangroves at an average rate of loss of 0.7% yr™.
Rates of mangrove loss varied between areas, and over time (Fig 3.), although average rates of
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loss were highest in the 1992-2000 period. Mangroves in the Kilifi area only make up a small
proportion of the total area, but have seen the highest rate of loss, with an overall loss of ~76%,
mostly in the period between 1985 and 2000. The large areas of mangrove in the Tana river and
Lamu-Kiunga regions also showed higher rates of loss than other areas, with an overall reduction
of 38% and 12% respectively. Loss rates across all areas were lowest in the 2000-2010 period.
While no site- specific factors can be attributed to the observed variations in mangrove cover
change, the main drivers of cover loss at local and national levels in Kenya have been identified
as habitat alteration and inadequate legislation (UNEP, 2009). Whereas several factors may be
responsible for the varying rates in mangrove cover loss, it is noteworthy that the period between
2000 and 2010 witnessed the lowest rate of loss which coincided with the presidential ban on
harvesting of mangroves for domestic market. An earlier ban on mangrove export from Kenya
was implemented in 1982; however this did not affect local harvesting until 2000 (Abuodha and
Kairo, 2001).

Figure 2. Changes in mangrove at Gazi- Vanga system in south Coast Kenya between 1985 and
2010.

The annual average rate of mangrove loss in Kenya is lower than that in many other parts of the
world. For example, the tsunami-impacted region of South and Southeast Asia lost about 25% of
mangrove forests from 1975 to 2005 (Giri et al., 2008). At the global scale, the estimates of total
habitat loss within the past century vary from 25% to 50% (FAQO, 2007). Conversion to
aquaculture is the single largest driver of forest destruction in most Asian and Latin American
countries; similar aquaculture developments are more recent and rarer in Kenya and other
Western Indian Ocean region countries (Giri et al., 2008). The average annual rate of loss of
0.7% is similar to the estimated rate of loss of all types of forest in the country which currently
stands at 0.8 % (Karyn et al., 2010).

Figure 3. Changes in areal extent of mangrove in Kenya over 25 years as estimated from
Landsat imageries

Earlier estimations of the extent of mangrove cover within Kenya vary widely ranging from
32,378ha to 96,ha (summarized in FAO, 2003, 2007; Giri et al 2010). Most of these studies-
provide an estimate of total mangrove forest area of the country but do not provide information
on the spatial distribution of forests. Variations in estimation of total cover of mangroves could
be attributed to differences in estimation techniques, time of the survey and how areas
considered to be mangroves were classified. For instance using aerial photography, the forest
department of Kenya estimated the total area of mangroves in the country as 64,426.90ha (Forest
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Department of Kenya, 1983) which is substantially higher than our estimate for 1985, but is
likely to include smaller, fragmented mangroves which would not be well captured by the
relatively coarse resolution Landsat data. Giri et al (2010) recently mapped global mangrove
cover using Landsat data from 1997-2000. Their estimate for Kenya was 32,378 ha which is
much lower than our estimate for 2000 (46,930 ha). A number of reasons may be responsible for
the observed variations. For instance, given the global approach they employed, they probably
had to use a conservative mapping method, so as not to add areas that are not classified as
mangroves and also their choice of minimum mapping unit may have excluded the small patches
that occur in places in Kenya.

4  Conclusion

The information on the current status and rates of change of mangrove forest cover in Kenya
presented here will be of value to forest managers, conservators and other stakeholders in a
number of ways. The findings have improved our understanding of the spatial distribution of
Kenya’s mangroves and assessed their rates of deforestation. This can support countrywide
decision making on the distribution of resources for the conservation and rehabilitation of
mangrove forests. The new opportunities provided by payments for ecosystem services schemes,
for the conservation and restoration of mangrove forests can be realized only with accurate data
on their rates of historical loss and current extent.

Monitoring deforestation at a country level using moderate resolution satellite images over a
long period of time requires the processing of large volumes of data. We used simple but
efficient methods to analyze these data. Our approach applied semi-automated image analysis
techniques to assess present status and to monitor the rates of change over a large area covering
the entire country. Our analyses show the potential for producing consistent and timely
mangrove forest databases, sufficient to show the baseline rates of deforestation required in
REDD+ type analyses, using the historical archive of Landsat data. Crucially such data are freely
available hence a similar approach could be adopted in other developing countries without
requiring expensive commercial imagery. The full potential of remote sensing technology for
identifying mangrove forests, measuring their biophysical properties, and detecting forest cover
changes can only be realized through a robust and operational mangrove forest assessment and
monitoring program. Future research is needed to map mangrove areas using high resolution
satellite images combined with detailed ground truthing, which could go well beyond the current
estimates of coverage alone and include data on species distributions and rates of degradation.

Acknowledgements
This study was supported through the Natural Environment Research Council (NERC) and the
Ecosystem Services for Poverty Alleviation (ESPA) consortium of UK, grants NE/G008078/1



296
297
298
299
300

301
302

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

and NE/I003401/1. Additional support was through WIOMSA-MASMA Grant
(MASMA/CC/2010/08). We gratefully acknowledge all support.

5 References

Abuodha, P.A.W., Kairo, J.G., 2001. Human-induced stresses on mangrove swamps along the
Kenyan coast. Hydrobiologia (458), 255-265.

Balmford, A., Gravestock, P., Hockley, N., McClean, C.J., Roberts, C.M., 2004. The worldwide
costs of marine protected areas. Proceedings of National Academy of Science (101),
9694-9697.

Barbier, E.B., Koch, E.W., Silliman, B.R., Hacker, S.D., Wolanski, E., Primavera, J., Granek,
E.F., Polasky, S., Aswani, S., Cramer, L.A., Stoms, D.M., Kennedy, C.J., Bael, D.,
Kappel, C.V., Perillo, G.M.E., Reed, D.J., 2008. Coastal Ecosystem—Based Management
with Nonlinear Ecological Functions and Values. Science (319), 321-323.

Buchanan, G.M., S. H.M. Butchart, G. Dutson, J. D. Pilgrim, M. K. Steininger, K. D. Bishop,
Mayaux, P., 2008. Using remote sensing to inform conservation status assessment:
Estimates of recent deforestation rates on New Britain and the impacts upon endemic
birds. Biological Conservation (141), 56-66.

Chander, G., Markham, B.L., Helder, D.L., 2009. Summary of current radiometric calibration
coefficients for Landsat MSS, TM, ETM+, and EO-1 ALI sensors. Remote Sensing of
Environment (113), 893-903.

Dahdouh-Guebas, F., De Bondt, R., Abeysinghe, P.D., Kairo, J.G., Cannicci, S., Triest, L.,
Koedam, N., 2004a. Comparative study of the disjunct zonation pattern of the grey
mangrove Avicennia marina (Forsk.) Vierh. in Gazi Bay (Kenya). Bulletin of Marine
Science (74), 237-252.

Dahdouh-Guebas, F., Mathenge, C., Kairo, J.G., Koedam, N., 2000. Utilization of mangrove
wood products around Mida Creek (Kenya) amongst subsistence and commercial users.
Economic Botany (54), 513-527.

Dahdouh-Guebas, F., Van Pottelbergh, I., Kairo J. G., C.S., N., K., 2004b. Human-impacted
mangroves in Gazi (Kenya): predicting future vegetation based on retrospective remote

9



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

sensing, social surveys, and distribution of trees. Marine Ecology Progress Series (272),
77-92.

Donato, D.C., Kauffman, J.B., Murdiyarso, D., Kurnianto, S., Stidham, M., Kanninen, M., 2011.
Mangroves among the most carbon-rich forests in the tropics. Nature Geoscience (4),
293-297.

Doute, R.N., Ochanda, N., Epp, H., 1981. A forest inventory using remote sensing techniques.

Kenya Rangelands Ecological Monitoring Unit and Department of Resource Survey and
Remote Sensing Technical Report, No. 30, Nairobi. Department of Resource Survey and
Remote Sensing,72p.

FAOQO, 1981. Tropical forest resources assessment project. Forest resources of tropical Africa. Part
[1: Country Briefs, in: FAO, U. (Ed.), p. 586.

FAOQO, 2003. Status and trends in mangrove area extent worldwide, in: Wilkie, L.M., Fortuna, S.
(Eds.), Forest Resources Assessment Working Paper - 63. Forestry Department. Food and
Agriculture Organization of the United Nations, Rome.

FAO, 2007. The world's mangroves 1980-2005. A thematic study prepared in the framework of
the Global Forest Resources Assessment 2005, FAO Forestry Paper -153-.

FAO. 1994. Mangrove forest management guidelines. FAO Forestry Paper No. 117. Rome

Fatoyinbo, T.E., Simard, M., Washington-Allen, R.A., Shugart, H.H., 2008. Landscape-scale
extent, height, biomass, and carbon estimation of Mozambique's mangrove forests with
Landsat ETM+ and Shuttle Radar Topography Mission elevation data. Journal of
Geophysical Resources (113), G02S06, doi:10.1029/2007JG000551

Ferguson, W., 1993. A landscape Ecological Survey of Mangrove Resource of Kenya. Kenya
Wildlife Service and Forest Department, Nairobi (draft).

Forest Department of Kenya, 1983. Operational cruise reports on Lamu mangroves. Forest
Department, Inventory Section, Nairobi, Kenya: 114 pp.

Gang, P.O., Agatsiva, J.L., 1992. The current status of mangroves along the Kenyan coast: a case
study of Mida Creek mangroves based on remote sensing. Hydrobiologia (247), 29-36.

Giri, C., Ochieng, E., Tieszen, L.L., Zhu, Z., Singh, A., Loveland, T., Masek, J., Duke, N., 2010.
Status and distribution of mangrove forests of the world using earth observation satellite
data. Global Ecology and Biogeography. (20), 154-159

10



358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388

Giri, C., Zhu, Z., Tieszen, L.L., Singh, A., Gillette, S., J.A, K., 2008. Mangrove forest
distributions and dynamics (1975-2005) of the tsunami-affected region of Asiat. Journal
of Biogeography (35), 519-528.

Government of Kenya, 2009. State of the Coast Report: Towards Integrated Management of
Coastal and Marine Resources in Kenya. National Environment Management Authority
(NEMA), 88pp, Nairobi.

Hamilton, H.G.H., Brakel, W.H., 1984. Structure and Coral Fauna of East African Reefs.
Bulletin of Marine Science (34), 248-266.

Jennerjahn, T.C., Ittekkot, V., 2002. Relevance of mangroves for the production and deposition
of organic matter along tropical continental margins. Naturwissenschaften (89), 23-30.

Jensen, L.S., Mueller, T., Tate, K.R., Ross, D.J., Magid, J., Nielsen, N.E., 1996. Soil surface
CO2 flux as an index of soil respiration in situ: a comparison of two chamber methods. .
Soil Biology & Biochemistry (28), 1297-1306.

Kairo, J.G., Dahdouh-Guebas, F., Bosire, J., and N. Koedam. 2001. Restoration and management
of mangrove systems — a lesson for and from the East African region. South African
Journal of Botany (67): 383-389.

Karyn, T., Burgess, N.D., Mbilinyi, B.P., Kashaigili, J.J., Steiningere, M.K., 2010. Forest and
Woodland Cover and Change in Coastal Tanzania and Kenya, 1990 to 2000. Journal of
East African Natural History (99), 19-45.

Liu, K., Li, X., S, X., W, S., 2008. Monitoring mangrove forest changes using remote sensing
and GIS data with decision-tree learning Wetlands (28), 336-346.

Long, B.G., Skewes, T.D., 1996. A Technique for Mapping Mangroves with Landsat TM
Satellite Data and Geographic Information System. Estuarine, Coastal and Shelf Science
(43), 373-381.

Neukermans, G., Dahdouh-Guebas, F., Kairo, J.G., Koedam, N., 2008. Mangrove species and
stand mapping in Gazi bay (Kenya) using Quick bird satellite imagery. Journal of Spatial
Science (53), 75-86.

Obade, P.T., Dahdouh-Guebas, F., Koedam, N., De Wulf, R., Tack, J., 2004. GIS-based
integration of interdisciplinary ecological data to detect land-cover changes in Creek
Mangroves at Gazi Bay, Kenya. Western Indian Ocean Journal of Marine Science (3),
11-27.

11



389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

Rodriguez, E., C.S. Morris, J.E. Belz, E.C. Chapin, J.M. Martin, W. Daffer, S. Hensley, 2005,
An assessment of the SRTM topographic products, Technical Report JPL D-31639, Jet
Propulsion Laboratory, Pasadena, California, 143 pp.

Rodriguez, E., C.S. Morris, J.E. Belz, E.C. Chapin, J.M. Martin, W. Daffer, S. Hensley, 2005,
An assessment of the SRTM topographic products, Technical Report JPL D-31639, Jet
Propulsion Laboratory, Pasadena, California, 143 pp.

Simard, M., Zhang, K.Q., Rivera-Monroy, V.H., Ross, M.S., Ruiz, P.L., Castaneda-Moya, E.,
Twilley, R.R., Rodriguez, E., 2006. Mapping height and biomass of mangrove forests in
Everglades National Park with SRTM elevation data. Photogrammetric Engineering and
Remote Sensing (72), 299-311.

Spalding, M., Blasco, F., Field, C., 1997. World Mangrove Atlas. International Society for
Mangrove Ecosystems, Okinawa, Japan, p. 178.

UNEP 2009. Transboundary Diagnostic Analysis of Land-based Sources and Activities affecting
the Western Indian Ocean Coastal and Marine Environment, UNEP Nairobi, Kenya 378P

UNEP, 1998. Eastern Africa Atlas of Coastal Resources. United Nations Environment

Programme, Nairobi.

12



Figure 1

_—

39

Mo

Kenya

Tanzania

Somalia

Lamu- Kiunga

Kilifi

Viombasa

0

Mida Creek

1

mangrove

140 Kilometers

38

Vanga

39

M-




Figure 2

Changes in mangrove cover
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Figure 3

Mangrove area (ha)
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*Detailed Response to Reviewers

Reviewers' comments:

Reviewer #1: Overall could be an interesting paper but in need of more details and not really anything
new.
Reviewer comment: There is no description of the mangrove composition at any point.
Author response: paragraph 3 (from line 58) has been expanded and information on major
mangrove species formation included.

Reviewer comment: Also the major geographic differences in mangrove areas are glanced over. Where
are the largest mangrove areas and why? Where the greatest change in mangrove area and what is
might have caused it?
Author response:
The analysis has been revised to indicate the relative area of mangrove found in different parts
of the Kenyan coast, and to look at trends of loss per area, as well as looking at overall changes.
The potential reasons for differences in loss rates have also been included in the discussion as
well (from line 224)

Reviewer comment: Right now this is only a paper describing a simple and already established
methodology, but the author has not yet given much thought as to what his results actually mean in the
context of mangrove ecology and management.
Author response: The idea behind the development of this paper was to use a readily available
and free tool (in this case Landsat imageries) to provide up-to-date estimates of mangrove area
and subsequently provide information necessary for the improvement in the management of
mangroves. Our findings confirm the widely held belief that mangrove cover is declining in
Kenya, and also now examines rates of loss in different areas.

Reviewer comment The author says that several factors may have caused the mangrove loss, but never
goes into detail as to what these factors are.
Author response:
The discussion has been expanded to indicate some of the factors that may be driving rates of
loss of mangroves in different areas (from line 224), but firm conclusions on drivers of loss in
different areas are difficult to reach due to a lack of relevant information.

Reviewer comment: Overall | find that there are too many sections to this paper. You do not need to
have a section for each paragraph you write.
Author response: Sections have now been removed, especially in the methods section, leading
to a better integration of the text.

Reviewer comment: There are some attempts to compare the result to previous studies, but these are
not the most recent studies available. What are 2010 numbers published for Kenya by Giri et al, the FAO
and the World mangrove atlas for example? These are recent publications that use similar numbers and
will be more accurate than the FAO publication from 1981.
Author response: The citations with recent estimates have been included e.g. the FAO estimates
of 2003, 2007 and estimates by Giri et al 2010 (line 70).



More specific comments:

Reviewer comment |. 33: Either use a slash or -1, you cannot use both. Therefore either 8.8 t.C. ha-1 yr-
1or8.8t.C/ha/yr
Author response: Correction made

Reviewer comment . 66: too many commas in the parenthesis
Author response: Correction made

Reviewer comment |. 78: Please provide a citation for the other studies in the region
Author response: More relevant and regional based citations are now included i.e. Fatoyinbo et
al, 2008 in Mozambique, Ferreira et al (2008) in Tanzania (line 83)

Reviewer comment |. 150: Citation?
Author response: citation added (Long and Skewes, 1996)

Reviewer comment l. 155: 12 classes seems very low for an unsupervised classification. Was this
classification able to differentiate between mangroves and adjoining mudflats or palm?
Author response: The text has been revised to clarify the situation with respect of the number

of classes defined in the landcover classification used. The classification is only based on a
relatively narrow coastal strip, so the number of distinct land cover types expected within this
area would be fairly small in the first place. We indicated in the text that alternative
classifications were used with between 10 and 20 classes defined. Classifications with more than
20 classes included failed to converge to a stable classification, indicating that separating
landcover types beyond this number of classes was not possible. Using different class numbers
had an effect on the classification of other land-use types, but mangrove classified areas were
stable in extent. (line 151)

Reviewer comment l. 170: 8m is too low for a height filter. Mangroves in the Region grow much taller
than that, over 16m for mean height within a landsat pixel. Globally, they grow up to 40m. This can
potentially increase your error greatly, the filter should be at least 20 m and 40 m would the most
conservative.
Author response: Mangrove heights will vary from place to place due to differences in species
and conditions for growth, but 12m is a typical maximum height for the trees in our intensively
surveyed southern sites such as Gazi. The SRTM elevation data used are biased due to radar
scattering in the canopy of vegetation and thus the elevation recorded is based on
measurement at the interferometric phase centre, which is lower than the actual canopy height.
The global terrain height dataset derived from SRTM mission has an absolute vertical accuracy
of 16m, therefore the 8m height filter used is likely to include areas that have vegetation height
greater than this. In addition, the extent to which the 1992 aerial data was represented within
the 8m height area was assessed. It was found that greater than 95% of the aerial data were
contained within the 8m filter, so this was deemed an appropriate height to use. Inclusion of
higher areas resulted in areas that were obviously not mangrove being included in the results,



which would have increased the error in the estimates. The text of this section has been revised
to clarify and justify the use of the 8m filter more effectively.

Reviewer comment 1.194: insert a comma after 'comparisons’

Author response: Corrections made
Reviewer comment |. 261: Write out what REDD is, not just the acronym. You have to do this for all
acronyms in the text.
Author response: The full details of what REDD acronym stands for were articulated at first
mention in the introduction section (line 38). Full details of other acronyms have been detailed
at first mention

Reviewer comment: Figure 3 seems unnecessary since there are only 4 points. If you could for example
break it up by area and then compare the trend and explain it, this would be a more interesting
approach.

Author response: A new figure has replaced the current figure 3. As suggested, the loss trends
have been separated out by area and the main patterns evident described and discussed (line
248).



