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1 Introduction 
Defining deep sea ecosystems is often challenging due to huge lack of biological data. Biological 
sampling is technically difficult and expensive and is therefore limited to shallower parts of the 
bathyal zone (i.e. 200-800 m depth). Using surrogates is the most widespread method on a global 
scale identifying the potential range of deep sea habitat. The predictive model for defining these 
surrogates requires the knowledge of the relationship between physical data and ecological 
parameters. The main drivers of the biocenosis for deep sea ecosystems are seafloor features 
(geomorphic, geological, depth) and water masses physicochemical characteristics. 

In the current work we suggest a method providing a typology of geomorphic features based on four 
parameters derived from a MNT (DTSI, 2009) calculated at a 1/500 000 m scale. Each pixel of the 
raster dataset has an area of 0,25 km².  

2 Variables  
The MNT is calculated on the basis of ETOPO data (remote sensing information) and improved by 
sounder data (mono or multibeam data).  

 

2.1 Bathymetry 
Range of the values: 0/-7917 m, values larger 0 were masked for this exercise. The Figure 1 below 
shows the EEZ with its southern extension area, which is considered as well in the analysis using a 
1750m bathymetry data. 

 
Figure 1. Bathymetry data 500m 
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Multibeam information, which are the more precise data cover about 1/3 of the EEZ surface (Fig.2).

 
Figure 2. Multibean data covering 30% of the area. 

2.2 Slope 

As first-order derivative of bathymetry data ranging from 0 to 145%, values larger than 100% may be 
erroneous and occur in less than 0.002% of the data cells (Fig. 3). 

 
Figure 3. Slope information 

The histogram (Fig. 4) shows the distribution of slope values and their frequency in the dataset.

 
Figure 4. Histogram showing distribution slope values 
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2.3 Topographic Positioning Index 
As second-order derivative of bathymetry data the Topographic Position Index (TPI) calculation was 
initially proposed by Guisan et al. (1999) 1. This is literally the same as the difference to the mean 
calculation (residual analysis) proposed by Wilson & Gallant (2000)2. 

"The TPI compares the elevation of each cell in a DEM to the mean elevation of a specified 
neighbourhood around that cell ... Positive TPI values represent locations that are higher than the 
average of their surroundings, as defined by the neighbourhood"  Weiss, A.D. (2000)3.  

Weiss (2000) defined the TPI calculation as  
tpi<scalefactor> = int((dem - focalmean(dem, annulus, irad, orad)) + 0.5)  

(irad = inner radius of annulus, and orad = outer radius of annulus) 

The TPI has been employed in various seafloor classifications, e.g. Quantitative seafloor habitat 
classification using GIS analysis4. Lundblad et al. (2006)5 employed a Bathymetric Position Index 
which represented a modification and was based on the TPI (“A Benthic Terrain Classification 
Scheme for American Samoa”).  

Our study concentrated on calculating TPI layers of two scales, a broader scale with an annulus of 
1000 - 50000 m, and a finer scale of 0 - 5000m.  

The broader scale TPI delineated banks, expositions of large seamounts, larger scale depressions, 
and plateaus. 

TPI (annulus 1000m-50000m; Value range: -2341.6 to 3093.9) 

                                                            
1 Guisan, A., Weiss, S.B., Weiss, A.D. (1999): GLM versus CCA spatial modelling of plant species distribution. 
Plant Ecology 143: 107-122. 
2 Wilson, J.P. & Gallant, J.C. (2000): Terrain Analysis - Principles and Applications 
3 Weiss, A.D. (2000): Poster, Topographic Position and Landforms Analysis. 
4 Iampietro,P. and Kvitek, R. (2003).Poster, California State University Monterey Bay, ESSP, Seafloor Mapping 
Lab 
5 Lundblad et al. (2006): A Benthic Terrain Classification Scheme for American Samoa. Marine Geodesy, 29: 89-

111, 2006 
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Figure 5. broad scale TPI 1000 to 50000m annulus 

 

The finer scale TPI highlighted more detailed geomorphic characteristics such as canyons, valleys and 
ridges around Grand Terre, as well as different characteristics of seamounts, dents, and detailed 
concave or convex landforms. 

TPI (annulus 0-5000m; Value range: -22.8 to 23.5): 

 
Figure 6. Fine scale TPI (0-5000m) 
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3 Cluster analysis 

The cluster analysis was performed using the SAGA-GIS software. The four criteria Bathymetry, 
Slope, TPI (large scale), TPI (Fine scale) were employed as input parameters. A normalisation was 
performed, in order for each variable to contribute more equally. A correlation matrix was 
computed using the software R (r-project.org), and correlations were relatively low, however 
bathymetry appeared to have the highest correlation with the large scale TPI of 0.5, and the two TPIs 
showed some correlation of 0.4. 

Table 1. Correlation of input variables 
 Bathymetry Slope TPI(large) TPI(small) 

Bathymetry 1 0.129853 0.5216177 0.162515 
Slope 0.1298534 1 0.2562613 0.140216 
TPI(large) 0.5216177 0.256261 1 0.423033 
TPI(small) 0.1625145 0.140216 0.4230334 1 

 

In order to perform a cluster analysis the number of classes was determined best suitable for class 
establishment. This was conducted in R, and a plot was computed showing the within groups sum of 
squares by number of clusters extracted (Fig.7). 

 
Figure 7. The groups sum of squares by number of clusters 

Based on this graph, the number of clusters was chosen to be 13. This was done as the sum of 
squares within groups was to be kept low, and the number of clusters not too high for reduced 
complexity of data clusters. The delineation based on 13 classes was also most suitable for 
distinguishing main emerging features in the range of classifications with 10 to 15 clusters. 
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The cluster analysis was performed using an iterative local-search partitioning algorithm with 13 
classes defined as outcome. This ‘hill-climbing’ algorithm6 is continuously establishing new clusters, 
using a least square optimization scheme. 

 

3.1 extended EEZ (southern part, “extraplac”) 

The 1750m information of the official Government data (DTSI) was used to fill current gaps with 
focus on the missing part of the southern border (“extraplac”). This derived a final 500m bathymetry 
dataset covering the extended EEZ zone. Statistical analysis looking at least squares determined a 
minimum number of classes for maximum differentiation of the multidimensional feature space 
resulting in a definition of 13 classes. 

The statics for each of the 13 clusters is listed in the table below.  

Table 2. Mean values and standard deviations for each cluster 
ClusterID Elements Std.Dev. Bathymetry Slope TPI (large) TPI (small) 
0 60109 2.496974 -1593.21 29.358356 742.805011 1.454544 
1 86227 2.159714 -1424.57 10.96733 932.093698 3.190114 
2 397759 1.020063 -2886.97 4.072391 365.092337 0.395776 
3 88659 2.100287 -5504.96 10.59545 -1032.0373 -0.89391 
4 25624 3.679956 -994.655 25.328735 1356.240945 7.43679 
5 67004 2.506864 -2053.58 22.530458 243.408153 -2.722282 
6 176580 1.523116 -2535.74 7.788463 -135.14009 -1.894616 
7 204001 1.551581 -2858.11 13.045031 67.584928 0.381123 
8 197433 1.470022 -763.352 4.573675 984.29421 0.278404 
9 1372966 0.597721 -2400.3 1.470231 -106.669878 -0.061436 
10 720549 0.743268 -1345.44 2.335044 138.103327 0.020201 
11 1447437 0.614474 -4008.13 1.426733 -55.285336 -0.021769 
12 526778 0.86961 -3617.92 2.572827 -460.815641 -0.276572 

 

The map of 13 clusters if shown in Figure 8. 

                                                            
6 Rubin, J. (1967): Optimal Classification into Groups: An Approach for Solving the Taxonomy Problem, 

Theoretical Biology, 15:103-144 
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Figure 8. 13 Clusters derived from cluster analysis 

 

4 Post classification treatment 

A first step of merging classes was performed as seafloor features of emerging structures consisted 
of many clusters. The same was the case for areas of depression. 

4.1 First steps deriving emerging features and depressions 

1. In order to isolate elevated and exposed features such as seamounts, it was obvious through 
visual inspection that some classes had to be merged. The merge followed the following rule: 
This initially meant a merging the five classes 0, 1, 2, and 4, 7, and 8 to one cluster, based on the 
a first preliminary rule class means Slope > 4% and TPI (large) > 0 and TPI (small) > 0. 

As two classes (5 and 6) appeared to mostly represent the bottom and lower slopes of seamounts or 
similar elevated, exposed features the merge rule was adjusted to include TPI (large) class means 
of -135.14 (class 6), and TPI (small) of class means of -2.8 (Class 5).  

Thus the final rule for creating a first emerging seafloor features was selecting class mean values 

• Slope > 4%  and  
• TPI (large) > -135.14  and  
• TPI (small) > -2.8.  
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Hence classes 0, 1,2, 4, 5 , 6, 7, and 8, were merged to one class representing emerging features. 

 

2. Areas of depression were identified, and two clusters class 2 and class 6 were merged on base of 
class mean 
 
• Slope >2.5%, and 
• TPI (large) < - 460 

Class 6 was representing deep and steep trenches and class 2 mainly depressions with lower 
inclinations but also concavely shaped.  

 

 

The merged classes of emerging features and depressions are shown in Figure 9 below.
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Figure 9. Merged seafloor classes (emerging features and depressions) 

Table 3. Statistics for main classes based on bathymetry (500m) and computed slope(%). 

   
Bathymerty       Slope         

Classe COUNT AREA Km2 MIN MAX RANGE MEAN STD MIN MAX RANGE MEAN STD 
0 3832587 958,147 6714.5 0 6714.5 2768.94 1159.876 0 13.1 13.1 1.61815 1.639363 
1 1310128 327,532 -7917 0 7917 -2099.3 1229.746 0 232.0181 232.0181 9.062684 8.675025 
2 626864 156,716 -7367 -1533 5834 -3699.7 979.4117 0 49.78612 49.78612 3.690007 4.139458 
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3. The raster data was converted into polygons, and polygons with an area of less or equal than 
5 sqkm (or 20px) were eliminated. This process was performed in a way that eliminated 
polygons were merged with neighbouring polygons that share the largest border.  
 

4. Very small features and artefacts data were deleted as they often represented redundant effects 
such as edges from merging higher resolution multi-beam information. These polygon features 
were visually identified as artefacts and were mostly found at edges of higher resolution multi-
beam information of the bathymetry data. Artefact polygons were identified (Figure 5) and 
eliminated, and merged with neighbouring (surrounding) polygons sharing the longest border 
(see Fig. 10).  
 

  

 
Figure 10. Artefact features as a result of higher resolution merge of multibeam data 

 

4.2 Further post treatment 

After deriving a first outline of emerging features further feature refinement was conducted on a 
manual manner.  As the bathymetry has known inaccuracies, further manual editing of feature 
delineations was conducted with close consultation of all cooperation partners. The feature 
delineation was redefined using other available information such as hydrographic and 
oceanographic data (Shom, 2008) and the ‘Espace Benthique’ dataset depicting benthic clusters. 
Bathymetry based contour information was used in areas of higher accuracy likelihood to refine 
automated analysis results, often smoothening and redefining the base of mounts and edges of 
plateaus or banks. This was an iterative process sometimes on the base of hand drawn sketches and 
guide outlines for delineation.  
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Figure 11. Emerging seafloor feature delineation 
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4.3 Classification of the relief 

Zonal statistics for the emerging seafloor features was produced assessing mean heights (altitude 
ranges), subsurface values and slopes. According to the standards released by the International 
Hydrographic Organisation (IHO) the objects were further classified using the following criteria: 

- Seamount: > 1000m (in height) 
- Knoll: 500m -1000m 
- Hill: < 500m 
- and additional classes are (below sea level): 
- shallow: 0-200m 
- epibathyal: 200-1000m 
- deep sea: > 1000m 

 
Results of the analysis were manually edited as inaccuracies of the bathymetry had to be accounted 
for. 

 
Figure 12. Classification of emerging seafloor features 
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4.4 “Rise” – definition of a plateau 

An additional feature class was defined as “rise”: This described large plateaus coarsely delineated 
through the ‘class 3’ of the automated classification outcome, with low slopes (2% average) and 
relatively low absolute TPI values (closer to zero), indicating rather smooth and flat surfaces with a 
class minimum depth of -2257.5m and a maximum depth of -184m. Figure 13 shows the rise 
features in a dark turquoise colour. 
 
 

 
Figure 13. Integration of “Rise” features representing a plateaus  
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5 Espace benthique 

The ‘Espace benthique’ delineation as result of ongoing updates based on water masses and contour 
lines is provided in Figure 13 below. Several regions within the EEZ were assessed in more detail, 
also using ancillary data (e.g. substrate types, hydrographical information, Australian bathymetry 
data). 
 

 
Figure 14. "Espace benthique", 62 classes, delineation based on geology, water masses and contour lines. 

 

6 Analysis of benthic habitat diversity 
 
The habitat analysis concentrated on using three main criteria: geomorphic clusters (computed by 
CI-NC), water masses  (sourced from CSIRO, CARs model) and the type of substrate (geology) 
(DIMENC, DTSI, NC). All three layers were overlayed deriving several hundred of combinations 
describing benthic habitats. It was therefore decided to aggregate input information in order to 
obtain a more generalised map of habitat classes. Water masses were not aggregated as information 
their specific characteristics was not available. Investigation of retrieving water mass parameters 
from CSIRO Australia is under way. The aggregation of input layers comprised 4 geomorphic classes 
(Fig. 7), 13 water mass clusters (Fig. 9) and 2 types of substrate (Fig. 8) that were mapped as 
separately (Table 4). The spatial overlay and with elimination of features smaller than 1 km2, 
produced 82 habitat classes (Fig. 10). 25 classes are larger than 4000 km2, and six larger than 100 
km2 within a total area of the entire EEZ of 1,464,548.89 km2. 
To further aggregate the habitat diversity result and visualise the spatial distribution of various 
habitat types the use of a 0.25 degree grid as a zoning layer was used as provided by AMP. Thus, the 
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habitat composition and extent of overlap of each cell would allow an assessment of spatial habitat 
variability. First results of counting unique habitat within each grid cell have been produced.  
 
Table 4. Aggregated criteria classes used for benthic habitat classification 

Code Geomorphologic 
Classes 

Code Water masses Code Type de 
substrat 

1 Zones de faible pente 8 Eaux intermediaires antartiques 1 Soft 
2 Fosses 14 Eaux profondes indiennes 2 Hard 
3 Reliefs 15 Eaux profondes indiennes   
4 Sommets 16 Eaux intermediaires pacifiques   

  24 Eaux intermediaires pacifiques   
  25 Eaux profondes pacifiques   

 
Merged morphologic clusters are shown below (Fig. 15). 

 
Figure 15. Aggregated morphologic clusters (derived from emerging features) 

 
Figure 16 below shows the merged information about seafloor substrate/geology. 
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Figure 16. Substrate types (Geology) 

 
 
The water masses obtained via CSIRO is shown below (Fig. 17). 

 
Figure 17. Water masses (CSIRO) 

 
The benthic habitat diversity based on the three criteria is shown in Figure 18.  
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Figure 18. 82 bentic habitat types derived from morphologic clusters, water masses and substrate types 

 
The area of main habitat is shown in the graph below (Fig. 19). 
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Figure 19. Habitat types and their spatial extent for areas larger than 4000km2.  

Code: Morphologic Classes – Water Masses – Type de Substrat (Geology) 

 
The codes of the graph above are defined in Table 5. 
 
Table 5. Classes within habitat types larger than 4000m2 

Code Geomorphologic 
Classes 

Code Water masses Code Type de 
substrat 

1 Zones de faible pente 8 Eaux intermediaires antartiques 1 soft 
2 Fosses 14 Eaux profondes indiennes 2 hard 
3 Reliefs 15 Eaux profondes indiennes   
4 Sommets 16 Eaux intermediaires pacifiques   

  24 Eaux intermediaires pacifiques   
  25 Eaux profondes pacifiques   

 

7 Final AMP outputs supported by CI-NC 
 
AMP thematic maps with significant CI contribution comprised: 

- Espace benthique 
- Geomorphologic clusters 
- Productivity 
- Habitat diversity 
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