
Appendix 1:  Mapping Methodology 

This study is based on analyses of land-cover change derived from three land-cover maps (1977-78, 1991, 

2000). Land-cover maps for 1991 and 2000 were derived from Landsat TM and ETM + mosaics of 

images taken at 30 m resolution (Kennaway and Helmer 2007). The 1977-78 maps were derived from 

vector-based, photo-interpreted maps of forest cover. Potential problems with this approach to the study 

of land-cover change are related to challenges in post-classification change detection, reconciling 

different data types, and differences between aerial photo interpretation and machine imagery 

classification.  In change detection using classified images, misclassification errors can accumulate 

through time. Nevertheless, this approach was used successfully by Kennaway and Helmer (2007) and 

Helmer et al. (2008).     

 

Reconciliation of the vector-based (1977-78) and pixel-based (1991-2000) mapping methods was made 

easier by the relatively good geo-registration between the two methods.  In order to compare all three 

maps, we used ArcGIS 9.2 to correct minor boundary errors between the 1977-78 images, rasterize the 

1977 map (a 30 m cell size was assigned to the 1977-78 map by majority rule), and calculate total forest 

area and transitions across time periods (1977-1991 and 1991-2000).  Residual misregistration errors 

between the rasterized 1977-78 vector boundaries and the 1991 pixel-based map can be mistaken for 

land-cover change.  Differences between aerial photo interpretation and machine classification of satellite 

imagery can also affect the accuracy of detecting various types of changes.  Although manual photo 

interpretation and machine classification can both result in detailed classification schemes (see Tables A1 

and A2), we conservatively restricted them to eight distinct classes.  Classification of moderate-resolution 

(e.g., 30 m) satellite imagery often results in scattered misclassified pixels, but it may also correctly 

identify small patches that a manual interpreter would aggregate into different classes (Kennaway and 

Helmer 2007).   

 

Although gross errors in classification of individual land-covers are possible between the 1977-78 and 

1991 maps, they are unlikely.  Despite widespread shifts in land-cover and agricultural production 

(Appendix Table 3), there is great concordance between the 1977-78 and 1991 maps (52.0% identical).  

The 1977-78 and 1991 maps differ most in the forest cover of the western highlands, which remain 

forested today (Brandeis et al. 2007).  Large declines in Puerto Rican coffee production immediately 

preceded agricultural abandonment of the western uplands (Fagan, unpublished data), lending indirect 

support to the accuracy of the 1977-78 and 1991 maps.  Finally, only 5.3% of the 1977-78 and 1991 maps 

appear to be obviously misclassified change (i.e., loss of urban cover, or conversion from land to water).   

 
During our study period, urban cover increased from 12.1 to 15.5% of island area, and forest cover 

increased from 34.8 to 45.1% of island area.  Although our figure of 45.1% forest cover contrasts with the 

57% forest cover reported by Brandeis et al. (2007), this is likely because of differences in methodology 

and imagery resolution.  Brandeis et al. (2007) used high-resolution photos to map forest cover over the 

island, and defined forest as land with greater than 10% forest cover.  It is unsurprising that our moderate-

resolution land-cover maps have lower forest cover, because coarser-resolution images typically 

underestimate true forest cover (Fagan and DeFries 2009).  Non-forest areas with small patches of forest 

interspersed (e.g., pastures, suburbs, etc.) would have their forest patches mapped in high-resolution 

imagery, while moderate-resolution imagery would be classified to the dominant land-cover type.  

Similarly, the expansive forest definition employed by Brandeis et al. (2007) would cause small changes 



in tree cover from 1990 to 2004 to count as much greater changes in forest area than those observed by 

Landsat.  In effect, the Landsat estimate of forest area is more conservative, but not inaccurate as a 

measure of large-scale change.  We refer the interested reader to Brandeis et al. (2007), who discuss this 

issue extensively.  Our estimates of forest cover agree with those of Pares-Ramos et al (2008) who use a 

different methodology and higher-resolution imagery to arrive at 52.4% forest cover.  Our estimate of 

urban cover in 2000 is higher than that of Pares-Ramos et al. (2008) (11.3% of island area), but their 

lower estimate likely arises from their higher-resolution mapping and the relatively small building 

footprint of suburban development in Puerto Rico.   

Because of the merging of land-cover classes and the source of the 1977-78 maps, it is difficult to 

evaluate the overall accuracy of the three land-cover maps. The accuracy of the 1991 and 2000 imagery 

was quantified by Kennaway and Helmer (2007); these maps correctly classified 72% and 82% of points, 

respectively, with an error matrix having Kappa coefficients of 0.69 ± 0.02 and 0.81 ± 0.02.  Due to 

aggregation from 29 to eight land-cover classes, the accuracy of the 1991 and 2000 maps is higher than 

reported in Kennaway and Helmer (2007). However, we lack an estimate of accuracy for the 1977-78 

map. Although we cannot quantify the classification accuracy of the 1977-78 map, the aerial photos were 

interpreted by a team of professional photo interpreters using sound methodology (DNRA 1998) (Table 

A1).  Therefore, we assume low classification error for the 1977-78 land-use map. The analyses in this 

study assume that none of the potential error sources discussed here are large enough to influence our 

conclusions. In addition, forest change from 1977-1991 was dramatic, providing a strong signal-to-noise 

ratio, while most of the urban forest change occurred from 1991-2000, a period for which we have an 

estimate of error (Kennaway and Helmer 2007). 

 

 

  



Table A1: Class conversions from the original 1977 map to the classifications used in our analyses. The 

twelve land-cover classes in the 1977 land-cover map discussed by Ramos and Lugo (1994) were reduced 

to eight classes in our analysis, following the same methodology as Crk et al. (2009).   

 

Original 1977 class Old Class New Class New Class Name 
 

Development, non-productive 
land 

12 1   Urban/developed 

Agriculture 2 2   Herbaceous/coffee/mixed woody     
  agriculture 

Pasture 3 3   Pasture/grass 

Highly dense canopy forest 4 4   Forest/woodland/shrubland 

Dense canopy forest 5 4   Forest/woodland/shrubland 

Low canopy density forest 6 4   Forest/woodland/shrubland 

Shrub 7 4   Forest/woodland/shrubland 

Mangrove 8 5   Forested wetland 

Wetlands and salt-flats 9 6   Non-forest wetland  

Rocky areas 10 7   Non-vegetated 

No class 13 --   No class (omitted) 

Water bodies 11 8   Water 

 

 

 

 

 

 

 

 

 

 



Table A2: Class conversions from the original 1991 and 2000 maps. The twenty-nine land-cover classes 

in the 1991 and 2000 land-cover maps created by Kennaway and Helmer (2007) were reduced to eight 

classes in our analysis, following the same methodology as Crk et al. (2009).  

Original 1991/2000 Class Old Class New 
Class 

New Class Name 

High-Medium Density Urban 1 1 Urban/developed 

Low-Medium Density Urban 2 1 Urban/developed 

Herbaceous Agriculture - Cultivated Lands 3 2 Herbaceous/coffee/mixed 
woody agriculture 

Active Sun Coffee and Mixed Woody Agriculture 4 2 Herbaceous/coffee/mixed 
woody agriculture 

Pasture, Hay or Inactive Agriculture (e.g. 
abandoned sugar cane) 

5 3 Pasture 

Pasture, Hay or other Grassy Areas (e.g. soccer 
fields) 

6 3 Pasture 

Drought Deciduous Open Woodland 7 4 Forest/woodland/shrubland 

Drought Deciduous Dense Woodland 8 4 Forest/woodland/shrubland 

Deciduous, Evergreen Coastal and Mixed Forest 
or Shrubland with Succulents 

9 4 Forest/woodland/shrubland 

Semi-Deciduous and Drought Deciduous Forest 
on Alluvium and Non-Carbonate Substrates 

10 4 Forest/woodland/shrubland 

Semi-Deciduous and Drought Deciduous Forest 
on Karst (includes semi-evergreen forest) 

11 4 Forest/woodland/shrubland 

Drought Deciduous, Semi-deciduous and Seasonal 
Evergreen Forest on Serpentine 

12 4 Forest/woodland/shrubland 

Seasonal Evergreen and Semi-Deciduous Forest 
on Karst 

13 4 Forest/woodland/shrubland 

Seasonal Evergreen and Evergreen Forest 14 4 Forest/woodland/shrubland 

Seasonal Evergreen Forest with Coconut Palm 15 4 Forest/woodland/shrubland 

Evergreen and Seasonal Evergreen Forest on 
Karst 

16 4 Forest/woodland/shrubland 

Evergreen Forest on Serpentine 17 4 Forest/woodland/shrubland 

Elfin, Sierra Palm, Transitional and Tall Cloud 
Forest 

18 4 Forest/woodland/shrubland 

Emergent Wetlands Including Seasonally Flooded 
Pasture 

19 5 Non-forest wetland 

Mangrove 21 6 Forested wetland 

Seaonally Flooded Savannahs and Woodlands 22 6 Forested wetland 

Pterocarpus Swamp 23 6 Forested wetland 

Salt or Mud Flats 20 7 Non-vegetated 

Coastal Sand and Rock 26 7 Non-vegetated 

Bare Soil (including bulldozed land) 27 7 Non-vegetated 

Background/water 0 8 Water 

Water - Permanent 28 8 Water 

Tidally Flooded Evergreen Dwarf-Shrubland and 
Forb Vegetation 

24 n/a n/a 

Quarries 25 n/a n/a 



Table A3:  Key land-cover transitions in Puerto Rico, 1977-2000. Land-cover change calculated from the 

GIS land-cover maps described above.  Deforestation measures transitions from forest to non-forest land-

covers, and is broken down by non-forest category.  Similarly, reforestation marks transitions from non-

forest to forest land-covers, broken down by non-forest category.  The “other” category includes all other 

non-forest categories (listed in Table A2).  Net forest change subtracts deforestation from reforestation, 

and urbanization measures transitions from all land-covers to urban cover.  Total hectares for the island of 

Puerto Rico were similar between land-cover transition maps, with minor changes (0.05% of total area) 

due to classification error with water (excluded here).  See Kennaway and Helmer (2007) for detailed 

land transition matrix. 

 

1977-1991 1991-2000 

 Hectares Normal %* Hectares Normal %* 

Deforestation     

to pasture 64,272 5.31 49,077 6.31 

to agriculture 4,144 0.34 9,333 1.20 

to urban 16,549 1.37 15,526 2.00 

to other 1,043 0.09 705 0.09 

subtotal 86,008 7.11 74,640 9.60 

     

Reforestation     

from pasture 70,732 5.85 63,160 8.12 

from agriculture 85,397 7.06 4,985 0.64 

from other 14,164 1.17 10,989 1.41 

subtotal 170,293 14.07 79,134 10.18 

     

Land-use shifts     

Net forest change 84,285 6.97 4,494 0.58 

Urbanization 59,850 4.95 47,876 6.16 

Total hectares 864,233  863,775  

*The normalized % expresses land-cover change at the island level calculated over a 
standard 10-year period.  Changes in hectares are calculated over a 14-year and 9-year 
period, respectively. 
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