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The 2010 Biodiversity Indicators Partnership (2010 BIP; www.twentyten.net) was mandated 
by the Convention on Biological Diversity to bring together a suite of biodiversity indicators. 
Primarily to allow for a more comprehensive and consistent monitoring and assessment of 
global biodiversity, specific importance is given to measuring progress towards the 2010 
Target. The Partnership coordinates and supports the regular delivery of biodiversity 
indicators into a range of decision-making processes, with a particular focus on this 2010 
target. In addition, the Partnership links biodiversity initiatives at national, regional, and 
global scales, and contributes information to a number of major international mechanisms 
and initiatives. 
 
This report was compiled by Raffaele Lafortezza (University of Cambridge), Oliver Wearn 
(Imperial College) David Coomes (University of Cambridge), Valerie Kapos (UNEP-WCMC), 
and Robert Ewers (Imperial College).     
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Introduction 
Forests are home to half or more of the world’s species and account for nearly half of global 
terrestrial net primary production. Forests and woodlands probably once covered about half of the 
Earth’s land area, but now occupy around half their original extent.  The loss of forest cover is of 
considerable global concern because of its effects on biodiversity and the potential loss of the many 
important goods that forests provide and the vital services they perform, including regulation of 
global climate through carbon sequestration and storage. The CBD programme of work on forest 
biodiversity and many other international processes recognise the importance of forests and the 
grave consequences associated with continuing loss of forest cover. 
 
However, the loss of forest area is not the only way that the pressures on forests and changing 
forest cover can affect forest biodiversity adversely. Forest fragmentation poses a substantial threat 
to global biodiversity and may cause cascading impacts on a wide range of ecosystem functions and 
services  (Wu et al. 2003, Millennium Ecosystem Assessment 2005). When land-use change breaks 
tracts of continuous forest into smaller pieces, it also creates new edges between forest and other 
vegetation types and disconnects patches from adjacent, continuous habitat (Collinge 1996, Fahrig 
2003, Saura and Carballal 2004).  These area, edge and isolation effects can singly and in 
combination adversely affect local populations of many organisms and increase their vulnerability to 
stochastic events, leading to population decline or extinction (Driscoll and Weir 2005, Arroyo-
Rodríguez et al. 2007). Increasing forest fragmentation around the world is thus responsible for well-
documented effects on the distribution and abundance of individual species and on the composition 
of communities (Laurance et al. 2002, Kupfer et al. 2006, Watling and Donnelly 2006, Ewers et al. 
2007, Fischer and Lindenmayer 2007) and from a biodiversity perspective is an important aspect of 
forest degradation. 
 
The importance of forest fragmentation for biological diversity is one of the reasons that it was 
included in the framework of indicators developed by the Convention on Biological Diversity to track 
progress towards the 2010 Biodiversity Target.  However, there is little consensus about the most 
useful ways to assess and express forest fragmentation and its effects on biodiversity.  While there 
are numerous tools, such as FRAGSTATS (McGarigal and Marks 1995) and other packages that 
enable users to calculate a wide range of fragmentation metrics from mapped data on forest cover 
(O'Neill et al. 1988, Riitters et al. 1995), there is little guidance available on how these summary 
spatial statistics relate to the biological effects of the observed fragmentation patterns (Davidson 
1998).  
 
While field ecologists routinely measure the abundance of species or the structure of biological 
communities at point locations within fragmented landscapes and then relate these measures to 
metrics of habitat fragmentation, such studies typically focus on biological responses to one or a few 
attributes of the fragments or landscape such as area (Watling and Donnelly 2006), edge-effect 
(Laurance et al. 2002), shape (Saura and Carballal 2004), isolation (Schmiegelow et al. 1997), 
landscape forest cover (Trzcinski et al. 1999), or matrix quality (Baum et al. 2004, Watling and 
Donnelly 2006).  Field ecologists are increasingly drawing on estimates of fragmentation metrics 
based on remote sensing to explain patterns of biodiversity in their study areas (Betts et al. 2006), 
but they rarely assess the landscape-level significance of the effects observed in their sampling plots. 
Thus it is possible to determine whether fragmentation does or does not affect biodiversity in a 
given forest landscape, but not to quantify the biodiversity-relevant degradation of that landscape 
due to fragmentation or to apply the results in other landscapes. For example, point data can be 
used to assess species responses to habitat edges (Ewers and Didham 2008), but to quantify the 
landscape-scale net impact on the populations of those species, it is necessary to combine 
information on species responses with spatially explicit data on the distribution of habitat edges 
(Ewers and Didham 2007, Ewers et al. in press).  
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On the other hand, several studies have attempted to identify appropriate metrics to assess and 
monitor forest fragmentation at broad geographical scales (Kapos et al. 2000, Riitters et al. 2000).  
The metrics these studies propose have been based on a clear understanding of the aspects of 
fragmentation that can in general terms be expected to affect biodiversity, but they are not based 
on empirical data on the strength of those effects. Robust methods for extrapolating biological data, 
collected at the plot scale, to the wider patterns of fragmentation, observed at the landscape level 
with remote sensing and GIS techniques, would make it possible to develop a biologically relevant 
index of habitat fragmentation that directly quantifies the net impact of fragmentation on a measure 
of biodiversity across an entire landscape. This kind of an index would serve a variety of important 
and policy-relevant purposes (CBD Secretariat 2001, Sutherland et al. 2006) and could be used to 
track progress towards biodiversity targets.  
 
Here we describe the development of such an index using a new method for converting point-based 
observations into a continuous biodiversity surface representing the similarity of fragmented 
biological communities to those in unfragmented forest and present a range of results based on 
existing data from fragmented forest landscapes around the world. The mapped outputs are in each 
case used to calculate a landscape-scale metric of the effects of fragmentation on biological 
diversity.  This approach effectively scales up observational data into a landscape-level statistic 
reflecting the net biological impact of forest fragmentation, and provides the basis for developing a 
widely applicable index. 

 

 

Methods 
For each of several landscapes that have been the subject of intensive ecological investigation, we 
used inventory data and forest cover maps to investigate the biological similarity of study plots in 
fragments with control plots and relate that to fragmentation metrics. The analyses were based on 
the premises that community composition within control sites, located as far as possible inside the 
most continuous indigenous forest present, is representative of the community that would have 
occurred in the absence of forest fragmentation, and that community composition will be more 
similar between control sites than between a control site and a location that is affected by forest 
fragmentation (Ewers et al. 2009, Lafortezza et al. in press). The Bray-Curtis index (BC), one of the 
most common measures of community similarity in the ecological literature (Magurran 2003) was 
used to assess the similarity of communities at different point locations. Bray-Curtis values range 
from 0 (no species in common) to 1 (identical abundance of all species).  
 
A multivariate regression tree on a matrix of BC values was used to separate sample sites into 
control sites and sites that are potentially affected by fragmentation (henceforth PFA plots). 
Multivariate regression trees are a form of constrained cluster analysis, clustering sites together 
according to the similarity of their communities (response) with respect to a known environmental 
gradient (predictor). Using just one predictor variables, distance from forest edge, the regression 
tree clustered determined the distance from edge which results in the most meaningful division 
among sites.  All sites located in the cluster farthest from the edge were designated as control sites, 
and all others as PFA sites.  For all PFA sites, the BC value between it and the control site that is 
geographically closest to that PFA site, was determined using that measure of community 
composition as a response variable for further modelling.   
 
Forest cover data for the study landscapes were used to calculate nine fragmentation measures that 
previous studies have reported to be relatively uncorrelated with each other (Table 1) (Cain et al. 
1997, Trani and Giles 1999, Honnay et al. 2003, De Clercq et al. 2006).  The nine measures were 
grouped into metrics based on patch level calculations, and landscape-based metrics that examine 
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the attributes of neighbour cells around a focal cell (see Table 2 for more details), which were 
calculated using a neighbourhood radius of 500 m and 1000 m. Metrics were calculated from the 
rasterised forest cover data (cell size = 25 m) using FRAGSTATS v.3.3 (McGarigal and Marks 1995).  
 

 
Table 1 - Fragmentation measures used in this study. Metrics have been grouped into component-
based metrics, which are based on patch level calculations, and landscape-based metrics, which 
examine the attributes of neighbour cells around a focal cell. A detailed description on each metric 
can be found in McGarigal et al. (2002).   

              

Type of measure  Variable  Description Unit Range 

Component-based metrics  

DIST.EDGE 
Distance to the 
nearest forest edge 

km DIST.EDGE ≥ 0 

P.SIZE 
Size of the forest 
patch 

ha P.SIZE > 0 

P.SHAPE 
Shape Index of the 
forest patch***  

- P.SHAPE ≥ 1 

P.ENN 
 Distance to the 
nearest neighboring 
forest patch 

km P.ENN ≥ 0 

Landscape-based metrics*  

PD.500** 
Number of forest 
patches per unit of 
area 

- PD.500 ≥ 0 

ED.500** 
Total length of forest 
edges per unit of area 

Km ED.500 > 0 

PNF.500** 
Percent of non-forest 
areas 

% PNF.500 ≥ 0 

MSI.500** 
Mean Shape Index of 
forest patches*** 

- MSI.500 ≥ 1 

ENN.500** 

 Average distance to 
the nearest 
neighboring forest 
patches 

m ENN.500 ≥ 0 

     

Note (*): Landscape-based metrics were computed using a moving window of radius of 500m and 1000m. 

Note (**): The same description applies to each measure computed within a radius of 1000m (e.g., PD.1000). 
Note (***): Shape index: describes the deviation of each forest patch from circular: a circle has a value of 1 
whereas forest fragments with irregular shapes will have higher values. 

 
 
The effects of the fragmentation metrics on BC values was modelled using beta regression, a form of 
logistic regression that accounts for the fact that BC values are bounded at zero and one. Models 
included as a term the distance between the PFA and control plots to account explicitly for any 
effects of spatial autocorrelation (communities located far apart in space are likely to be less similar 
in composition than communities located close together), which could potentially confound our 
estimates of the biological impacts of forest fragmentation.  Backwards stepwise selection of 
variables was employed to determine the minimum adequate model explaining community variation 
(BC values) as a function of the fragmentation metrics.  The final model was chosen based on AIC 
model selection criteria (Burnham and Anderson 2002). 
 



 

6 

 

The, the best-supported regression model was used to generate continuous GIS surfaces for each 
landscape, representing the predicted community similarity for each taxon between each grid cell 
and control sites. Once a model has been defined for a given landscape, it can then be used to 
predict throughout the landscape for the given taxon the similarity of the community to control 
areas.  This generates maps that are a useful way to visualise fragmentation-related variation in 
biodiversity. These GIS surfaces enabled us to compute a landscape scale indicator, which we term 
BioFrag (Lafortezza et al. in press), and which quantifies the overall effects of fragmentation on 
species communities: 
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,
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BCpred
BioFrag
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where the summations are made over all forested grid cells. If there is no biological effect of 
fragmentation, then the best supported regression model would predict that all grid cells in the PFA 
sites and control sites would have BC values equal to BCmax (which is the similarity among control 
plots) and BioFrag would have a value of one. By contrast, BioFrag approaches zero when 
fragmentation generates very strong effects that have resulted in a complete turnover in the 
composition of biological communities.  
 
Finally, each individual BioFrag estimate was used as a single data point to determine the landscape 
metric most closely correlated with biological responses to habitat fragmentation at regional scales.  
For each of the study regions included in our analyses, we estimated 29 different landscape metrics 
available in FRAGSTATS (Table 2).  The metric with the highest correlation with BioFrag estimates, 
was identified based on the pseudo-R2 value from beta regression.  BioFrag was individually 
regressed against each of the 29 landscape metrics, with the beta regression pseudo-R2 taken as a 
measure of the goodness of fit of that relationship. Prior to analysis, all metrics were assessed for 
normality and appropriately transformed where necessary.  The assumption was that the landscape 
metric with the highest correlation to BioFrag values across taxa and landscapes will make the most 
biologically meaningful measure of habitat fragmentation that can be used at large spatial scales. 
 
Table 2 - List of the fragmentation measures computed at landscape level for potential use as a biologically 
relevant index of habitat fragmentation. 

 

Variable  Name Description Units  Range 

TA  Total Area Total landscape area  Hectares 
TA > 0, without 

limit 

NP  
Number of 
Patches 

Total number of patches in the landscape None 
NP ≥ 1, without 

limit 

PD  Patch Density Number of forest patches per unit of area 
Number 
per 100 
hectares 

PD > 0 

LPI  
Largest Patch 
Index  

LPI equals the area (m2) of the largest 
patch in the landscape divided by total 
landscape  

Percent 0 < LPI ≤ 100 

TE  Total Edge 
TE equals the sum of the lengths (m) of all 
edge segments in the landscape 

Meters 
TE ≥ 0, without 

limit 

ED  Edge Density 
ED equals the sum of the lengths (m) of all 
edge segments in the landscape, divided 
by the total landscape area  

Meters 
per 

hectare 

ED ≥ 0, without 
limit 
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Table 2 - List of the fragmentation measures computed at landscape level for potential use as a biologically 
relevant index of habitat fragmentation. 

 

Variable  Name Description Units  Range 

LSI  
Landscape 
Shape Index  

LSI equals the total length of edge in the 
landscape divided by the minimum total 
length of edge possible 

- 
LSI ≥ 1, without 

limit 

AREA_MN  
Mean Patch 
Size 

AREA_MN equals TA divided by the total 
number of patches 

Hectares 
AREA_MN > 0, 
without limit 

GYRATE_MN  
Radius of 
Gyration 

GYRATE_MN equals the mean distance 
between each cell in the patch and the 
patch centroid 

Meters 
GYRATE_MN ≥ 0, 

without limit 

SHAPE_MN  
Mean Shape 
Index 

SHAPE_MN equals the mean shape index 
across all patches in the landscape 

- 
SHAPE ≥ 1, 

without limit 

FRAC_MN  
Mean Fractal 
Dimension  

FRAC_MN equals the mean fractal 
dimension across all patches in the 
landscape 

- 1 ≤ FRAC ≤ 2 

PARA_MN  
Mean 
Perimeter-
Area Ratio 

PARA_MN equals the mean ratio of the 
patch perimeter to area across all patches 
in the landscape 

- 
PARA_MN > 0, 
without limit 

CONTIG_MN  
Contiguity 
Index 

CONTIG_MN equals the average contiguity 
value for all  cells in the landscape 

- 0 ≤ CONTIG ≤ 1 

PAFRAC  
Perimeter-
Area Fractal 
Dimension 

PAFRAC equals 2 divided by the slope of 
regression line obtained by regressing the 
logarithm of patch area against the 
logarithm of patch perimeter.  

- 1 ≤ PAFRAC ≤ 2 

ENN_MN  

Mean 
Euclidean 
Nearest-
Neighbor 
Distance 

ENN_MN equals the mean distance 
between all landscape patches, based on 
shortest edge-to-edge distance 

Meters 
ENN > 0, without 

limit 

CONTAG  
Contagion 
Index 

CONTAG equals minus the sum of the 
proportional abundance of each patch 
type multiplied by the proportion of 
adjacencies between cells of that patch 
type and another patch type… 

Percent 0 < CONTAG ≤ 100  

PLADJ  
Percentage of 
Like 
Adjacencies 

PLADJ equals sum of the number of like 
adjacencies for each patch type, divided by 
the total number of cell adjacencies in the 
landscape 

Percent 0 ≤ PLADJ ≤ 100 

COHESION  
Cohesion 
Index 

COHESION equals 1 minus the sum of 
patch perimeter (in terms of number of 
cells) divided by the sum of patch 
perimeter times the square root of patch 
area (in terms of number of cells) for all 
patches in the landscape, divided by 1 
minus 1 over the square root of the total 
number of cells in the landscape. 

- 

The behavior of 
this metric at the 
landscape level 

has not yet been 
evaluated. 

DIVISION  
Landscape 
Division Index 

DIVISION equals 1 minus the sum of patch 
area (m2) divided by total landscape area 
(m2), quantity squared, summed across all 
patches in the landscape 

Percent 0 ≤ DIVISION < 1 

MESH  
Effective Mesh 
Size 

MESH equals 1 divided by the total 
landscape area (m2) multiplied by the sum 

Hectares 
cell size ≤ MESH ≤ 

total landscape 



 

8 

 

Table 2 - List of the fragmentation measures computed at landscape level for potential use as a biologically 
relevant index of habitat fragmentation. 

 

Variable  Name Description Units  Range 

of patch area (m2) squared, summed 
across all patches in the landscape. 

area (A) 

SPLIT  Splitting Index 

SPLIT equals the total landscape area (m2) 
squared divided by the sum of patch area 
(m2) squared, summed across all patches 
in the landscape.  

- 
1 ≤ SPLIT ≤ 

number of cells in 
the landscape  

PRD  
Patch Richness 
Density 

PR equals the number of different patch 
types present within the landscape 
boundary divided by TA 

Number 
per 100 
hectares 

PRD > 0, without 
limit 

SHDI  
Shannon's 
Diversity Index  

SHDI equals minus the sum, across all 
patch types, of the proportional 
abundance of each patch type multiplied 
by that proportion.  

- 
SHDI ≥ 0, without 

limit 

SIDI  
Simpson's 
Diversity Index  

SIDI equals 1 minus the sum, across all 
patch types, of the proportional 
abundance of each patch type squared.  

- 0 ≤ SIDI < 1 

MSIDI  
Modified 
Simpson's 
Diversity Index  

MSIDI equals minus the logarithm of the 
sum, across all patch types, of the 
proportional abundance of each patch 
type squared.  

- 
MSIDI ≥ 0, without 

limit 

 SHEI  
Shannon's 
Evenness 
Index 

SHEI equals minus the sum, across all 
patch types, of the proportional 
abundance of each patch type multiplied 
by that proportion, divided by the 
logarithm of the number of patch types. 

- 0 ≤ SHEI ≤ 1 

SIEI  
Simpson's 
Evenness 
Index 

SIEI equals 1 minus the sum, across all 
patch types, of the proportional 
abundance of each patch type squared, 
divided by 1 minus 1 divided by the 
number of patch types. 

- 0 ≤ SIEI ≤ 1 

MSIEI  

Modified 
Simpson's 
Evenness 
Index 

MSIEI equals minus the logarithm of the 
sum, across all patch types, of the 
proportional abundance of each patch 
type squared, divided by the logarithm of 
the number of patch types 

- 0 ≤ MSIEI ≤ 1 

AI 
Aggregation 

Index 

AI equals the number of like adjacencies 

involving the corresponding class, divided 

by the maximum possible number of like 

adjacencies involving the corresponding 

class, which is achieved when the class is 

maximally clumped into a single, compact 

patch, multiplied the proportion of the 

landscape comprised of the corresponding 

class 

Percent 0 ≤ AI ≤ 100 
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Results 
Many (~20) different studies were identified that could potentially provide data for this analysis.  
However, in the first instance the analysis included data from the 8 studies that included sufficient 
sample sizes to meet the needs of this rigorous analytical approach, including data from a diverse 
range of taxa classified into the following three functional groups: invertebrates, herpetofauna and 
birds.  Despite different taxa responding to different spatial aspects of fragmented landscapes, the 
BioFrag method allowed us to estimate the impact of fragmentation on ecological communities in a 
consistent and comparable manner (Figure 1).  BioFrag estimates ranged from a minimum of 0.034 
for birds in a Ghanaian landscape 0.931 for birds in an Australian landscape, highlighting how the 
impact of fragmentation on a given taxa can vary dramatically among regions. 

 
Figure 1:  Maps of fragmentation-induced changes to ecological communities highlight the complex 
spatial patterns of biodiversity that arise in fragmented landscapes.  Mapped outputs from the 
BioFrag method for estimating the impacts of habitat fragmentation on (a) beetle communities in 
New Zealand, and (b) bird communities in the Atlantic Forests of Brazil.  For each example, from left 
to right we show a satellite image of the study region obtained from GoogleEarth, the BioFrag map 
of community integrity overlaid onto the GoogleEarth image, and the same map of community 
integrity from a GIS.  The colour scale used on the GIS maps is the same for both regions, highlighting 
how the impact of fragmentation on New Zealand beetle communities (BioFrag = 0.36) was greater 
than on Atlantic Forest bird communities (BioFrag = 0.51).  New Zealand beetle communities 
respond to patch size, patch isolation, patch shape and to the proportion of forest cover in a 1-km 
radius of sampling points.  By contrast, birds in Atlantic Forest respond to forest edges, forest cover 
in both 0.5 and 1-km radii, and to the mean shape index of patches within a 0.5-km radius. 
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Of the 29 landscape metrics considered in this study, mean gyration had the highest ability to 
explain variation in BioFrag estimates (Figure 2).  However, the sample size in this analysis was low 
(n = 8), and there were an additional three metrics which had pseudo-R2 values ≥ 0.40 and which, 
with the addition of more landscapes to the analysis, may conceivably end up having higher 
explanatory power.  High values of gyration were correlated with low BioFrag values (higher 
fragmentation impacts, Figure 3).  
 

 

 

 

Figure 2:  Ability of 29 different landscape metrics to predict the biological impacts of habitat 
fragmentation on multiple taxa.  Values represent the pseudo-R2 from beta regression of that metric 
against BioFrag values.  Metrics are ordered left to right in order of most to least explanatory power.  
Metric codes as in Table 2. 
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Figure 3:  Relationship between BioFrag values and the landscape metric ’Mean Gyration’ for eight 
fragmented landscapes.  Mean Gyration was the landscape metric with the highest ability to predict 
biological responses to habitat fragmentation (Figure 2).  Landscapes with low values of mean 
gyration tend to have weaker fragmentation impacts. 

 

 

Discussion 
BioFrag advances methods that quantify the degree of habitat modification and fragmentation from 

spatial patterns of forest cover alone by incorporating the spatial patterns of observed species 

responses to the spatial configuration of the landscape at multiple scales.  It can potentially be 

applied to any landscape and ecological community across the globe and represents a significant 
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step towards developing a biologically relevant, landscape-scale index of habitat modification. 

Metrics such as BioFrag are urgently required to quantify current trends in the impacts of land-use 

change on biodiversity and ecosystems, and ultimately to help quantify progress towards globally 

agreed policy targets on biodiversity and habitat conservation. 

 

Across the landscapes in which this study modelled community responses to habitat fragmentation, 

the landscape metric mean gyration was found to correlate best with biological responses.  It is 

important to use caution in applying this measure widely, however, as further datasets are required 

to determine more accurately the most suitable landscape metric and to quantify the relationship 

between the best metric and BioFrag values.  Gyration is a measure of patch extent, recording how 

far across a landscape a given patch extends (McGarigal and Marks 1995).  It can be interpreted as 

the average distance an organism can move within a patch before encountering the patch boundary 

from a random sampling point (McGarigal and Marks 1995).  At the landscape scale, mean gyration 

is the average gyration value for all patches within the study region.   

 

The BioFrag approach provides a method for using remotely sensed imagery to estimate changes in 

the biological impacts of habitat fragmentation through time, which is illustrated in Figure 4.  Using 

the relationship between BioFrag values and mean gyration shown in Figure 3, it is possible to 

estimate the BioFrag value of any landscape for which forest cover maps are available.  For 

landscapes where maps are available for more than one time, estimating mean gyration at each time 

point allows the estimation of how BioFrag changed during that time period.  Importantly, for the 

region displayed in Figure 4, the measure of habitat fragmentation was not correlated with the 

amount of forest cover in the landscape (r = -0.43, P = 0.25), suggesting that the fragmentation 

indicator is independent of habitat loss and provides important additional information on 

biodiversity change. 
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Figure 4:  Using BioFrag to estimate changes in fragmentation impacts through time for an active 
deforestation front in the Brazilian Amazon over an eight-year period.  (a) Deforestation between 
2000 and 2008 for a 50 × 50 km area in the state of Rondonia.  During this time period, 45 % of the 
region was deforested. Data on forest cover through time were obtained from the PRODES Project 
(INPE 2007). (b) For each year, we used the forest cover maps to estimate the landscape metric 
’mean gyration’.  (c) By employing the statistical relationship between BioFrag values and mean 
gyration shown in Figure 3, we were able to estimate BioFrag values for each year of the 
deforestation time series.   
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