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Abstract 
The rapid economic growth sustained in Southeast Asia throughout the new millennium has led to a surge in 
large-scale infrastructure projects to facilitate industrial productivity and consumption. Direct biodiversity 
impact assessments based on field surveys are often unavailable or incomplete due to time and funding 
limitations. Indirect methods for estimating impact based on non-local data sources and ecological theory are 
useful complementary solutions. In this study we take the new slate of hydroelectric dams being built in 
Sarawak, Borneo as a case study and use global species range data, GIS tools and revised 
species/endemics area scaling relationships to predict three distinct measures of biodiversity impact for four 
major taxonomic groups (mammals, birds, plants and arthropods): the total number of species with ranges 
affected by the dams, the number of individuals affected and the number of potential species extinctions that 
could result. We find that at least 331 bird species and 164 mammal species will be affected by the dams. 
This represents 57% and 69% of Bornean bird and mammal species. Given Borneo’s high rate of endemism, 
these are significant species impacts. Our assessment methods are applicable to any data-limited system 
undergoing land use change, and we provide instructions, equations, and computer code to assist 
researchers in applying these methods to other systems. 
 

1. Introduction 
The increasing rate of global land use change has generated significant interest in understanding how land 
conversion affects human communities and natural ecosystems. Along with direct ecosystem services such 
as carbon storage and watershed quality, there is a growing awareness of the potential importance of 
biodiversity in the provision of ecosystem goods and services [1], [2]. 
 
Although natural processes, planning and management activities, and ecosystem service provision often 
occur at landscape scales, there is relatively little empirical data on biodiversity at this scale, leading to a 
significant gap in the information available to policymakers who are tasked with balancing tradeoffs between 
global environmental concerns and national development objectives [3],[4], [5]. In many cases, for example, 
little information is available on the potential biodiversity losses associated with planned development 
projects, leaving the impacts of these projects uncertain and largely hidden from the public. This issue is 
particularly acute in low income nations where much land use change is occurring and where financial and 
logistical challenges combine to limit empirical data collection. 
 
In the absence of direct empirical data, two broad classes of approaches, top-down and bottom-up, can be 
used to bridge this information gap and provide landscape-scale information on potential biodiversity impacts. 
The first approach relies on large-scale maps of species occurrences, generated via expert assessment, 



atlas data, or species distribution models, across a region containing the site of habitat loss. Such maps can 
be used directly to estimate the number and identity of species whose ranges overlap with the site of habitat 
loss e.g., [6], [7] or used as an input into algorithms that support managers and policy makers in evaluating 
the biodiversity loss associated with different planning scenarios [8], [9]. These maps, however, are only 
available for well-studied taxa, such as birds and mammals, and do not generally provide information on the 
impacts of habitat loss on species populations. 
 
In contrast, the bottom-up approach relies on the availability of high quality small-scale data, such as 
complete censuses of all of the species in a small plot that is “upscaled” using statistical or theoretical scaling 
relationships. For example, the species-area relationship (SAR), which can be used to estimate changes in 
species richness with changes in area [10], is frequently used for estimating potential diversity and extinction 
rates in un-censused areas [11], [12]. These applications of the SAR, however, are less straightforward than 
commonly assumed, as complexities such as the appropriate functional form of the relationship, habitat 
geometry, complex patterns of habitat loss, and species overlap between multiple patches must be carefully 
considered [13]–[18]. Additionally, the most widely used equation for the SAR, a power law, has come under 
increasing criticism from several empirical and theoretical angles [19]–[21] and more recently developed and 
better tested scaling theories have not yet been integrated into applied ecology. 
 
Here we use a combination of top-down and bottom-up methods to estimate the biodiversity impacts 
associated with habitat loss due to three large hydroelectric dams in the state of Sarawak in northern Borneo. 
Our approach goes beyond simple species counts to estimate three distinct measures of biodiversity impact 
for each dam and all three dams together: the number of affected species, number of local extinctions, and 
number of lost individual organisms. The number of lost individuals is important both directly as a measure 
of decreased species abundances as well as indirectly as a proxy for the number of lost demographic or 
genetically distinct populations within species [22], [23]. These estimates are completed for four taxonomic 
groups, mammals, birds, trees, and arthropods, with top-down methods applied to the relatively well-studied 
mammals and birds and bottom-up methods applied to trees and arthropods. While the predictions from 
these indirect methods are necessarily uncertain, this approach provides the best available means of 
estimating biodiversity impact when field surveys prior to habitat loss are not available. 

2. Methods 

2.1. Study site 
The rapid economic growth sustained in Southeast Asia throughout the new millennium has led to a surge in 
large-scale infrastructure projects to facilitate industrial productivity and consumption [24], [25]. The “mega-
dam” in particular has returned to public planning policy as a solution to increasing energy demand in the 
region, with many new dams currently under construction across Laos, Thailand and Cambodia [26]. This 
trend extends to Malaysia, one of the fastest growing economies in Southeast Asia, where part of the federal 
government near-term economic growth strategy (the Tenth Malaysia Plan) involves building at least twelve 
mega-dams in the state of Sarawak to attract energy-intensive industry and stimulate local production [27], 
[28]. 
 
The state of Sarawak, located along the northern coast of the island of Borneo, is the poorest and most rural 
state in Malaysia. This area has long been a focal point for the development of large-scale hydroelectric 
power given its characteristically heavy rainfall and elevated topography. At least six dams are scheduled to 



be completed in Sarawak by 2020, with three major dams already under different stages of development [29]. 
In 2012, the 2400 MW Bakun dam became operational, and as of 2014, the reservoir for the 944 MW Murum 
dam is being filled. Access roads for the 1200 MW Baram dam have been cleared, although preparatory 
construction work has remained stalled since 2013 due to road blockades and protests from local NGOs [30]. 
 
In addition to displacing 30,000–50,000 indigenous people, the development of the twelve mega-dams would 
result in at least 2,425 km2 of direct forest cover loss [31]. The three initial dams discussed above, whose 
reservoirs will together flood an expected total area of 1,354 km2 (700 km2 for Baram, 242 km2 for Murum, 
413 km2 for Bakun), are the focus of our analysis. 
 
The island of Borneo, part of the Sundaland biodiversity hotspot Myers2000, is notable both for its high levels 
of biodiversity and highly threatened natural ecosystems [32]–[34]. Borneo’s forests house the highest level 
of plant and mammal species richness in Southeast Asia [35], including 581 species of birds and 240 species 
of mammals, and the island is considered a major evolutionary hotspot [36]. Extensive development has led 
to significant land cover change on the island, with 389,566 km2, approximately 53% of the total area of the 
island, remaining under natural forest cover [37]. 

2.2. Birds and mammals 
For birds and mammals, global range maps were first used to determine the species that were potentially 
found in the three reservoir areas prior to inundation. Species extinctions were then estimated conservatively 
as the number of species whose entire range was lost due to reservoir inundation (we show below that the 
relatively small areas of the three reservoirs are expected to lead to no extinctions for these taxa). Finally, 
published population densities and allometric scaling relationships were used to estimate the number of 
individual organisms in each taxa that were likely lost due to reservoir inundation. 

2.2.1. Species affected 
To estimate the number of species affected by dam construction, global range maps for birds were requested 
from Birdlife International BirdlifeInternational2011 and global range maps for mammals were obtained from 
the IUCN [38]. For both birds and mammals, species ranges were filtered to include only those with Presence 
code 1 or 2 (Extant and Probably Extant), Origin code 1 (Native), and Seasonal code 1 (Resident). These 
range maps were clipped with polygons representing the expected reservoir inundation areas for the three 
dams, obtained from the Sarawak Geoportal published by Bruno Manser Fonds [39], and the species found 
within each dam area identified and counted. 

2.2.2. Extinctions 
The number of determined extinctions due to reservoir inundation was calculated conservatively as the 
number of species whose ranges are completely overlapped by the reservoir areas. As a fractional loss of 
range, however, may still contribute to extinction risk for individual species e.g. [40][41], these fractions were 
also examined for all affected bird and mammals species. 

2.2.3. Individuals lost 
For birds, a central estimate of the total number of lost individuals across all species was estimated by 
multiplying reservoir areas for each dam by an estimated typical bird density of 2,500 individuals per km2 [42] 
for tropical forest. For mammals, the number of individuals lost for each species was estimated by multiplying 
the area of a species’ range intersecting the reservoir area for each species by an observed or estimated 



population density for that species. Where available, observed densities were drawn from the PanTHERIA 
database [43]. Where observed density was not recorded in PanTHERIA but adult body size data were 
available, population density was estimated from a log-log linear regression of body size on observed 
population density for those species with both density and body size data in the PanTHERIA data set 
(Supplementary Material). 
 
We note that while specific individuals present in the reservoir area during inundation may be able to migrate 
to avoid immediate death, the long-term abundance of both groups is presumed to be proportional to resource 
availability and hence habitat area. Any migrating individuals are thus not expected to permanently increase 
population densities surrounding the reservoirs. 

 
 
 



 

Figure 1 Species Count Results for (a) Mammals and (b) Birds within Borneo with select dam locations 



 

 

 
 
 

Dam Status
Reservoir 

Area (km2) Birds Mammals Birds Mammals
Bakun Operational since 2011 701 302                142                1.75               55.09            
Murum Being inundated 242 312                147                0.61               19.55            
Baram Under Construction 414 318                162                1.04               35.52            
Total 1357 331                164                3.4                 110.2            

Number of Species 
Affected

Total Number Individuals 
Lost (Millions)

Code Definition Birds Mammals
EX Extinct (EX) 0 0
EW Extinct in the Wild (EW) 0 0
CR Critically Endangered (CR) 0 1
EN Endangered (EN) 2 6
VU Vulnerable (VU) 14 24
NT Near Threatened (NT) 75 14
LC Least Concern (LC) 240 103
DD Data Deficient (DD) 0 16

Statistic Birds Mammals
Total Number of Species Globally 10424 5513
Total Number of Species in Borneo 580 239
Number of Species Affected 331 164
Percentage Global Species Affected 3.2% 3.0%
Percentage Bornean Species Affected 57.1% 68.6%
Maximum Percentage Global Range Affected 4.7% 1.8%

Table 1. 

Table 2. 

Table 3. 

Table 1 Species Affected and Individuals Lost by Dam; Table 2 Break Down of all Species Affected by IUCN Classification; 
Table 3 Global Impact Statistics 



2.3. Trees and arthropods 
For trees and arthropods, range maps and atlas data are not commonly available for individual species. Our 
estimates of impacts for these groups are thus based on macroecological scaling laws and census data from 
comparable landscapes outside of the dam region. 
 
Two macroecological scaling laws are used below: the species-area relationship (SAR), which gives the 
expected number of species found in a habitat patch as a function of area, and the endemics-area relationship 
(EAR), which gives the expected number of species within a large reference region that are found only within 
a smaller habitat patch of a certain area (i.e., the number of species that are locally endemic, with respect to 
the larger region, to the small patch). Of the many functional forms for these metrics have been proposed for 
these metrics, we here generate our central estimates of biodiversity impact based on particularly successful 
maximum entropy theory of ecology [44], [45]. 
 
To predict the shapes of the SAR and EAR, this theory requires as input small-scale data from a fully 
censused plot, in which the total number of species, S, and the total number of individuals across all species, 
N, are known. As these data are not available from within the reservoir areas themselves, the best available 
data from comparable habitats, as described below, are used in our analysis. We note that this requirement 
is not unique to the maximum entropy theory, as all existing theories that estimate a number of affected 
species and extinctions require knowledge of S at some scale, and all theories that estimate the number of 
individuals affected require knowledge of N at some scale. 

2.3.1. Census data 
For trees, many complete censuses of forest plots are available throughout the world through the Center for 
Tropical Forest Science network [46][47]. The closest censused plot to the dam region is the Lambir Hills 
Forest Dynamics Plot, a 52 ha mixed diterocarp forest plot in northern Borneo, which contains 1,174 species 
and 366,121 individual trees >1 cm DBH [48]. This plot, however, is noted for its unusually high species 
richness due to an abrupt soil gradient that occurs within the plot, and as such the richness observed here 
may be larger than the expected richness at this area across the entire forested region of northern Borneo. 
A 50 ha plot of lowland diterocarp forest at the Pasoh Forest Reserve in Peninsular Malaysia, for comparison, 
contains 818 species across 320,382 individuals [48]. For subsequent analysis, we take the Lambir plot to 
represent an upper estimate of richness and the Pasoh plot to represent a lower estimate, with the average 
of these two predictions at larger scales used as the central estimate. 
 
Globally, there are very few equivalently complete censuses of arthropods [49], [50]. For the bottom-up 
methods used in this analysis, an arthropod census must be taxonomically broad, based on indiscriminate 
sampling methods designed to sample arthropods with different habitat preferences, and be drawn from a 
complete and clearly defined contiguous area. Of the arthropod censuses conducted in Borneo ([51]–[55] 
and references therein), we are not aware of any that meet these three criteria. The most comprehensive 
census of which we are aware that meets these criteria is a recent survey of lowland tropical forest in the 
San Lorenzo forest, Panama [56], [57]. Although there are many abiotic, structural, and taxonomic differences 
between this Panamanian forest and the study area of northern Borneo, we believe that this very 
comprehensive data set is less prone to bias in biodiversity estimation than more limited studies conducted 
in South Asia. To the extent that the tropical forests of Borneo are richer in tree species, for example, than 
similar forests in Central America, the arthropod impacts given here may be low-end estimates. 



 
[56] sampled a total of twelve plots, each 0.04 ha in area, using a variety of census methods, not all of which 
were applied at all plots. For subsequent estimates, we use data from eight of these plots, excluding data 
from four that display undercounting of relatively abundance insect orders [58]. Calculations were completed 
using data from all eight plots, with minimum, maximum, and mean predictions based on individual plots 
representing our lower, upper, and central estimated species richness at large scales. 

2.3.2. Species affected 
The number of species affected by reservoir inundation was estimated using a species-area relationship 
(SAR). The SAR, which describes how the number of species present changes with area, has been widely 
used to estimate changes in species richness due to habitat loss. To estimate the species affected by 
reservoir inundation, the SAR is used to upscale measured richness from the observed small-scale cenuses 
to predicted expected richness, prior to inundation, in an area the size of each reservoir. 
 
The most commonly applied form of the species area relationship is a power law, S=cAz, where c is a fitted 
intercept, A is habitat area, and z is a constant slope often taken to be near 0.25. Given a species richness 
S at some small-scale A, this equation can be used to estimate richness at a larger scale as S'=S(A'/A)z. 
While this power law SAR has a long history of application in ecology and conservation, ecosystems show 
subtantial variation around the slope [10], [59]. More importantly, it was recently recognized that empirical 
SARs show systematic decreases in log-log slope with the mean number of individuals per species at any 
spatial scale [20]. This pattern suggests that traditional SAR applications that use a log-log slope of 0.25 to 
upscale small-scale census data will almost certainly overestimate large-scale species richness. 
 
To estimate species richness to the reservoir areas in a manner reflecting this empirical pattern, we used the 
SAR predicted by the maximum entropy theory of ecology of Harte2008, which closely fits the empirical 
pattern of decreasing SAR slope at large scales Harte2009. The iterative variant of this curve [18], [21] which 
has successfully upscaled tree richness and has been applied to upscaling arthropod richness (Harte and 
Kitzes in press), was used here. This SAR is recursively calculated at successively larger doublings of area 
by solving the coupled equations 
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for S', where S and N are the known number of species and individuals at area A and S' and N' are the 
number of species and individuals at area A'=2A (Supplementary Material). The parameter x is an unknown 
constant, and  (n) is the Lerch phi function. For values of A' falling between exact doublings of area, S' can 
be interpolated linearly on a log-log scale. A Python function to perform these calculations is included in the 
Supplementary Material, and pre-calculated results for a range of parameters are included in Table S1 (see 
also Figure 2). 



 
An important shortcoming of the SAR is that it applies only to a single contiguous habitat area and thus 
cannot directly estimate the total number of species found across all three reservoir areas combined. This 
additional calculation requires information on the overlap in species composition between the reservoirs. 
Knowledge of the overlap of species between pairs of areas, known as commonality, turnover, or beta 
diversity, is insufficient, as the number of species in common to all three reservoirs must also be known to 
complete this calculation exactly. As more areas are included in a system, knowledge of increasingly higher 
order correlations is required [60]. 
 
In the absence of information on overlap, the total number of species affected across the three reservoirs 
can still be bounded [61]. A low estimate presumes that the species lists across reservoirs are completely 
nested, such that the number of species affected by the reservoir with the highest low-end estimate of 
richness is equal to the total number of species affected across all three reservoirs. There are two logical 
approaches to generating a high estimate. First, the high estimate can be generated as the upper estimate 
of the number of species that would be affected by a single patch with an area equal to the combined areas 
of the three reservoirs. Second, the high estimate can be generated by presuming that the species affected 
by each reservoir are unique, such that the total is the sum of the upper estimates of the number of species 
affected by the three reservoirs. In general, the lower limit is applicable when species ranges are large while 
the upper limit is applicable when ranges are small and endemism is high. To avoid potential overestimation, 
we report results from the first method for our high estimates of affected species, although results from the 
second method can be calculated easily by summing the individual dam results in Table 1. 

2.3.3. Extinctions 
The number of extinctions associated with the inundation of the three reservoirs can be estimated through a 
second application of the SAR in concert with an endemics-area relationship (EAR), which estimates the 
expected number of species within a large region that are found only in habitat patch of a certain area [62]. 
In contrast to the case of birds and mammals, where global range maps allow for the measurement of global 
extinctions, the EAR can be used only to estimate extinctions with reference to a surrounding reference 
bioregion. For this analysis, the reference region is considered to be the remaining tropical forest on the 
island of Borneo, and our extinction estimates for trees and arthropods thus refer to extirpations of forest-
dwelling species from the island. To the extent that tree and arthropod species found on Borneo are found 
only on the island and not elsewhere, these local extinctions will also correspond to global extinctions. 
 
The endemics-area relationship (EAR), which gives the expected number of species found only within a small 
plot of area A within a large landscape of area A' , can be used to estimate local extinction rates as a function 
of area. In any real landscape, the EAR and SAR have a necessary complementary relationship. Within a 
large region A', the measured number of endemics in a patch A plus the measured number of species in the 
complementary area A'A must sum to S', the total number of species in A' [62], [63]. 
 
There has been a recent debate over the correct use of theory-based SAR and EAR models to estimate 
extinction that stems from the recognition that models will not satisfy the above identity unless the geometries 
of lost versus remaining habitat are properly accounted for when parameterizing the two models [63], [64]. In 
general, both SAR and EAR models have been developed and tested using data from relatively regular 
habitat areas, and thus the EAR, applied to lost habitat, is recommended when lost habitat is contiguous and 
leaves a “hole” in the original landscape, while the SAR, applied to the remaining habitat, is recommended 
when habitat is lost at the edges of a landscape, leaving a relatively regular area of habitat remaining [62]. 



 
In the case of reservoir inundation, the habitat that is lost is small relative to the area of the surrounding 
region, generating a small “hole” nested within a larger landscape. The appropriate method for extinction 
estimation is thus to apply the EAR to the lost area. The maximum entropy theory described above also 
predicts a complementary EAR [45]H, which, when the area lost is small relative to the large region, can be 
approximated by the linear relationship 
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where S* is the number of species in the larger region, A* is the area of the region, and A' is the reservoir 
area. The parameter p is calculated by solving the implicit equation 
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where N* is the number of individuals in the larger region. This EAR equation is applied to estimate the 
number of locally endemic species, and hence the number of local extinctions, in each of the three reservoir 
areas. As the value of S* is unknown, it is estimated as the central estimate of the SAR procedure described 
above with A'=389,566 km2, the remaining forested area of Borneo. The value of N* is similarly unknown, and 
is estimated by linearly scaling the measured number of individuals in the small plots N, to the area A* (see 
also below). If A were not small relative to A', a numerical evaluation of the exact EAR equation would be 
needed in place of the above approximation [45]. 
 
As in the case of the SAR, the EAR alone is not sufficient to estimate the total number of local extinctions 
across all three reservoirs, as this metric does not consider overlap in species lists between reservoir areas 
[61]. A low bound on the total number of local extinctions is the sum of the lower EAR estimates from the 
three areas, as this gives the count of species locally endemic to one of the three reservoirs. This sum 
ignores, however, species that are locally endemic to two or more of the reservoir areas, which would not be 
lost if a single reservoir was flooded but will be lost when the set of three reservoirs are created. Similar to 
the SAR, an upper bound on local extinctions can be estimated as the upper result from applying the EAR to 
a hypothetical single plot with area equal to the sum of the three reservoir areas. As Eq. (3) predicts a linear 
EAR, this upper bound is equal to the sum of the upper estimates for the three reservoirs. 

2.3.4. Individuals lost 
To calculate the number of individual trees or arthropods lost due to reservoir inundation, the density of 
individuals in small plots is scaled linearly to the reservoir areas as N'=N(A'/A), where N' is the number of 
individuals at the reservoir area A'. This calculation presumes that the measured density in the small plot is 
representative of the density of all individuals, across species, in the larger region. As there are no issues of 
overlap associated with estimates of lost individuals, lower and upper estimates for the three reservoirs 
together are calculated as the sum of the lower and upper estimates for all reservoirs, respectively. 



3. Results 
Global range maps show that the reservoir areas overlap habitat for a total of 331 species of birds and 164 
species of mammals (Table 1, Table S2, Fig.). For both taxa, there is substantial overlap in the species 
affected by individual dams, with the Baram dam alone affecting 318 out of 331 bird species and 162 out of 
164 mammal species. 
 
With regard to extinctions, no species of birds or mammals had its entire range contained within the reservoir 
inundation areas. Additionally, no species of bird or mammal was found to have more than 5% of its total 
range located within the reservoir inundation areas (Table S2), which can be presumed to represent a 
negligible contribution to expected species extinctions. For comparison, the IUCN Red List v3.1 requires a 
species to experience a minimum population reduction of 30% to be listed as Vulnerable, the lowest category 
of threat. 
Using observed and estimated population density data, the three dams together are estimated to cause the 
loss of 3.4 million individual birds and 110 million individual mammals (Table 2). For qualitative comparison, 
this is more individual birds than were counted across the North American Breeding Bird Survey in 2012 
Sauer2014 and more individual mammals than the standing inventory of cattle in the United States in 2012 
FoodandAgricultureOrganization2013. As the reservoir areas will remain inundated indefinitely, these figures 
amount to an indefinite decrease in the abundance of these taxa on the island of Borneo. 
 
Of the 331 bird species affected by the dams, two are categorized as endangered by the IUCN (Ciconia 
stormi, Storm’s stork, and Polyplectron schleiermacheri, the Bornean peacock-pheasant) and 14 are 
considered vulnerable. One mammal species found in the dam region is classified as critically endangered 
(Manis javanica, the Sunda Pangolin), six species are considered endangered, and 24 are vulnerable 
(Supplementary Information). These endangered mammals are the endemic Bornean Bay Cat (Catopuma 
badia), the Sunda Otter Civet (Cynogale bennettii), the Grey Gibbon (Hylobates muelleri), the Hairy nosed 
Otter (Lutra sumatrana), the Flat-headed Cat (Prionailurus planiceps), and the Smokey Flying Squirrel 
(Pteromyscus pulverulentus). 
 
Estimates based on the species-area relationship suggest that the three dam areas will affect 2,100 to 3,300 
species of trees and 17,700 to 31,800 species of arthropods (Table 2). As there are approximately 3,000 
known species of trees that inhabit Borneo Whitmore1987, these results suggest that the dams will cause 
decreases in abundance for at least two-thirds of the tree species on Borneo. 
 
The combination of species-area and endemics-area relationships suggest that, similar to birds and 
mammals, there are likely to be few extinctions of tree or arthropod species due to dam inundation. 
Approximately one extinction is expected for tree species, and arthropod extinctions are estimated from 4-7 
species for all three dams combined (Table2). Based on population density data from intensive census plots, 
an estimated 870-950 million individual trees and 34-73 billion individual arthropods (Table 2) will be lost due 
to reservoir inundation. 

4. Discussion 
This analysis demonstrates that the Bakun, Murum, and Baram dams impose a potentially significant impact 
on the biodiversity of Borneo. While the results show that few or no species extinctions are expected for birds, 
mammals, trees, and arthropods, many species in all four taxa are expected to experience population loss 



due to habitat loss. Although the reservoir areas of these dams represent only 0.2% of the total land area of 
Borneo, the 331 species of birds affected by the dams represent 57% of the 581 species of birds found on 
the island of Borneo, and the 164 species of affected mammals represent 68% of the 240 species on the 
island. The lower estimate of 2,100 affected tree species similarly represents approximately two-thirds of the 
estimated 3,000 species of trees on the island (Whitmore, 1987). The extent of these population losses range 
from the millions to the billions of individual organisms, depending on the taxa. There are several important 
sources of uncertainty in our analysis, the majority of which suggest that the results above are likely a low-
end estimate of the true biodiversity impacts of the dams. First, the application of the SAR and EAR do not 
account for the steeply sloping topography of the reservoir areas. Sloped areas such as these are likely to 
contain a greater diversity of abiotic conditions, which would lead to steeper slopes for the SAR and EAR 
and hence higher numbers of affected species and extinctions than predicted above. More affected species 
and extinctions may also be expected if this topography leads to stronger than expected dispersal limitation, 
especially for taxa such as arthropods that may have relatively small ranges, which can lead to higher than 
predicted endemism. 
 
Second, all three estimated biodiversity impacts are based on range maps or scaling laws that reflect current 
counts of the numbers of species in each taxa. The existence of undiscovered species of birds and mammals 
within the island of Borneo or the inaccurate lumping of morphospecies in the tree and arthropod census 
plots, for example, would both cause an underestimate in estimates of all three measures of biodiversity 
impact. Related to diversity measurement, we note again that the arthropod small-plot data used in this study 
are drawn from a Panamanian forest survey due to a lack of comprehensive census data from within Borneo, 
and that the impacts presented here may be underestimates to the extent that, similar to trees, the richness 
of arthropods in Borneo per unit area is higher than in central America. 
 
Third, the estimates of species-level extinctions do not reflect potential extinctions of subspecies or local 
populations, both of which may be critical to species’ long-term viability [22], [65]. As the geographic ranges 
of subspecies and populations will be, by definition, smaller than species ranges, the expected number of 
extinctions at this level will be higher than the number of species extinctions predicted here. Our measure of 
the number of lost individuals within taxonomic groups is thus an important complement to extinction 
analyses, as it has been suggested that the loss of genetically or demographically distinct populations may 
scale linearly with area and hence the loss of individuals [23]. 
 
Fourth, the estimates of the number of lost individuals relies on expected population density estimates derived 
from global data sets, in the case of mammals and birds, or small-plot censuses, in the case of trees and 
arthropods. In both cases, the reservoir-scale estimates of individuals lost can be interpreted as the best 
estimate of the statistical expectation of decreases in abundance, given the available data. Thus, while 
variability in these densities across space will lead to additional uncertainty around the predicted decreases 
in abundance, we do not expect that the central estimates themselves will be biased due to spatial variation 
in abundance. 
 
Fifth, the estimates of the number of bird and mammal species affected by the dams, and the associated 
number of affected mammal individuals, may be an overestimate, as species ranges contain “holes” across 
spatial scales that are not reflected at the level of the global IUCN range maps. These holes may be due to 
small scale habitat variation or to transient population dynamics that leave a portion of the available range 
uninhabited at any given time. The number of affected species in these taxa should thus be understood as 



the number with the potential to use the habitat inundated by the reservoir areas, not necessarily the number 
that were inhabiting the area at the moment of inundation. 
 
Finally, this analysis does not account for the many impacts of these three dams on biodiversity that are not 
directly related to habitat loss from reservoir inundation. A full accounting of the dam impacts would need 
additionally to include the roads and other infrastructure related to dam construction and operation, 
downstream changes to the river and flooding regime and their effect on habitat, impacts on river species, 
and indirect costs stemming from displaced communities, economic activity outside the dam region, and 
greenhouse gas emissions from the reservoirs. 
 
Although outside of the scope of this analysis, we note that climate change and habitat loss are likely to have 
synergistic impacts on biodiversity in the future. Borneo is projected to experience annual maximum 
temperature increases above the global average and increased precipitation variability under a 2⁰ C 
temperature increase [66]. Changes in mean temperature and precipitation may reduce local species 
abundance, alter synchronizing between trophic levels, cause geographic range effects, phonological 
changes and/or changes in disturbance regimes. These can all interact with habitat loss and the combined 
effect may be greater than the effects of each threat individually [67], (Brook et al., 2008). One recent study 
finds that as many as 49% of mammalian species in Borneo will lose more than a third of their habitat by 
2080 when climate and deforestation impacts are considered together, a two fold increase over historical 
trends [68]. With suitable ecological conditions predicted to shift upslope for many of these species, the 
importance of preserving upland forest areas, such as those inundated by the three reservoirs examined in 
this analysis, is therefore increasingly significant. 
 
Although the biodiversity of Borneo has undisputed global and local significance, neither the economic value 
of its functional ecosystem services nor the economic value of its intrinsic worth to humans have been well 
documented. As one example, the World Wide Fund for Nature’s Heart of Borneo (HoB) Initiative is a 
transboundary governmental collaboration among Brunei, Indonesia and Malaysia established in 2007 to 
protect over 23 million hectares of high land forest in central Borneo [69]. The HoB takes first steps toward 
harmonizing government development plans by quantifying the value of forest natural capital and discussing 
avenues to integrate this economic value into mainstream decision making. Even this large initiative, 
however, uses an economic value of biodiversity per hectare based on general ranges found in the literature 
[69, p. 82], highlighting the need for improved site-specific biodiversity estimates and valuation. 

The approach presented here provides a simple and scalable method for assessing landscape-scale 
diversity in a manner that can be relevant for policy and management. In participatory management schemes 
or multi-criteria decision analysis approaches that explicitly consider tradeoffs amongst criteria other than 
economic cost, for example, methods that allow for the rapid assessment of biodiversity outcomes under 
alternative scenarios are critical to informed decision making. In the case of the Sarawak hydroelectric dams, 
a state and national level debate on the suitability of the dams continues to unfold, involving affected village 
communities, subsistence farming populations, commercial plantation interests, timber interests, land-rights 
advocacy groups, conservationists, utility companies, forest management authorities, state development 
planners and other stakeholders [28], [29]. Regardless of the weight or priority that different stakeholders 
give to biodiversity, the ability to collectively consider the risks posed to species and populations in 
quantitative terms will allow for more informed opinions and discussion of tradeoffs.  

 



In the absence of field surveys prior to the construction of three hydroelectric dams in northern Borneo, this 
analysis has provided a quantitative means of retrospectively assessing the biodiversity impacts of these 
projects. While few species-level extinctions are expected, the results show that a significant fraction of the 
resident species of Borneo are likely to suffer reduced populations due to habitat loss following reservoir 
inundation. More broadly, the methods presented here provide a readily applicable tool for rapidly estimating 
biodiversity impacts under alternative development scenarios when little empirical data are available. Given 
the rapidity of land conversion and biodiversity loss in many regions of the world, model-driven approaches 
such as these will be critical for illuminating the otherwise hidden biodiversity costs associated with global 
land use change. 
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