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A B S T R A C T

The role of forests in regulating landslide risks is well established but estimates of the economic value of this
ecosystem service are limited. In order to incorporate the role of forests for landslide risk mitigation in spatial
planning and other decision-making contexts, there is a need for spatially explicit information regarding the
value of this service. We develop a methodological framework to combine bio-physical modelling of natural
hazard risk and socio-economic exposure in a predictive model to estimate and map of the economic value of
forest regulation of landslides. This method is applied in a case study of Adjara Autonomous Republic of Georgia
to examine alternative scenarios for forest management and associated land cover change. The approach pro-
duces credible spatially explicit results to inform policy decisions regarding investment in forest management;
and has the potential for replication in other data scarce regions.

1. Introduction

It is expected that damages from landslides will increase steadily
over the coming years (Dai et al., 2002). Underlying this trend is an
increase in human activity in landslide prone areas, which increases
risk through two channels: development generally involves deforesta-
tion, which increases the probability of landslides occurring; and more
human activity generally means more assets that are exposed to damage
(Nadim et al., 2006). An additional factor that will drive increasing
landslide damage is that climate change is predicted to cause increased
precipitation in many areas already prone to landslides and may result
in additional areas facing the risk of slope erosion and landslides (Dale
et al., 2001; Ciabatta et al., 2016; Crozier 2010).

The role of forests in regulating landslide risks is well established
(Endo and Tsuruta, 1969; Megahan et al., 1978; Wu and Swanston,
1980; Preston and Crozier, 1999; Jakob, 2000). The economic value of
this regulating service has, however, received limited attention in the
economic valuation and ecosystem services literature (Chiabai et al.,
2011; de Groot et al., 2012; Häyhä et al., 2015). Existing research has
tended to focus on the value of forests for timber (Phan et al., 2014;
Pohjanmies et al., 2017), non-timber forest products (Schaafsma et al.,
2014; Mutoko et al., 2015), water supply (Ojea et al., 2012; Wang et al.,
2017), recreation (Zandersen and Tol, 2009) and carbon storage

(Triviño et al., 2015). The relatively limited number of studies that do
estimate the economic value of landslide regulation by forests tend to
be for small-scale study sites (e.g. Olschewski et al., 2012; Dominati
et al., 2014).

Information on the economic value of forests in regulating land-
slides is useful for informing forest management decisions (Langner
et al., 2017). Quantification of the damage costs of deforestation (or
avoided damage costs resulting from reforestation) provides input for
the appraisal of investments in conservation and restoration. Mapping
ecosystem service values delivers additional information to support
decision making, particularly for land use policy development, spatial
planning and resource allocation (Schägner et al., 2013; Nahuelhual
et al., 2015). In order to incorporate the role of forests for landslide risk
mitigation in spatial planning and other decision-making contexts,
spatially explicit information related to the value of forest landslide
regulation needs to be developed.

Many regional governments, especially in the developing world, do
not have the resources to create and gather such data in usable forms, in
the absence of which, policy attention is not paid to investments in
forests as a landslide mitigation measure. While reliable techniques for
assessing landslide hazard often require detailed geotechnical in-
formation on existing conditions, the high cost of which means they are
available only where high risk is already anticipated, more exploratory
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techniques of hazard and risk can provide frameworks for development
planning and environmental protection measures (Gaprindashvili and
Van Westen, 2016).

This paper contributes to the literature on ecosystem service as-
sessment and forest management by developing a methodology to es-
timate spatially explicit values for the regulation of landslides by forests
using widely available data and relatively simple models that can be
applied at broad geographic scales. We apply this methodology at a
regional scale to the Adjara Autonomous Republic in Georgia. Like the
rest of Georgia, Adjara is mostly mountainous and its steep slopes are
prone to landslides. By mapping the value of landslide regulation by
forests in Adjara, we aim to deliver information to support political and
administrative decision-making regarding long term forestry manage-
ment.

The structure of the paper is as follows: Section 2 describes the
methodological framework that is developed to map the value of forests
in regulating landslide damage; Section 3 provides a description of the
case study area on which the method is tested; Section 4 describes and
maps alternative future land use scenarios for the case study area
(spatially defined deforestation or restoration pathways for the period
2015–2035); Section 5 presents the empirical estimation of a predictive
model for landslide damage; Section 6 combines the estimated landslide
damage model with future scenario data to predict spatially explicit
changes in landslide damage occurrence and costs; Section 7 draws
conclusions regarding the application of the analysis to inform decision
making and the scope for replication in other landscapes.

2. Methodological framework

The literature on natural hazards describes four broad methodolo-
gical approaches that have been developed for studying landslide risks
(Remondo et al., 2008). The first approach—inventorying—is based on
mapping the locations of past landslides. The landslide inventory allows
the estimation of landslide probabilities and forms the basis of sus-
ceptibility mapping techniques. A second approach—heuristics—is also
based on historic information about landslides and involves eliciting
expert opinions to estimate landslide potential from data on pre-
paratory variables. The third approach is statistical and involves

building multivariate statistical models to determine the risk of land-
slides based on an analysis of the variables that have in the past led to
landslide occurrences. Finally, there are deterministic approaches,
which are based on modelling the stability of the slope of the area under
investigation. The most commonly used deterministic model sets the
relative hazard level of a landslide as a function of the slope of the site,
its lithological composition, the moisture conditions of the soil at the
site, and the precipitation and seismic conditions at the site (Nadim
et al., 2006, Mora and Vahrson, 1994).

Building on models that determine the probability of landslide
events occurring, vulnerability models calculate the risks of the po-
tential damage or degree of loss for a given asset subject to a landslide
of a given intensity. Assessing vulnerability therefore requires calcu-
lating the risk of a landslide and also understanding the interaction
between a landslide and the impacted assets (de Ruiter et al., 2017).
Physical vulnerability indicators include infrastructures (such as in the
transport, utilities and health sectors) and buildings, while social vul-
nerability indicators include demographic variables such as the size,
structure and distribution of population and economic variables related
to wealth and livelihoods.

In this paper we develop an approach to modelling the economic
value of forests in regulating landslide damage that draws on elements
of statistical, deterministic and vulnerability modelling. We estimate a
multivariate statistical model using data on past landslide events, po-
pulation and deterministically modelled rates of sediment export,
combined with data on human settlements and damage compensation
payments. Output data are spatially referenced to enable the results to
be mapped. The general methodological framework for quantifying the
economic value of landslide regulation as an ecosystem service pro-
vided by forests follows those of Balmford et al. (2011), Bateman et al.
(2011) and Brander et al. (2012). In particular it incorporates several
critical insights from the environmental economics literature by com-
paring future scenarios that are driven by alternative policy interven-
tions and modelling spatially explicit variation in the delivery and value
of ecosystem services. The general methodological framework is re-
presented in Fig. 1.

The approach involves first developing land cover maps for a
baseline scenario and alternative policy scenarios. Spatial data on land

Fig. 1. Methodological framework for the valuation of landslide damages.
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cover is then combined with a bio-physical model of sediment retention
and export to estimate spatially variable rates of sediment export as a
proxy measure of landslide susceptibility. In the case study application
we use the InVEST model to quantify changes in sediment export re-
sulting from changes in land cover (Sharp et al., 2016). The data on
sediment export is combined with spatially referenced historic data on
the frequency of landslide damage to houses and used to estimate a
predictive function for landslide damage.1 To model changes in the
frequency of landslide damages under alternative policy scenarios,
spatial data on sediment export under each future scenario is fed into
this function to predict changes in landslide damage frequency. The
costs of predicted damages are estimated using data on compensation
payments to impacted households.

3. Case study site description

The methodological framework for assessing changes in landslide
frequency and damage costs outlined in the preceding section is tested
in a case study application in the Autonomous Republic of Adjara,
Georgia. This section provides a description of the case study site in
terms of the geography, climate and forest cover.

Adjara is located in southwestern Georgia on the coast of the Black
Sea (see Fig. 2). It has a total area of 2880 km2 and a population of
334,000 (2014 Census). Adjara is divided into six administrative units:
Batumi city, Qeda, Khelvachauri, Khulo, Kobuleti, and Shuakhevi mu-
nicipalities.

Adjara has the highest density of forest cover in Georgia (MENRP,
2015), covering approximately 66% or nearly 192,500 ha of total area
(UNDP, 2013). The majority of this forest cover comprises of natural
forests. Planted forests, pastures, and forest farms make up the rest of
the area, along with burned groves, hayfields, and vineyards, which
cover a negligible proportion. Adjara’s forests are home to a wide range
of tree and shrub species, with more than 400 in total. The dominant
species are beech, oak, chestnut, spruce and fir. A notable characteristic
is the average age of these trees, with most over 70 years old and some
species, such as fir and beech, averaging more than 120 years.

About half of the forest area is located between 1000 and 2000m
above sea level, while approximately 12 percent of forest lies above
2000m. The accessibility is limited given that more than 60 percent of
the forests are located on slopes with an inclination of more than 25
degrees and of this, about a third lie on slopes of more than 35 degrees
inclination (MENRP, 2015).

The climate conditions in Adjara’s regions are varied. The tem-
peratures differ significantly between the coastal and mountainous
areas with the average annual coastal temperate of around 14 °C and
going as low as 2.4 °C in Goderdzi Pass. Adjara receives the highest
amounts of precipitation in the Caucasus with an average of
1500–2500mm annual precipitation and a maximum in excess of
4000mm. The highest precipitation is in the coastal areas, particularly
Batumi, and decreases at greater elevations.

Adjara’s forests play an important role in the regulation of erosion,
water flow and protection from landslides and flooding. More than two-
thirds of the forests in Adjara provide soil protection and water reg-
ulation functions (UNDP, 2013). Adjara is highly susceptible to frequent
landslides, which cause damage to infrastructure and houses, lead to
displacement of local communities and require compensation from the
government. Protection from landslides is recognised as a key eco-
system service provided by Adjara’s forests.

4. Land use change scenarios

To answer policy relevant questions (such as what is the change in
landslide damage over time under alternative forestry management
regimes?), it is necessary to develop scenario descriptions of future
alternative management paths and associated land use change. The
economic value of landslide damages under each alternative “policy
scenario” can then be assessed relative to a “business-as-usual” or
“baseline” scenario. The purpose of such a scenario analysis is to pro-
vide useful reference points for policy development. In the context of
Adjara, we develop scenarios to describe how alternative management
pathways will lead to spatially explicit changes in land use over time.

The scenarios developed for this case study are not predictions of
the future (i.e. projections with estimated levels of likelihood); they are
alternative storylines for what the future might look like following al-
ternative development and policy paths. The scenarios are therefore
speculative and intended to enable the comparison of contrasting but
plausible futures.

Three alternative future scenarios are defined for the period
2015–2035. Land cover changes under each scenario are modelled in a
GIS and the resulting changes in sediment export are modelled using
the InVEST tool. Changes under each scenario are assessed at two points
in time (2020 and 2035) in order to enable the evaluation of short term
and long term impacts on landslide damages. The storylines underlying
each scenario in terms of the development, institutional and policy
change are described here.

The baseline scenario represents the region as narrowly oscillating
around current capacities and interests. The transitions that began with
independence of Georgia are stabilizing. With the return of political and
economic stability, widespread deforestation in the region has stopped.
Regulatory and management capacities are inadequate for regenerating
degraded forests, but because population and economic pressures have
stabilized, further degradation of forests is not a significant threat.
Nevertheless, there are continuing damages and losses from soil erosion
and landslides provoked by earlier forest degradation.

The degradation scenario represents a region in crisis. There are in-
tertwined economic and political pressures, from within and outside.
Political uncertainties and conflicts in neighbouring countries reduce
tourism in Adjara and investments in it and related sectors.
Unemployment in Batumi increases and with it there is a reduction in
rural to urban migration. The resulting decrease in tax revenues puts
public sector budgets under pressure. Government agencies, including
the Forest Agency, have to work with limited and even reduced fi-
nancing. Budgetary cuts in personnel, equipment and activities become
necessary. This means that patrolling and enforcement activities are
curtailed and less of an emphasis on sound forest management. The
prohibition of clear cutting and conversion to pasture, however, is still
enforced. Budgetary pressures also result in less maintenance of infra-
structure, particularly roads. As a result, there is increasing pressure on
more easily accessed forest areas, such as those around villages. The
combined impact of these trends leads to more woodcutting around
villages. The existing and newly denuded areas increase the risk and
incidence of landslides leading to damage of residential and agricultural
assets, compensating which puts further fiscal pressure on the govern-
ment.

In quantitative terms, the degradation scenario represents a decline
in forest cover and density relative to the baseline scenario. The decline
in forest cover in Adjara is 1% per year. The land cover change is from
forest woodland to scrub and sparse vegetation. In the short term
(2015–2020), there is a 5% decline in forest cover. Over the full time
horizon of the scenario (2015–2035) there is an 18% decline in forest
cover. These changes take place in areas close to population centres
reflecting human use as the main driver of change. The changes in land
cover are spatially located within a 5 km radius of villages.

The restoration scenario represents a region of relative stability
where political institutions are maturing and the economy is growing.

1 In principle, it would also be possible to specify a predictive model of landslide da-
mage that directly includes the geological and meteorological variables underlying the
sediment export model. In this application we chose to specify the predictive model using
sediment export in order to produce a simple model; and used InVEST to model sediment
export since it provides a well-developed framework for the integration of spatial data.
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As a result, tax revenues are predictable and increasing and the political
and administrative institutions are able to take on increasingly complex
governance tasks including social and environmental obligations. The
budgets, staffing and equipment of the Forest Agency are increased and
they are able to undertake more strategic and long term planning for
forests in Adjara. By aiming to manage the cut more scientifically, the
Adjara Forest Agency channels resources to centralize and professio-
nalize the forest cut. It also obtains resources to reforest the degraded
forest areas around the villages. The process of fuel wood harvesting
and sale by the Forest Agency becomes an attractive service, over-
coming the practice of local community members to cut the trees
themselves. As a result, forest cuts outside demarcated areas or of un-
marked trees are largely eliminated, leading to a regeneration of cur-
rently denuded forests and maintenance of the larger landscape.

The restoration scenario represents the full implementation of the
Adjara Forest Agency (2015). Degraded forests are restored and com-
munities no longer harvest their own wood for social uses. Household
demands for fuel wood and timber are supplied by the Forest Agency,
which expands and develops energy forest plantations. Currently
cleared forest is gradually restored. The targeted land use change is
from pasture, scrub and sparse vegetation to forest woodland. Pastures
are reforested by improving grazing and feeding systems to reduce
pressure on land. Areas cleared by fuel wood harvesting that have scrub
or sparse remaining vegetation are allowed to regrow and become
dense woodland. The better forest cover around villages reduces the
risk and incidence of landslides, thus protecting habitations and farms
and facilitating investments in rural production systems.

In quantitative terms, the restoration scenario results in 10.5% of
pasture and 8.3% of scrub and sparsely vegetated land being converted
to forest in the short term (2015–2020). Over the full time horizon of
the scenario (2015–2035), 34.5% of pasture and 27.3% of scrub and
sparsely vegetated land is converted to forest. This results in a 4.8%
increase in forest area by 2020 and a 15.7% increase by 2035. These
changes in land cover are spatially concentrated within 5 km radius of
rural villages.

To generate maps of future land use, random points are selected for
land use conversion within the target areas (5 km radii of each village).
For instance, to map the 5% of forest area converted to scrub and sparse
vegetation under the degradation scenario, random points are generated
within the forest areas proximate to each village. Each point represents
the location of forest area that will potentially be converted to scrub
and sparse vegetation in the future. From the random points, 5% are
randomly selected to represent the land cover change. The steps are
similarly applied for the other future scenarios.

Land use maps for each scenario are presented in Fig. 3. Under the
degradation scenario it can be seen that forested areas become more
orange as the proportion of scrub and sparse vegetation increases. The
changes in the area of forest, pasture, and scrub and sparse vegetation
relative to the baseline are represented in Fig. 4.

5. Predictive model for landslide damage

In order to examine the influence of future land use change on
landslide occurrence, we estimate a predictive model of landslide da-
mage. Historic data on landslide damages in Adjara (2009–2014) were
obtained from the Directorate of Environment Protection and Natural
Resources of Adjara (DEPNR, 2016). These data are reorganized into
count data indicating the number of houses that are damaged by
landslides in each village in each year. The data cover 383 villages and
6 years, giving 2,298 data points.

These data on landslide damage frequency are combined with data
on sediment export for baseline land cover estimated using the InVEST
tool.2 Using information on the geographic coordinates of each village,
the annual quantity of sediment exported within a 5 km radius of each
village was extracted. Geographic coordinates are only available for
237 out of 383 villages so the remaining 146 villages were omitted from
the analysis.

Data were also added on the number of households in each village

Fig. 2. Location of case study site.

2 V.3.3.1 (http://www.naturalcapitalproject.org/invest/).
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(DEPNR, 2016), which is used as a measure of exposure to landslide
hazard. Data on the number of households is available for only 41
villages so the sample is further restricted leaving a total of 246 data
points (41 villages * 6 years= 246). The mean number of houses da-
maged per year in the sample of villages is 3.22 with a median of 1
house per year.

These data were then used to estimate a predictive function relating
the frequency of landslide damage to sediment export and number of
houses. The function is estimated using a generalised Poisson loglinear
model since the dependent variable is count data. Poisson regression
assumes the response variable (in this case the number of houses in a
village damaged by landslides) has a Poisson distribution, and assumes
the logarithm of its expected value can be modelled by a linear

combination of unknown parameters. A Poisson distribution is a dis-
crete probability distribution that expresses the probability of a given
number of events occurring in a fixed interval of time if these events
occur with a known average rate and independently of the time since
the last event. Poisson regression is appropriate when the dependent
variable is a count, for instance the number of houses damaged by
landslides in a year. The events must be independent in the sense that
one house damaged by a landslide does not make another more or less
likely, but the probability of events per unit time is related to covariates
such as the quantity of sediment export in the vicinity of a village and
the number of households in the village.

The estimated landslide damage frequency function is reported in
Table 1. The dependent variable is the number of damaged houses per

Fig. 3. Baseline and future land use maps for Adjara.

-80 

-288 

76 

252 

0 0 

-63 

-209 

80 

288 

-13 
-43 

-400 

-300 

-200 

-100 

0 

100 

200 

300 

400 

Degrada on 
2020 

Degrada on 
2035 

Restora on 
2020 

Restora on 
2035 

Ch
an

ge
 la
nd

 c
ov

er
 re

la
ve

 to
 b
as
el
in
e  
(k
m
2)

 

Forest Woodlands 

Pasture 

Scrub and sparse vegeta on 

Fig. 4. Changes in area of forest, pasture, and scrub and sparse vegetation relative to baseline land cover (km2).

L.M. Brander et al. Ecosystem Services 32 (2018) 101–109

105



village per year. All estimated coefficients on the explanatory variables
are statistically significant at the 5% level or better. The positive esti-
mated coefficient on the sediment export variable indicates that land-
slide damages are higher in areas with higher sediment export. Simi-
larly, landslide damage also increases with the number of houses in a
village (i.e. there is a higher likelihood of damage in villages with more
houses that may be damaged). The dummy variables for each year
2010–2014 are used to control for year specific variation in the number
of houses damaged by landslides, possibly related to the occurrence of
extreme weather events in each year. The omitted category year to

which other years are compared is 2009. Relative to the number of
houses damaged by landslides in 2009, there were significantly more
houses damaged in 2013.

The validity of using the estimated function is tested by performing
an in-sample test to predict the number of damaged houses in the his-
torical data. The mean number of houses damaged by landslides per
village per year in the data is 3.22 and the mean predicted number is
2.79, indicating that the landslide damage function tends to slightly
(13%) under predict the scale of landslide damage. In particular, the
function does not predict well extreme events in which multiple (> 10)
houses are damaged in a single village. Such events, however, are re-
latively rare, with 97% of historic landslide events resulting in damage
to fewer than 10 houses. Since the analysis is focused on estimating the
expected value of landslide damage to villages within a region rather
than predicting the occurrence of specific events, the function is con-
sidered to be sufficiently accurate albeit slightly conservative.

6. Estimation of future landslide damages

Estimating future landslide damages involves three steps: (1) mod-
elling sediment export under each mapped policy scenario; (2) applying
the predictive landslide damage model to the scenario data; (3) com-
puting the value of landslide damage compensation payments.

Spatially explicit changes in sediment export under each scenario
are modelled using the InVEST tool and represented in Fig. 5. For the
purposes of presentation, these maps show the quantity of sediment
export aggregated at the level of water sub-catchments. The level of
analysis, however, is for individual pixels and subsequently 5 km

Table 1
Landslide damage frequency function. The dependent variable is defined as the
number of houses damaged by landslides per village per year.

Parameter Coefficient Std. error 95% Wald confidence interval

Lower Upper

Constant −11.225*** 1.2998 −13.773 −8.678
Sediment export

(tonnes; ln)
0.995*** 0.1447 0.711 1.279

Households (ln) 0.847*** 0.0513 0.747 0.948
2010 dummy variable 0.346** 0.1509 0.05 0.642
2011 dummy variable −0.68*** 0.1991 −1.07 −0.29
2012 dummy variable 0.617*** 0.1433 0.336 0.898
2013 dummy variable 1.476*** 0.128 1.225 1.726
2014 dummy variable 0.346** 0.1509 0.05 0.642

N 246
Likelihood ratio 706.131

***, ** indicates statistical significance at the 1% and 5% levels respectively.

Fig. 5. Sediment export per water sub-catchment.
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buffers around each village location. The maps indicate where sediment
export increases under the degradation scenario and decreases under
the restoration scenario.

To predict changes in the frequency of landslide damage to houses,
a separate database was prepared for all villages in Adjara that includes
information on the explanatory variables used in the damage function
(i.e. sediment export within a 5 km radius of each village; and the
number of households). Estimated sediment export under each scenario
was extracted for a 5 km radius buffer around each village using a GIS.
Data on the number of households in each village was obtained from
DEPNR (2016) and the 2014 population census (GEOSTAT, 2016). In
cases for which village specific information on sediment export and
number of households was not available (due to missing coordinates for
some villages), the municipality averages were assigned.

These data were then combined with the estimated landslide

damage model to predict the number of houses damaged by landslides
in each village per year. The results are presented in Table 2 and Fig. 6.
95% confidence intervals were computed and reflect the relatively high
uncertainty of the predictions. The total number of houses predicted to
be damaged by landslides per year under the baseline land cover is 549,
which is slightly lower than the annual average (632 houses) for the
period 2009–2014. The number of houses damaged by landslides in-
creases substantially under the degradation scenario, rising to an ad-
ditional 326 houses damaged in 2035 relative to the baseline scenario.
Under the restoration scenario, the number of houses damaged by
landslides is predicted to decrease by 58 houses per year in 2035.

The economic value of the role forests play in regulating the oc-
currence of landslides is estimated as the damage costs that are incurred
due to loss of forest area (or the damage costs avoided due to increasing
forest cover). More specifically, the change in damage costs due to
changes in land cover under each scenario is estimated. Damage costs
were computed by multiplying the number of houses damaged by the
average government compensation payment to households that had
suffered natural hazard damage during the period 2013–2015. This is
US$ 2010 per household (DEPNR, 2016).3 This measure of the mone-
tary value of damage to private property represents only one compo-
nent of total landslide damage costs, which includes damage to public
assets, loss of income, distress and loss of life. As such, the estimated
value of changes in landslide damages is an underestimate of total
welfare impacts.

The results of this valuation are represented in Fig. 7. Damage costs
increase substantially under the degradation scenario relative to the
baseline case, increasing by US$ 166,000 in 2020 and rising to US$
656,000 in 2035. To put this in perspective, current annual compen-
sation payments to households for damage caused by natural hazards is
US$ 196,000. Under the restoration scenario there is a moderate de-
crease in damages from landslides of US$ 42,000 in 2020, rising to US$
116,000 in 2035, relative to the baseline case. Fig. 8 represents the
spatial distribution of changes in damage costs. The increases in land-
slide damages under the degradation scenario are fairly evenly dis-
tributed across villages in all five municipalities. The benefits of redu-
cing landslide damages under the restoration scenario are largely
received in Khulo and Shuakhevi municipalities in the east of Adjara,
where most forest restoration takes place.

7. Conclusions

In this paper we develop and apply a method for estimating spatially
explicit economic values for the role of forests in regulating the oc-
currence of landslides. The approach combines available data and
models on land cover, sediment export, population, landslide frequency
and compensation payments to predict how the value of landslide da-
mage is likely to change under alternative future scenarios for forest
management.

The approach is illustrated in a case study of Adjara Autonomous
Republic of Georgia and shown to produce somewhat conservative

Table 2
Predicted number of houses damaged by landslides per year under alternative scenarios, 95% confidence intervals in parentheses.

Baseline Degradation 2020 Degradation 2035 Restoration 2020 Restoration 2035

Mean per village 1.43
(0.47–2.40)

1.65
(0.54–2.76)

2.29
(0.75–3.82)

1.38
(0.46–2.30)

1.28
(0.42–2.14)

Total 549
(181–917)

632
(209–1055)

876
(289–1462)

528
(174–882)

492
(162–821)

Difference from baseline − 83
(27–138)

326
(108–545)

−21
(−7 to −35)

−58
(−19 to −97)
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Fig. 6. Change in the number of houses damaged by landslides per year relative
to the baseline scenario. Error bars represent 95% confidence intervals.

-400,000 

-200,000 

0 

200,000 

400,000 

600,000 

800,000 

1,000,000 

1,200,000 

Degrada on 
2020 

Degrada on 
2035 

Restora on 
2020 

Restora on 
2035 

Ch
an
ge

 in
 a
nn

ua
l l
an
ds
lid
e 
da
m
ag
e 

co
st
s  
re
la

ve
 to

 b
as
el
in
e  
(U
S$
/y
ea
r)

 

Fig. 7. Change in annual landslide damages (US$/year). Error bars represent
95% confidence intervals.

3 Total compensation payments due to natural disasters were US$ 590,000 to 293
household for the period 2013–2015. This is equivalent to US$ 196,000 per year or US$
2010 per household.
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estimates of historic landslide damage. The case study results were
presented at a workshop in Batumi, Adjara, for stakeholders including
the Directorate for Environmental Protection and Natural Resources,
Adjara Forest Agency, other ministries of Adjara, representatives of the
NGO sector and individual experts. The workshop provided an oppor-
tunity to validate the results and begin the process of applying the in-
formation to support decision making. The workshop participants
judged the scenarios, predicted changes in landslide risk and associated
changes in damage costs to be credible and highly useful for developing
investments in forest management.

The method for valuing landslide regulation by forests is relatively
simple in that it utilises secondary data sources (i.e. does not involve
any primary data collection) and makes use of an available model of
sediment export to estimate a basic proxy for landslide susceptibility.
The estimated predictive model for landslide occurrence contains few
explanatory variables and is empirically derived, as opposed to theo-
retically or mechanistically derived, but still proves able to explain
significant variation in landslide frequency. As such, this pragmatic
approach offers a viable means for modelling landslide damages in
regions characterised by data scarcity and limited resources. The ap-
plication of this method requires some GIS and statistical expertise but
by design only uses data that are generally available in many contexts.

Future applications of this approach could adjust or refine the
method in several directions. In particular, the measure of landslide
damage could be improved to reflect the extent of damage rather than
simply whether damage occurs or not. For example, the extent of da-
mage to houses could range from superficial damage to total loss – and
this distinction is likely to be important for informing the selection of
landslide mitigation measures. The monetary valuation of damage
could also be extended beyond the amount of compensation that is paid
to affected households for damaged assets and would ideally reflect the
full impact of landslides on economic welfare. Moreover the value of

assets at risk is likely to be endogenously related to the developments
and investments driving land use change, and the costs of landslide
damage could be modelled to reflect this. A further extension of the
valuation would be to account for risk aversion to major landslide
events. Arguably it may be deemed more important to avoid low fre-
quency but highly destructive events and this could be reflected in the
valuation, potentially by using increasing marginal damage costs with
the scale of impact. The complexity of the damage assessment can be
expanded in cases with greater data availability. The application pre-
sented in this paper arguably provides a conservative appraisal of the
value of forests in regulating landslides, but nevertheless delivers useful
spatially referenced estimates to inform forest management.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.ecoser.2018.06.003.

References

Adjara Forest Agency, 2015. Strategic Plan 2015. Adjara Autonomous Republic of
Georgia, Batumi.

Balmford, A., Fisher, B., Green, R.E., Naidoo, R., Strassburg, B., Turner, R.K., Rodrigues,
A.S., 2011. Bringing ecosystem services into the real world: an operational frame-
work for assessing the economic consequences of losing wild nature. Environ. Resour.
Econ. 48 (2), 161–175.

Bateman, I.J., Mace, G.M., Fezzi, C., Atkinson, G., Turner, K., 2011. Economic analysis for
ecosystem service assessments. Environ. Resour. Econ. 48 (2), 177–218.

Brander, L.M., Brauer, I., Gerdes, H., Ghermandi, A., Kuik, O., Markandya, A., Navrud, S.,
Nunes, P.A.L.D., Schaafsma, M., Vos, H., Wagtendonk, A., 2012. Using meta-analysis
and GIS for value transfer and scaling up: Valuing climate change induced losses of
European wetlands. Environ. Resour. Econ. 52, 395–413.

Chiabai, A., Travisi, C.M., Markandya, A., Ding, H., Nunes, P.A., 2011. Economic as-
sessment of forest ecosystem services losses: cost of policy inaction. Environ. Resour.
Econ. 50 (3), 405–445.

Ciabatta, L., Camici, S., Brocca, L., Ponziani, F., Stelluti, M., Berni, N., Moramarco, T.,
2016. Assessing the impact of climate-change scenarios on landslide occurrence in
Umbria Region, Italy. J. Hydrol. 541, 285–295.

Crozier, M.J., 2010. Deciphering the effect of climate change on landslide activity: a
review. Geomorphology 124 (3), 260–267.

Dai, F.C., Lee, C.F., Ngai, Y.Y., 2002. Landslide risk assessment and management: an
overview. Eng. Geol. 64 (1), 65–87.

Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., Flannigan, M.D., Hanson,
P.J., Irland, L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., 2001. Climate change and
forest disturbances: climate change can affect forests by altering the frequency, in-
tensity, duration, and timing of fire, drought, introduced species, insect and pathogen
outbreaks, hurricanes, windstorms, ice storms, or landslides. Bioscience 51 (9),
723–734.

De Groot, R., Brander, L., van der Ploeg, S., Bernard, F., Braat, L., Christie, M., Costanza,
R., Crossman, N., Ghermandi, A., Hein, L., Hussain, S., Kumar, P., McVittie, A.,
Portela, R., Rodriguez, L.C., ten Brink, P., van Beukering, P., 2012. Global estimates
of the value of ecosystems and their services in monetary terms. Ecosyst. Serv. 1,
50–61.

de Ruiter, M.C., Ward, P.J., Daniell, J.E., Aerts, J.C., 2017. A comparison of flood and
earthquake vulnerability assessment indicators. Nat. Hazards Earth Syst. Sci. 17 (7),
1231.

Directorate of Environment Protection and Natural Resources of Adjara, 2016.
Information on wood harvest, landslides and floods occurring in Adjara in 2009–2014
and respective compensations paid to affected households. Sent to WWF-Caucasus
Programme Office in the form of postal letters and electronic files.

Dominati, E.J., Mackay, A., Lynch, B., Heath, N., Millner, I., 2014. An ecosystem services
approach to the quantification of shallow mass movement erosion and the value of
soil conservation practices. Ecosyst. Serv. 9, 204–215.

Endo, T., Tsuruta, T., 1969. The effect of the tree’s roots on the shear strength of soil. In:
Annual Report, 1968. Hokkaido Branch Forest Experimental Station, Sapporo, pp.
167–182.

Gaprindashvili, G., Van Westen, C.J., 2016. Generation of a national landslide hazard and
risk map for the country of Georgia. Nat. Hazards 80 (1), 69–101.

GEOSTAT, 2016. 2014 General population census main results. National Statistics Office
of Georgia.

Häyhä, T., Franzese, P.P., Paletto, A., Fath, B.D., 2015. Assessing, valuing, and mapping
ecosystem services in Alpine forests. Ecosyst. Serv. 14, 12–23.

Jakob, M., 2000. The impacts of logging on landslide activity at Clayoquot Sound, British

Columbia. Catena 38 (4), 279–300.
Langner, A., Irauschek, F., Perez, S., Pardos, M., Zlatanov, T., Öhman, K., Nordström, E.-

M., Lexer, M.J., 2017. Value-based ecosystem service trade-offs in multi-objective
management in European mountain forests. Ecosyst. Serv. 26, 245–257.

Megahan, W.F., Day, N.F., Bliss, T.M., 1978. Landslide occurrence in the western and
central northern Rocky Mountain physiographic province in Idaho. In: Proceedings
5th North American Forest Soils Conference. Colorado State University, Fort Collins,
pp. 116–139.

MENRP, 2015. Vulnerability and Adaptation, Forestry Sector. Third National
Communication to the UNFCCC. Ministry of Environment and Natural Resources
Protection of Georgia.

Mora, S., Vahrson, W.G., 1994. Macrozonation methodology for landslide hazard de-
termination. Bull. Assoc. Eng. Geol. 31 (1), 49–58.

Mutoko, M.C., Hein, L., Shisanya, C.A., 2015. Tropical forest conservation versus con-
version trade-offs: insights from analysis of ecosystem services provided by
Kakamega rainforest in Kenya. Ecosyst. Serv. 14, 1–11.

Nadim, F., Kjekstad, O., Peduzzi, P., Herold, C., Jaedicke, C., 2006. Global landslide and
avalanche hotspots. Landslides 3 (2), 159–173.

Nahuelhual, L., Laterra, P., Villarino, S., Mastrángelo, M., Carmona, A., Jaramillo, A.,
Barral, P., Burgos, N., 2015. Mapping of ecosystem services: missing links between
purposes and procedures. Ecosyst. Serv. 13, 162–172.

Ojea, E., Martin-Ortega, J., Chiabai, A., 2012. Defining and classifying ecosystem services
for economic valuation: the case of forest water services. Environ. Sci. Policy 19,
1–15.

Olschewski, R., Bebi, P., Teich, M., Hayek, U.W., Grêt-Regamey, A., 2012. Avalanche
protection by forests – A choice experiment in the Swiss Alps. Forest Policy Econ. 17,
19–24.

Phan, T.H.D., Brouwer, R., Davidson, M., 2014. The economic costs of avoided defor-
estation in the developing world: a meta-analysis. J. For. Econ. 20 (1), 1–16.

Pohjanmies, T., Triviño, M., Le Tortorec, E., Salminen, H., Mönkkönen, M., 2017.
Conflicting objectives in production forests pose a challenge for forest management.
Ecosyst. Serv.

Preston, N.J., Crozier, M.J., 1999. Resistance to shallow landslide failure through root-
derived cohesion in East Coast hill country soils, North Island, New Zealand. Earth
Surf. Proc. Land. 24, 665–675.

Remondo, J., Bonachea, J., Cendrero, A., 2008. Quantitative landslide risk assessment
and mapping on the basis of recent occurrences. Geomorphology 94 (3), 496–507.

Schaafsma, M., Morse-Jones, S., Posen, P., Swetnam, R.D., Balmford, A., Bateman, I.J.,
Burgess, N.D., Chamshama, S.A.O., Fisher, B., Freeman, T., Geofrey, V., 2014. The
importance of local forest benefits: economic valuation of non-timber forest products
in the eastern arc mountains in Tanzania. Global Environ. Change 24, 295–305.

Schägner, J.P., Brander, L.M., Maes, J., Hartje, V., 2013. Mapping ecosystem service
values: current practice and future prospects. Ecosyst. Serv. 4, 33–46.

Sharp, R., Tallis, H.T., Ricketts, T., Guerry, A.D., Wood, S.A., Chaplin-Kramer, R., Nelson,
E., Ennaanay, D., Wolny, S., Olwero, N., Vigerstol, K., Pennington, D., Mendoza, G.,
Aukema, J., Foster, J., Forrest, J., Cameron, D., Arkema, K., Lonsdorf, E.K., Kennedy,
C., Verutes, G., Kim, C.K., Guannel, G., Papenfus, M., Toft, J., Marsik, M., Bernhardt,
J., Griffin, R., Glowinski, K., Chaumont, N., Perelman, A., Lacayo, M., Mandle, L.,
Hamel, P., Vogl, A.L., Rogers, L., Bierbower, W., 2016. InVEST User Guide. The
Natural Capital Project, Stanford University, University of Minnesota, The Nature
Conservancy, and World Wildlife Fund. http://dx.doi.org/10.1007/s13398-014-
0173-7.2.

Triviño, M., Juutinen, A., Mazziotta, A., Miettinen, K., Podkopaev, D., Reunanen, P.,
Mönkkönen, M., 2015. Managing a boreal forest landscape for providing timber,
storing and sequestering carbon. Ecosyst. Serv. 14, 179–189.

UNDP, 2013. Climate change strategy of Ajara. United Nations Development Programme.
Wang, Y., Atallah, S., Shao, G., 2017. Spatially explicit return on investment to private

forest conservation for water purification in Indiana, USA. Ecosyst. Serv. 26, 45–57.
Wu, T.H., Swanston, D.N., 1980. Risk of landslides in shallow soils and its relation to

clearcutting in southeastern Alaska. Forest Sci. 26, 495–510.
Zandersen, M., Tol, R.S., 2009. A meta-analysis of forest recreation values in Europe. J.

For. Econ. 15 (1), 109–130.

L.M. Brander et al. Ecosystem Services 32 (2018) 101–109

109

http://dx.doi.org/10.1016/j.ecoser.2018.06.003
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0005
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0005
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0015
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0015
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0020
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0020
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0020
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0020
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0025
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0025
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0025
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0030
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0030
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0030
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0035
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0035
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0040
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0040
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0045
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0045
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0045
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0045
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0045
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0045
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0050
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0050
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0050
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0050
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0050
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9000
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9000
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9000
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0065
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0065
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0065
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0070
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0070
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0070
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0075
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0075
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9005
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9005
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0080
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0080
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0085
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0085
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0095
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0095
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0095
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0100
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0100
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0100
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0100
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h9010
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0105
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0105
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0115
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0115
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0115
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0120
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0120
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0125
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0125
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0125
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0130
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0130
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0130
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0135
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0135
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0135
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0140
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0140
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0145
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0145
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0145
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0150
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0150
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0150
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0155
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0155
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0160
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0160
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0160
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0160
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0165
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0165
http://dx.doi.org/10.1007/s13398-014-0173-7.2
http://dx.doi.org/10.1007/s13398-014-0173-7.2
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0175
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0175
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0175
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0180
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0180
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0185
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0185
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0190
http://refhub.elsevier.com/S2212-0416(17)30560-0/h0190

	Mapping the economic value of landslide regulation by forests
	Introduction
	Methodological framework
	Case study site description
	Land use change scenarios
	Predictive model for landslide damage
	Estimation of future landslide damages
	Conclusions
	Acknowledgments
	Supplementary data
	References




