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Abstract
This study shows that there is a great potential to conserve forests and biodiversity in Madre de Dios, Peru, at a relatively low opportunity cost. This was done by a blend of economic rent models and systematic conservation planning tools in a geographical information systems framework. Rents were spatially modeled for main current and potential land uses in response to the paving of the Interoceánica Sur Road. These maps were used to create conservation opportunity cost maps, which were used as a cost layer to be minimized in biodiversity conservation planning exercises and in estimations of compensation costs for avoided deforestation initiatives. The analysis shows that compensation costs for avoided deforestation could be between US$1.18 and $4.71 per ton of carbon dioxide in a single payment 10-year contracts, depending on the avoided deforestation targets (71% or 98%, respectively). This is much lower than the average price paid recently in the voluntary market ($9.43 per ton of carbon dioxide). Moreover, reaching explicit targets of biodiversity conservation in this biodiversity rich hotspot could be mostly attained by conserving areas of low or any prospects for conventional economic development. Most of them are superimposed with indigenous lands, which restate the importance of ensuring that natural resource use be compatible with biodiversity conservation in such areas. Other small patches of forest are located in areas with high potential for profitable forest and agricultural uses, which means that the conservation of these important areas would require larger efforts and investments to cope with local conflicts and pressure for land development.
Keywords: Interoceánica Sur road; Amazon; Peru; opportunity cost; biodiversity; carbon; rent; systematic conservation planning; REDD+; Marxan.

Introduction
Along the last few decades the Amazon has suffered an increasing pressure from energy and transport infrastructure development. Many projects have been implemented in remote regions with scarce human populations and high conservation value (Killeen, 2007). Such projects tend to drastically change the economic, social and environmental structure of their regions, demanding governmental actions that go far beyond the simple construction of the infrastructures (e.g., Soares-Filho, et al. 2004, 2006; Reid & Souza Júnior, 2005; Alencar et al., 2005; Dourojeanni, 2006; Fleck et al., 2006; Fleck et al., 2007; Fleck, 2009; Reid, 2009). 
In such context, the Peruvian government announced in 2006 an investment plan for the Interoceánica Sur road (IOS), an ambitious project with a budget around US$1,4 billion (Rapp et al., 2008) and an estimated conclusion by 2010. This project aims to integrate the Atlantic and Pacific oceans by road, allowing the transportation of products between Northern Brazil and Peru. 
The IOS road crosses the regions of Madre de Dios, Puno and Cuszo, a biodiversity hotspot that concentrates the highest levels of biodiversity on the planet, which are still in good conservation status (Mittermeier et al., 1998), and several isolate indigenous tribes. Parallel to its high environmental and cultural values, those regions suffer from serious social and economic problems related to the lack of institutional capacity and policies that ensure adequate levels of governance, environmental conservation, and local development (Dourojeanni, 2006; Fernández, 2009). 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Based on that scenario, a process of intensification of deforestation (Soares-Filho et al., 2006) and degradation of water and forest resources is likely to happen. Likewise, social impacts such as the intensification of natural resource use and land ownership conflicts are expected, including the displacement of isolated indigenous tribes (Dourojeanni, 2006). These problems could ultimately exclude the local population from the development that could be generated by the project (Cáceres Vega, 2000). This scenario is especially relevant for the region of Madre de Dios, which is mostly covered by more accessible lowlands and has plenty of forests and natural resources still to be exploited.
The current and future challenges of balancing conservation and development in Madre de Dios (Figure 1) are immense, demanding the definition and implementation of effective and efficient conservation strategies and instruments. Conservation resources are scarce and demand strategic investments that are based on clear objectives and explicit conservation prioritization.
In this context, we aimed to develop and implement an analysis framework that allowed the design of explicit conservation prioritization based on conservation and economic values. This was done through an integration of spatial economic rent models, conservation values mapping and a systematic conservation planning tool (Margules & Pressey, 2000). The rationale and assumptions of this study are the following: 
i. Deforestation is more likely to occur in forest areas where the profitability of agricultural land uses are higher than the profitability of forest uses. Knowing the location and opportunity costs of conserving these areas can support initiatives to effectively curb deforestation.
ii. Current protected areas support the protection of a set of priority conservation elements such as species, ecosystems and watersheds.  Nevertheless, the extent of each priority conservation element that is currently protected within protected areas is unknown. 
iii. By establishing explicit targets for the conservation of each priority conservation element, one could evaluate the performance of the current protected area system and propose the expansion of areas under different conservation regimes in order to attain all conservation targets, if this need is identified. 
iv. If additional areas are needed to fulfill biodiversity conservation needs, there are innumerous alternatives of portfolios of areas that could attain biodiversity targets. It is desirable that the selected portfolio of conservation areas is designed to minimize economic costs, such as opportunity costs, so as contributing to decrease potential conflicts related to land development and potential costs to society.

Objectives
The main objective of this study is to support the design of cost-effective strategies for regional land use planning and to orient conservation investments in the Madre de Dios Region of Peru by considering the paving of the Interoceánica Sur road. The specific objectives are:
· Modelling economic rents of distinct current and potential land uses (forest and agricultural) in the scenario of the conclusion of the Interoceánica Sur road paving.
· Modelling conservation opportunity cost and identifying areas prone to deforestation.
· Modelling compensation costs for avoided deforestation initiatives.
· Modelling the minimum additional land required to be conserved in order to attain explicit regional biodiversity conservation targets while minimizing opportunity costs.
· Contributing to the discussion of policies, projects and actions that could effectively and efficiently reduce local conflicts and foster balanced conservation and development.
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Figure 1 - Land Use in Madre de Dios, Peru

Methodology
This section is divided in two parts. The first one describes the way we modeled land use rents and designed opportunity cost maps, and the second part describes the systematic conservation planning exercise.
Conservation Opportunity Cost Analysis
Conservation opportunity cost (OC) was estimated based on individual economic rent models for different current and potential land uses. Selected current land uses included cattle raising, corn production, and timber and brazil nuts extraction[footnoteRef:0].  [0:  Mining is common in Madre de Dios but wasn’t analyzed because it is a relatively uncontrolled use and recent estimates showed that any of the analyzed uses could outcompete mining. Therefore, we opted to exclude all official mining concessions from the previous analysis. ] 

Soybeans production was included as a potential and hypothetical future land use. The goal was to simulate a land use that would require massive increase in capital investments and credit and change in land tenure as it currently is. While this use does not currently exist in the region, it could expand from the neighboring Brazilian border.
Productivity and rent modeling followed different methodological approaches based on data availability. Cattle and corn models were developed through econometric analysis based on primary data collected locally in 2008 with the application of questionnaires to local producers located along the IOS road. Variables analyzed included productivity, transport and production costs and spatial (biophysical) variables. Timber and Brazil nuts models were developed based on secondary information on productivity, transport and production costs and prices obtained from the local literature and through interviews with local organizations and companies of the respective sectors in 2008. The soybeans model was obtained from a previous study carried out in Brazil (Vera-Díaz et al., 2008), which was adjusted with local data on production and transport costs and prices. 
All models were made spatially explicit with a resolution of 1 km2 by use of geographical information systems tools based on ArcGIS 9.2. Transportation costs to main markets were modeled for each use and pixel using primary and secondary information (Stone, 1998; Guimarães & Ulh, 1998; Nelson et al., 1999). The effect of the IOS road paving was estimated by changing the attributed cost associated with roads to be paved and then evaluating the effect of this change on the profitability of different land uses.
Conservation opportunity cost was estimated by attributing the rent of the most profitable land use analyzed in each pixel of the map. Two OC maps were generated and differ only by consideration of soybeans cultivation as a land use.  The OC map without consideration of soybeans production was used for the estimation of compensation costs for avoided deforestation initiatives. This was done in order to simulate land use conditions in the next few years, as soybeans cultivation would take several years to be implemented in the competitive scale analyzed. On the other hand, the OC map that considered soy production was used in the systematic conservation planning exercise because the goal was to design a biodiversity conservation plan for the long term that minimized opportunity costs.
Compensation costs for avoided deforestation projects were estimated using secondary information on forest biomass distribution from Saatchi et al. (2007). We converted biomass to carbon content using a 3,66 factor (FAS, 2008) and assumed that only 85% of the carbon content in forests would be released into the atmosphere after deforestation takes place (Houghton et al., 2000; Soares-Filho et al., 2006). This information was crossed with the OC map and produced information on annual OC per ton of carbon dioxide released. This annual figure was projected for a 10-year time frame simulating 10-year contracts, and an annual real discount rate of 6% was used to convert annual flows in net present value to estimate the value of single advanced payments.
Systematic Conservation Planning
Systematic Conservation Planning (SCP) is based on the assumption that there are innumerous possibilities to attain conservation targets by allocating land to conservation; and that from an economic perspective, it is desirable that targets are attained at a relatively low cost. In this study we carried out a SCP for the region of Madre de Dios using too tools:  NatureServe Vista[footnoteRef:1] and Marxan[footnoteRef:2]. Both work together. NatureServe allows proper visualization and import and export operations within ArcGIS 9.2.  Marxan is a tool that contains several algorithms used for SCP. [1:  http://www.natureserve.org/prodServices/vista/overview.jsp. ]  [2:  http://www.uq.edu.au/marxan/.] 

We used the simulated annealing algorithm, as recommended by Marxan developers (Ball et al., 2009). In order to carry out the analysis, several steps needed to be taken, as follows: select priority conservation elements; obtain spatial distribution layers for each one; identify conservation targets for each element; identify protected areas compatible with selected elements conservation; identify the spatial planning units that will be used by Marxan to design alternative area portfolios; define cost variables to be minimized and develop cost layer.
Based on this information, Marxan is able to run several alternative conservation area portfolios. Portfolios are generated through thousands of iteractions. Iteractions are based on successive random inclusions and exclusions of planning units from the portfolio. The process is driven by a settable objective function composed by different cost and optimization parameters.  The goal is to minimize cost. Cost parameters usually include a penalty for not attaining conservation targets; a fragmentation parameter, which works decreasing the fragmentation level of the portfolio; and a cost layer used to estimate the cost of each planning unit (it can include different cost variables). Optimization parameters serve to adjust simulations.
We selected conservation elements from a previous conservation planning effort from NatureServe, Instituto de Investigaciones de la Amazonía Peruana (IIAP) and Gobierno Regional de Madre de Dios (Josse & Hak, 2009; NatureServe, 2009). That project was based on previous conservation planning efforts in the region and included the participation of the local government and a public Peruvian research institute. 
We included a selection of 128 priority conservation elements: 30 plant species, 15 amphibian species, 36 bird species, 10 mammal species and 23 terrestrial ecological systems[footnoteRef:3]. Most elements are endemic species from mountaineous habitats (Josse & Hak, 2009). Most elements have distribution maps derived from predictive modelling which were validated in the field; but, for some species with scant data we used point occurrence data. Figure 2 depicts the conservation element richness in the region, showing a maximum of 43 elements in Southern Madre de Dios. [3:  The total sum of elements doesn’t match the number of species and ecosystems because for some elements we included two kinds of spatial data sources.] 

Conservation element targets were set as following: for species with distribution maps generated from predictive modelling, we set the target as 30% of the modelled distribution; for elements with point occurrence data, the target was set as 90% of the point ocurrencies; and, for terrestrial ecosystems, that target was set as 30% of the historical distribution. 
Most current protected areas were considered compatible with the conservation of the selected elements, including the Tambopata National Reserve; Manu, Alto Purus and Bahuaha-Sonene National Parks; Los Amigos Conservation Concession; and other small ecotourism and conservation concessions. These areas were previously included in all possible alternative portfolios.
The planning units were defined as the same territorial units used in the Ecological-Economic Zoning of Madre de Dios (IIAP-POA-UIGT, 2008). All units are larger than 5 ha, but present large variability (see protected areas and planning units in Figure 3).
Marxan allows the generation of portfolios of areas that do not attain all conservation targets. We set the tool in a way that all targets were attained. We also tried different values for the fragmentation parameter in order to obtain a reasonable compactedness in the portfolios. The OC map that includes soybean production, as described previously, was used as the cost layer to be minimized.
[image: ]
[bookmark: _Toc249352354][bookmark: _Toc249373396]Figure 2 – Conservation Element Richness Distribution in Madre de Dios
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[bookmark: _Ref127364865][bookmark: _Ref127364839]Figure 3 – Spatial Planning Units

Results 
Rent Modeling
The results of the econometric modeling of cattle raising are presented in the Table 1  and are explained by the following function:

Beef_Prodi  =  β0 + β1 ln(Inputs)i + β2 Densityi  + β3 Precipitationi + β4 ln(Investment)i + β5  Dist_roadi +  ui 

Inputs is the monetary value of inputs including salt, medicines, concentrates etc (in soles per hectare of pasture); density is the number of animal units per hectare of pasture; precipitation is average monthly rain precipitation (mm) along the 1996-2001 period; investment is the monetary value of investments in equipment and infrastructure (soles per hectare of pasture); dist_road is the distance between the property and the closest road (km); and u is the regression error. This model explained 44% of the variability in the beef productivity in the analyzed sample (72 observations).

	Table 1. Results of the regression of beef productivity per hectare of pasture (ln Beef_Prod )

	Independent Variables 
	Coefficient
	T Statistic
	Signif.

	  Constant
	-3.99
	 
	-1.69
	0.09

	  ln Inputs
	0.16
	 
	2.08
	0.03

	  Density
	0.23
	 
	1.95
	0.05

	  Precipitation
	0.04
	 
	2.11
	0.03

	  ln Investments
	0.20
	 
	2.34
	0.01

	  Dist_road
	-0.06
	 
	-1.48
	0.13



The results of the econometric modeling of corn production are presented in Table 2 and are explained by the following function:

Corn_Prodi  =  β0 + β1 Seedsi + β2 Precipitationi  + β3 i Revenues + β4 Managementi +               β5 pHi +  ui 	                

Seeds is the amount of seeds used (kg per planted hectare); precipitation is average monthly rain precipitation (mm) along the 1996-2001 period; income is the annual income received by the farmer (soles); management is the amount expended in wages from labor used in the cultivation (soles per hectare); pH is the acidity index for the soil; and u is the regression error. This model explained 52% of the variability in corn productivity in the analyzed sample (96 observations).




	Table 2. Results of the regression of the productivity of corn per hectare of planted area (Corn_Prod) 

	Independent Variables 
	Coefficient
	T Statistic
	Signif.

	  Constant
	-4232.35
	 
	-2.69
	0.01

	  Seeds
	38.42
	 
	4.09
	0.00

	  Precipitation
	2.29
	 
	2.67
	0.01

	  Income
	0.11
	 
	6.67
	0.00

	  Management
	1.17
	 
	2.72
	0.01

	  pH
	179.21
	 
	2.78
	0.01



The econometric model for soybeans production was obtained from Vera-Diaz et al. (2008). Its results are presented in Table 3 and are explained by the following function:

Soy_Prodi  =  β0 + β1 MCultivationi + β2 TCosti  + β3 Crediti + β4 ln(Fertil)i +                         β5 Lati + β6 Longi +  ui  

MCultivation is the average productivity (kg per hectare) estimated by a soybeans phenology simulation model (SOYBEAN); TCost is the least transportation cost calculated between the parcel of land and the closest export port (US$/ton); Credit is the total credit obtained by farmers per planted hectare (US$/ha); Fertil is the monetary value of fertilizers used (US$/ha), which is calculated using edaphic instrumental variables pH and root depth; Long is longitude; Lat is latitude and is used as a proxy for photoperiod;  and u is the regression error.  This model explained 48% of the variability in the soybeans productivity.

	Table 3. Results of the regression of the productivity of soybeans per hectare of planted area (Soy_Prod)

	Independent Variables 
	Coefficient
	T Statistic
	Signif.

	  Constant
	-4113.26
	-3.27
	0.00

	  ln Fertil
	214.96
	2.51
	0.01

	  MCultivation
	0.07
	2.50
	0.01

	  TCost
	-5.08
	-3.25
	0.00

	  Credit
	1.57
	3.05
	0.00

	  Long
	99.72
	3.05
	0.00

	  Lat
	47.89
	1.68
	0.09



Production costs for cattle raising and corn production were obtained from the interviews (US$61/ha and US$205/ha, respectively). For soybeans we used average production costs of US$300/ha (Embrapa, 2002). We used local prices paid for each of these products in 2008.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Productivity, costs and prices for timber and Brazil nuts were estimated based on secondary information mostly from INRENA, FONDEBOSQUE, MADERACRE, ACCA and IIAP. According to these sources, average timber productivity in timber concessions is 4 m3 per hectare, average production costs are US$38/m3 for timber and US$78/m3 for boards (information obtained from Jose Luis Canchaya, Maderera Río Acre S.A.C. - MADERACRE); and average prices are US$81/m3 for timber and US$275/m3 for boards (MINAG-INRENA-IFFS-CIF, 2008). Rent for timber was estimated for current timber concessions and for areas where informal extraction occurs (IIAP-POA-UIGT, 2008). 
For Brazil nuts, average productivity is 0.015 tons per hectare in Brazil nut concessions (ACCA, 2008), the average production cost is US$292/ton and the average price for raw nuts is US$548/ton (FONDEBOSQUE, 2006). We only modeled rent within current Brazil nut concessions.
Individual rent maps for each land use were generated and can be provided upon request.
Opportunity Cost Mapping
Figure 4 shows the potencial economic rent of forest and agricultural land uses. Agricultural land uses are profitable in a restricted area that represents about 4% of the region, indicating 3,700 km2 that are prone to deforestation with annual rents between US$1 and US$136 per hectare.
Compensation Costs for Avoided Deforestation Initiatives 
Compensation costs for avoided deforestation are shown in Table 4. According to our results, 71% of the potential deforestation could be avoided with payments of $0,16/tCO2/year, and virtually all deforestation (98%) could be avoided with payments of $0,64/tCO2/year.  This means that with fixed payments for 10-year contracts 71% or 98% of the deforestation could be avoided with single payments of  $1,18/tCO2 or $4,71/tCO2, respectively. 

	[bookmark: _Ref249111708][bookmark: _Ref249111705][bookmark: _Toc249352298][bookmark: _Toc258146934][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Table 4 - Potential reduction of deforestation in avoided deforestation initiatives and maximum annual compensation cost 

	[bookmark: _Hlk249113498]US$/tCO2/year
	Area (km2)
	%
	% cummulative

	0 - 0.16
	2639
	71.3%
	71.3%

	0.16 - 0.32
	664
	17.9%
	89.3%

	0.32 - 0.64
	313
	8.5%
	97.7%

	0.64 - 0.96
	50
	1.4%
	99.1%

	0.96 - 1.29
	23
	0.6%
	99.7%

	1.29 - 2.64
	11
	0.3%
	100.0%

	Total 
	3700
	 100%
	100%
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[bookmark: _Ref236892773][bookmark: _Toc249352360][bookmark: _Toc258146942]Figure 4 – Annual OC of forest and agricultural land uses indicating most profitable use[footnoteRef:4] [4:  Areas in grey indicate negative rent.] 


Cost-Effective Conservation Areas Portfolio 
The portfolio that attained all targets while minimizing opportunity cost and maintaining a reasonable compactedness of the set of areas selected for conservation is shown in Figure 5. This portfolio of conservation areas has 51,841 Km2, or 61% of the Madre de Dios region. 35,541 km2 (or 42% of Madre de Dios) are already within current protected areas. Therefore, to attain all conservation targets an additional area of 16,300 Km2, or 19% of MdD, should be conserved.
Most of the additional areas to be conserved are within two large blocks of forest in areas of low or negative opportunity costs. These lands are mostly superimposed with indigenous lands and timber and Brazil nut concessions far from the IOS road. Other smaller patches are located in areas of higher opportunity costs, close to Puerto Maldonado and to the IOS road, some of them superimposed with forests that are prone to deforestation.

[image: ]
[bookmark: _Toc256092071]Figure 5 – Cost-Effective Conservation Areas Portfolio 

Discussion and recommendations
Our results show that it is possible to reach ambitious conservation targets in Madre de Dios at a relatively low opportunity cost. Targets could be mostly attained by ensuring that natural resource use in indigenous lands is compatible with the conservation of the priority elements analyzed.
Other areas that are important for biodiversity conservation are smaller in size and are located in areas of higher opportunity costs. Some are on timber and Brazil nut concessions, meaning that the proper management of these concessions could allow the conservation of the biodiversity of these patches of forest. 
A few patches are located in areas prone to deforestation. The conservation of these areas could be attained by avoided deforestation initiatives through the payment for environmental services being discussed globally along the last few years (REDD+ - Reducing of Emissions from Deforestation and Degradation). These payments, while focused on carbon emission reductions, would produce co-benefits by ensuring the maintenance of important biodiversity elements in that region (Gullison et al., 2007). 
Other areas prone to deforestation could also be benefited by such initiatives, as the compensation costs needed to be paid to curb 98% of the potential deforestation, of $4.71/tCO2, are lower than the average price paid for carbon emission reductions in similar projects worldwide, of $9.43/tCO2 [footnoteRef:5] (Hamilton et al., 2009). [5:  This figure reflects the average price paid in REDD projects in the first semester of 2009. While reflecting recent market transactions, carbon prices are highly variable.] 

In a context in which competition for land is increasing, it is highly important that conservation be attained in the most cost-effective way while reducing local conflicts and saving scarce resources. This study presents evidence for this argument. We hope that this information serve as a framework by which new policies and strategies are devised in order to promote the conservation and rational use of Madre de Dios natural resouces. 
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