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Effects of Protected Area Size on Conservation Return on Investment with Spatial 

Spillovers  

ABSTRACT  

Conservation return on investment (ROI), for all spatial scales, varies according to a wide 

range of characteristics. One feature that makes conservation ROI at the parcel level different 

from larger scale ROI is the impact of parcel size variation on ecological and economic 

effectiveness. Protected area size maintains an important role in both the benefit and cost 

associated with conservation. However, few studies have explicitly focused on the role of 

protected area size on conservation ROI specifically at the parcel level. Therefore, conservation 

ROI has been limited in its effectiveness in prioritizing parcels for conservation. The objective of 

our research is to examine how protected area size influences a parcel’s ecological and economic 

effectiveness through conservation ROI. This objective is accomplished by analyzing the parcel-

level acquisition cost and the conservation benefit of protected areas acquired by a conservation 

organization, The Nature Conservancy (TNC). We develop an empirical model to examine how 

differences in protected area size influence conservation benefit as an ecological measurement, 

and how differences in the conservation benefit, as a measurement of conservation value, 

subsequently alter conservation cost. By assessing the sequential relationship in a spatial 

econometric modeling framework, we first examine the consequence of the size variation on 

conservation ROI and then we calculate and rank the ROI for each protected area with and 

without considering the spatial spillovers of conservation benefit and acquisition cost. We found 

that (1) protected areas acquired by TNC create more connected habitat, thereby improving 

species protection and mobility in the existing protected area network that existed prior to the 

TNC acquisition, and subsequently, such improvement is a major impetus to determine 

acquisition cost, (2) the increase in effective mesh size per dollar invested to acquire a parcel is 

greater for larger parcels than smaller parcels, implying that the overall efficiency that considers 

both ecological and economic efficiencies is higher for protecting larger areas relative to smaller 

ones, and (3) the inclusion of spillovers of both conservation benefit and cost in the ROI 

decision-making tool provides information about which parcels’ locations affect conservation 

benefit and cost in their neighboring parcels and to what extent. 
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Effects of Protected Area Size on Conservation Return on Investment with Spatial 

Spillovers 
 

1. INTRODUCTION 

Habitat fragmentation, the process by which large, continuous habitats are divided into 

smaller, more isolated remnants, is recognized as a major threat to the world’s biodiversity 

(Armenteras et al., 2003; Llausas and Nogue, 2012; Noss, 2001). The most common 

conservation effort to limit or reverse the process of habitat fragmentation is through the 

establishment of protected areas. This conservation action is achieved through conserving land 

by purchasing it entirely or by acquiring the development rights. Much literature has 

demonstrated that acquiring land for protection based on both the economic cost and the 

conservation benefit generated by the protected areas results in higher conservation outcomes at 

lower costs than what would have been achieved by conservation strategies which focus solely 

on maximizing benefit or minimizing cost (Balmford et al., 2000; Ferraro et al., 2003; Murdoch 

et al., 2007; Naidoo and Iwamura, 2007). This approach captures more conservation benefit at a 

lower cost (referred to as “ecological and economic effectiveness”) for protected area acquisition 

than alternative conservation approaches (Balmford et al., 2000; Ferraro et al., 2003; Murdoch et 

al., 2007; Naidoo and Iwamura, 2007) and is commonly estimated as conservation return on 

investment (ROI) (Adams et al., 2010; Game, 2013; Murdoch et al., 2010). Conservation ROI is 

calculated by dividing the benefit gained from taking a particular conservation action by the 

economic cost associated with that action (i.e., Salafsky and Margoulis, 1998; Tear et al., 2014). 

Conservation ROI for all spatial grains, or resolution, varies according to a wide range of 

characteristics (Armsworth et al., 2006). One feature that makes conservation ROI at the parcel 

level different from larger-grain ROI is the impact that variation in parcel size has on the parcels’ 

ecological and economic effectiveness (Sutton and Armsworth, 2014). Protected area size 
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maintains an important role in both the benefit and cost associated with conservation (Naidoo 

and Ricketts, 2006). Recent studies have demonstrated that conservation benefit, especially 

where species richness is defined as conservation benefit, increases with parcel size (Armsworth, 

et al. 2006; Underwood et al., 2008). Additionally, studies have found that protected areas 

exhibit economies of scale (Frazee et al., 2003; Kim et al., 2014). Despite the important role of 

parcel size, however, little, if any, research has explicitly focused on the role of protected area 

size on conservation ROI. Thus, conservation ROI has been limited in evaluating the role of 

protected area size on ecological and economic effectiveness in prioritizing parcels for 

conservation.  

The objective of this research is to examine how protected area size influences the 

ecological and economic effectiveness of protected area acquisition through ROI analysis. In our 

case study, we use the change in effective mesh size of the area surrounding a parcel as the 

conservation benefit measure and the acquisition cost of the parcel as the conservation cost 

measure. The change in effective mesh size measurement is first used as a biological metric 

which is affected by environmental and biological factors. In the cost equation, the change in 

effective mesh size metric is a factor of acquisition cost, as it partially determines willingness to 

pay. Using these benefit and cost measures, we develop a sequential model to assess how 

variations in protected parcel size influence the effective mesh size, used as an ecological 

indicator, and how changes in the effective mesh size, included as a decision making factor, 

subsequently alter the parcel’s acquisition cost. We use 82 fee-simple transactions conducted by 

The Nature Conservancy (TNC) without donative intent during 2000-2009 in Central and 

Southern Appalachian forest ecosystems (see Figure 1). TNC acquires land through fee-simple 

transactions, which transfer the full fee title, and easements, which transfer partial property rights 
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(Dana and Ramsey, 1989; Eagle, 2011; Fishburn et al., 2009). In our case study, we only use fee-

simple transactions without donative intent as observations in estimating the sequential system of 

equations because parcels with donative intent offer poor estimates of acquisition costs and 91% 

(or 61 of 67) of easements acquired by TNC had donative intent during the study period.  

A parcel-level analysis like ours presents inherent spatial dependencies. For example, 

land parcels located near one another may have unobserved characteristics that are correlated 

across parcels. These unobserved characteristics represent the spatial structure of the decision-

making units (parcels) as an unobservable spatial process. By assessing the sequential 

relationship in a spatial econometric modeling framework, we first examine the effect of parcel 

size variation on conservation ROI and then calculate and rank the conservation ROI for each 

protected area with and without considering spatial spillovers in conservation benefit and 

acquisition cost. This analysis captures the role of protected area size, spatial dependence in the 

conservation benefit and acquisition cost, and their influences on relative conservation ROI 

ranking for the protected area acquisitions in this TNC case study.  

In the remainder of this article, we present a literature review relevant to our objective 

followed by a conceptual framework that summarizes the sequential relationship. Then, we 

develop an empirical model that hypothesizes the sequential relationship in a spatial econometric 

modeling framework. Finally, we present and discuss the empirical results, followed by 

conclusions.  

 

2. LITERATURE REVIEW 

Five issues associated with the objective have been addressed in the literature: (1) the 

spatial scale of conservation ROI, (2) the cost component of conservation ROI, (3) the benefit 

component of conservation ROI, (4) the role of protected area size in determining conservation 
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ROI, and (5) the contribution of spatial spillovers to conservation site prioritization. Below, the 

five branches of literature are discussed in detail.    

Studies addressing issue (1) have focused on the importance of the two components of 

spatial scale used in conservation prioritization decisions, spatial grain and extent, and whether 

they are large (e.g., global, transnational, ecoregional, or landscape level) (Carwardine et al., 

2008a; Murdoch et al., 2007; Naidoo and Iwamura, 2007; Wilson et al., 2009) or small (e.g., 

parcel or protected area level) (Ferraro, 2003; Messer, 2006; Murdoch et al., 2010; Newburn et 

al., 2006; Sutton and Armsworth, 2014; Tear et al., 2014). Spatial grain refers to the physical size 

of the observation unit, whereas extent refers to the overall geographic dimension to which 

inferences are drawn (McGarigal, 2002).  

While large-scale ROI studies can offer prioritization decisions among large political 

entities or different ecosystems, only parcel-level ROI has the unique ability to help conservation 

organizations select individual parcels (Murdoch et al., 2007; Naidoo and Iwamura, 2007; Tear 

et al., 2014). Thus, parcel-level ROI is especially useful in guiding site prioritization decisions at 

the local level. Nevertheless, estimating site-specific protected area effects has been a major 

challenge for conservation ROI research, in part because of limitations in collecting appropriate 

data at the parcel level (Tear et al., 2014).   

In relation to issue (2), the literature has emphasized the wide variety of costs used in 

ROI as well as the considerable range of methods used to calculate them (Adams et al., 2010; 

Frazee et al., 2003; Murdoch et al., 2010; Naidoo et al., 2006). Some costs in the literature reflect 

the market value of alternative land uses (e.g., opportunity costs) while others reflect the 

ecological needs of the protected area (e.g., management costs) (Armsworth et al., 2011). 

Although many different cost options exist for calculating conservation ROI (e.g., acquisition, 
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transaction, opportunity, damage, and/or management costs), studies rarely include multiple 

costs due to the difficulty in finding and calculating even one type of conservation cost (Adams 

et al., 2010; Naidoo et al., 2006) and the redundancy in including every cost category in 

conservation ROI calculation. A better approach is to include the most relevant and accurately 

estimable cost considered in making the conservation decision (Game, 2013). In our TNC case 

study, acquisition cost is most relevant because TNC frequently purchases land with the intent of 

transferring it to partners and government agencies (Kareiva et al., 2014). Thus, other costs such 

as management costs are not as critical as acquisition costs to TNC’s decision making process.  

Concerning issue (3), previous literature has commonly quantified conservation benefit 

by focusing on biodiversity protection of the greatest number of species or species which have 

the greatest conservation value (Boyd et al., 2015). To measure the biodiversity conservation that 

a protected area provides, early conservation ROI studies used direct counts of species richness 

(Ando et al., 1998; Carwardine et al., 2008b; Polasky et al., 2001). However, some researchers 

found total species richness measurements unavailable, so they used the species richness of 

single or multiple groups of species as surrogates (e.g., Murdoch et al., 2007; Polasky et al., 

2001). Other studies used habitat protection as a proxy for species protection with the 

assumption that the protected area will conserve a pre-determined acceptable percentage of 

species (Balmford et al., 2000; Carwardine et al., 2008b; Naidoo and Iwamura, 2007). Some of 

these studies set fixed targets of habitat type (Balmford et al., 2000) or species’ historic ranges 

for protection (Kark et al., 2009).  

In our case study, conservation benefit reflects the goals of TNC by adopting a proxy 

metric for species richness based on habitat protection. The conservation benefit of a TNC-

acquired parcel is defined as the change in effective mesh size, which is measured by the 
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difference in the effective mesh size before and after the TNC acquisition in the landscape 

surrounding the parcel. This landscape is created as a 5 km2 buffer around the central point, or 

centroid, of each protected parcel. The effective mesh size metric was developed by Jaeger 

(2000) as a measure of habitat destruction and fragmentation and addresses TNC’s conservation 

goals: conserving targeted species and increasing habitat protection (TNC 2000; TNC 2001; 

TNC 2003) (see section 3.3. for the details).  

Related to issue (4), protected area size and the ecological consequences of size 

variability have been a central concern of conservation biologists for decades (Diamond, 1975; 

Higgs, 1981; Lahti and Ranta, 1985; Simberloff and Abele, 1982), although the relationship 

between protected area size and conservation cost has only been researched recently (Armsworth 

et al., 2011; Ausden, 2007; Ausden and Hirons, 2002; Balmford et al., 2003; Frazee et al., 2003; 

James et al., 2000; Kim et al., 2014; Moore et al., 2004; Strange et al., 2006). The literature on 

the relationship between conservation benefit and protected area size commonly finds that the 

larger a protected area is, the greater the number of species it contains (Bender et al., 1998; 

Debinski and Holt, 2000; Wiens, 2009), although recent literature advocates for the importance 

of smaller protected areas (Wiens and Bachelet, 2014). In regards to the relationship between 

conservation cost and protected area size, recent literature has found that acquisition costs for 

protected areas show pronounced economies of size, suggesting more economically efficiency in 

establishing a larger protected area than a smaller one, all else being equal (Kim et al., 2014). 

Even so, few studies calculate conservation benefit and cost at the parcel-level (Sutton and 

Armsworth, 2014). Disaggregating benefit and cost measurements to a geographical scale fine 

enough to capture site-specific effects of protected areas has been a major challenge to 

conservation ROI (Tear et al., 2014). The limited parcel-level ROI research focusing on 
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protected area size may be due, in part, to limitations in collecting the data appropriate to 

estimate conservation ROI at a finer scale (Tear et al., 2014).   

Relating to issue (5), the literature stresses the importance of understanding the role of 

spatial spillovers in conservation benefit and cost when prioritizing sites (Kukkala and Moilanen, 

2013; Williams, Revelle, and Levin, 2005). Conservation benefit spillovers promote protected 

area contiguity because the conservation value of a parcel is not limited to its internal qualities 

but also depends on the spatial structure of the rest of the protected area system. Acquisition cost 

spillovers examine the increase in cost that arises due to the spatial structure of the parcels. 

Including conservation benefit spillover effects in conservation ROI calculations captures the 

relationship between the potential benefits of neighboring protected areas, while including 

acquisition cost spillover effects highlights the spatial dependence of acquisition costs, which are 

largely dependent on the real estate market.  

Our research contributes to the literature in three ways. First, we focus on the role of 

protected area size on conservation ROI, specifically at the parcel level—a key innovation that 

we deliver in this research. To do that, we take advantage of (a) a uniquely comprehensive data 

set provided by TNC that details acquisition costs of protected areas and (b) the change in 

effective mesh size that measures conservation benefit and coincides with TNC’s conservation 

goals. Second, we assess the ecological and economic effectiveness of protected area size by 

estimating the impacts of the variation in protected parcel size on (i) the change in effective mesh 

size as a conservation benefit measure and (ii) the acquisition cost as a conservation cost 

measure. Third, we apply a spatial econometric modeling framework that captures the effects of 

spatial spillovers on the relationships between protected area size and conservation benefit and 

acquisition cost, and their impacts on conservation ROI ranking. Our three contributions to the 
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literature provide a practical, easily implemented conservation tool for estimating protected-area 

ROI at the parcel level, the land unit for which protected-area decisions are made. 

 

3. METHOD 

3.1. Conceptual framework 

The cost for which a conservation organization like TNC acquires land for protection is 

dependent on: the conservation organization’s willingness to pay (WTP) to acquire the particular 

parcel and the landowner’s willingness to accept (WTA) the transaction. TNC’s WTP is a 

function of the protected area’s size and other factors that determine the spatial connectivity of 

the protected area as set out by the organization’s conservation goals (TNC, 2000; TNC, 2001; 

TNC, 2003; Lennox and Armsworth, 2013; Lennox, Dallimer, and Armsworth, 2012). We 

assume that, before acquisition, TNC has an approximation of the parcel’s potential conservation 

benefit. This will affect TNC’s WTP for the parcel, as parcels with greater conservation benefit 

will more fully be able to achieve TNC’s goal of landscape contiguity. The landowner’s WTA is, 

in part, a function of the opportunity cost of alternative land uses, which is largely dependent on 

the spatial structure of the real estate market. Conservation benefit, as it affects WTP, is assumed 

to be a function of cost. However, it is assumed that acquisition cost is not a function of 

conservation benefit. Cost of parcel acquisition will have no effect on conservation benefit, as it 

is an ecological or biological measurement of a habitat.   

Given these assumptions about TNC’s WTP and a landowner’s WTA, the functional 

relationship for acquisition cost is: 

𝐶𝑖 = 𝐶𝑖[𝐵𝑖(𝑆𝑖, 𝐵−𝑖 , 𝑍𝑖), 𝐶−𝑖, 𝑋𝑖], (1) 
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where 𝐶𝑖, 𝐵𝑖, 𝑆𝑖, 𝑍𝑖, 𝑋𝑖 are acquisition cost, conservation benefit, protected area size, other 

factors determining the conservation benefit, and other factors determining the opportunity cost 

of alternative land uses, respectively, for protected parcel i. 𝐵−𝑖 and 𝐶−𝑖 are, respectively, 

conservation benefit and acquisition cost for the protected parcels neighboring parcel i. Equation 

(1) shows the conceptual framework for the sequential relationship defining how the size of  

protected parcel i, 𝑆𝑖, and the conservation benefit from protect parcels neighboring parcel i, 𝐵−𝑖, 

influence the conservation benefit from parcel i, 𝐵𝑖, and how 𝐵𝑖 and the acquisition cost of 

protect parcels neighboring parcel i, 𝐶−𝑖, subsequently influence acquisition cost of protected 

parcel i, 𝐶𝑖.  

 

3.2. Model specification 

Our empirical model assumes the change in effective mesh size (representing 

conservation benefit) received from a protected parcel is endogenous in the following sequential 

system of equations: 

𝑙𝑛𝐶 =  𝜌𝑐𝑊1𝑙𝑛𝐶 +  𝛿𝑙𝑛𝐵 +  𝑙𝑛𝑋Φ +  휀𝑐 ,   휀𝑐 =  Θ𝑐𝑊1휀𝑐 +  𝑢𝑐 

  (2) 

𝑙𝑛𝐵 =  𝜌𝐵𝑊2𝑙𝑛𝐵 + Υln𝑆 +  𝑙𝑛𝛧ξ + 휀𝐵  ,  휀𝐵 =  Θ𝐵𝑊2휀𝐵 +  𝑢𝐵 

where ln is natural log, C is acquisition cost, B is change in effective mesh size due to protecting 

a parcel, S is size of the protected parcel, 𝛿 , Υ, Φ,  and ξ are scalar parameters, 𝑋 and 𝑍 are 

matrices of exogenous variables, 𝑊1 
and 𝑊2 

are (possibly identical) nonstochastic, positive 

definite, exogenous matrices defining interrelationships between spatial units of protected 

parcels, 𝜌𝑐 and 𝜌𝐵 are spatial-lag coefficients, Θ𝑐 and Θ𝐵 are spatial autocorrelation coefficients, 

휀𝑐and 휀𝐵  are spatial autocorrelated disturbances, and 𝑢𝑐 and 𝑢𝐵 are i.i.d. disturbances with zero 

mean and variance σ2I.  
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Here, X and Z include categories of geophysical characteristics (average slope and 

average elevation), distance related variables (distance to major city, waterbody, park, and 

highway), and the initial stock of conservation benefit located in the 5 km2 buffer before the 

acquisition of the protected parcel (effective mesh size before acquisition, weighted species 

richness, and percentage of the landscape already protected). X also includes socioeconomic 

characteristics (median income and population of the census block group in which the parcel is 

located). The variables for each category are chosen following the general guidance of the 

literature. For example, we include the geophysical characteristics of slope and elevation as 

geophysical characteristics because they have been found to determine acquisition cost and the 

location of protected areas (Andam et al., 2010; Joppa and Pfaff, 2009; Kim et al., 2014; Sims, 

2010). We use proximity to the nearest major city, waterbody, park, and highway as distance 

related variables because proximities to these amenities are expected to positively affect 

acquisition cost through the real estate market (Cho et al., 2006; Kruse and Ahmann, 2009; Land 

Policy Institute, 2007; McConnell and Walls, 2005; Snyder et al., 2007), and they also may 

affect the measure of effective mesh size (Ferraro et al., 2011; Newburn et al., 2006).  

We also include weighted species richness, effective mesh size, and percentage of 

protected area in the landscape surrounding the parcel which is created by drawing a 5 km2 

buffer around the centroid of each protected parcel prior to TNC acquisition to capture the initial 

stock of conservation benefit. Like the change in effective mesh size variable, these variables are 

derived from publicly available data and can be calculated prior to parcel acquisition. 

Additionally, they are expected to affect TNC’s WTP because TNC is interested in targeting 

parcels surrounded by or adjacent to established protected areas and/or acquiring areas with 

abundant species richness (TNC, 2000; TNC, 2001; TNC, 2003). Likewise, a landowner’s WTA 
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may be influenced by the initial stock of conservation benefit because of the higher land value 

the real estate market places on parcels near protected or natural areas due to the aesthetic view 

or potential recreational use (Armsworth et al., 2006).     

The socioeconomic characteristics (i.e., population and median household income at the 

census-block group level) are included in X to capture direct interdependency of acquisition costs 

within census-block group neighborhoods, which have similar real estate market characteristics. 

Population is included to measure how population pressure on land and natural resources affects 

acquisition cost. Median household income is included to capture the effect of the relative 

economic status of a neighborhood on acquisition cost. (We report definitions of the variables 

used in the regressions and their detailed statistics in Table 1.) 

The change in effective mesh size is selected based on our goal of choosing parcels that 

have the highest measure of ecological and economic effectiveness, given TNC’s acquisition 

budget and two broad conservation goals: conserving targeted species and increasing habitat 

protection through the creation of contiguous landscape (TNC 2000; TNC 2001; TNC 2003). 

Also, it can be calculated prior to acquisition, as the metric utilizes public data. To accomplish 

TNC’s two broad conservation goals of conserving targeted species and increasing habitat 

protection within their budget (TNC 2000; TNC 2001; TNC 2003), TNC seeks to acquire a mix 

of protected areas, some that contribute to the habitat connectivity of the landscape, some that 

specifically protect targeted species, and some that do both (TNC, 2000; TNC, 2001; TNC, 

2003). The effective mesh size variable quantifies the probability that two random points (i.e., 

representing the locations of a pair of animals or plants) appear in the same patch of non-

fragmented natural cover of land (Jaeger, 2000), and thus the change in the effective mesh size is 
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a good quantifiable indicator of the achievement of TNC’s conservation goals, reflecting the gain 

in conservation benefit by the acquisition of a particular protected parcel. 

Following Jaeger (2000)’s notation, the effective mesh size, M, is obtained by 

multiplying the total area of the 5 km2 buffer around the centroid of each protected parcel, 𝐴𝑡, by 

the probability, P, that a pair of animals or plants located randomly in the buffer end up occurring 

in the same contiguous patch of protected area within the 5 km2 buffer1:  

 𝑀 = 𝐴𝑡 ∙  𝑃 =  
1

𝐴𝑡

∑ 𝐴𝑗
2𝑛

𝑗=1                                                   (3) 

where 𝑃 =  ∑ (
𝐴𝑗

𝐴𝑡
)

2
𝑛
𝑗=1 , 𝐴𝑗  = size of patch j (j = 1, …, n) of protected area within the 5 km2 

buffer.  

The 5 km2 buffer is used because it is the average separation protocol to convert animal 

survey data (i.e., a targeted species was seen in a particular location) into more meaningful 

element occurrences (i.e., a population of this species exists) (Sutton and Armsworth, 2014). The 

change in M depends on M before the TNC acquisition and the size and distribution of protected 

areas established before the TNC acquisition. (See Supplementary Materials S1 for a numerical 

example of the change in M for different types of acquisitions.)  

The weighted species richness variable is calculated as part of the initial stock of 

conservation benefit based on element occurrences in GIS form that is downloaded from the 

Biodiversity Information Serving Our Nation (BISON) database (USGS 2014). We choose 

element occurrences of 328 target species that are listed as high level conservation concerns 

                                                           
1 The probability that only one individual of a species is located in 𝐴𝑡 is 

𝐴𝑗

𝐴𝑡
. Therefore, P is the 

probability that two animals or plants will be in the same parcel where 
𝐴𝑗

𝐴𝑡
 . 

𝐴𝑗

𝐴𝑡
= (

𝐴𝑗

𝐴𝑡
)

2
. See 

Supplementary Materials S2 to see how effective mesh size is calculated using probabilities.  
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according to the ecoregional portfolios created by TNC (USGS 2014). Using the downloaded 

database, we spatially aggregate element occurrences of species of conservation concern within 

each of the 5 km2 buffers prior to the TNC acquisitions (referred to as “target species richness”). 

Then, the weighted species richness variable is created by multiplying target species richness by 

the quotient of the size of the protected parcel and the total area of the landscape, or the 5 km2 

within the buffer. 

 

3.3. Model estimation 

Equation (2) was estimated using a two-stage, instrumental variable regression model 

with autoregressive disturbances (GS2SLS model) (Kelejian and Prucha, 1999) (See 

Supplementary Materials S3. for the details) with three endogenous variables.  

 

3.3.1.  Endogeneity test 

In estimating equation (2), we hypothesize that the change in effective mesh size B, the 

spatial lag of acquisition cost 𝑊1𝐶, and the spatial lag of change in effective mesh size 𝑊2𝐵 are 

endogenous variables. We use the percentage of protected area within the 5 km2 buffer prior to 

TNC acquisition and the size of the protected area as instruments for the endogeneity test of B. 

These instrument were tested for validity using three identification tests: under-, weak-, and 

over-identification. In the under-identification test, Anderson’s (1951) Lagrange Multiplier 

statistic of 35.68 suggested that the instruments are identified at the 5% significance level. (The 

5% level is identified as significant throughout the manuscript.) Cragg-Donald’s (1993) Wald 

statistic of 17.72 for the weak identification test suggested that the instruments are not weak. 

Sargan’s (1958) statistic of 5.22 for the over-identification test implied failure to reject the null 
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hypothesis that the instruments are uncorrelated with the error term. Methods to obtain 

instruments for the spatial lags are described in Supplementary Materials S3. 

 

3.3.2. Spatial tests 

The spatial dependence of acquisition cost likely exists because acquisition costs are 

influenced by land values in real estate markets that tend to be highly spatially clustered (Anselin 

and Lozano-Gracia, 2008; Kim et al., 2014). Likewise, changes in effective mesh size are likely 

spatially correlated, because landscape fragmentations, such as effective mesh size and their 

causal factors, are usually location-dependent (Carwardine et al., 2008a; Gao and Li, 2011; 

Hernandez-Manrique, et al., 2012). We conducted robust spatial Lagrange multiplier (LM) lag 

and error tests (Anselin, 1988) for each equation separately using different row-standardized 

weight matrices (i.e., inverse distance, K nearest neighbors (KNN), and hybrids between inverse 

distance and KNN matrices, where K = 2, 3, 4, 9).  

Robust spatial LM-lag statistics of 2.46-60.91 and robust spatial LM-error statistics of 

9.16-88.20 for the conservation benefit equation (See equation (2)) indicated rejection of the 

aspatial model in favor of the spatial lag and spatial error models for all nine row-standardized 

spatial weight matrices. Additionally, robust spatial LM-lag statistics of 0.01-1.86 and robust 

spatial LM-error statistics of 0.00-2.18 for the acquisition cost equation (See equation (2)) 

indicated rejection of the aspatial model in favor of the spatial lag and spatial error models for 

five of the nine row-standardized spatial weight matrices. These spatial LM test results support 

using GS2SLS to estimate the system of equations in equation (2).  

 

3.3.3. Conservation ROI analysis 
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Using the empirical estimates from equation (2), we assess how the size of a protected 

area influences its ecological and economic effectiveness through conservation ROI analysis. We 

calculate conservation ROI with and without spatial spillovers. Specifically, conservation ROI 

for each acquired parcel under the observed status quo of protected area size is calculated by 

dividing the predicted change in effective mesh size, �̂�, by the predicted acquisition cost, �̂�. In 

estimating �̂� and �̂�, we use the spatial lag coefficients (𝜌𝐵  and 𝜌𝑐) to calculate ROI with the 

spatial spillovers while we assume the spatial lag coefficients are zero in calculating ROI without 

spatial spillovers. We then regress the calculated ROIs with spatial spillovers on parcel size to 

estimate the overall effect of protected area size on calculated ROI with spatial spillovers. We 

perform a similar regression without spatial spillovers. Then, we rank the parcels by their 

descending order of calculated ROI for each case. Finally, we compare the rankings between the 

two cases to understand the role of protected area size and spatial dependencies on the ecological 

and economic effectiveness of the protected areas.  

We use calculated ROI instead of observed ROI in the two regressions because of the 

information that can be observable by TNC. By using calculated ROI, we assume any factors 

that are not included in the regression are unobservable to TNC just as they are unobservable to 

us. Thus, we assume TNC makes its prioritization decisions based on calculated ROI, absent 

information on the unobserved factors.  

 

4. DATA 

For our regression analyses, we used six data sets: TNC acquisition data for the fee 

simple transactions, landscape data for the effective mesh size, data for geophysical 

characteristics, data for distance related variables, data for socioeconomic characteristics, and 
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target species richness data for the weighted species richness variable. The TNC acquisition data 

were obtained from TNC documents that contain information regarding contract type, acquisition 

cost, parcel size, and location (TNC, 2000; TNC, 2001; TNC, 2003).  

The effective mesh size variables (i.e., effective mesh size before and after TNC 

acquisition) and percentage of the protected area prior to TNC acquisition were calculated 

through FRAGSTATS software (McGarigal et al., 2012). The 5 km2 buffer was drawn around 

each of the 82 protected area centroids to create 82 separate landscapes. First, the centroid of 

each protected area parcel was identified. Next, a buffer was drawn to create an area of 5 km2 

around each central point. The existing protected areas within a landscape were downloaded 

from the Protected Areas Database of the United States (PAD-US) (USGS, 2012). Two maps of 

protected areas were created using GIS software ArcMap version 10.2 (ESRI, 2012) for each 

protected area landscape: one immediately prior to the TNC acquisition and one immediately 

after. These maps were then exported into FRAGSTATS where effective mesh size and 

percentage of protected area within each landscape were calculated. The effective mesh size 

tables were exported into Excel where effective mesh size before acquisition was subtracted 

from effective mesh size after acquisition to create the change in effective mesh size variable.  

The data for geophysical characteristics (i.e., average slope and elevation) were obtained 

from the 30-meter Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER) Global Digital Elevation Model (GDEM) Version 2 (V2) (NASA JPL, 2011). Using 

the data and the Zonal Statistics tool in ArcGIS 10.1 (ESRI 2012) based on raster grids, we 

calculated average slope and elevation of the 82 protected areas. The data for distance-related 

variables were created using the Near Analysis tool in ArcGIS 10.1 (ESRI, 2012). These 

variables represent the proximity between parcel centroids and the centroids of the nearest cities 
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with a population of 10,000 or more, or the proximity between parcel centroids and the distance 

to the nearest water body, park, or major highway. Shapefiles of the cities, water bodies, parks, 

and major highways were acquired from ESRI Data & Map 10 (ESRI, 2011) and shapefiles of 

the parcels were obtained from TNC (TNC, 2000; TNC, 2001; TNC, 2003). 

The data for socioeconomic characteristics (i.e., population and median household 

income) were obtained from the 2000 US Census and the 2007 US Census (US Census Bureau, 

2000; US Census Bureau, 2007). The 2000 and 2007 census-block group data were assigned to 

all transactions within a census-block group made during the periods of 2000–2006 and 2007–

2009, respectively. The weighted species richness variable was calculated using TNC’s target 

species data. Lists of targeted species were obtained through TNC ecoregional plans (TNC, 

2000; TNC, 2001; TNC, 2003). 

 

5. EMPRICAL RESULTS 

5.1. Overall estimates and parameter analysis 

 The selection of a spatial weight matrix had little effect on the overall goodness of fit for 

the conservation benefit equation or the acquisition cost equation (see Table 2). Our results 

suggest that the prior imposition of spatial structure does not appear to be a critical factor in 

model identification. Given the overall measure of fit, we chose spatial weight matrices using K-

nearest neighbor (KNN = 3). About 27% and 58% of the variations observed across the protected 

parcels were explained by the change in effective mesh size and acquisition cost, respectively. In 

the conservation benefit equation, the coefficient of protected parcel size is 0.59 and significant, 

suggesting that a 1% increase in a protected parcel size increases its change in effective mesh 

size due to TNC acquisition by 0.59% (see Table 3). In the acquisition cost equation, the 

coefficient for change in effective mesh size was 0.47 and significant, suggesting that a 1% 
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increase in the change in effective mesh size of a protected parcel increases its acquisition cost 

by 0.47%. These two combined results suggest failure to reject our hypothesis that protected area 

size influences TNC’s measure of conservation benefit, and the change in conservation benefit 

subsequently alters acquisition cost.  

In the conservation benefit equation, the coefficient for the percentage of 5 km2 landscape 

already covered in protected area is significant and positive. This finding suggests that an 

increase of the percentage of existing protected area surrounding a protected parcel increases the 

effective mesh size in the area surrounding the protected parcel. In the acquisition cost equation, 

the coefficients for proximity to water body, average slope, and effective mesh size before TNC 

acquisition were negative and significant, and the coefficient for weighted species richness was 

positive and significant. The findings suggest that the acquisition cost paid by TNC is greater for 

flatter protected parcels that are closer to water bodies, farther from established protected areas, 

and have targeted species inside the landscape’s 5 km2 buffer. Given the positive correlations 

between acquisition cost, which depend heavily on the real estate market, and proximity to 

amenities like water sources and protected areas in the literature (Ayan and Erkin, 2014; Mueller 

and Loomis, 2008), the positive correlations we found suggest that locations with high market 

value tend to have potential for increased acquisition cost.  

 

5.2. Conservation ROI analysis 

 Figure 2 shows that a 1% increase in protected area size significantly increases ROI by 

0.67% (0.35%) based on the ROI regression calculated with consideration of (without) spatial 

spillovers. These findings also suggest that the difference in the overall ecological and economic 

efficiencies between protecting smaller areas and protecting larger areas would be 

underestimated by about 32% (0.67% with minus 0.35% without) if the spatial spillovers were 



19 
 

not considered in the ROI analysis. The positive effect of protected area size on ROI scores can 

be explained by its positive effects on change in effective mesh size and acquisition cost. As 

shown by the positive effect of protected area size on the change in effective mesh size and the 

change in effective mesh size’s subsequent positive effect on acquisition cost, larger protected 

areas are associated with greater changes in effective mesh size (i.e., numerator of ROIs), which 

leads to an increase in acquisition cost (i.e., denominator of ROIs). While both conservation 

benefit and cost increase due to protected area size, the numerator increases proportionally more 

than the denominator, yielding greater increases in ROI for larger parcels than for smaller ones.  

 The spatial spillover effects of protected area size on ROI combine spatial lag effects on 

the change in effective mesh size and on acquisition cost. These spatial lag effects may be 

different across the 82 protected parcels if they have different spatial structures represented by 

the elements of the spatial weight matrices 𝑊1 
and 𝑊2 

in equation (2). Because of these potential 

differences, differences between ROIs with and without spatial spillovers may vary across 

protected parcels, and thus the parcels’ rankings may change. Among the 82 protected parcels, 

63 rankings remain unchanged (referred to as “Group 1”), 9 parcels have higher rankings using 

the ROIs with spatial spillovers (referred to as “Group 2”), and 10 parcels have lower rankings 

using the ROIs with spatial spillovers (referred to as “Group 3”).  

We compare across the three groups the average percentage differences in the predicted 

changes in effective mesh size, the predicted acquisition cost, and the ROIs with and without the 

spatial spillover effects. We find that the relative magnitudes of the spatial spillover effects on 

the ROI numerator (i.e., change in effective mesh size) and on the ROI denominator (i.e., 

acquisition cost) are the driving forces behind the change (or no change) in ROI rankings. For 

example, the effective mesh size increases after acquisition by 7.8%, 7.8%, and 92% with spatial 
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spillovers and the acquisition cost increases by 10.5%, 10.5%, and 89.5% with spatial spillovers 

for Groups, 1, 2, and 3, respectively. Because acquisition costs have consistently higher spatial 

spillover effects on the ROI denominator than on the effective mesh size (i.e., ROI numerator), 

the ROIs with spatial spillovers are 10.86%, 11.03%, and 89% lower than without spatial 

spillovers. The rankings in Group 3 become worse when considering spatial spillover effects 

whereas in Group 2, they improve. This is because the decreases in ROI due to the spatial 

spillovers in Group 2 are larger than those in Group 1 relative to the decreases in ROI in Group 2 

as compared to the decreases in Group 1. The rankings do not change in Group 1.  

 

6. CONCLUSION 

Our findings contribute to a new strain of literature dealing with the ecological and 

economic effectiveness of protected area size at the parcel level. Our methods for site 

prioritization rankings using ROI scores give organizations like TNC an easy-to-understand plan 

for deciding which parcels best achieve their conservation goals. We summarize below our 

empirical results with three key findings and their implications.  

First, we found that an increase in protected area size increases the change in effective 

mesh size, and the increase in effective mesh size increases acquisition cost. This finding implies 

that the protected areas acquired by TNC create more connected habitat, thereby adding 

additional species mobility and protection to the protected area network than existed prior to 

TNC acquisition, and consequently, such improvements are a major impetus to determine 

acquisition cost. 

Second, we found that the increase in effective mesh size per dollar invested to acquire a 

parcel is greater for larger parcels than for smaller parcels, implying that the overall ecological 

and economic effectiveness is higher in protecting larger areas relative to smaller ones. This 
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finding is consistent with previous literature: better ecological effectiveness and better economic 

effectiveness of larger protected areas than smaller ones, when they are estimated separately. In 

addition, we find that the increase in ecological effectiveness from parcel acquisition is greater 

than the increase in economic effectiveness of acquisition. Recognizing that protected areas of 

different sizes may protect different species, better ecological and economic effectiveness of 

protection for larger parcels based on our finding does not mean that larger parcels necessarily 

provide a better deal for conservation. However, quantifying the influence of protected area size 

on the increase in effective mesh size per dollar invested to acquire a parcel, provides a 

benchmark for evaluating the ecological and economic effectiveness of protected areas.  

Third, we found that calculated ROIs with spatial spillovers are always lower than those 

without spatial spillovers because of consistently higher spatial spillover effects on acquisition 

cost (i.e., ROI denominator) than those on the effective mesh size (i.e., ROI numerator). The 

spatial spillover effects on ROI scores are important enough to switch the rankings of some 

parcels. This change in rankings is due to how the close proximity of parcels creates more 

connected habitat, resulting in greater improvements in species mobility and protection than 

would exist with more distant proximity of parcels. However, such spatial spillovers exist not 

just on the benefit side but also on the cost side. Still, the inclusion of spillovers of both 

conservation benefit and cost in the ROI decision making tool provides information about which 

parcels’ locations affect conservation benefit and acquisition cost in their neighboring parcels 

and to what extent.  
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Table 1. Variable definitions and descriptive statistics (n = 82) 

Variables Definition Mean 
(Std Dev) 

Dependent variables   

  Acquisition cost Acquisition cost of protected area (2000 US 

dollar) 

 424,414.08 

(849,426.70) 
  Change in effective 

   mesh  size  
Difference between the effective mesh size within 

a 5 km2 buffer around the centroid of a protected 

parcel after and before acquisition (kilometer2) 

           24.02 
         (68.21) 

Geophysical variables   

  Protected area size Size of protected area (kilometer2)          108.82 
       (233.08) 

  Average slope Average slope (degree)            12.53 
           (7.08) 

  Average elevation Average elevation (meter)          519.87 
       (287.25) 

Distance related variables   

  Proximity to city Distance to nearest major city with 10,000 or 

more population (kilometer) 
          26.52 
         (11.65) 

  Proximity to water body Distance to nearest water body (kilometer)           17.51 
         (11.00) 

  Proximity to park Distance to nearest state or national park 

(kilometer) 
            6.94 
          (5.87) 

  Proximity to major   

    highway 

Distance to nearest interstate or state highway 

(kilometer) 

           2.79 

         (2.11) 

Socioeconomic variables   

  Population Population within census block-group     1,361.39 
     (575.45) 

  Median household  

    income 
Median household income within census block- 

group (2000 US dollar) 
 35,570.76 
  (9,258.60) 

Initial stock of conservation benefit  

  Weighted species    
    richness 

Target species richness multiplied by the quotient 

of the size of the protected parcel and the 5 km2 

buffer 

           0.007 
          (5.311) 

  Effective mesh size  
    before acquisition 

Effective mesh size before acquisition of the 

protected area (kilometer2) 
       225.41 
      (532.38) 

  Percentage of protected  
    area prior to  

    acquisition 

Percentage of 5 km2 buffer that is protected area 

before acquisition (percentage) 
         12.64 
       (13.04) 
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Table 2. Goodness of fit for the GS2SLS model using different spatial weight matrices 

Spatial weight 

matrices 

Conservation Benefit Acquisition Cost 

Adjusted-R2 Log-likelihood Adjusted-R2 Log-likelihood 

K nearest neighbor (KNN)    

K=2 0.200 -64.234 0.635 -116.851 

K=3 0.355 -64.119 0.644 -115.926 

K=4 0.218 -64.426 0.643 -116.073 

K=9 0.330 -64.801 0.763 -115.133 

KNN Inverse distance    

K=2 0.302 -63.868 0.653 -114.644 

K=3 0.312 -63.590 0.650 -115.037 

K=4 0.307 -63.537 0.650 -115.091 

K=9 0.292 -63.369 0.659 -114.232 

Inverse Distance 0.213 -63.491 0.659 -114.309 
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Table 3. Parameter Estimates from GS2SLS using a third-order KNN weight matrix 

Variables  Change in Effective Mesh Size Acquisition Cost 

Constant 
-4.578 

(0.161) 

13.566 

(7.878) 

Protected area size 
0.590* 

(0.152) 
                 ------- 

Change in effective mesh size                  ------- 
0.467* 

(0.076) 

Geophysical variables   

     Average elevation 
0.011 

(0.430) 

0.078 

(0.220) 

     Average slope 
0.172 

(0.453) 

-0.099* 

(0.045) 

Distance related variables   

     Proximity to the nearest major 

       city 

-0.426 

(0.356) 

0.235 

(0.263) 

     Proximity to the nearest water  

       body 

0.246 

(0.241) 

-0.438* 

(0.177) 

     Proximity to the nearest park 
0.021 

(0.037) 

-0.016 

(0.026) 

     Proximity to the nearest major 

     highway 

0.172 

(0.215) 

-0.090 

(0.098) 

Socioeconomic variables   

     Population                  ------- 
0.427 

(0.294) 

     Median household income                  ------- 
-0.349 

(0.535) 

Initial stock of conservation benefit   

     Weighted species richness 
-0.102 

(0.188) 

0.299* 

(0.095) 

     Effective mesh size before 

       acquisition 

-1.00 

(0.084) 

-0.183* 

(0.051) 

     Percentage of protected area 

       prior to acquisition  

1.712* 

(0.000) 
------- 

Spatial lag  
0.300 

(0.770) 

0.219 

(0.152) 

Spatial error 
0.106 

(0.770) 

-0.260 

(0.269) 

Adjusted R2 0.274 0.580 

AIC 264.715 215.794 

Note: Numbers in parentheses are standard errors, and * denotes significance at the 5% level.   
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Figure 1.  82 Fee Simple Transactions Made by TNC in Central and Southern Appalachian 

Forest Ecosystems during 2000-2009 
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Figure 2. Empirical Results – ROI regressed on protected area size with and without 

spatial spillovers 
 
 

a) with spatial spillovers    b) without spatial spillovers  
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Supplementary Materials 

S1. Numerical example of change in the effective mesh size with small- and large-parcel 

acquisitions  

Suppose Figure 3 illustrates a sample landscape before TNC acquisition where protected 

areas are 1 km2 and 1 km2 in size and the total area of the landscape is 5 km2. Here, the effective 

mesh size is (12 + 12)/5 = 0.40 km2. 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

Now, suppose TNC acquired an additional 1 km2 for the case of a small increase in effective 

mesh size (left in Figure 3) and a large increase in effective mesh size  (right in Figure 3). 

 
 

 
 
 
 

 
 
 
 
 

            
 

Figure 4.  

Sample landscapes after TNC acquisition 
 

 

  1 km2 

1 km2 

Figure 3. Sample landscapes before TNC acquisition  
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The effective mesh size for the cases of connected parcel acquisitions and non-connected 

parcel acquisitions are, respectively, ((1+1+1)2 )/5 = 1.8 km2 and (12 + 12 + 12)/5 = 0.6 km2. The 

change in effective mesh size for the case of an acquisition that connects previously established 

protected areas is much larger (i.e., 1.8 km2- 0.40 km2 = 1.4 km2) than the change in effective 

mesh size for the case of an acquisition in the landscape that does not connect established 

protected areas  (i.e., 0.60 km2 - 0.40 km2 = 0.20 km2). As illustrated in this numerical example, 

the effective mesh size will increase with acquisition of new protected area, and will increase 

more when a new protected area can join other protected areas already in the landscape.   

As shown in Figure 4 above, an exceptionally small change in effective mesh size is 

usually related to a parcel that was completely unconnected to other protected areas, thereby 

bringing down the overall average patch size and decreasing the likelihood that two individuals 

dropped randomly into habitat in the landscape would be in the same patch.  

 

S2. Calculation of effective mesh size using probabilities  

Given the sample landscapes in Figure 3, the effective mesh size is 2.2 km2 (i.e. (12 + 12 + 

32)/5 = 2.2 km2) using the second part of equation (3), 𝑀 =  
1

𝐴𝑡

∑ 𝐴𝑗
2𝑛

𝑗=1 . Alternatively, the 

effective mesh size can be calculated by multiplying the total area by the probability of two 

individual animals being in the same parcel using the first part of equation (3), 𝑀 = 𝐴𝑡 ∙  𝑃. In 

this application, we use the following logic to calculate the effective mesh size. The probabilities 

of one animal being in parcels A1, A2, and A3 are 
1

5
,

1

5
, and 

3

5
, respectively. Then, the 

probabilities of two animals being in parcels A1, A2, and A3 are 
1

25
,

1

25
, and 

9

25
, respectively. 

Consequently, the total probability of two animals being in the same parcel in this landscape is 
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the sum of two animals being in parcels A1, A2 and A3 (i.e. 
1

25
  + 

1

25
  + 

9

25
  = 

11

5
 ). To convert this 

probability to effective mesh size, we multiply this total probability by total landscape size (i.e.  

11

25
  × 5 km2 = 2.2 km2). This numerical exercise shows how the effective mesh size represents the 

conversion of total probability of two animals being in the same parcel in a given landscape into 

the size of connected habitat necessary for species survival. 

 

 

 

 

 

 

 

 

S3. GS2SLS model 

In the first stage of the GS2SLS model in equation (2), 𝐵 is regressed on a set of 

instruments that consists of exogenous variables S and Z (referred to as “reduced form equation”) 

to predict �̂�. Additionally, to create the spatial lag variables, Η̂ and Α̂,  Η = [𝐵, X] is regressed 

on a set of instruments (i.e., Η, W(Η), and WW(Η)) to predict Η̂, and Α= [S, Z] is regressed on a 

set of instruments (i.e., Α, W (Α), and WW(Α)) to predict Α̂, equation (2) is re-estimated using 

OLS after substituting the predicted values from the reduced form equation �̂� and the predicted 

values of the spatial lags for acquisition cost and change in effective mesh size, Η̂  and Α̂. The 

corrected standard errors for the acquisition cost equation are calculated as 𝑉𝑒(Φ′) =  �̂�2[𝑋′𝑋]−1  

where  �̂�2 =  휀′휀/(𝑁 −  𝐾1) ; 𝑁 is the number of observations; 𝐾1 is the number of variables in 

Figure 5. Sample landscape where divided areas represents parcels (i.e., A1, A2. and A3) 

 

Total  

 

 

A1 

1 km2 

A2 

1 km2 

A3 

3 km2 
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the vector of exogenous and predetermined variables X in the second-stage cost equation 

including Η and Η̂ and  휀 = 𝐶 −  Σ𝐵 + 𝑋Φ (Wooldridge, 2002, p. 100). 

 

 

 

 

 

 

 

 


