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Abstract The conservation community is divided over the proper objective for conservation, with 
one faction focused on ecosystem services that contribute to human well-being and another faction 
focused on the intrinsic value of  biodiversity. Despite the underlying difference in philosophy, it is 
not clear that this divide matters in a practical sense of  guiding what a conservation organization 
should do in terms of  investing in conservation. In this paper we address the degree of  alignment 
between ecosystem services and biodiversity conservation strategies, using data from the state of 
Minnesota, USA. Minnesota voters recently passed an initiative that provides approximately $171m 
annually in dedicated funding for conservation. We find a high degree of  alignment between invest-
ing conservation funds to target the value of  ecosystem services and investing them to target biodi-
versity conservation. Targeting one of  these two objectives generates 47–70 per cent of  the maximum 
score of  the other objective. We also find that benefits of  conservation far exceed the costs, with a 
return on investment of  between 2 to 1 and 3 to 1 in our base-case analysis. In general, investing in 
conservation to increase the value of  ecosystem services is also beneficial for biodiversity conserva-
tion, and vice-versa. 
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I. Introduction 

Economists are used to thinking about maximizing an objective function subject to 
constraints. Individuals maximize utility subject to a budget constraint and perfectly 
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competitive firms maximize profits given technology and prices. Though far less com-
mon, such thinking can also be applied to biodiversity conservation and environmental 
management. For example, several papers have analysed the objective of maximizing 
the number of species conserved through habitat protection given limited resources 
(e.g. Ando et al., 1998; Wilson et al., 2006; Murdoch et al., 2007). Applying an eco-
nomic approach to conservation and environmental management requires stating a 
clear objective. In the conservation realm, however, there is not universal agreement on 
the objective: 

As a society, we have not even come close to defining what is the objective. . . . 
We have to make up our minds here what it is we are optimizing. This is the 
essential problem confounding the preservation of biodiversity today. (Metrick 
and Weitzman, 1998, p. 21) 

At present, there is a deep divide within the conservation community about the proper 
objective for conservation (Mace et al., 2012; Reyers et al., 2012). 

One school of  thought focuses on ecosystem services and emphasizes the value of 
conserving biodiversity and ecosystems to provide ecosystem services that contribute 
to human well-being (Daily, 1997; MA, 2005; TEEB, 2010; Kareiva et  al., 2011). 
Some prominent conservation organizations have adopted this approach. For exam-
ple, the vision statement of  the Convention on Biological Diversity (CBD) Strategic 
Plan for Biodiversity 2011–2020 is that conserving biodiversity and ecosystems is 
important for ‘maintaining ecosystem services, sustaining a healthy planet and deliv-
ering benefits essential for all people’ (CBD, 2010). The ecosystem services approach 
to conservation is consistent with a welfare economic approach that seeks to maxi-
mize social net benefits, where benefits include the contributions of  ecosystems to 
human well-being. Of course, there are also benefits beyond ecosystem services, so 
that maximizing well-being and maximizing the value of  ecosystem services are not 
synonymous. This approach requires integrated ecological-economic modelling that 
demonstrates the link between ecosystem management, ecological processes, the pro-
vision of  ecosystem services, and consequent impacts on human well-being (Daily 
et al., 2009; NRC, 2005). 

A second school of thought is that conservation should be based on ethical argu-
ments about the intrinsic value of nature (Rolston, 1988; McCauley, 2006; Redford 
and Adams, 2009; Vira and Adams, 2009). In this school of thought, biodiversity is 
to be conserved for its own sake, whether or not it contributes to human well-being 
(Ehrenfeld, 1988). This does not mean that biodiversity does not also contribute to 
human well-being, but that the motivation for conservation comes from the intrinsic 
value of nature. The intrinsic value of nature motivation for conservation represents a 
fundamental departure from a welfare economics perspective, where nature has instru-
mental value (i.e. it contributes to human well-being). Under the intrinsic value of 
nature approach, biodiversity conservation is an ethical obligation and should occur 
even when doing so imposes burdens upon society that reduce human well-being. We 
revisit the relationship between ecosystem services, biodiversity, and human well-being 
in the discussion section. 

Though the divisions between focusing on human well-being versus focusing on the 
intrinsic value of nature can be deep in terms of underlying philosophy, do they mat-
ter in a practical sense in terms of land use or resource allocation? Do management 
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decisions of a conservation agency aimed at maximizing the value of ecosystem ser-
vices differ dramatically from management decisions aimed at conserving biodiversity? 
If  management prescriptions from these two approaches closely align, then we would 
argue that conservation planners can proceed without worrying too much about the 
underlying philosophical debates. If  this is the case, disputes over the proper goal for 
conservation would be yet another example of the famous saying about debates in aca-
demia: ‘The politics of the university are so intense because the stakes are so low’, which 
is also known as Sayre’s Law (Shapiro, 2006, p. 670). If, on the other hand, management 
prescriptions do not closely align, then conservation managers will need to address the 
question of the proper objective function before deciding what actions to take. 

In this paper, we address the degree of alignment between ecosystem services and 
biodiversity conservation using data from the state of Minnesota, USA. In 2008, 
Minnesota voters passed the Clean Water, Land and Legacy Amendment (Legacy 
Amendment). The Legacy Amendment increased the state sales tax by three-eighths 
of 1 per cent for 25 years, likely raising more than $250m per year. Of these funds, 
33 per cent are allocated to a Clean Water Fund to conserve and enhance water quality 
and 33 per cent are dedicated to an Outdoor Heritage Fund to protect and restore prai-
ries, forests, wetlands, and other wildlife habitat. Together these two funds will provide 
an estimated $171m annually for conservation in Minnesota. We analyse whether using 
the Legacy Amendment Funds towards a strategy that aims to maximize the value of 
ecosystem services will choose similar land for conservation compared to a strategy that 
aims to maximize the conservation of biodiversity. 

While it would be ideal to include the value of all ecosystem services and all biodi-
versity, doing so is well beyond current capabilities. Here we model the provision and 
value of carbon sequestration and the reduction of phosphorus in waterbodies, the lat-
ter being the most important factor for surface water quality in the state, which closely 
matches with the goals of the Clean Water Fund. As our measure of biodiversity we 
use the predicted occurrences of vertebrates (including breeding, game, and listed spe-
cies) because their distributions and associations with land use and land cover are well 
known compared to other organisms, and match the general goals for the Outdoor 
Heritage Fund. 

We compare the ecosystem service and biodiversity strategies on a static landscape in 
which the only change in land use is brought about by purchase of land for conserva-
tion (‘static analysis’), and on a more realistic case in which conservation occurs amidst 
the backdrop of other land-use change (‘dynamic analysis’). We find that in both static 
and dynamic analyses purchasing land for one objective has a positive effect on the 
other objective, but that the alignment of objectives is far from perfect. In the case 
of static land use, targeting ecosystem services generated a biodiversity score that was 
53 per cent of the maximum score obtained when targeting biodiversity. When we tar-
geted biodiversity we generated a value of ecosystem services that was 70 per cent of the 
maximum value of ecosystem services obtained when targeting services. In the dynamic 
land-use case, targeting ecosystem services generated 47 per cent of the biodiversity 
score as compared to targeting biodiversity, and targeting biodiversity generated 65 per 
cent of the value of ecosystem services as compared to targeting services. 

Most prior work looking at the spatial pattern of the provision of bundles of eco-
system services and biodiversity describes the degree of spatial correlation given the 
current pattern of land use (e.g. Chan et al., 2006; Egoh et al., 2008, 2009; Naidoo 
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et al., 2008; Raudsepp-Hearne et al., 2010). Different land uses generate different bun-
dles of services. For example, intensive agricultural production is associated with high 
production of agricultural products but low water quality and carbon storage, while 
conserved forested areas often have high carbon storage, habitat, and recreation value 
but low commercial returns. In this paper, we address the more policy relevant question 
of how to maximize the increase in the provision of ecosystem services or biodiversity 
conservation through changes in land use for a given cost. The closest prior papers in 
this vein are Naidoo and Ricketts (2006), Nelson et al. (2008, 2009), and Polasky et al. 
(2008, 2011). Apart from Egoh et al. (2010) these papers do not directly address the 
question of alignment between ecosystem service objectives and biodiversity conserva-
tion objectives. 

We describe the data and models used to perform this analysis in section II. Results 
are presented in section III. Section IV contains a brief  summary of major findings 
as well as comparisons of our results to prior work in a similar vein. We conclude 
 section IV with a discussion of outstanding issues that require further research. 

II. Data and methods 

We model two important drivers of changes in ecosystem services, carbon sequestra-
tion and water quality, and the provision of habitat for biodiversity under alternative 
land-use scenarios and decision-making criterion. We compare the outcome of land 
acquisition for conservation guided by an ecosystem service objective with land acquisi-
tion guided by a biodiversity objective. We compare these objectives under an assump-
tion of static land use and under a dynamic land-use change model. We begin this 
section by describing the land-use and land-cover data. Next we describe the land-use 
scenarios evaluated in this paper. We then discuss the models used to quantify carbon 
storage, water quality, and habitat for biodiversity. We discuss the opportunity cost and 
restoration cost of conserving land. Finally, we explain the optimization framework 
to guide conservation strategies that incorporates costs, biodiversity, and ecosystem 
service benefits.

(i) Land-use and land-cover data

We used a baseline 2001 land-use map and predicted 2026 land-use maps to examine 
how conservation funds should be allocated during the 25-year period over which con-
servation funds are available. We generated the baseline 30-metre resolution land-use 
map by downloading the 2001 National Land Cover Database (NLCD) for Minnesota 
(Homer et  al., 2007). We converted all NLCD land covers into one of five general 
land-use types (cropland, pasture, range, forest, and urban) using conversions shown 
in Table A-1 of the Appendix.1 We used data from a national map of private and pub-
lic lands (Conservation Biology Institute, 2010) to delineate public and private lands 
within the state. 

1 A detailed Appendix to this article is available online at http://oxrep.oxfordjournals.org/cgi/content- 
embargo/full/grs011/DC1.
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Ecosystem services, habitat quality, and land values were calculated at the sub-county 
unit level, using boundaries defined by the Minnesota Department of Revenue for pur-
poses of property tax reporting. For most of the state, sub-county units are townships, 
except in the north where townships are quite large and sub-county units are defined 
on a smaller area more closely resembling the size of townships in the rest of the state. 
This spatial delineation allows use of the greatest detail on land costs across the state, 
especially in the largely undeveloped northern region. 

Land close to streams and rivers generally has more direct impact upon water qual-
ity (Osborne and Kovacic, 1993). To distinguish these lands we used 100-metre buffers 
around centrelines for 52 major rivers in the state (Minnesota Department of Natural 
Resources, 2012). 

Combining information from these various data layers, we created maps identifying 
the area of each land-use type (cropland, forest, pasture, urban, and range) both within 
and outside of the 100-metre buffers, held in both public and private ownership, for 
every sub-county unit in Minnesota as of 2001. 

(ii) Land-use scenarios

We analysed optimal land acquisition for conservation under static and dynamic 
land-use scenarios. In both scenarios, land acquired and conserved was assigned its 
sub-county potential natural vegetation proportional mix of forest, prairie, or wetland. 
The native land cover proportion was based on the LANDFIRE biophysical settings 
layer (NatureServe, 2009), which assigns an ecological system code to each 30-metre 
pixel based on potential vegetation and natural disturbance regimes. In both static 
and dynamic land-use scenarios, we also assumed that management of public lands 
remained unchanged and that all conservation funds were used to acquire and conserve 
lands that were private in 2001. 

In the static land-use scenario, private land that was not chosen for conservation 
remained in its 2001 land use through 2026. In the dynamic land-use scenario, we 
projected land use to 2026 for private lands that were not conserved using a land-use 
transition matrix. The land-use transition matrix gives the probabilities of transitions 
from one land use to another over the 25-year period between 2001 and 2026 for each 
sub-county unit. Because the land use in 2026 is probabilistic, we chose a particular 
land use for each hectare of private land using a random number generator. By simulat-
ing the choice for each hectare, we determined the distribution of land use in 2026 by 
land-use type within each sub-county unit within and outside the 100-metre water buff-
ers. This procedure was repeated 100 times for each conservation strategy, generating 
100 maps of 2026 land use on private land, which we then combined with conservation 
and public land to generate 100 state-wide land-use maps for 2026 under the conserva-
tion strategy.

These land-use transition matrices are described in more detail in Radeloff  et  al. 
(2012). In that research, 5-year land-use change probabilities were used to simulate 
land-use change across the US. We used the land-use change probability matrices 
specific to Minnesota for five sequential 5-year periods to get the cumulative sum of 
changes over 25 years in the state. Unlike Radeloff  et al. (2012), we have modified the 
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transition matrices to take into account the effect of land market price feedbacks on the 
transition probabilities, as in Lubowski et al. (2006). 

(iii) Carbon storage and sequestration

Although climate change mitigation was not an explicit goal of the Legacy Amendment, 
state policies establish aggressive greenhouse-gas emission reduction targets and iden-
tify biologic sequestration of carbon as an important strategy to achieve these goals 
(MCCAG, 2008). We calculated carbon storage values for soil and for biomass for each 
land-use type in each sub-county unit in Minnesota. We estimated carbon sequestra-
tion that would be achieved under a conservation strategy by calculating the differences 
in carbon storage under the strategy relative to the 2001 baseline. 

To calculate the quantity of carbon stored in soils we used a national map of soil 
carbon (Sundquist et al., 2009) combined with land cover and county boundary data 
to generate average soil carbon storage values for each land-use type in each county in 
Minnesota. We did not have data on soil carbon in wetlands. Wetlands generally have 
some of the higher soil carbon levels. Therefore, we used the highest observed soil car-
bon level for land-use types for wetlands. 

We also calculated carbon storage in above-ground biomass. Because biomass from 
cropland, pasture, and range is generally harvested and removed each year, we assumed 
that each of these land-use covers stored zero above-ground carbon in biomass. To cal-
culate biomass carbon on forest hectares we used Forest Inventory Analysis (FIA) data 
and Smith et al. (2006). The FIA dataset indicates the proportion of forest land in each 
county in the forest types oak-hickory, white-red-jack pine, and aspen-birch and the 
Faustmann rotation age of each forest type. We distinguished between management of 
private forest land and conservation forest land. For forests on land that was set aside 
under a conservation strategy we assumed that restored forest would attain biomass 
carbon levels of a 95-year old forest with the county’s mix of forest types. Smith et al. 
(2006) provide carbon storage values for each major forest type by forest age class. We 
assumed private forest land was in managed rotations, where trees were harvested at 
specified age (the Faustmann rotation age) and steady-state harvesting maintains a con-
stant proportion of land in each age class up to the rotation age. For Minnesota forests 
the Faustmann rotation age was between 30 and 60 years. Again, Smith et al. (2006) was 
used to find biomass carbon levels associated with tree ages and a county’s mix of forest 
types to determine a private forest hectare’s biomass carbon levels. Finally, we assume 
that an urban hectare in a county has one-tenth of the above-ground biomass carbon of 
a private forest hectare in the same county. See the Appendix for carbon model details.

We calculated monetary values of the changes in carbon storage using estimates of 
the social cost of carbon (Tol, 2009). The social cost of carbon is the cost to society 
incurred by the potential climate change damages from each additional tonne of car-
bon emitted to the atmosphere. Values for the social cost of carbon reported in the lit-
erature range from near $0 to over $500 per ton of carbon (Tol, 2009). In this paper, we 
used a base-case estimate of $126.40 per ton carbon ($34.47 per ton of carbon dioxide 
(CO2)) in constant 2011 dollars, based on a value of $91 in 1995 constant dollars for 
the median fitted distribution for social cost of assuming a 1 per cent pure rate of time 
preference (Tol, 2009). 
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(iv) Water quality: phosphorus retention

A core goal of the Legacy Amendment is to protect and restore water quality in 
Minnesota. Land use can impact water quality by contributing sediment, nutrients, or 
other pollution to surface and ground water. Conserved lands can provide an important 
ecosystem service by capturing polluting nutrients and sediment before they reach adja-
cent water bodies. In this analysis, we focus on phosphorus pollution, which is the lead-
ing cause of surface water impairment in the upper Midwest (Carpenter et al., 1998). 
We used the InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs; Tallis 
et al., 2010, http://invest.ecoinformatics.org/) water models to estimate the water quality 
benefits provided by land acquisition and conservation. InVEST is a spatially explicit 
model that applies a two-step process to determine the influence of land cover on water 
quality. First, the model calculates the average annual water yield in each mapped grid 
cell using climate data, geomorphological information, and land-use and land-cover 
(LULC) characteristics. The model does not incorporate sub-surface or ground water 
flows but assumes that all precipitation not lost to evapotranspiration goes to surface 
water run-off. In the second step, water yield is combined with information about phos-
phorus loading and the phosphorus retention capacities of each LULC type to calcu-
late the annual phosphorus exports from each grid cell. Phosphorus exports from cells 
are routed via surface water flows to other cells, where some of the phosphorus may be 
filtered or additional phosphorus added, until the surface water flows into a water body. 
Once phosphorus reaches a water body the model assumes no additional retention, or 
removal occurs before delivery to the mouth of the watershed. 

We used the InVEST water models to calculate the phosphorus loading for the 2001 
baseline map. Because the InVEST water models are spatial and rely on surface water 
flows to route nutrients, we ran the models using the 81 eight-digit hydrologic unit code 
(HUC) basins in Minnesota. Average phosphorus loadings were then assigned to each 
sub-county unit based upon the location of the sub-county unit within the HUC basins. 
We also used the 2001 baseline map to calibrate the average per-hectare phosphorus 
loading and phosphorus retention capacities of each LULC type, both outside and 
inside of the 100-metre buffers around rivers and streams. Reductions in phosphorus 
loading to be achieved in 2026 by conservation decisions were calculated by multiplying 
the LULC proportions adjusted following land acquisition by the average per-hectare 
loadings for each LULC type. The percentage change in the loadings of each basin was 
calculated by finding the difference of the loadings associated with the LULC change 
divided by the total baseline loading of phosphorus to the basin. Basins further down-
stream of where LULC change occurs also experience a change in water quality. 

We used a national meta-analysis conducted by Johnston et al. (2005) to generate 
estimated annual per household willingness-to-pay (WTP) values for improved water 
quality. Following the guidelines in Johnston and Besedin (2009) we adapted param-
eters in the WTP function to reflect appropriate geographic area, water body type, and 
mean household income. The model estimates WTP as a function of changes in water 
quality relative to baseline conditions, with water quality described by the Resources 
for the Future (RFF) water quality ladder. The RFF water quality ladder links changes 
in water uses (drinking, boating, swimming, and fishing) to variations in biophysical 
characteristics (dissolved oxygen, turbidity, pH) and uses a qualitative point system 
to represent changes in the value of uses that correspond to changing water quality 
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(Carson and Mitchell, 1993). To establish baseline water quality for each HUC basin, 
we obtained statewide data on lake trophic state index (TSI; Carlson, 1977) from the 
Minnesota Pollution Control Agency (MPCA; personal communication with Steven 
Heiskary, 2012). We then mapped average TSI values for lakes within each HUC 
basin to the RFF water quality ladder. Based on consultation with local water quality 
experts, we assumed that a 50 per cent reduction in phosphorus loading relates to a 
two-point increase along the RFF water quality ladder. Combining these water quality 
parameters with the Johnston et al. (2005) WTP function, we generated estimates of 
annual WTP for the 50 per cent reduction of from $24.97 to $44.72 per household in 
2011 constant dollars. The values were prorated to the percent change in phosphorus 
loadings modelled by InVEST; for example, for a WTP value of $10 per household for 
a 50 per cent reduction, a 1 per cent reduction in phosphorus loadings was prorated to 
$0.20. The prorated WTP per household is an annual value which we then converted 
into a present value of benefits assuming permanent water quality improvement. The 
future benefits of public goods should be discounted at a rate close to the market rate of 
return for risk-free financial assets (Howarth, 2009), which we assumed to be 2 per cent. 
The present value of WTP values per household for each basin are multiplied by the 
number of households per sub-county unit, based on the average of the number of 
households in 2010 and population projections for 2025 (Minnesota Department of 
Administration, 2007). 

(v) Habitat for biodiversity

The Legacy Amendment also directs funds to protect ‘fish, game and wildlife habitat’ 
and has an explicit goal of  enhancing Minnesota’s capacity to conserve and enhance 
biological diversity. We model the baseline 2001 map and the 2026 alternative land-use 
scenarios to compare the potential benefits for biodiversity of  alternative conserva-
tion strategies. The biodiversity model evaluates the potential for different land cover 
types in a sub-county unit to provide habitat for a set of  vertebrate species based 
on current distributions and habitat associations. First, we estimate total vertebrate 
species richness for each LULC type at the sub-county unit level. We use informa-
tion on the current predicted distribution of  individual species based on actual habi-
tat characteristics within their general ranges, as determined by the Minnesota Gap 
Analysis Project (MN-GAP; Drotts et al., 2007). MN-GAP includes species found 
in Minnesota that are listed as breeding, state endangered or threatened, of  special 
conservation concern, a fur-bearer, big game, small game, or migratory game bird. 
MN-GAP includes 354 vertebrate species (21 amphibians, 28 reptiles, 75 mammals, 
and 230 birds; the complete species list is presented in the Appendix). For sub-county 
units that did not contain a given LULC type, we determined county-level richness 
estimates and used these to substitute for the missing sub-county unit-level LULC 
type. We determine the habitat for biodiversity score for a sub-county unit by multi-
plying the species per LULC type estimate by its corresponding LULC area for the 
total of  public, private, and conserved lands, and summed this score across all LULC 
types. This sum produces the number of  habitat units in the sub-county unit, which 
indicates the conservation value of  those lands to support these species. Higher scores 
indicate more available habitat to support more species, and therefore sub-county 
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units with greater value for biodiversity conservation. We then sum the sub-county 
unit scores across all units to generate a score for the entire state under a given con-
servation strategy. 

(vi) Conservation budget and opportunity costs

We created a conservation budget by combining the two largest allocations of  the 
Legacy Amendment, the Clean Water Fund dedicated to improving water quality, 
and the Outdoor Heritage Fund targeted to preservation of  wildlife habitat, which 
generated $171m per year. Assuming a 2 per cent real interest rate, the total present 
value of  the conservation budget over the 25-year duration of  the Amendment was 
$3.319 billion. 

We downloaded recent land value data for private crop, timber, and pasture land uses 
in each sub-county unit in Minnesota (www.landeconomics.umn.edu). The statewide 
average land values for cropland, timberland, and pasture land are $24,989, $10,225, 
and $8,289 per hectare, respectively. We also used land restoration costs to estimate 
the transition cost of shifting from one form of private land use to a conserved native 
land-use type (LSOHC, 2009). The restoration cost used for conserved wetland, for-
est, and prairie is $2,904, $3,743, and $2,629 per hectare, respectively. We were only 
able to attain state-wide average numbers for restoration costs so these did not vary by 
sub-county unit. We combined land value data that represent the opportunity cost of 
conserving land and land restoration costs to estimate the total costs of switching from 
private to conserved land. 

(vii) Optimization for targeting conservation investment 

Land-use conversion causes a change in the provision of  ecosystem services and habi-
tat for biodiversity. We used the carbon, water quality, and habitat for biodiversity 
models described above to define the change in the value of  ecosystem services and 
biodiversity caused by land-use change. For the static land-use scenario, the expected 
benefits of  conservation are given by the gain in conservation score across the state 
of  Minnesota (biodiversity score or value of  ecosystem services) generated by land 
acquisition and restoration to the potential vegetation natural state on an otherwise 
static 2001 landscape. The expected benefits of  conservation under the dynamic land-
use scenario are given by the gain in conservation score across the state of  Minnesota 
generated by land acquisition and restoration to the potential vegetation natural state 
plus the conservation score created by expected land-use change between 2021 and 
2026 on land that remains private. The costs of  conserving are the sum of the land cost 
plus the costs of  restoring to the potential vegetation natural land cover. 

We solved the static and dynamic land-use scenario problems for the ecosystem 
services and biodiversity objectives with the Generalized Algebraic Modeling System 
(GAMS) 23.5.1 using the linear programming solver CPLEX. The optimization routine 
finds the land conservation pattern that maximizes the expected increase in the value 
of ecosystem services or habitat for biodiversity given the budget constraint fixed by 
the amount of the Legacy Amendment Funds. The optimization model selects the land 
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with the highest (expected) gain in conservation target value per dollar expended until 
the conservation budget is exhausted. 

In the dynamic land-use scenario, we solved two optimization problems. In one 
solution, we assumed that the conservation planner was unaware of land-use change 
dynamics and planned as if  the land use would remain constant at 2001 land use except 
for conservation acquisitions (‘dynamic conservation solution ignoring land-use change 
in planning’). In the other solution, we assumed the conservation planner considers 
land-use change dynamics in choosing which lands to conserve (‘dynamic conservation 
solution incorporating land-use change in planning’). In this case, it may be worthwhile 
conserving land not because it will increase ecosystem service or biodiversity values but 
simply to prevent expected land-use conversion that may result in significant declines in 
values. The inclusion of threat of land-use conversion can mean the dynamic and static 
solutions can diverge significantly. The static model will select the land for conservation 
that generates the largest increase in returns per dollar compared to the 2001 baseline 
land use while the dynamic model will select lands that generate the largest increase in 
returns per dollar compared to the projected distribution of land uses in 2026. 

III. Results

The main issue we address in this paper is the degree of alignment between ecosystem 
services and biodiversity conservation strategies. We allocated the total conservation 
budget towards acquiring land in order to maximize the value of ecosystem services 
(carbon sequestration and phosphorus retention) or to maximize the value of habitat 
for biodiversity conservation (Table 1). On the otherwise static landscape each strategy 
resulted in increases in both objectives. The optimal solution when targeting ecosystem 
services generated 53 per cent of the biodiversity score as compared to targeting biodi-
versity (5.58m units versus 10.60m—note that these are not units of area or species but 
a combination of both to indicate conservation value of lands). The optimal solution 
when targeting biodiversity generated 70 per cent of the value of ecosystem services as 
compared to targeting services ($6.333 billion versus $9.026 billion). 

Under either strategy, the benefits of conservation outweigh the costs. We take the 
total costs of the conservation programme to be equal to the total conservation budget 
available, $3.319 billion, which is equal to the sum of expenditures on land purchase 
and restoration costs. Land purchase costs represent the opportunity cost of forgone 
returns when the land is put in conservation versus some other use that generates returns 
for the landowner. The increase in the value of ecosystem services is $9.026 billion for 

Table 1: Change in the value of ecosystem services and the biodiversity score with a static landscape 
under an ecosystem service objective and a biodiversity objective

Objective Ecosystem services ($m) Biodiversity score (m)

Ecosystem service objective 9,026 5.58
Biodiversity objective 6,333 10.6

Notes: The value of ecosystem services is reported in millions of 2011 constant dollars. Biodiversity scores are 
reported in millions of habitat units (representing predicted richness x habitat area).
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the case where we maximize ecosystem services, which yields a return on investment of 
$2.71 per dollar invested. In reality, transactions costs (expenses related to purchase, 
management, and administration) would inflate conservation costs. If  we assume that 
transactions costs add an additional 20 per cent to programme costs, then full pro-
gramme costs would be $3.983 billion. In this case, the return on investment in con-
servation is $2.27 per dollar invested. Benefits far exceed costs, even though we only 
include the value of carbon sequestration and water quality improvement but not the 
value of other ecosystem services or habitat conservation. 

Development and other landscape changes separate from acquiring land for con-
servation will likely have a much greater impact on land use in Minnesota. Therefore, 
we investigated the impact of  expected private land-use change on ecosystem service 
provision and biodiversity conservation. If  there were no conservation strategy on 
the dynamic 2001–26 landscape we predict the value of  ecosystem services would rise 
by $8.245 billion, while the biodiversity score would fall by 6.7m (Table 2). These 
results are driven by the fact that croplands are expected to decline by approximately 
1.37m hectares. Forests are expected to have the largest net gain (0.63m hectares) 
followed by urban (0.37m hectares), range (0.26m hectares), and pasture (0.11m hec-
tares). We show the aggregate conversion from each land use to each other land use 
under the no conservation strategy as well as the dynamic and static conservation 
strategies in Table 3. While there is considerable variation in both the value of  eco-
system services and the biodiversity score within a given land-use type, on average 
cropland scores low in terms of  both carbon sequestration and water quality relative 
to other land uses (Table 4). The movement out of  croplands then tends to increase 
the value of  ecosystem services generated. In terms of  habitat value, however, crop-
lands score relatively well because many species use croplands for feeding or nesting 
(e.g. migratory waterbirds or open-land birds and mammals), especially those adja-
cent to water and wetlands. The movement out of  croplands and into other types of 
land use results in a drop in the biodiversity score. 

We then analysed how well aligned the ecosystem services and biodiversity strat-
egies were against a backdrop of  on-going land-use change (Table 2). We analysed 
two planning strategies: (a) a dynamic conservation solution incorporating land-use 
change in planning, and (b) a dynamic conservation solution ignoring land-use change 
in planning. For both strategies, we again find that targeting ecosystem services also 
increases biodiversity conservation, and vice versa. For the dynamic conservation 
strategy incorporating land-use change in planning, the optimal solution when target-
ing ecosystem services generated 47 per cent of  the biodiversity score as compared to 
targeting biodiversity. The gain in biodiversity under the ecosystem service strategy 
was from –6.70m to –3.17m units for an increase of  3.53m, whereas the biodiversity 
score increased to 0.82m under the biodiversity strategy, for an increase of  7.52m. 
The optimal solution when targeting biodiversity generated 65 per cent of  the value 
of  ecosystem services as compared to targeting services. The increase in the value of 
ecosystem services increased from $8.245 billion without the conservation programme 
to $13.650 billion with the biodiversity strategy for an increase of  $5.405 billion, and 
$16.616 billion with the ecosystem services strategy, for an increase of  $8.371 billion. 
Taking account of  land-use change over this time reduced the alignment of  objec-
tives by a small amount, but the general conclusion about the large degree of  overlap 
remains. 
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The dynamic conservation strategy incorporating land-use change in planning 
should be superior to the strategy that ignores potential land-use change in planning. 
But how much improvement does this more sophisticated strategy yield? We found that 
incorporating land-use change in planning did only slightly better as compared to the 
strategy that ignored potential land-use changes in planning for both the ecosystem 
services objective ($16.616 billion versus $16.568 billion or 0.5 per cent higher) and 
the biodiversity conservation objective (7.52m versus 7.17m, or 4.9 per cent higher). 
Inclusion of land-use change affects the overall outcome of biodiversity and ecosystem 
services but somewhat surprisingly taking this into account in planning had relatively 
little effect on strategy or expected outcomes. 

The spatial pattern of the lands purchased for conservation under both ecosystem 
service and biodiversity conservation strategies for dynamic and static strategies is 
shown in Figure 1. The total amounts of land conserved by land-use category and the 
change in the value of ecosystem services and biodiversity score by land-use category 
with conservation are reported in Tables 5 and 6. In general, these patterns reflect the 
spatial distribution of the major land uses and vegetation biomes of Minnesota, with 
coniferous forest in the north-east, a mix of deciduous forest, croplands, and pasture 

Table 3: Average land-use change dynamics between 2001 and 2026 for Minnesota by land-use type

 Dynamic conservation  
solution incorporating  

land-use change  
in planning

Dynamic conservation  
solution ignoring  
land-use change  

in planning

2001 to 2026 
No funds for 
preservation

ES  
objective

Biodiversity 
objective

ES  
objective

Biodiversity 
objective

Cropland to cropland 62.3 61.9 62.1 61.9 62.2
Cropland to pasture 9.1 9.1 9.1 9.0 9.1
Cropland to forest 3.9 3.9 3.9 3.9 3.9
Cropland to urban 1.8 1.8 1.8 1.8 1.8
Cropland to range 3.1 3.0 3.0 3.0 3.1
Pasture to cropland 3.5 2.8 2.8 2.7 2.6
Pasture to pasture 7.1 5.7 5.4 5.6 5.0
Pasture to forest 4.7 3.7 3.5 3.5 3.2
Pasture to urban 0.8 0.7 0.6 0.6 0.6
Pasture to range 0.5 0.4 0.4 0.4 0.4
Forest to cropland 0.4 0.4 0.4 0.4 0.4
Forest to pasture 0.8 0.8 0.8 0.8 0.8
Forest to forest 26.5 26.1 25.9 26.2 26.1
Forest to urban 1.0 1.0 1.0 1.0 1.0
Forest to range 0.3 0.3 0.3 0.3 0.3
Urban to urban 9.5 9.5 9.5 9.5 9.5
Range to cropland 0.3 0.2 0.2 0.2 0.3
Range to pasture 0.7 0.5 0.6 0.6 0.6
Range to forest 0.2 0.2 0.2 0.2 0.2
Range to urban 0.1 0.1 0.1 0.1 0.1
Range to range 5.5 4.4 4.7 4.6 5.2

Notes: We report the amount of land in cropland, pasture, forest, urban, and rangeland that stayed in its initial 
use or converted to another land-use type between 2001 and 2026 for various conservation scenarios. All val-
ues are reported in hundred thousand hectares. 
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in the central and south-east portions, and croplands and grassland in the west-central 
and south-west portions. Under the ecosystem services strategy, purchased lands were 
clustered in the forested north-east and the south-east, with very little land purchased 
in the western or central portions of the state. Lands converted from croplands, pasture, 
or range to conserved forest resulted in large increases in carbon sequestration, which 
dominated the value of ecosystem services under our baseline assumptions. The value 
of the increase in carbon storage made up $15.6 billion of the $16.616 billion increase 
in value of ecosystem services, with water quality improvements making up just over 
$1 billion. Under the biodiversity strategy purchased lands were spread throughout 
the entire state. Croplands and grasslands both had relatively high value for biodiver-
sity, so conserving these land-cover types along with other lands added to the biodi-
versity score. The spatial pattern seen in the biodiversity strategy reflects the fact that 
we considered biodiversity in general terms, including both common and rare species, 
habitat generalists and specialists, and both residents and migratory (waterbird) species. 
Doing so gave value to protecting a broad range of habitats and locations. For example, 
conservation of grassland species requires conservation efforts in the west and south-
western portions of the state, whereas forest species require conservation efforts in the 
north-east and south-east. The difference in spatial pattern of the land purchased for 
conservation under the different scenarios and different objectives is shown in Figure 2. 
In general, the dynamic land-use scenario puts a higher value on conserving land that 
may convert to a land use with lower conservation value, such as urban land use, and 
so conserves more land in regions with higher development pressure (Figures 2(A) and 
2(B)). The ecosystem services objective puts great value on restoring forest lands in the 

Table 4: Average impacts of land-use change on the value of ecosystem services and the biodiversity 
score by land-use category 

2001 to 2026  
land use

Water quality 
outside buffer  

($/ha)

Water quality  
inside buffer  

($/ha)

Soil  
carbon  
($/ha)

Biomass  
carbon  
($/ha)

Biodiversity 
(score/ha)

Cropland to cropland 0 0 0 0 0.00
Cropland to pasture 552 1,986 2,584 0 –8.16
Cropland to forest 969 2,950 2,239 5,430 –3.21
Cropland to urban –148 –559 1,404 543 –9.06
Cropland to range 552 1,986 3,089 0 –3.27
Pasture to cropland –552 –1,986 –2,584 0 8.16
Pasture to pasture 0 0 0 0 0.00
Pasture to forest 605 2,201 –345 5,430 4.95
Pasture to urban –638 –2,226 –1,180 543 –0.90
Pasture to range 0 0 506 0 4.89
Forest to cropland –969 –2,950 –2,239 –5,430 3.21
Forest to pasture –605 –2,201 345 –5,430 –4.95
Forest to forest 0 0 0 0 0.00
Forest to urban –1,036 –3,059 –835 –4,887 –5.85
Forest to range –605 –2,201 850 –5,430 –0.06
Urban to urban 0 0 0 0 0.00
Range to cropland –552 –1,986 –3,089 0 3.27
Range to pasture 0 0 –506 0 –4.89
Range to forest 605 2,201 –850 5,430 0.06
Range to urban –651 –2,237 –1,685 543 –5.79
Range to range 0 0 0 0 0.00
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north-east and south-east and less weight on conservation in western part of the state 
(Figure 2(C)). 

There is considerable uncertainty about many of the biophysical relationships in the 
biodiversity and ecosystem services models, but probably even greater uncertainty exists 

Figure 1: Maps showing the location by sub-county unit of lands purchased for conservation under both 
ecosystem service and biodiversity conservation strategies for dynamic and static land-use scenarios 

Table 5: Hectares conserved between 2001 and 2026 by land-use category

Dynamic conservation  
solution incorporating 

land-use change in planning

Dynamic conservation  
solution ignoring land-use 

change in planning

2001 to 2026  
land use

No funds for 
preservation

ES  
objective

Biodiversity 
objective

ES  
objective

Biodiversity 
objective

Cropland to conserved 0.00 0.45 0.26 0.48 0.13
Pasture to conserved 0.00 3.27 3.85 3.68 4.81
Forest to conserved 0.00 0.46 0.66 0.33 0.40
Range to conserved 0.00 1.31 0.99 1.02 0.35

Notes: All values are reported in hundred thousand hectares. 
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about the proper values for carbon sequestration and water-quality improvement. We 
performed a sensitivity analysis on our results by using low and high carbon value sce-
narios and a high water-quality value scenario (Table 7). We did not use a lower value 
for water than the base case as this value was already fairly low. For the low value for the 
social cost of carbon we used a value of $27.78 per ton of carbon ($7.58 per ton CO2) 
in 2011 dollars, which corresponds to Tol’s value for the 33rd percentile from the fitted 
distribution, assuming a 3 per cent discount rate (Tol, 2009). For the high value for the 
social cost of carbon we used a value of $240.32 per ton of carbon ($65.54 per ton CO2) 
in 2011 dollars, which corresponds to Tol’s value for the 67th percentile from the fitted 
distribution, assuming a 0 per cent discount rate (Tol, 2009). For the high water-quality 
value we used a value from Mathews et al. (2002), who reported an average value of 
$140 per household per year in 1997 dollars, or $187.46 in 2011 constant dollars, for 
a 40 per cent reduction in phosphorus loadings in the Minnesota River. Though the 
value of ecosystem services changes dramatically with the large change in values, the 
strategies of what lands to choose and the impact on the biodiversity objective are rela-
tively minor. The low carbon value and high water-quality value result in virtually the 
same overall biodiversity score, which is somewhat lower than the score for the baseline 
case (–3.38 and –3.51m versus –3.17m). These scenarios turn out to be quite similar 

Table 6: Average impacts of conserving land on the value of ecosystem services and the biodiversity 
score by land-use category 

2001 to 2026  
land use

Water service  
outside buffer  

($/ha)

Water service  
inside buffer  

($/ha)

Soil  
carbon  
($/ha)

Biomass  
carbon  
($/ha)

Biodiversity 
(score/ha)

Cropland to conserved 
forest

1,307 4,252 2,239 19,312 –2.32

Cropland to conserved 
grassland

392 1275 2,584 0 –2.80

Cropland to conserved 
wetland

1,307 4,252 4,248 0 1.13

Cropland to conserved 
(average)

784 2,551 2,837 7,013 –1.11

Pasture to conserved 
forest

588 2,190 –345 19,312 5.84

Pasture to conserved 
grassland

177 657 0 0 5.36

Pasture to conserved 
wetland

588 2,190 1,664 0 9.29

Pasture to conserved 
(average)

353 1,314 253 7,013 7.05

Forest to conserved 1 2 598 1,819 2.10

Range to conserved 
forest

588 2,190 –850 19,312 0.95

Range to conserved 
grassland

177 657 –506 0 0.47

Range to conserved 
wetland

588 2,190 1,159 0 4.40

Range to conserved 
(average)

353 1,314 –253 7,013 2.16
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Figure 2: The difference in lands purchased for conservation under the biodiversity conservation and 
ecosystem services objective across static and dynamic land-use scenarios

Notes: Sub-county units in the panels on the left indicate a decrease in the number of hectares conserved 
while the panels on the right indicate an increase in the number of hectares conserved. Panel A: number of 
hectares conserved for the ecosystem services objective under the dynamic land-use scenario minus the num-
ber of hectares conserved under the static land-use scenario. Panel B: number of hectares conserved for the 
biodiversity objective under the dynamic land-use scenario minus the number of hectares conserved under the 
static land-use scenario. Panel C: number of hectares conserved under the dynamic land-use scenario for the 
ecosystem service objective minus the number of hectares conserved under the dynamic land-use scenario for 
the biodiversity objective.
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because what matters in selecting lands to conserve is the relative weight between car-
bon and water. The areas important for water-quality improvement are those near pop-
ulation centres, where numerous households are affected by this. These areas also tend 
to have high land prices so that, overall, not as much land area is conserved when more 
attention is paid to water-quality improvements compared to carbon, which results in 
lower biodiversity improvement. Raising water-quality value or lowering carbon value 
each increase the importance of water quality relative to carbon. The high carbon 
value scenario does not make much change from the base-case scenario (–3.06m versus 
–3.17m), which already had most of the value of ecosystem services coming from car-
bon. Raising the carbon price skews the weight towards carbon even higher. With a low 
value for carbon and the base-case water-quality value, which also generated low water-
quality values, we found that the increase in ecosystem service value with conservation 
was lower than the costs of conservation. On the other hand, for the high-value carbon 
case, we found a return on investment of over 4 to 1. 

IV. Discussion 

We find a high degree of alignment between strategies that target the value of ecosystem 
services and those that target habitat for biodiversity conservation. Targeting one of 
these two objectives generates 47–70 per cent of the maximum score of the other objec-
tive. In general, investing in conservation that increases the value of ecosystem services 
is also beneficial for biodiversity conservation, and vice versa. It is not surprising that 
there is good agreement between the outcomes of the two strategies, given the impor-
tance of biodiversity to maintaining the ecosystem function that supports the provision 
of ecosystem services. The choice of specific objective, however, does matter in terms 
of specific types of conservation investment to make. For ecosystem services under the 
base-case assumptions that place a relatively high weight on carbon sequestration, most 
conservation investments are made in the north-east and south-east portions of the state 
to maintain or restore forests. Little investment is made in the western portions of the 
state where the native habitat is grassland rather than forest. For biodiversity conserva-
tion, however, investments are made more evenly throughout the state to restore both 
forests and grasslands. Conservationists interested in either ecosystem services or bio-
diversity would do well to pay most attention to increasing the size of the conservation 
budget as the first-order objective. Increases in the budget will improve outcomes in 
terms of both objectives. The proper objective for conservation, biodiversity conserva-
tion for its own sake or increasing the value of ecosystem services, also matters and can 
shift the focus in terms of which particular areas are of highest priority for conservation. 

We find that investing in conservation is highly beneficial. In the base-case analysis 
that includes the value of carbon sequestration and water quality improvements, we find 
a return on investment of roughly $2–3 per dollar invested. Only when we change the 
base case assumptions to include a low value of carbon, along with the base-case value 
for water quality improvement that is quite modest, do we find that the costs of conser-
vation outweigh the benefits. Including higher values for carbon sequestration or water 
quality improvement, or including a wider range of services, will increase the return on 
investment in conservation. As the data and ecosystem service models improve, it will 
be possible to move towards a more complete accounting of the values of conservation. 
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Biodiversity is a complex concept with multiple dimensions. There is great diversity 
in the published definitions of biodiversity and a wide variety of ways it can be meas-
ured (Mace et  al., 2012). In this paper we directed conservation funds towards one 
particular biodiversity conservation objective, namely the goal of conserving habitat 
for the benefit of vertebrate species. This objective reflects the Legacy Amendment’s 
broad goal to protect game and wildlife species. Our biodiversity target considers the 
habitat requirements of 354 terrestrial vertebrate species. These species require a wide 
variety of areas and land-cover types and resulted in the selection of areas for conser-
vation spread across the state (as shown in Figure 1). However, a broad-brush look at 
vertebrates could potentially mask more nuanced patterns and trade-offs. We would 
probably find different conservation strategies when targeting specific species or sets 
of species based on functional group, habitat preference, threatened status, charismatic 
species, or game species. On the other hand, using vertebrate species richness is a very 
limited measure of biodiversity if  one takes the 1993 CBD definition: ‘the variabil-
ity among living organisms from all sources . . . this includes diversity within species, 
between species and of ecosystems’ (CBD, 1993). Total biodiversity, including micro-
organisms, primary producers, and a range of consumers including invertebrates and 
vertebrates, and the variability at the genetic and ecosystem levels, encompasses a wider 
set of biodiversity than we considered in this paper. 

Our habitat for biodiversity score captures the importance of habitat to support 
biodiversity but ignores several other factors. This measure does not account for the 
impact of habitat fragmentation or spatial pattern on species, which can be important 
for species with limited dispersal ability or in highly fragmented landscapes (Fahrig, 
2003). It also assumes constant returns to scale in habitat provision. Polasky et  al. 
(2008) use a more complex biodiversity model to estimate how land-use changes will 
affect species, accounting for fragmentation and variable marginal value depending on 
contribution of additional habitat for population viability. This approach, however, 
requires far more data and the use of sophisticated search algorithms for optimization, 
which makes its use impractical in many settings. Because each species is assumed to 
have equal intrinsic value, our measure gives equal weight to all species so that provid-
ing habitat for common species is of equal value to providing habitat for game species 
or threatened and endangered species. We ignore the different values to different spe-
cies, namely the many use (e.g. game, pollination) and non-use values (e.g. existence, 
aesthetic) people derive from biodiversity. These additional values could be addressed 
by introducing species weights to reflect relative value, though it can be difficult to get 
agreement on the proper weights to use. 

While we found that our broad measure of biodiversity was generally aligned with 
our measure of the value of ecosystem services (carbon sequestration and water qual-
ity), it is quite possible that other measures of biodiversity, such as those discussed in 
the prior paragraph, or other measures of ecosystem services might generate differ-
ent results in terms of the degree of alignment between biodiversity conservation and 
ecosystem services (Bennett et  al., 2009; McShane et  al., 2011; Reyers et  al., 2012). 
Mace et al. (2012) noted that there is a ‘complex relationship’ between biodiversity and 
ecosystem services. Biodiversity regulates ecological processes that support the provi-
sion of ecosystem services. In some instances, components of biodiversity contribute 
to the provision of services, as, for example, the contribution of genetic material to 
the discovery of new pharmaceuticals. In some cases, components of biodiversity are 
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ecosystem services in their own right, as, for example, the cultural services generated by 
the  existence or abundance of species. As regulators of ecosystem processes or as eco-
systems services themselves, species and groups of species may be more closely aligned 
with services than is presented here.

Prior empirical analyses that examined different aspects of biodiversity and eco-
system services or looked at the impacts of particular decisions have found different 
degrees of alignment. For example, a large number of studies in ecology have examined 
the relationship between biodiversity (usually measured as plant species richness) and 
ecosystem functions and generally find increased diversity yields increased function 
(e.g. Loreau et al., 2001; Tilman et al., 2001; Balvanera et al., 2006; Isbell et al., 2011). 
Egoh et al. (2010), in a study in the Little Karroo in South Africa, found that meeting 
biodiversity conservation targets improved the provision of ecosystem services, but that 
for the same cost ecosystem services could be increased by far more if  they were tar-
geted instead of biodiversity. Overall, Egoh et al. (2010) found less congruence between 
biodiversity conservation and ecosystem services than we found in our analysis. Using 
data from the Willamette Basin in Oregon, Nelson et al. (2008) showed that at-risk ver-
tebrate species were maximized when conservation funds restored rare natural habitats, 
including oak savanna, prairie, and emergent marsh. Carbon sequestration, on the other 
hand, was maximized when conservation funds restored or conserved forests, includ-
ing old growth, mixed, and riparian forest. Indeed, maximizing forest cover did benefit 
some species (e.g. the spotted owl); however, it provided little benefit for the majority of 
the 37 rare species analysed. Nelson et al. (2009), also using data from the Willamette 
Basin, found that a conservation-oriented land-use scenario was better for biodiversity 
conservation and for non-market ecosystem services related to carbon sequestration, 
water quality (both reductions of phosphorus reduction and erosion), and reduction 
of flood risk, as compared to a business-as-usual and development-oriented land-use 
scenario. In Minnesota, Polasky et al. (2011) found trade-offs among different conser-
vation strategies, particularly between species dependent upon different habitat types, 
grassland dependent birds, and forest dependent birds. However, they also found that 
strategies that ranked high in terms of the value of ecosystem services tend also to rank 
high for a general measure of biodiversity conservation. Several other studies in agri-
cultural landscapes have found trade-offs between types of ecosystem services provided 
(e.g. provisioning services versus cultural and regulatory services) or between more 
intensive commodity production and biodiversity conservation (e.g. Santelmann et al., 
2004; Boody et al., 2005). So, while we think that it will often be the case that what is 
good for promoting the supply of ecosystem services is good for biodiversity conser-
vation and vice versa, one can always do better by targeting the objective of interest 
directly. Further, there is no guarantee that both objectives will always tend to be posi-
tively correlated, or that this will be true for particular components of biodiversity or 
particular ecosystem services. 

Our analysis provides evidence on the degree of alignment between various conserva-
tion objectives, and it provides evidence on the net benefits of investing in conservation, 
but it is hardly the last word on either subject. In any type of integrated modelling 
such as this, there are always additional factors that can be considered. One important 
issue not considered here are land market feedbacks between conservation strategies 
and land prices (Armsworth et al., 2006), which then might drive land-use decisions 
on other un-conserved land. Land market feedbacks and indirect land-use change 
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factor into the discussion of policies to reduce deforestation such as REDD (Reducing 
Emissions from Deforestation and Forest Degradation; Miles and Kapos, 2008) and 
the impacts of biofuel expansion (Fargione et al., 2008; Searchinger et al., 2008). While 
we found positive return on investment for the level of investment in conservation 
under the Legacy Amendments, we did not attempt to solve for the optimal level of 
investment that would maximize social net benefits. Doing so would require building in 
price feedback effects that reflect relative scarcities that are a function of the land-use 
and management practices decisions made. Consideration of management practices, 
such as fertilizer application rates and tillage practices in agriculture, in addition to 
land-use change, can provide additional options that allow for improved performance 
on multiple dimensions. Finally, consideration of spatial interactions, where the benefit 
of taking action on one land parcel depends upon what actions are taken nearby, and 
dynamic transition paths, such as the time path of accumulation of carbon with forest 
maturation rather than analysis of steady-state conditions, could provide additional 
insights. These would be interesting avenues to pursue in future work. 
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