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Abstract Land-use change has a significant impact on the world’s ecosystems. Changes
in the extent and composition of forests, grasslands, wetlands and other ecosystems have
large impacts on the provision of ecosystem services, biodiversity conservation and returns
to landowners. While the change in private returns to landowners due to land-use change can
often be measured, changes in the supply and value of ecosystem services and the provision
of biodiversity conservation have been harder to quantify. In this paper we use a spatially
explicit integrated modeling tool (InVEST) to quantify the changes in ecosystem services,
habitat for biodiversity, and returns to landowners from land-use change in Minnesota from
1992 to 2001. We evaluate the impact of actual land-use change and a suite of alternative
land-use change scenarios. We find a lack of concordance in the ranking of baseline and
alternative land-use scenarios in terms of generation of private returns to landowners and
net social benefits (private returns plus ecosystem service value). Returns to landowners are
highest in a scenario with large-scale agricultural expansion. This scenario, however, gen-
erated the lowest net social benefits across all scenarios considered because of large losses
in stored carbon and negative impacts on water quality. Further, this scenario resulted in the
largest decline in habitat quality for general terrestrial biodiversity and forest songbirds. Our
results illustrate the importance of taking ecosystem services into account in land-use and
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land-management decision-making and linking such decisions to incentives that accurately
reflect social returns.

Keywords Ecosystem services · Biodiversity · Land use · Private returns to landowners ·
Net social benefits · Tradeoffs

1 Introduction

Land-use and land-management decisions have major impacts on ecosystems and the goods
and services they provide to people (“ecosystem services;” Daily 1997). In this paper, we
use the term ecosystem services quite broadly to include any ecosystem process or func-
tion that contributes to human well-being. Ecosystem services include carbon sequestration
because of its positive impact on climate regulation, nutrient retention because of its positive
impact on water quality, water flow timing because of its role in flood and drought mitigation,
and inputs to the production of agricultural crops (e.g.,soil productivity, pollination), among
others. Changes in land use or land management (agricultural practices, forestry practices,
intensity of development) can cause changes in the provision and value of ecosystem services.
In general, changes in land use or land management will increase the provision and value
of some services but decrease others. Additional tradeoffs are introduced if we are also con-
cerned with other objectives such as biodiversity conservation. Land-use decisions intended
to maximize a single output such as agricultural production or timber production are likely
to generate an accompanying decline in the provision of other services (MA 2005). Optimal
land use and land management requires joint consideration of the value of all objectives.

While the general notion of tradeoffs among objectives in land use and land management
is understood in principle, in practice we typically lack the ability to predict how specific
land-use or land-management decisions will affect the overall value derived from a landscape
(Balmford et al. 2002; MA 2005; NRC 2005). Part of our inability to determine overall value
stems from the standard problem in environmental economics of assessing non-market val-
ues. Most ecosystem services are not directly traded in markets and lack readily observable
signals of value, though economists have made important progress on non-market valuation
techniques and have applied these techniques to value a wide range of environmental benefits
(e.g., Champ et al. 2003; Freeman 2003). A more novel difficulty in estimating the value of
ecosystem services stems from the lack of understanding of how the provision of ecosystem
services is affected by changes in land use or land management. In other words, we often
lack “ecological production functions” to predict the provision of ecosystem services as a
function of ecosystem conditions (NRC 2005; Daily et al. 2009). Understanding how eco-
system service provision and values change as land use and management changes requires
joint research among ecologists, economists, and others. Ecologists and other natural scien-
tists study ecosystem processes essential for understanding ecological production functions.
Economists analyze decision-making that determines land use and land management, and
analyze the value of ecosystem services. Close integration between ecologists and econo-
mists is necessary to ensure that choices, ecological production functions, and valuation are
linked.

In this paper, we use the InVEST model (Integrated Valuation of Ecosystem Services and
Tradeoffs; Tallis et al. 2008, http://invest.ecoinformatics.org/) to calculate the provision and
value of ecosystem services and species habitat under alternative land use scenarios. InVEST
was developed as part of the Natural Capital Project (www.naturalcapitalproject.org), a part-
nership between Stanford University, the University of Minnesota, The Nature Conservancy,
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and World Wildlife Fund, whose aim is to align economic forces with conservation. InVEST
uses maps and tabular data of land use and land management in conjunction with environmen-
tal information (e.g., soil, topography and climate) to generate spatially explicit predictions
of the biophysical supply of ecosystem services. Economic information about demand for
ecosystem services can be combined with biophysical supply to generate predictive maps
of service use and value (Daily et al. 2009; Nelson et al. 2009). InVEST also analyzes the
impact of land use and land management on species habitat provision and quality. InVEST
thus provides a powerful tool for simultaneously quantifying and valuing multiple ecosystem
services generated by a landscape. By varying land use or land management and evaluating
the output from InVEST we can provide information useful to managers and policy-makers
weighing the tradeoffs in ecosystem services, biodiversity conservation, and other land-use
objectives.

We illustrate the application of InVEST in analyzing tradeoffs among ecosystem ser-
vices and other land-use objectives using biophysical and economic data from the state of
Minnesota, USA. For this application we model carbon sequestration, water quality (phos-
phorus exports), habitat quality for grassland and forest birds and general terrestrial biodi-
versity, agricultural and timber production, and the value of land use in urban development.
We chose to include these outputs because of their importance in Minnesota as well as avail-
ability of data and models. Agriculture makes up a large fraction of land use in the state
(44.1% in 1992 and 43.8% in 2001) except in the northeast where forests dominate (Fry
et al. 2009). Urban land was the fastest growing land-use in Minnesota from 1992 to 2001
(urban area increased by 2.6% from 1992 to 2001) and is the most highly valued land use
in the state (Lubowski 2002). Carbon sequestration in terrestrial ecosystems has emerged as
an important issue in international climate negotiations and there is great interest in giving
climate change mitigation credit to land use or land management that results in higher levels
of carbon storage (e.g., Angelsen 2008; Canadell and Raupach 2008). Further, the state of
Minnesota has passed a law that mandates aggressive carbon emissions reductions, to which
land-based sequestration can contribute (Minnesota Department of Commerce 2007). Water
quality is a major environmental issue in the state and throughout the Mississippi Basin;
excess nutrients from agriculture and other sources have significant local impacts (Mathews
et al. 2002; Westra et al. 2002) and contribute to the hypoxic zone in the Gulf of Mexico as
well (Turner et al. 2008).

Not all of the outputs we track are ecosystem services. Biodiversity is an important deter-
minant of ecosystem processes and may contribute to the provision of many services, but
other than existence value for species, we do not consider it to be an ecosystem service in
itself. Urban development is not an ecosystem service, although ecosystem service supply
can affect its value. We include the value of urban development in the analysis because we
are interested in comparing the full value of alternative land-use decisions.

While there have been many studies that quantify the opportunity cost of providing a single
ecosystem service (e.g., Kindermann et al. 2008 for carbon sequestration, Swallow et al. 2009
for sediment delivery), and similarly for biodiversity conservation (e.g., Naidoo and Ricketts
2006; Polasky et al. 2008), there have been relatively few studies on the joint provision
and value of multiple outcomes (multiple ecosystem services, biodiversity conservation, and
returns to landowners) from ecosystems. Several studies have characterized the spatial over-
lap among ecosystem service provision and biodiversity conservation (Chan et al. 2006; Egoh
et al. 2008; Naidoo et al. 2008) but these studies have not analyzed how alternative land-use
or land-management decisions affect the provision and value of ecosystem services or biodi-
versity conservation. Boody et al. (2005) and Santelmann et al. (2004) assess the provision
of multiple ecosystem services and returns to agriculture for small agricultural watersheds in
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the U.S. Midwest while Naidoo and Ricketts (2006) assessed areas where the summed value
of ecosystem services with conservation exceeded the opportunity cost of development in the
Mbaracayu Biosphere Reserve in Paraguay. Nelson et al. (2008) found that land conservation
incentive programs designed for biodiversity conservation do not necessarily do a good job
of providing carbon sequestration services and vice versa for an application in the Willam-
ette Basin, Oregon. The closest prior paper to the current paper is Nelson et al. (2009) who
compared biodiversity conservation and ecosystem service outcomes under three alternative
land-use trajectories for the Willamette Basin. They found that all biodiversity and ecosystem
service measures were highest under a conservation scenario, but that returns to landowners
were higher under more development oriented scenarios. Compared to Nelson et al. (2009),
the current paper uses an improved biophysical model of water supply and nutrients to predict
water quality, information on the value of water quality, and actual historical land-use change
in addition to scenarios of land-use change.

In our results we do not find a single land-use scenario that provides higher levels of
all ecosystem services and habitat. A land-use scenario that significantly expanded con-
served area from 1992 to 2001 is best for the reduction of phosphorus exported into the
Mississippi River but a scenario that prevented agricultural expansion from 1992 to 2001 is
best for carbon sequestration. The best scenario for habitat provision depends on the group of
species being considered. Like Nelson et al. (2009), however, we find a lack of concordance
in the ranking of alternatives between net social benefits and the market value of returns to
landowners, which suggests that there is a large role for policy in land-use decisions, a point
that we return to in the conclusions.

In the next section, we describe the land-use change scenarios, the InVEST model and
the data for the Minnesota application. We present results in Sect. 3. Section 4 contains
discussion of important results and open questions.

2 Description of the InVEST Model Application in Minnesota

InVEST is a set of Geographic Information Systems models that predict the provision and
value of ecosystem services and habitat provision given land use / land cover (LULC) maps
and related biophysical, economic, and institutional data for the study region. In part A,
we describe creation of the land-use scenarios for Minnesota. In part B, we describe the
InVEST modules included in this analysis: carbon storage, water quality, habitat provision,
and agricultural production. We also describe the data we use to estimate the value of timber
production and urban development.

2.1 Scenarios

We use the National Land Cover Database 1992/2001 Retrofit Land Cover Change Product
(Fry et al. 2009) to generate the baseline LULC change map for Minnesota. The map has
a spatial grain of 30 m grid cells. Definitions for LULC types are provided in Table 1 (see
the on-line appendix for additional details). Land-use change summary statistics for these
LULC types are provided in Table 2. We also developed five alternative scenarios of LULC
change for the 1992–2001 time period. These alternative scenarios are meant to be illustra-
tive in showing how tradeoffs can be analyzed and are simple and easy to explain rather than
attempts at realistic depiction of plausible land-use outcomes. The five alternative land-use
scenarios are:
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Table 1 Land Use Land Cover (LULC) definitions from the NLCD 1992/2001 Retrofit Land Cover Change
Product used in the scenarios for Minnesota

LULC Class Descriptions

Open water All areas of open water, generally with less than 25%
vegetation or soil cover

Urban Includes developed open spaces with a mixture of some
constructed materials, and lands of low, medium, and
high development intensity

Barren Areas of bedrock, pavement, gravel pits, and other
accumulations of earthen material. Generally,
vegetation accounts for less than 15% of total cover

Forest Areas dominated by trees generally taller than 5 meters.
Includes deciduous forest, evergreen forest, and mixed
forest

Grassland/Shrub Includes grassland areas dominated by gramminoid or
herbaceous vegetation and shrub/scrub areas
dominated by shrubs less than 5 meters tall with shrub
canopy

Agriculture Includes cultivated crops, pasture and hayfields

Wetlands Includes woody wetlands and herbaceous wetlands

Source: http://www.mrlc.gov/faq.php. For more detailed descriptions see the on-line appendix

1. No agricultural expansion: no new land is put into agricultural production between 1992
and 2001.

2. No urban expansion: no new land is put into urban development between 1992 and 2001.
3. Agricultural expansion: all highly productive land for agriculture outside of urban areas

is put into agriculture by 2001.
4. Forestry expansion: all highly productive forestry land in the northeast portion of the

state, and outside urban areas, is put into forestry by 2001.
5. Conservation: almost all land within 100 meters of streams in the Minnesota River Basin

and agricultural lands with marginal soils throughout the rest of the state are restored to
natural vegetative covers by 2001.

See Fig. 1 and the on-line appendix for a summary of land-use change statistics under each
alternative scenario.

2.2 Ecosystem Services, Biodiversity and Returns to Landowner Models

We use InVEST to model the change in the provision and value of carbon storage, water
quality, and agricultural production across the state from 1992 to 2001. We report the mone-
tary values of ecosystem services in terms of the value of annual flow of services. For carbon
sequestration, we divide the change in carbon storage from 1992 to 2001 by the number
of years of carbon storage flux from 1992 to 2001 to convert change in stock to an annual
flow value. We also use InVEST to model the change in habitat availability and quality. The
commercial value of forests and urban development are calculated using estimated average
annual returns to these land uses from 1992 and 2002 (Lubowski 2002; Lubowski et al. 2006).
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2.2.1 Carbon Storage and Sequestration

The carbon model accounts for carbon stored in above-ground and below-ground biomass and
in the soil. The amount of carbon stored in each of these pools depends primarily on LULC
(e.g., row crops, managed forest, pasture, natural prairie, wetlands, unmanaged conifer for-
est) but is also affected by land management (e.g., whether the land is protected or managed
for timber, and the forest rotation age for timber land). For carbon storage in 1992 we assume
that land use and land management had existed long enough in each grid cell for carbon
storage in the cell to reach its equilibrium (steady-state) level. We assumed storage equilib-
rium because we lacked state-wide data on age class of forests and other LULC that would
allow for a more exact estimation of carbon storage values in 1992. The one exception to this
steady-state rule is for forests in cells set aside for conservation (e.g., state or national parks,
wilderness areas, and other lands that restrict economic activity). For these forest cells, we
assumed that forests would continue to mature between 1992 and 2001 and sequester carbon.
Sequestration dynamics in publically conserved forest grid cells and steady-state levels for
all LULC types are listed in the on-line appendix.

For those grid cells that change LULC between 1992 and 2001 we assume the change
occurs in 1996, meaning there are 5 years of carbon storage flux on these cells (except for
change from publically conserved forests; there are 10 years of biomass carbon flux on these
cells). We calculate the change in carbon storage in a grid cell by taking its 2001 land use’s
equilibrium storage value less its 1992 land use’s equilibrium storage value and prorating the
difference by how long it takes to transition to the new storage value. For example, if it would
take 100 years for full carbon accumulation in going from agricultural land to forest, then
we would take 5% of the difference between timber and agricultural land use carbon storage
values as the carbon sequestered during this time period. We convert changes in carbon stock
to annualized flow of carbon sequestration by dividing by five, the number of years over
which carbon stocks change due to LULC change (again, the calculation is slightly different
for changes involving carbon biomass stock in publically conserved forests). The on-line
appendix has all the details on the sequestration dynamics associated with a LULC change.

The annualized sequestration output from the carbon model can either be reported as tons
of carbon sequestered, or it can be converted to a dollar value by using estimates of the social
cost of carbon, carbon market prices, or estimates of the cost of carbon capture and storage
(Hill et al. 2009). Here we report the value of annualized sequestration using median and
mean estimates of the social cost of carbon from peer-reviewed studies (Tol 2009). The social
cost of carbon is an estimate of the incremental damage caused by climate change due to the
emission of one more ton of carbon into the atmosphere.

2.2.2 Habitat Extent and Quality

The InVEST habitat model maps the extent and quality of habitat for a target conservation
objective (e.g., forest birds, amphibians, etc). Maps of LULC are transformed into maps of
habitat by defining what LULC counts as habitat for various species. Habitat quality in a grid
cell is a function of the LULC in the grid cell, the LULC in surrounding grid cells, and the
sensitivity of the habitat in the grid cell to the threats posed by the surrounding LULC.

Whether a particular LULC type is considered species habitat depends on the objective
of biodiversity conservation. In the Minnesota application, we consider three different con-
servation objectives: (i) general terrestrial biodiversity that includes all native species, (ii)
functional group diversity focusing on breeding forest interior songbirds, and (iii) functional
group diversity focusing on breeding grassland songbirds (based on Ehrlich et al. 1988).
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Each LULC type is given a habitat suitability or quality score of 0 to 1 for each particular
measure of biodiversity with non-habitat scored as 0 and perfectly suitable habitat scored as
1. For example, grassland songbirds may prefer native prairie habitat above all other habitat
types (habitat suitability = 1), but will also make use of a managed hayfield (habitat suitabil-
ity = 0.5). We define habitat suitability or quality across LULC types for general biodiversity
and the songbird functional groups in the on-line appendix.

Habitat quality in a grid cell can be modified by LULC in surrounding grid cells. We con-
sider sources of degradation as those human modified LULC types (e.g., urban, agriculture,
and roads) that cause edge effects (McKinney 2002; Forman 2003). Edge effects refer to
changes in the biological and physical conditions that occur at a patch boundary and within
adjacent patches (e.g., facilitating entry of predators, competitors, invasive species, toxic
chemicals and other pollutants). The sensitivity of each habitat type to degradation is based
on general principles of landscape ecology and conservation biology (e.g., Forman 1995;
Lindenmayer et al. 2008) and is specific to each measure of biodiversity. Sensitivity scores
are determined from the literature and expert knowledge and specifics are described in the
on-line appendix.

We generate a habitat quality score for each scenario by summing across all of the sce-
nario’s grid cell-level degradation-adjusted habitat quality scores. Because of the influence
of adjacent patches on quality scores, the spatial pattern of land use as well as the overall
amount of habitat will matter in determining the landscape habitat quality score. Habitat
quality scores should be interpreted as relative scores with higher scores indicating land-
scapes more favorable for the given conservation objective. The landscape habitat quality
score cannot be interpreted as a prediction of species persistence on the landscape or other
direct measure of species conservation in the same way that the output of the carbon model
is an estimate of the actual carbon stored on the landscape. The InVEST habitat model does
not convert habitat quality measures into monetary values.

2.2.3 Water Quality

Land use affects water quality by contributing nutrients to surface and ground waters. The
retention of polluting nutrients and filtration of water is an important service provided by
functioning ecosystems. The InVEST water quality model evaluates the nutrient retention
service provided by a landscape over the course of a year and highlights the impacts of LULC
change on water quality. In this study we focused on phosphorus pollution, which is a leading
cause of surface water impairment in the upper Midwest (Carpenter et al. 1998).

Due to data limitations we ran the water quality model just for the Minnesota River Basin
rather than for the whole state. The Minnesota River Basin drains much of the southwestern
and south central part of the state (Fig. 1). The basin contains much of the prime agricultural
area in the state (32% of the total agricultural land in the state in 1992 and 2001) and is
responsible for roughly 1/5th of the phosphorus exports in Minnesota (MPCA 2004). The
majority of pollutants that lead to violations of water quality standards (Total Maximum
Daily Loads) for the Minnesota River and Lake Pepin on the Mississippi River originate in
southern and central Minnesota (Senjem 2009).

The InVEST water model uses a two-step process to evaluate the water quality impacts of
each scenario. First, the model uses climate data, geomorphological information, and LULC
characteristics to calculate the average annual water yield in each grid cell. Water yield is
defined as precipitation minus evapotranspiration. The water model does not consider con-
nection with deep aquifers, but assumes that all precipitation not lost to evapotranspiration
is surface water runoff. The model may thus overestimate the surface water yield. Although
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Fig. 1 Number of acres in each county that change LULC between 1992 and 2001. The “Actual Change”
map measures observed change in LULC by county. The alternative scenario maps measure change by county
relative to the baseline. Darker shades indicate that the county experienced greater LULC change under an
alternative scenario than under the baseline. The numbers by the side of each map indicate state totals in
millions of acres

ground water recharge is typically about 20% of precipitation, the majority of that volume
is retained in shallow aquifers and quickly re-connects with surface water bodies (Delin and
Falteisek 2007). The Minnesota River Basin has a lower rate of ground water recharge than
the eastern and northeastern portions of the state and agricultural drainage likely further
reduces flow to deep aquifers. The routing of surface water flow across cells is defined using
a digital elevation map.

In the second step, water yield is combined with information about phosphorus loadings
and the filtering (nutrient retention) capacities of each LULC type to calculate the annual
phosphorus exports from each cell. Phosphorus exports from cells are routed via surface
water flow to downstream cells, where some of the phosphorus may be filtered or additional
phosphorus added, until it flows into a water body. The spatial pattern of land use can affect
phosphorus loadings. In particular, stream buffers of perennial vegetation can effectively
filter phosphorus before it reaches a stream. We do not measure changes of phosphorus load-
ings once it is in a water body but assume that all loadings are delivered to the mouth of the
watershed.

We convert the annual loadings of phosphorous at the mouth of the Minnesota River
Basin into monetary values using results from Mathews et al. (2002). Mathews et al. (2002)
used a contingent valuation survey to estimate how households in the basin would value a
40% reduction in phosphorus loadings into the Minnesota River. They estimated an aggre-
gate annual household willingness-to-pay of $141 million for a 40% reduction in 1997
dollars ($122.7 million in $1992). The water quality benefits (or costs) for each scenario
are found by prorating the value of a 40% improvement in water quality to the water
quality improvement in the scenario. So for example, a 10% reduction in phosphorus exports
would generate an annual value of $30.7 million ($122.7 × 0.25). This method is equiva-
lent to assuming that water quality benefits (costs) are linear in water quality improvement
(decline).

2.2.4 Value of Agricultural Production

InVEST uses information on the observed relationships between soil quality and yields, yield
trends, prices for agricultural produce, and agricultural production costs to estimate annual
net returns to agricultural production on the landscape. Multiplying a grid cell’s expected
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yield by crop prices generates an estimate of annual agriculture revenue in the grid cell.
Subtracting costs from revenues generates an estimate of annual economic returns from
agricultural activity.

We generate county-level yield functions for corn, corn silage, soybeans, alfalfa hay,
pasture, oats, barley, and spring wheat with a dataset that relates yield to land quality for
each Minnesota county (USDA-NRSC 2009). In this case, land quality is indesced by land
classification category (LCC), where lower LCCs are associated with better land quality. We
used observed state-wide yield trends for these crops from 1992 to 2001 to account for tech-
nological progress leading to growth in yield through time (USDA-NASS 2009). Crop price
and production cost data by agricultural region and year in Minnesota are taken from the
Farm Financial Database (http://www.finbin.umn.edu/) and regional censuses of Minnesota
agriculture (Farm Business Management 1999–2001).

For the purposes of this paper we assume that agricultural products from Minnesota were
traded on a national or international market that was large enough to maintain observed 2001
prices despite any changes from observed 2001 production volumes. Similarly, we assume
that agricultural infrastructure in Minnesota was able to respond to alternative production
patterns in 2001 such that per unit production costs remain constant.

2.2.5 Value of Timber Production

We use data from Lubowski (2002) and Lubowski et al. (2006, 2008) to estimate annual net
returns to forestry for the years 1992 and 2002 (the data are not available for 2001). Timber
harvesting is assumed to occur on all forest land not set aside for conservation (see the on-line
appendix for details). We multiply working forest acreage in a county in a given year by the
county’s per acre net return to forestry in that year to calculate the total value of forestry
in the county. Estimated returns to forestry in a county are based on the assumption that all
non-conservation land forests are managed on an optimal, even-age rotation basis to produce
sawtimber (similar to Lubowski 2002).

Under the alternative land-use scenarios in 2001 there is the possibility that the change
in working forest coverage could change the average productivity of such forests vis-à-vis
the baseline. To account for this effect on net returns to the forestry sector we calculated the
average forest productivity index (FPI) of forested grid cells in each county with FPI data
under the actual 2001 baseline conditions and each alternative 2001 scenario. We assumed
that average forestry net revenues in a county increased by 1% for every 10% increase in the
county’s mean FPI on working forest land (personal communication, Grant Domke).

Just as with the agricultural sector, we assume that timber is sold into national or interna-
tional markets so that timber prices do not change with changes in harvest volumes and that
inputs to timber harvest are able to respond to alternative production patterns such that per
unit production costs remain constant.

2.2.6 Value of Urban Development

We used data from Lubowski (2002) and Lubowski et al. (2006, 2008) to estimate annualized
county-level net returns to landowners from urban development for the years 1992 and 2002
under the baseline and each scenario. As with forestry net returns, we use 2002 data as a
proxy for 2001 returns. We multiply urban acreage in a county in 1992 by the county’s 1992
return per acre of urban area to calculate the total value of urban area in the county in 1992.
We follow a similar procedure for calculating county-level values in 2001 under all scenarios.
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We do not adjust returns per acre of urban area in the alternative scenarios even though urban
area supply, a determinant of market prices, has changed. We lack the data to determine how
urban area values changes as its supply changes.

3 Results

3.1 Actual Land-Use and Land-Cover Change

The actual changes in LULC between 1992 and 2001 across the state led to improvement
on many, but not all, objectives (column 1 of Table 3, Figs. 2, 3). Overall, land use shifted
modestly toward forest and urban land use and out of agriculture and grasslands. The state’s
overall and forest bird species habitat measures, water quality in the Minnesota River Basin,
and the state’s value of timber production and urban land all increased between 1992 and
2001 under the baseline. The grassland bird habitat measure, the state’s stored carbon, and the
state’s value of agricultural production declined between 1992 and 2001. The spatial pattern
of changes in the value of the ecosystem services and marketed returns and the overall species
habitat score across the state under the baseline are shown in Fig. 4.

The 16% decline in the value of agricultural production under the baseline occurs because
of the significant decline in real prices for agricultural crops from 1992 to 2001. The decline
in prices dominates improvements in crop yields. If agricultural prices and production costs
in 2001 were equivalent to their 1992 values, then the value of agricultural production would
have increased by 43%. Because the net change in agricultural area from 1992 to 2001 across
Minnesota was quite small, this 43% increase is almost entirely due to yield improvements
over the decade.

The improvement in the overall species habitat score between 1992 and 2001 is quite
small (Table 3). However, there are interesting shifts among functional groups. The forest
bird diversity measure increased under the baseline while the grassland bird diversity mea-
sure decreased. The modest shift toward forest and urban land use and out of agriculture and
grasslands across the state explains these changes. Further, there was also a small decrease
in carbon sequestration under the baseline. The small shift of land out of agriculture in the
Minnesota River Basin also led to a slight decline in phosphorus exports (small improvement
in water quality). For the state as a whole, it is possible that increases in urban land use,

Fig. 2 Change in each modeled ecosystem service benefit and returns to landowner category under the baseline
and each alternative scenario
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Fig. 3 Change in aggregated
ecosystem service benefits,
returns to landowners and habitat
scores under the baseline and
each alternative scenario

Fig. 4 Change in aggregated ecosystem service benefits and returns to landowners (top row of maps) and
overall species habitat scores (bottom row of maps) under the baseline and each alternative scenario. The
“Actual Change” maps measure change by county under the baseline. The numbers by each baseline map give
state-level change. The alternative scenario maps measure change by county relative to the baseline. Darker
shades indicate that the county experienced greater positive change under an alternative scenario than under
the baseline. The numbers by the side of each alternative scenario map indicate state-level change relative to
the baseline. We use a social cost of carbon of $42.32/ton for these maps

which happened mostly outside of the Minnesota River Basin, increased total phosphorus
loading and could have led to an overall deterioration in water quality.
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The value of forest production and the value of urban land use both show large increases
between 1992 and 2001 under the baseline, 161% for forestry and 70% for urban. Virtually
all of the increase in value, however, is due to price effects with only a small positive effect
due to land-use change. The value of forestry production increases by 0.10% from 1992 to
2001 when prices are kept constant at 1992 levels. The value of urban land increases by
2.64% from 1992 to 2001 when prices are kept constant at 1992 levels.

3.2 Alternative Land-Use Change Scenarios

Columns 2 through 6 of Table 3 show the effects of the alternative LULC change scenarios
on Minnesota’s production of ecosystem services, species habitat, and returns to landowners.
With no new land allowed to transition into agriculture from 1992 to 2001 (Table 3, column
2), Minnesota’s agricultural land base shrinks and there is slightly more land in other land
uses. This scenario, as compared to actual land use change, significantly increases carbon
sequestration in biomass and soil carbon (0.32 million metric tons lost versus 1.65 million
metric tons lost). A restriction on agricultural expansion also results in slight improvement
in water quality in the Minnesota River Basin (decreased phosphorus exports) and increases
in the overall species and forest bird habitat measures. There is, however, a decline in the
measure for grassland birds. Grassland birds prefer agricultural land, especially pasture and
hayfields, to forest or urban land uses. There are also slightly higher values of forestry produc-
tion and urban land use as compared to the baseline due to greater amount of land remaining
in these categories. Not surprisingly, the value of agricultural production declines in this
scenario versus the actual land use case.

Allowing no urban expansion from 1992 to 2001 in Minnesota (Table 3, column 3) gen-
erates slightly higher carbon sequestration and biodiversity measures than the baseline. The
effect of preventing urban expansion is less pronounced than preventing agricultural expan-
sion largely because the amount of land-use change blocked relative to the baseline is far
less. There is, however, a large decline in phosphorus export from the Minnesota River
Basin. Urban areas generate high exports per unit area. Urban phosphorus exports, unlike
agricultural phosphorus exports, tend to be captured in sewage treatment plants. Although
phosphorus exports from urban areas impact surface water quality downstream, much of the
cost associated with an increase in urban phosphorus is in the form of higher wastewater
treatment costs. There are very small increases in the value of forestry and agricultural pro-
duction values under the no urban expansion scenario relative to the baseline due to greater
amounts of these land-uses remaining on the landscape. There is a larger decline in the overall
returns to landowners as urban land use tends to be of much greater per unit value than any
other land use.

Expansion of agriculture into all areas with high quality soil results in the most dra-
matic statewide changes (Table 3, column 4). The modeled agricultural expansion causes
a large decrease in carbon sequestration. Phosphorus exports in the Minnesota River Basin
increase by 13.1% compared to the 1992 level (in contrast, phosphorus exports declined by
0.2% from 1992 to 2001 in the baseline). Species habitat measures also show significant
declines from 1992 to 2001 (−8.4% for the overall species habitat measure and −12.9% for
the forest birds measure) with the exception of the grassland bird habitat measure, which
shows a slight improvement (2.3%). The grassland habitat measure improves because the
increase in agricultural land means greater pasture and hayfield area, marginal habitat for
grassland birds. (if, for some reason, agricultural expansion only involves row crop agri-
culture then grassland birds would not show an improvement). The value of forestry and
urban land declines relative to the baseline. The expansion of agriculture area under this
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scenario means that state-wide returns to agriculture are 11.38% greater than they are under
the baseline in 2001.

The results of the forestry expansion scenario (Table 3, column 5) are generally oppo-
site to the agricultural expansion case. Carbon sequestration and phosphorus exports are
virtually unchanged from the base case instead of showing large deteriorations as in the agri-
cultural expansion case. Extending the model to a longer time horizon would show more of an
improvement in carbon sequestration as forests mature through time. Carbon sequestration
gains in this scenario are also limited by the fact that some forest expansion occurs on
peatlands in the northern part of the state. Converting peatlands into timber lands results
in large releases of soil carbon. Forest bird habitat increases with forest expansion while
grassland bird habitat declines. The value of forest land increases relative to the base case
while the value of agricultural and urban lands show slight declines relative to the base case.

The conservation scenario scores well on the species habitat, carbon sequestration and
water quality metrics (Table 3, column 6). Water quality in the Minnesota River Basin im-
proves dramatically under the conservation scenario with a decline in annual phosphorus
exports of 467.4 million tons by 2001, a 33.8% decrease relative to 1992 levels. Most of the
water quality improvement comes from putting in 100 m buffer strips along all streams in
the Basin. The conservation scenario is the only scenario that resulted in improvements in
habitat scores for both forest and grassland birds. Grassland birds benefited from buffer strips
that increased grassland habitat. Even though a significant amount of agricultural land was
converted to grasslands, most of this land was located along narrow riparian corridors. Given
the negative impact of surrounding agricultural lands on the habitat quality of grasslands, the
increase in the grassland bird measure was not as high as it would have been had we added
the same habitat area in large blocks. This result highlights the importance of considering
the spatial arrangement of conservation efforts on the landscape (i.e., habitat connectivity,
core area) for biodiversity conservation. The conservation scenario also generates the largest
state-wide increase in the overall species and forest bird habitat measures. Not surprisingly,
the conservation scenario did relatively poorly on returns to landowners, scoring the lowest
of any of the alternatives on agricultural production value, and second lowest (to agricultural
expansion) on value of forest production.

A number of the objectives in Table 3 are reported in monetary terms or can be readily
converted to dollar terms. Agricultural, forestry and urban land values are reported in mon-
etary terms to begin with. We also convert carbon sequestration and phosphorus exports,
initially reported in biophysical terms, to monetary terms using methods discussed in Sect. 2.
The only objectives we do not attempt to report in monetary terms are the species habitat
measures.

We compare the change in total value for those objectives reported into monetary terms
under the various scenarios in Table 4. In Table 4, we use the median social cost of carbon
($42.32) as reported by Tol (2009). When we include all values (carbon sequestration, change
in water quality, agricultural, timber and urban land values) and use actual prices in 1992
and 2001, all scenarios result in an increase in total value or net social benefits from 1992
to 2001 (row 1, Table 4). Four of the six alternatives (actual land use, no agricultural expan-
sion, forestry expansion and conservation) generate similar values. The highest total value
is generated by the no agricultural expansion scenario (column 2). This scenario scores well
because it has the second highest returns to landowners (row 2) but also avoids large declines
in stored carbon. Both the actual land use (column 1) and forestry expansion scenarios (col-
umn 5) have similar returns to landowners as does the no agricultural expansion scenario,
but these two scenarios do not score as well on the carbon sequestration or water quality
metrics. The conservation scenario (column 6) generates lower returns to landowners but
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generates the largest sum of water quality improvements and carbon sequestration values.
The full agricultural expansion scenario (column 4) generates the lowest total value despite
it having the highest returns to landowners because of the large decline in the value of carbon
sequestration as well as a negative impact on water quality. No urban expansion (column
3) scores second to the lowest in total value. It does relatively poorly because it restricts
expansion of high-value urban land, thereby generating the lowest returns to landowners.

We also report summary results in both total value and returns to landowners when we
take out the effect of price changes between 1992 and 2001 (rows 3 and 4 in Table 4). In
this case, all changes in value are due to land use change (and yield increases in the case
of agriculture). The main difference in the results in rows 3 and 4 vs. those in rows 1 and 2
are the magnitude of changes between 1992 and 2001. There were large increases in prices
for urban land and forestry and large declines in agricultural prices over this time period.
The relative ranking of the scenarios remains largely the same regardless of which prices are
used. There is, however, one exception. The conservation scenario (column 6) takes more
agricultural land out of production than all other scenarios and the opportunity cost of doing
so is higher when using 1992 prices rather than 2001 prices. The conservation scenario ranks
fourth out of the six scenarios using 1992 prices while it ranks second using 2001 prices.

4 Discussion

In this paper we applied the InVEST model to compare the effects of alternative land use
change scenarios on the joint provision of ecosystem services, species habitat, and returns to
landowners. Our results illustrate the importance of taking ecosystem services into account
in land use decisions. In our analysis, the scenario that generated the highest private returns
to landowners (agricultural expansion) also generated the lowest net social benefit of any
scenario analyzed. The agricultural expansion scenario resulted in the largest increase in
land devoted to the production of marketed goods, and this led to large declines in carbon
storage and water quality and their associated values. The agricultural expansion scenario
also generated declines in habitat quality for biodiversity, with the exception of grassland
birds where an expansion of hay and pasture land slightly improved the picture.

In general, because landowners are financially rewarded for commodity production, but
not for the provision of non-market ecosystem services, private land use decisions will tend to
over-emphasize the former and under-provide the latter. In other words, land-use patterns like
that in the agricultural expansion scenario are more likely to emerge than more conservation-
oriented landscapes despite their potential for generating higher net social values. Such a
pattern is consistent with overall recent global trends as summarized in the Millennium
Ecosystem Assessment, which shows an increase in many provisioning services related to
marketed commodities simultaneous with declines in many cultural, regulating and support-
ing services (MA 2005). The results in this paper, along with similar results in Nelson et al.
(2009), provide quantitative evidence that the change in the value of non-marketed ecosys-
tem services are of sufficient magnitude to change the ranking of land use scenarios when
evaluated using net social benefits as compared to private returns no landowners.

Understanding the effect of LULC choices on the provision and value of ecosystem ser-
vices and returns to landowners, the focus of this paper, is an essential precondition for finding
efficient land use patterns that maximize social net benefits. However, simply understanding
the provision and value of ecosystem services, while necessary, is not sufficient for efficient
outcomes to occur. The divergence of private and net social benefits demonstrates the need
for instituting policies that encourage choices that enhance the provision of non-market eco-
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system services, or discourage choices that reduce the provision of non-market ecosystem
services. There is an extensive literature in environmental economics on policy mechanisms
to correct problems caused by the divergence between private and net social benefits, includ-
ing tax and subsidy programs, cap-and-trade policies, and payments for ecosystems services.
Some existing policies partially align private and social returns by paying landowners for
conservation that increases ecosystem services (e.g., the Conservation Reserve Program of
the U.S. Department of Agriculture). Further work evaluating both the theory and practice of
payments for ecosystem services (e.g., Pagiola and Platais 2007; Jack et al. 2008), responses
to policy interventions and the resulting spatial pattern of land use (e.g., Andam et al. 2008;
Sánchez-Azofeifa et al. 2007), and analysis of the impact of alternative policy design on the
provision of ecosystem services at landscape scales (e.g., Lewis et al. 2010; Nelson et al.
2008) will help improve policy aimed at increasing the net social value of services from
ecosystems.

Designing policy to improve the efficiency of outcomes is not a simple task. Two particular
aspects of ecosystem services raise special concerns. First, the decisions of many separate
landowners generate the spatial patterns of land use and land cover that determines the pro-
vision of many ecosystem benefits. Finding policy mechanisms that provide incentives to
independent landowners so that they choose an efficient spatial pattern is an on-going area of
research (e.g., Parkhurst et al. 2002; Parkhurst and Shogren 2007). Second, landscapes jointly
provide bundles of ecosystem services and other benefits. Land-use choices that maximize the
provision of one set of outputs will not, in general, maximize the provision of other outputs. In
the results shown above, the scenario that maximizes the value of marketed commodities (the
agricultural expansion scenario) resulted in the minimum value of non-marketed ecosystem
services of any scenarios considered. Even among various non-marketed ecosystem services
and various forms of habitat provision there are tradeoffs. What is good for grassland birds is
not necessarily good for forest birds, and vice-versa. Putting in buffers along streams is good
for water quality but not particularly good for carbon sequestration or biodiversity conser-
vation. Jackson et al. (2005) highlight potential tradeoffs between carbon sequestration and
surface water flows and Nelson et al. (2008) show tradeoffs between carbon sequestration
and biodiversity conservation.

The tradeoffs among various objectives highlight the importance of relative prices, in
addition to ecological production functions, in ranking alternatives. That changes in relative
prices can change the rankings of alternatives is obvious to most economists but makes many
natural scientists, who want objective answers to ecosystem management, uneasy. However,
it is the combination of societal values along with biophysical analysis of the consequences
of alternative choices that determines the socially-preferred outcome. The importance of rel-
ative prices in our results is shown by the different ranking of scenarios obtained using 1992
versus 2001 prices. The conservation scenario ranked second out of six alternatives using
2001 prices but ranked fourth out of six using 1992 prices.

In this paper we used the market value of returns to landowners to represent the net private
benefits of land-use. However, the actual value that landowners derive from their land-use
choices are based on their utility functions, which may include some appreciation for nature
and other non-marketed goods. Therefore, the net private returns to land use value for each
scenario may overstate the actual net private benefits of land-use. However, given our inability
to observe landowners’ utility functions and the difficulty of converting utility into money
metrics, we use the market value of returns to landowners as a proxy for the net private
benefits of land-use.

The range of uncertainty around many non-market values can make rankings among alter-
natives ambiguous. For example, if water quality was deemed to be roughly twice as valuable
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as we assumed in this study, the conservation scenario would have been ranked first under
either 1992 or 2001 prices. There is also a considerable range of estimates in the social cost
of carbon (Tol 2009). Relative rankings can also be influenced by the geographic or temporal
scope of the analysis. Had we been able to evaluate water quality benefits for the entire state,
rather than just for the Minnesota River Basin (constituting about 20% of phosphorus exports
for the state), or had we included water quality improvements in downstream states along the
Mississippi River, we would have generated higher water quality benefits. Just how much
higher, and whether these would be enough to change the rankings of alternative, is not clear.

We often lack good signals of the relative value of non-market ecosystem services and
habitat conservation. In light of this, it is not always clear the best way to proceed. Should
controversial or imprecise estimates of marginal value be used? Or should ecosystem services
and habitat conservation measures that lack robust estimates of marginal value be excluded
from the accounting of net benefits? Either choice presents difficulty. Not providing mon-
etary estimates for some objectives risks overlooking the importance of these objectives.
But inclusion of imprecise numbers risks providing flawed analysis and may call into ques-
tion the entire exercise. In this study, we choose to include estimates of the value of carbon
sequestration from integrated assessment models of climate change and the value of water
quality improvements from a contingent valuation survey, but not the value of habitat pro-
vision. Other researchers can draw the line differently. No matter where the line is drawn,
researchers should be clear about what they have done and what the implications of their
decisions are for the results.

In this paper we assumed that observed commodity prices would not be affected by
deviations from observed land-use patterns. In reality, prices for goods and services are func-
tions of their supply and the provision of various related goods and services. An important
avenue for future research involves the integration of detailed biophysical models capable of
predicting the provision of ecosystem services, with general equilibrium models capable of
predicting relative prices based on supply and demand. Work along these lines has advanced
recently with interest in the effects of biofuels on land use, carbon sequestration, energy and
food prices (e.g., Keeney and Hertel 2009; Searchinger et al. 2008).

In this paper we ranked a small set of scenarios on the returns to landowners and the social
value of ecosystem services. An alternative to scenario ranking, and one that most economists
will find more appealing, is to use optimization tools to find land-use and land-management
patterns that maximize a given objective function. We have taken an optimization approach
in earlier work where we use tools from operations research to find the frontier of maximum
feasible landscape biodiversity scores for various levels of landscape of commodity produc-
tion values and vice-versa (Polasky et al. 2005, 2008), and the efficiency frontier between
carbon sequestration and biodiversity conservation for fixed conservation budgets (Nelson
et al. 2008). Finding land-use and land-management patterns that maximize net social benefits
can be difficult for several reasons. First, the objective function may be non-linear and could
be could be explained by the whole land-use pattern. Second, discrete choices are typically
made over a large number of land parcels (land is either in one land use or another). At pres-
ent, Invest does not have the capability of finding optimal land-use and land-management
patterns. We hope to undertake an optimization analysis in the near future.

Evaluating the joint provision and value of multiple ecosystem services from landscapes
is still in its relative infancy. We have only imperfect understanding of socio-economic-
ecological systems and we have limited ability to predict consequences of human actions
on ecological processes, the provision of ecosystem services, and ultimately on the effect
on human well-being. Part of the difficulty in understanding the links in the chain from
human actions through ecological processes and back to human well-being lies in the natural
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sciences. Improving understanding of ecosystem services requires gaining better understand-
ing of ecological production functions. For example, our understanding of nutrient cycling
and the hydrological system is imperfect, and predictions of water quality models often
come with large error bounds. Furthermore, ecological systems may have threshold effects
that cause radical changes in provision of ecosystem services and such shifts may be difficult
to predict prior to their occurrence (e.g., Biggs et al. 2009; Scheffer et al. 2001). Another
part of the difficulty in predicting the value of ecosystem services comes from imperfect
economic models and data, which affects both the ability to predict human behavior that
affects the environment as well as the ability to value non-market goods and services.

Both ecological and economic uncertainty can make evaluation of the net present value of
the long-term flow of ecosystem services problematic. Effects that occur through time raise
related issues of what is the proper discount rate to use in such analysis, what might be the
long-term consequences of current action on ecosystem processes and the flow of ecosystem
services, and what values will various ecosystem services have for future generations. Taking
proper account of land-use changes that affect ecosystem service flows differentially through
time also requires careful thought. For example, switching from annual crops to perennial
crops or forests may yield water quality improvements and habitat benefits and result in a
build-up of carbon stocks through time. Eventually, however, carbon sequestration will cease
as a new equilibrium level of carbon storage is reached but water quality improvements and
habitat benefits will likely continue to flow as long as the perennial crops or forests persist.
The ideal way to evaluate these different benefit streams is by taking the present value of the
flow of services in an infinite horizon model, but this places a premium on understanding the
future and properly weighing present versus future benefits.

Further improvements in modeling and data are needed to increase the reliability of esti-
mates of the value of ecosystem services. Even without improvements in models or data,
sensitivity analysis could be used to analyze whether the ranking of alternatives is robust and
to determine the variables that have an inordinate affect on results. We have not used sensi-
tivity analysis in this paper to systematically explore the effect of uncertainty in ecosystem
service provision and valuation, nor to evaluate the robustness of ranking of alternatives to
such uncertainty. Such analysis is clearly worth pursuing in the future.

Additional work will also be needed to incorporate other ecosystem services (e.g., flood
mitigation, pollination, and disease control) and to more fully integrate biodiversity con-
servation objectives. Despite all of this, we are already in position to improve upon current
decision-making that largely ignores ecosystem services. As illustrated in this case study, the
value of ecosystem services, particularly related to carbon sequestration and water quality,
are likely to be large; large enough to change the social ranking of the desirability of land-use
and land-management decisions.
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