Using InVEST to assess ecosystem services on conserved properties

in Sonoma County, CA

by Van Butsic, Matthew Shapero, Diana Moanga and Stephanie Larson

Purchases of private land for conservation are common in California and represent an
alternative to regulatory land-use policies for constraining land use. The retention or
enhancement of ecosystem services may be a benefit of land conservation, but that has
been difficult to document. The InVEST toolset provides a practical, low-cost approach
to quantifying ecosystem services. Using the toolset, we investigated the provision

of ecosystem services in Sonoma County, California, and addressed three related
questions. First, do lands protected by the Sonoma County Agricultural Preservation
and Open Space District (a publicly funded land conservation program) have higher
values for four ecosystem services — carbon storage, sediment retention, nutrient
retention and water yield — than other properties? Second, how do the correlations
among these services differ across protected versus non-protected properties? Third,
what are the strengths and weaknesses of using the InVEST toolset to quantify
ecosystem services at the county scale? We found that District lands have higher service
values for carbon storage, sediment retention and water yield than adjacent properties
and properties that have been developed to more intensive uses in the last 10 years.
Correlations among the ecosystem services differed greatly across land-use categories,
and these differences were driven by a combination of soil, slope and land use. While
InVEST provided a low-cost, clearly documented way to evaluate ecosystem services at

the county scale, there is no ready way to validate the results.
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cosystem services, sometimes

called “nature’s services,” are

broadly defined as the ecosystem
functions that benefit people (Daily 1997;
Turner and Daily 2008). They are com-
monly grouped into four categories: sup-
porting, provisioning, regulating and
cultural services. Supporting services,
such as nutrient recycling and soil forma-
tion, allow other ecosystem services to
function. Provisioning services include
food, raw materials, water and energy.
Regulating services, such as carbon se-
questration and water purification, regu-
late ecosystem processes. And cultural
services, such as recreational opportu-
nities, contribute to our quality of life.
While the economic value of ecosystem
services is often debated (Naidoo et al.
2008; Rockstrom et al. 2009), there is little
doubt that the services are essential to hu-
man life (Daily 1997).
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The purchase of conservation easements

on agricultural land is one approach to
preventing residential development on
working landscapes. The authors presenta
low-cost tool for assessing ecosystem service
values across large areas, a step toward
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A key challenge for scientists and policymakers is to quantify
the values of ecosystem services so that those values, which
may be found in both wild and agricultural lands, can be fully
accounted for in land-use decisions.

Often, however, ecosystem services
are not taken into account when land use
and policy decisions are made (Gémez-
Baggethun et al. 2010) — either because
the services are difficult to quantify or
because they are not thought of as benefits
until they are lost (Daily et al. 2009). Loss
of ecosystem services can lead to sub-
optimal landscapes for humans, plants
and animals (Nelson et al. 2009). A key
challenge for scientists and policymak-
ers is to quantify the values of ecosystem
services so that those values, which may
be found in both wild and agricultural
lands, can be fully accounted for in land-
use decisions.

In California, the conversion of land
to more intensive uses such as housing
threatens the supply and delivery of
ecosystem services (Cameron et al. 2014).
Since 1984, over 1.4 million acres has
been converted from agricultural to other
uses, 78% of that to urban development
(California Department of Conservation
2011). Various land-use policies exist to
manage these conversions, including
regulatory zoning and general plans ad-
opted by local governments (Bowers and
Daniels 1997). Their effectiveness varies,
with policies showing promise in some
locations but not others (Butsic et al. 2011;
Pogodzinski and Sass 1994).
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An alternative to regulatory ap-
proaches to land use policy is the
purchase, either in fee title or through
conservation easements, of private land
for conservation (Fishburn et al. 2009;
Sundberg 2006). Such transactions may
involve local government agencies,
private entities such as land trusts or a
combination. This approach is common
in California, with over 1 million acres
conserved by land trusts as of 2010 (Land
Trust Alliance 2011). Land conservation
may help maintain ecosystem services
by preventing conversion of natural
and low intensity agricultural land
to more intensive uses such as urban,
residential or industrial development
or large-scale agriculture (Rissman and
Merenlender 2008).

In 1990, Sonoma County residents cre-
ated the Sonoma County Agricultural
Preservation and Open Space District
(District) to permanently protect the
greenbelts, scenic viewsheds, farms and
ranches, and natural areas of the county.
Living on the northern edge of the rapidly
urbanizing Bay Area, and facing the loss
of the natural and agricultural landscapes
that define the county’s rural character,
the voters of Sonoma County recognized
the need for proactive local funding for
agricultural and open space protection.
Voters approved a ballot measure that
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created the District and instituted a quar-
ter-cent sales tax to fund District opera-
tions. The District is now one of the oldest
and largest land conservation programs
in California; over 100,000 acres has been
protected through purchases of land and
conservation easements over the last 25
years. Many of the purchased properties
are likely to have high ecosystem service
values (Ferranto et al. 2011; Plieninger et
al. 2012), although these values have not
been quantified.

Quantifying ecosystem services can
be difficult (Eigenbrod et al. 2010). Models
built to assess the biophysical parameters
that constitute ecosystem services — such
as carbon storage and sediment retention
— often require large amounts of spatially
explicit data that is not readily available.
This issue has limited the application of
the ecosystem services concept as a tool to
quantify the benefits of land conservation
programs, and to help the programs plan
for the future (Daily et al. 2009).

Recent advances in modeling tech-
niques, however, in particular the InVEST
modular toolset developed by the Natural
Capital Project (Sharp et al. 2015), promise
to simplify the process of quantifying
ecosystem services. The InVEST toolset
is designed to run using the many free,
large-scale datasets that are available for
most California land types, and it can
be run on standard personal computers.
InVEST can assess the value of 18 differ-
ent ecosystem services, including carbon
sequestration, water yield, nutrient reten-
tion, and recreation and tourism. This tool
may open the door for widespread quan-
tification of ecosystem services across
California.

To quantify the ecosystem services
provided by conserved lands in Sonoma
County, we used InVEST to estimate car-
bon storage, sediment retention, nutrient
retention (nitrogen and phosphorus) and
water yield. We chose these four ecosys-
tem services because of their importance
and because they can be degraded by
land-use conversions. Carbon sequestra-
tion is being monetized in the California
carbon markets, and methods to evalu-
ate carbon storage are needed statewide.
Land conversions to more developed uses

The study assessed four ecosystem services
provided by Sonoma County landscapes: carbon
storage, sediment retention, nutrient retention
and water yield.



generally reduce carbon on the landscape.
Sediment and nutrient retention impact
water quality, which is important for hu-
man needs and also ecosystem needs;
conversions of vegetation often result in
poorer water quality. In the current era

of drought, water yield from California
landscapes is a topic of public concern, as
every drop of water becomes more valu-
able. Land-use conversions can impact the
amount of groundwater recharge or loss
through runoff.

We quantified the ecosystem services
for all of Sonoma County and then sum-
marized the results across three types of
land: (1) land purchased by the District,
(2) land adjacent to District lands and (3)
land that has been converted to developed
uses in the last 15 years. While we did not
do an economic valuation of each ecosys-
tem service, the values we present here
could serve as the foundation for such an
analysis.

This process allowed us to test three
hypotheses:

1. Do lands conserved by the District
have higher ecosystem service values
(carbon storage, sediment retention,
nitrogen and phosphorus retention,
and water yield) than lands adjacent to
them or to developed land?

2. How are the ecosystem services cor-
related across land-use categories? Do
high values for one service tend to be
associated with low values for another?

3. What are the strengths and weak-
nesses of using the InVEST toolset at
the county scale?

Study area

Sonoma County, located on the north-
western edge of the Bay Area, is com-
prised of roughly 1 million acres of
farmland, rangeland, forest, cities and
suburbs. It produces some of California’s
finest wines and cheeses, and its farms
and ranches account for roughly 50% of
the county’s acreage. Forest covers ap-
proximately 41% of the county and has a
modest impact on the economy (USDA
2016). Urban and suburban development
and water constitutes the remaining 9%
of the land area. Population has doubled
over the last 30 years to nearly half a mil-
lion people; during that time, over 10%
of the best agricultural land (land classi-
fied as “Prime Farmland” by California’s

Farmland Mapping and Monitoring
Program) has been converted to more
intensive uses, and this trend is likely to
continue in the near future.

Land typology

We classified the landscape of Sonoma
County into three land typologies:

¢ District lands
¢ Land adjacent to District land

¢ Converted lands, lands converted from
rangelands or woodlands to develop-
ment (urban or residential) since 2001.

=&

Fig. 1. The study compared the average ecosystem service values of: parcels converted to developed

We classified as District lands all
properties that had been acquired by the
District since its founding, including par-
cels that were then managed by agencies
other than the District. Lands adjacent to
District lands were identified as those that
shared a border with District properties,
using the “Select” tool in ArcMap (fig. 1).
These properties were identified using
the Sonoma County parcel data layer pro-
vided by the county.

We believe adjacent lands provide
useful points of comparison with dis-
trict lands. Since they are necessarily in
the same geographic area, they would
be expected to have similar biophysical
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uses in the past 15 years (“Converted land”); parcels conserved by the Sonoma County Agricultural
Preservation and Open Space District (“District land”); parcels bordering District lands (“Adjacent

lands”); and county lands as a whole.
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features. Likewise, we found mean eleva-
tion and slope to be similar between the
two types of parcels. District lands had

a slope of 16.08 degrees (SD 9.96 degrees)
and an elevation of 256.73 meters (SD
168.82 meters); adjacent lands had a slope
of 13.85 degrees (SD 9.77 degrees) and

an elevation of 222.63 meters (SD 184.61
meters). That said, we do not suppose that
adjacent lands are a perfect control. Often,
protected lands differ from non-protected
lands (Joppa et al. 2008), and we did not
attempt to control for these differences by
statistical means.

To identify converted lands, we identi-
fied change pixels using the 2001-2011
National Land Cover Dataset (NLCD)
change product. We identified all non-
urban pixels that had converted to de-
veloped uses between the years 2001
and 2011. We then identified these pixels
on the 2010 LANDFIRE database, the
primary vegetation database used in
our study.

All data was converted to 30-meter pix-
els. Using the methods described above,
we calculated the total acreage of Sonoma
County as 1,060,766 acres; total District
holdings as 105,925 acres; adjacent lands
to existing District land as 123,600 acres;
and converted lands as 7,056 acres.

Evaluating ecosystem services
using InVEST

InVEST is a modular, open-source, free
toolset in which tabular and spatial data
are combined with stand-alone bio-
physical models to quantify, visualize and
compare the delivery of key ecosystem
services. While each module is differ-
ent, most INVEST modules require a base
land cover layer, a digital elevation model
(DEM) and tabular data that set model
parameters for the biophysical models.
Outputs describe ecosystem services in
terms of their biophysical values and their
spatial location (for example, kilograms of
carbon stored in a given 30-meter pixel).
Full technical descriptions of each module
can be found in the module user’s guide
(table 1). Our description of the models
closely follows these guides.

InVEST module 1: Carbon storage

The InVEST module uses land cover maps
and data on stocks in four carbon pools
(aboveground biomass, belowground
biomass, soil, and dead organic matter) to
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estimate the amount of carbon currently
stored in a landscape. The estimation of
total carbon storage is the sum of all car-
bon pools for each land cover type. The
InVEST result is an estimate of carbon
stocks for each pixel on the landscape.

For our model, we use estimates
developed by the Nature Conservancy
and the District of aboveground carbon
associated with LANDFIRE land cover
types in Sonoma County (USDA 2013). We
used this local dataset as we considered
it more accurate than more broad scale
carbon estimates, such as estimates pub-
lished by the Intergovernmental Panel
on Climate Change (IPCC). For the be-
lowground carbon pools, the LANDFIRE
dataset for Sonoma County includes over
100 land cover types, but documented
carbon estimates exist for only seven
of these (Pachauri and Meyer 2014). We
approximated belowground carbon for
the other land cover types by assigning
values to these from similar land cover
types. Admittedly, this is a source of un-
certainty in our results. Another source of
uncertainty: we applied an average value
for each vegetation type for belowground
carbon; therefore, our maps of carbon
storage may be inaccurate if there is varia-
tion within a land cover type, for instance
due to vegetation age. Complete technical
details of the model are available from the
InVEST user’s guide, bit.ly/InvestCS.

INVEST module 2:
Sediment delivery ratio

The InVEST sediment delivery model
maps overland sediment generation
and delivery. Sediment dynamics at the

catchment scale are mainly determined
by climate (in particular, rain intensity),
soil properties, topography, vegetation
and anthropogenic factors such as ag-
ricultural activities. Sediment sources
include overland erosion (soil particles
detached and transported by rain and
overland flow), gullies (channels that
concentrate flow), bank erosion and mass
erosion (or landslides).

The sediment delivery module works
at the scale of the 30-meter DEM. For each
cell, the model first computes the amount
of eroded sediment. Eroded sediment
was calculated as the annual soil loss,
using the Universal Soil Loss Equation
(USLE). Data inputs to this equation in-
clude rainfall erosivity, soil erodability,
slope length gradient factor, crop length
factor (specific coefficients accounting
for how various crops impact sediment
delivery) and support practice factor (im-
pact of alternative conservation practices).
Next, the sediment delivery ratio (SDR),
which is the proportion of soil loss reach-
ing the catchment outlet, was calculated.
The outputs from the sediment model
included the sediment load delivered to
the stream at an annual time scale, as well
as the amount of sediment eroded in the
catchment and retained by vegetation and
topographic features.

The main limitation of this model was
the reliance on the USLE. While this equa-
tion is widely used to calculate erodibility,
it does not capture all types of erosion
and therefore some delivered sediment
may not be quantified. Full technical
details of this model can be found in the
InVEST users’ guide, bit.ly/InvestSDR.

TABLE 1. Data requirements and source information used as inputs in the INVEST modules

Carbon

LANDFIRE vegetation map (www.landfire.gov/vegetation.php) for above-ground

carbon pools. Belowground carbon pools used IPCC 2006 values (bit.ly/ipcc_carbon).

Sediment
delivery ratio

LANDFIRE vegetation map re-classified to seven Anderson categories. 30-m digital
elevation model provided by SCAPOSD. Rainfall erosivity index (R) calculated using

NRCS soil viewer extension (bit.ly/nrcs_sdv) and Statsgo2 (bit.ly/nrcs_Statsgo2) soil
data. Soil erodibility (k) calculated using NRCS soil data viewer extension and Statsgo2
soil data. Watersheds are from the Watershed Boundary Dataset (nhd.usgs.gov/wbd.

html).

Nutrient
retention and
water yield

LANDFIRE vegetation map (link above). 30-m digital elevation model provided by
SCAPOSD. Watershed Boundary Dataset (nhd.usgs.gov/wbd.html). Root restricting
layer depth calculated using NRCS soil viewer extension (bit.ly/nrcs_sdv) and

Statsgo2 (bit.ly/nrcs_Statsgo?2) soil data. Precipitation calculated using NRCS soil
viewer extension and Statsgo2 soil data. Plant-available water content calculated
using NRCS soil viewer extension and Statsgo2 soil data. Average annual potential
evapotranspiration from ArcGIS Modis toolbox 900M grid (bit.ly/Modis900M).
Biophysical table values were taken from Drake 2005.
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InVEST module 3: Nutrient retention

The InVEST Water Purification Nutrient
Retention model calculates the amount
of nutrient retained on every pixel and
sums nutrient export and retention per
watershed. The pixel-scale calculations
allowed us to represent the heterogeneity
of key driving factors in nutrient reten-
tion, such as soil type, precipitation and
vegetation type.

The model works in three parts.

First, annual runoff from each pixel is
calculated using the InVEST water yield
model. The second phase determines
the quantity of nutrient retained by each
pixel on the landscape. The model esti-
mates how much pollutant is exported
from each pixel based on export coeffi-
cients from the user inputs. Export coef-
ficients are annual averages of pollutant
fluxes derived from various field studies
that measure export from pixels within
the United States.

The model was developed for water-
sheds and landscapes dominated by satu-
ration excess runoff hydrology. The model
does not address any chemical or biologi-
cal interactions that may occur from the
point of loading to the point of interest be-
sides filtration by terrestrial vegetation. In
reality, pollutants may degrade over time
and distance through interactions with
the air, water, other pollutants, bacteria or
other actors. Full technical details of the
model can be found in the InVEST user’s
guide, bit.ly/InvestNR.

INVEST module 4: Water yield

InVEST maps and models the annual
average water yield from a landscape,
defined as the amount of water running
off the landscape. The model runs on a
gridded map, estimating the quantity of
water for each subwatershed in the area
of interest. First, it determines the amount
of water running off each pixel as the
precipitation less the fraction of the water
that undergoes evapotranspiration. The
model does not differentiate between
surface, subsurface and baseflow, but as-
sumes that all water yields from a pixel
reach the point of interest via one of these
pathways. This model then sums and
averages water yield to the subwatershed
level. The pixel-scale calculations allow
us to represent the heterogeneity of key
driving factors in water yield, such as
soil type, precipitation and vegetation
type. However, the theory we are using

the study.

as the foundation of this set of models
was developed at the subwatershed to
watershed scale. We are only confident in
the interpretation of these models at the
subwatershed scale, so all outputs were
summed and/or averaged to the sub-
watershed scale. Technical details of the
water yield model can be found online at
bit.ly/InvestWY.

Combining and comparing
services

To understand the spatial distribution
of the ecosystem services, we mapped
the values of each (figs. 2A-E). We also
developed a map of “hotspots” — areas
that have high values for most or all ser-
vices assessed (fig. 3) — using the follow-
ing method. First, we rescaled the pixel
level ecosystem services by dividing
each pixel value by the maximum value
for that service. This created a scaled
raster for each service with a maximum
value of 1. We then added the raster val-
ues from all services to create a map in
which the maximum value of each pixel
was 5. That is, if a pixel had the maxi-
mum value for all five services, it would
have a value of 5.

To compare the potential trade-offs
among ecosystem service values within
different land types — that is, the positive
or negative correlations — we created spi-
der graphs (fig. 4). These graphs show the
scaled value for the mean of each service
for each land typology. For example, if
District lands had the highest mean car-
bon per acre, on the spider graph District
land would receive a 1.0. If adjacent lands

The type of vegetation cover influences the value of all four of the ecosystem services assessed in

s i e

had a mean carbon value of 60% of the
District lands, they would be represented
by a 0.6 on the spider graph, and so forth.

Model results

Carbon storage

Our models estimate carbon storage in So-
noma County at 205,496,048 Mg (fig. 2A).
About 10.5% of carbon storage occurs on
District lands, and District lands have the
highest mean carbon storage levels, with
an average of 49 Mg per pixel compared
to 45 Mg for the county and 16.54 Mg

for converted lands. The per-pixel level
of carbon storage is primarily driven by
vegetation type, and hence follows a gra-
dient: developed land uses have lowest
carbon storage levels, and forested areas
with high biomass have the highest levels
(table 1, fig. 2A).

Sediment retention

The sediment retention index is a com-
parison of the potential for soil loss from
a given pixel without vegetation versus
with current vegetation (fig. 2B). High
values indicate that more soil loss is pre-
vented due to vegetation. District lands
rank high; the vegetation on these lands
does a good job of retaining sediment,
especially considering the high potential
that these areas have for sediment export
given their high average slope. County
lands and adjacent lands rank lower, but
both are far ahead of converted lands
(table 2).

The sediment retention model pro-
duced six results, one of which we report
here. We computed the potential soil loss
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Fig. 2. Map of (A) total carbon storage, (B) sediment retention index, (C) water yield and (D) nitrogen retention.
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per pixel, calculated with the current land
cover, indicating the potential for soil loss
from each land typology. District lands
are vulnerable to soil loss; partially due to
steep gradient lands, whereas converted
lands have low potential for erosion; pri-
marily because many of the conversions
take place in areas that are relatively flat
(table 2).

Nutrient retention

Converted lands retained the most phos-
phorous, on a per-unit basis (fig. 2D). As
with sediment retention, converted lands
have low potential to export nitrogen and
phosphorous, due to their generally flat
topography (table 2). At the watershed
scale, we see maximum retention in the
low-lying areas around San Pablo Bay, in
the southern portion of the county. Nitro-
gen retention follows a very similar pat-
tern with highest retention rates near San
Pablo Bay.

Water yield

District properties had the highest
per-cell water yield, followed by the
county and converted lands (fig. 2C).

Combined index of carbon storage,
sediment retention, water yield,
and nutrient retention services

[ 1271 District lands

& B \o data

| ; o
Miles 3 by

Nl

Fig. 3. Combined index of the ecosystem service values shown in Fig. 2 A-E.

Interestingly, District lands had an almost
15% higher water yield than the parcels
adjacent to them. Per-pixel water yield fol-
lows both a rainfall and vegetation gradi-
ent across the county (table 2). Maximum
water yield occurs in steeper areas in the
northern half of the county.

Combined services index

The map of the combined ecosystem
services index (fig. 3) shows that District
lands tend to have relatively high values
(table 2). It also shows that most parcels
were not able to supply high levels of

all ecosystem services. For the services
analyzed, lands in the forested northwest
of the county tend to have the highest
combined ecosystem service values and
the district has focused significant effort
on purchasing these lands. The spider
diagrams reveal that County and District
lands rank relatively high in all ecosystem
services. Converted lands rank lowest in
carbon sequestration and sediment reten-
tion properties, as would be expected. The
spider graphs illustrate how no one type
of parcel provides the highest level each
ecosystem services. This indicates that

there are trade-offs between conserving
different services.

Utility of the InVEST toolkit

Land is often conserved with the idea
that conservation will protect ecosystem
services, although these services are
rarely quantified. Our analysis found
that District lands provide higher levels
of the ecosystem services studied, based
on a composite index, than lands adjacent
to District lands, converted lands and
county lands overall. However, because
we did not do a counterfactual analysis,
we cannot say whether the District’s land
and easement purchases are responsible
for these higher values. If the District pur-
chased lands that would not have devel-
oped even in the absence of conservation,
the impact of District purchases may be
modest; though it is also possible that the
lands would have been managed differ-
ently if they had not been purchased.

The map of ecosystem service hotspots
highlights areas in the county with high
composite ecosystem service values.
District purchases in these areas may
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result in high ecosystem service conser-
vation. While the bulk of hotspots are

in forested areas in the northern part of
the county, there are high-value pockets
throughout the county, indicating that the
District may be able to choose from a suite
of high ecosystem service parcels.

Our results are dependent on the suite
of ecosystem services we selected. In our
case, carbon storage and sediment reten-
tion are highest in forested areas, and
therefore, our analysis values this vegeta-
tion type most highly. If other ecosystem
services were selected, for example food

TABLE 2. Summary of model results

Total carbon (metric tons per 30-m x 30-m pixel)

Max Mean Standard deviation Total(1000 Mg)
County 545.03 45.00 45.28 205,000.39
District 545.03 49.43 43.43 21,596.48
Adjacent 545.03 44.25 41.93 26,110.96
Converted 259.53 16.54 14.91 526.31

Sediment Retention Index

Max Mean Standard deviation
County 12,389.17 13.88 50.67
District 3,984.52 16.27 52.92
Adjacent 5,645.87 15.10 49.53
Converted 1,548.32 9.13 25.00

Phosphorous retention (kg/pixel/year)

Max Mean Standard deviation Total(kg/year)
County 1,514.10 0.05 0.76 274,544.50
District 15.61 0.05 0.15 24,525.20
Adjacent 76.75 0.05 0.21 33,110.39
Converted 21.61 0.087 0.36 3,099.44

Nitrogen retention (kg/pixel/year)

Max Mean Standard deviation Total (kg/year)
County 4,344.08 0.18 2.24 930,811.01
District 35.29 0.18 0.44 93,081.29
Adjacent 132.52 0.18 0.57 120,887.50
Converted 58.03 0.23 1.03 8,520.08

Water yield
Max Mean Total
(inches of water on  (inches of water on (acre-feet, across all
a given pixel) a given pixel) Standard deviation pixels in category)
County 55.12 16.36 9.84 1,361,999
District 53.81 17.15 10.32 137,821
Adjacent 54.72 14.74 10.15 158,089
Converted 49.87 15.40 8.74 8,999
Combined index (dimensionless index with range 0-5; see fig. 3)

Max Mean Standard deviation
County 127 0.11 0.09
District 1.17 0.12 0.09
Adjacent 1.14 0.1 0.08
Converted 1.01 0.06 0.06
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production or pollination services, the
results might have been different. For re-
sults such as these to be useful for policy
purposes, one must be sure that the eco-
system services evaluated fit the priorities
of the communities in question.

From a methodological perspective,
InVEST was a useful tool, capable of quan-
tifying ecosystem services across broad
scales, and making use of public datasets
that are freely available for most or all of
the state.

There was no way to directly vali-
date our results. Other ecosystem ser-
vice quantification efforts in Sonoma
County that we are aware of, such as
the aboveground carbon estimates pro-
duced by the District and The Nature
Conservancy, were used as inputs in our
analysis, and therefore could not be used
for validation purposes. Linking external
validation to InVEST estimates would
be a useful extension of our research.
However, this would require alternative
models that also predict these services.
With the possible exception of some al-
ternative carbon sequestration models
(Gonzalez et al. 2015), such models do
not exist.

However, given that we are most
interested in using InVEST for manage-
ment actions which will rely on compar-
ing ecosystem services within the same
study area, we suspect that the relative
values produced by InVEST will be use-
ful to managers. Although the actual
ecosystem service values may suffer
from some inaccuracy, we suspect that
the relative values of parcels within our
study area may be similar. In this way,
even if ecosystem services estimates are
not completely accurate, they still may be
useful for comparing competing sites in
our study area.

An obvious extension of this work
would be calculating the economic value
of the ecosystem services. This could
be accomplished by a host of methods,
including benefits transfer, hedonic mod-
els or contingent valuation. In addition,
quantifying the impacts of District land
and easement purchases on ecosystem
services would be interesting. We know of
some landowners who have used District
payments to purchase more land for
agricultural use, thus providing a poten-
tial double benefit of district purchases.
Quantifying how common this type of ac-
tion is would give a more complete view
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Fig. 4. Spider diagrams show the trade-offs among ecosystem service values across the four land

categories studied.
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