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Abstract

Context Demand for land for urban development,
food production, and protected areas is increasing,
leading to land scarcity. In response, agricultural
lands are increasingly targeted for protection. Yet,
which land attributes should be used to identify prior-
ity lands to protect remains largely unknown.
Objectives (1) Is private land protection necessary
to protect nature’s contributions to people [NCP] in
a region dominated by public protected areas? (2)
Which NCP indicators are the most important drivers
of optimal land protection?

Methods We applied the NCP framework in Idaho’s
Snake River Plain, a water-limited, climate-sensitive
ecoregion dominated by public lands with a quickly
growing human population. We quantified 21 NCPs
and used systematic conservation planning to gen-
erate cost-efficient land protection solutions. We
also developed a sensitivity analysis workflow to
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determine which NCP inputs were most influential for
priority protected area selection.

Results Current protected areas were highly effec-
tive; for 17 of the 21 NCP, the majority of each NCP
(>50% of its total) was covered by public and pro-
tected private lands. However, food production is
severely under-protected. Food production and carbon
stock protection had the most influence on conser-
vation planning scenarios. Ignoring climate-related
NCP in agricultural land protection decisions, even in
sub-regional planning where climate seems relatively
homogenous, can limit contributions to climate miti-
gation and adaptation.

Conclusions Private land protections complement
public lands networks for NCP protection. Climate
considerations are important to include even in local
scale conservation planning. Our reproducible work-
flows for NCP quantification and conservation plan-
ning sensitivity analysis can be used to systematically
plan for a broad suite of human benefits.

Keywords Systematic conservation planning -
Nature’s contributions to people - Private land
conservation - Sensitivity analysis

Introduction

Land is a limited resource, and globally, humanity is

playing a balancing act among three essential land
uses. Highly developed urban areas can provide safe
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and affordable housing (United Nations Sustainable
Development Goal 11, Thacker et al. 2019), agricul-
tural areas produce food (UN SDG 2), and protected
areas provide diverse benefits, including terrestrial
habitat (UN SDG 15), climate change mitigation
(UN SDG 13), and sustainable tourism (UN SDG 8,
Kettunen et al. 2021). The interplay between urban,
agriculture, and protected lands is well documented.
Built-up areas currently cover very little of the Earth’s
surface (ca. 2%), but they are projected to double
in area by 2040 (van Vliet et al. 2017). Over half of
urban expansion is predicted to occur on agricultural
lands that currently grow food crops or animal feed
crops (van Vliet et al. 2017). Urban expansion onto
croplands is accompanied by agricultural land expan-
sion into new areas and intensified use of remaining
agricultural lands (You 2016; van Vliet 2019). Agri-
cultural lands already cover ca. 50% of global ice-free
lands (Ellis et al. 2010), and are predicted to increase
10-25% by 2050 (Schmitz et al. 2014). Rapid growth
of urban and agricultural lands have been accompa-
nied by the expansion of protected area networks,
from ca. 10% of Earth’s lands in 1990 to ca. 17% of
terrestrial areas in 2020 (UNEP-WCMC and IUCN,
2021), and there are calls to protect up to 50% of the
Earth (Dinerstein et al. 2020). With a limited amount
of land on Earth, meeting the growing needs for food,
developed land, and nature conservation is a major
challenge for humanity.

One way to resolve increasing conflicts is to
expand the public protected area network to include
private lands. Within protected areas, the goal is often
to protect ecosystems, biodiversity, and the regulat-
ing contributions they provide by restricting inten-
sive human use (Dudley et al. 2010), yet private lands
may be more suited to meeting these goals than cur-
rent protected areas. Relatively isolated areas with
high tourism attractiveness are overrepresented in
the global protected area network (Baldi et al. 2017),
while highly productive lands with access to water
and fertile soil are more likely to be privately owned
(Norton 2000; Robinson et al. 2019). Private lands
contain more threatened species and ecosystems than
public lands (Graves et al. 2019), with some species
and ecological communities existing solely on private
lands (Ivanova and Cook 2020). Yet despite private
lands’ importance for humans and biodiversity, more
land use restrictions, such as limits on development or
food production, are in place on public lands (Dietz
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et al. 2023). Thus, food supplies arise largely from
private lands managed for agriculture. There has been
growing interest in expanding the private protected
lands network via protected agricultural lands [PALs]
(Freedgood et al. 2020), whose primary goal is to
protect farmland and ranchland from further develop-
ment. Depending on management goals, PALs pro-
mote continued food production, rural community
well-being and character, and increased biodiversity
(Brabec and Smith 2002; Robinson et al. 2019). As
states and localities invest limited resources in imple-
menting new PALs, they will want to identify which
private lands provide the most benefits for the least
cost to maximize their investment, but there is no sys-
tematic way to identify priority PALs.

The framework of nature’s contributions to peo-
ple [NCP], defined as “all the contributions, both
positive and negative, of living nature to quality of
life for people” (Diaz et al. 2018), is a useful tool to
measure the various benefits land can provide (Bru-
ley et al. 2021). NCP formalizes important conceptual
advances in its antecedent ecosystem services, such
as recognition of and respect for diverse worldviews,
non-instrumental valuation (i.e. pluralistic, non-
material, non-biophysical valuation), and the distinc-
tion of generalizing and context-specific perspectives
(i.e. the distinction between universally applicable
categories and resistance to universally applicable
schemas, Kadykalo et al. 2019). Some current pro-
grams to establish PALs use NCP such as soil quality,
farmland quality or certain unique attributes (e.g. pro-
vision of valued rural amenities like processing facili-
ties or recreational opportunities), or wildlife habi-
tat (Hellerstein et al. 2002; Miller 2015), as ranking
criteria to decide which lands to invest in. However,
many other NCP are often not considered when iden-
tifying new PALs. Of particular relevance is land’s
suitability for climate change mitigation and adapta-
tion. Rising temperatures, decreasing water availabil-
ity, and more frequent droughts and other natural dis-
asters, can be equally or more detrimental to natural
and agricultural lands than human population impacts
and the expansion of built-up lands (Requena-Mullor
et al. 2023). However, climate-related NCP, such as
carbon [C] storage, the facilitation of species migra-
tion, and climate refugia, are rarely considered in the
identification of new PALs.

Incorporation of NCP into PALs planning would
enable practitioners to identify areas where PALs
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could provide the most benefits to humans and
nature. Systematic conservation planning [SCP] is
a proactive framework used in protected area design
that quantifies conservation values and identifies
protected areas efficiently, to meet conservation
goals by maximizing the ratio of benefits to cost
(Kukkala and Moilanen 2013; Beyer et al. 2016).
SCP has been used to prioritize lands that protect
biodiversity (e.g. Gonzélez-Fernandez et al. 2022),
and have also incorporated other NCP, frequently
C storage and water provision, to prioritize protec-
tions within public—private lands networks (e.g.
Williams et al. 2020). However, planning for con-
servation involves different goals than planning for
PALs. Despite previous literature indicating that
changes to land selection priorities result in differ-
ent protection strategies (Williams et al. 2020; de
Assis Barros et al. 2022), there is limited under-
standing of how key factors impact the selection of
PALs. The existing body of SCP research may pro-
vide an excellent framework for prioritizing PALs,
but to our knowledge, it has had limited implemen-
tation (i.e. Halperin et al. 2024).

The overarching goal of this study is to develop
a framework for systematically identifying priority
lands for inclusion in a protected area network that
includes both public and private lands. We conducted
our study in the Snake River Plain of Idaho, of which
58% is public protected lands, and also contains high
quality cropland of global importance (Idaho State
Department of Agriculture, n.d.). The region is also
experiencing one of the highest population growth
rates of any state in the United States (United States
Census Bureau, 2021a) and because public lands
present some barriers to conversion (see Table Al),
urban development occurs preferentially on the high-
est quality agricultural lands (Freedgood et al. 2020;
Halperin et al. 2023). There is a strong push to protect
privately-owned agricultural lands from development,
but it is uncertain whether more protected lands are
necessary, nor how to prioritize which private lands
should be protected. In this study, we measured a
diverse suite of NCP in this region across public and
private land tenures, and then we used SCP to pro-
duce maps of cost-efficient priority lands that opti-
mize NCP protection. We additionally developed a
systematic sensitivity analysis workflow that guides
the inclusion of input datasets. Our specific research
questions were:

Is private land protection necessary to protect NCP
in a region dominated by public protected areas?
Which NCP indicators are the most important
drivers of optimal land protection?

Methods
Study area

The Snake River Plain ecoregion of the United States
(U.S. Environmental Protection Agency 2013) inter-
sects with 26 Idaho counties (109,700 km?). It con-
tains productive croplands (Freedgood et al. 2020),
localized yet rapidly growing highly developed urban
areas (United States Census Bureau, 2021b), and
public rangelands grazed by livestock (Fig. 1a). This
region features two primary ecological zones, the
river plain and the shrub steppe, and a diverse range
of social systems, from urban and exurban systems
to dryland agriculture and rural public lands, that
together form a diverse array of social-ecological sys-
tems (Aho et al. 2022). A majority (58.1%) of lands
in the Snake River Plain are federally owned. About
one third of the region (33.9%) is privately owned,
of which a small percentage (0.4%) are PALs or
other easements (Fig. 1b). We excluded tribal lands
(2,628 km?, 2.4% of the study area) from this analy-
sis because they have complex land management and
protection systems, where the assumption that the
cost of land protection scales with fair market value is
not applicable (Middeton 2011). The remaining land
tenure categories have different levels of protection
that affect NCP persistence (Online Resource A.2).

Data
Land use

We primarily used Farms Under Threat 2040 land
use data (Conservation Science Partners (CSP),
2020; Hunter et al. 2022), which contain agricul-
ture-specific land classes (e.g. cropland, range-
land). They also differentiate lands within low-
density residential areas, which we hypothesized
would have different NCP than the same types of
land cover outside of residential areas (not shown

@ Springer



63 Page 4 of 17

Landsc Ecol (2026) 41:63

. Cropland Water

Federal lands without
livestock grazing

Non-federal Federal lands with
rangeland livestock grazing
Forestland Other areas
Urban and

highly developed areas

I u

I W 100 km

Land Tenure

Federal Other
63760 sq km 357 sq km

58.1% 0.3%
Private PAL
36697 sq km 271 sq km
33.4% 0.2%

State Other easements
5788 sq km 199 sq km
5.3% 0.2%

Tribal
2628 sq km
2.4%

Fig. 1 Land use (Hunter et al. 2022) and land tenure (see Table A1) in Idaho’s Snake River Plain

in Fig. 1, see Online Resource B.1). This dataset
allowed us to use agriculturally relevant yet gener-
alized land classes for our NCP models for which
we could assign relevant NCP estimates. We also
implemented the National Land Cover Database
(Dewitz and U.S. Geological Survey, 2021) and
the Cropland Data Layer (USDA NASS 2020) in
models where NCP estimates were available and
aligned with these data (see Online Resource B.l
and B.2.2).

NCP data and models

We used six NCP categories: carbon [C] stock
protection, climate adaptation, food and feed pro-
duction, habitat quality, water quality, and nature-
based recreation probability (Table 1, Fig. Al) that
span a range of heavily co-produced with humans
(e.g. food and feed) to heavily nature-produced
(e.g. habitat creation).

@ Springer

Land cost

We used a spatial dataset of estimated land values (mil-
lion USD/km?2; Fig. B7) calculated across the contigu-
ous United States, which represents the cost of purchas-
ing lands outright (Nolte 2020; Halperin et al. 2024).
We assume easement costs will scale with land value
so that more expensive parcels will be more expensive
easements.

We upscaled each continuous spatial dataset to 1km
resolution, chosen as representative of the average size
of an agricultural easement based on the mean ease-
ment size in the Protected Agricultural Lands Database
(0.7 km?, Table A2). All analyses were performed using
R Statistical Software (v4.3.3, R Core Team 2024).
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Analytical approach

Question 1: Is private land protection necessary
to protect NCP in regions dominated by public
protected areas?

We calculated the percent of each NCP indicator pro-
vided by each land tenure category. We compared the
percent NCP provided to the percent of the land ten-
ure category within the study area to quantify which
land tenure categories are contributing more or less
NCP than expected. For example, if a land tenure
category covers 30% of the study area and contrib-
utes 30% of total recreation NCP, it is providing its
expected share of NCP.

Question 2: Which NCP indicators are the most
important drivers of optimal land protection?

We generated multiple series of systematic conserva-
tion planning [SCP] scenarios that use a set of NCP
indicators to generate a solution containing prior-
ity protection areas. We used the prioritizr R pack-
age with a Gurobi solver in R (v8.0.3, Hanson et al.
2024; v12.0-0, Gurobi Optimization, LLC, 2024).
SCP in prioritizr requires, at minimum: (1) an objec-
tive function, (2) conservation features to protect, (3)
cost of protection, and (4) protection targets (>0%
and < 100% of each conservation feature).

We used the minimum set objective function for
this analysis, which generates priority areas that
acheive conservation targets for each feature at the
lowest possible cost. To test sensitivity to features
across targets, we used a range of protection targets
from 5 to 75%, incremented by 5%, of each NCP indi-
cator. We also chose 30% as a specific target to exam-
ine following global conservation initiatives (Conven-
tion on Biological Diversity, 2022).

For conservation features, we used the NCP
indicators described above. Besides a few highly
correlated indicators (the two carbon models, crop
provision-crop value, and habitat quality-ecological
integrity; Fig. C1), most NCP were less correlated
on a pixel-to-pixel basis. However, reaching protec-
tion targets for one indicator can still result in pro-
tecting others implicitly. To better understand the
main drivers among and uniqueness of the NCP fea-
tures, we implemented a novel sensitivity analysis

to reduce the number of NCP indicators in our SCP
scenarios (see Online Resource 2.3.3 and the work-
flow diagram Fig. Al).

Selecting features: systematic sensitivity analysis
workflow

To reduce NCP indicators in the all-NCP scenario,
we ran a series of SCP scenarios in each NCP cat-
egory. We set NCP protection targets to range from
5 to 75%, incremented by 5%, created SCP sce-
narios for each possible combination of indicators,
and calculated a priority areas network for each sce-
nario at each target. We also created a full solution
for each category that contained all its NCP indi-
cators. We then quantified the spatial dissimilarity
between each solution and the full solution for that
NCP category and target using Earth Mover’s Dis-
tance [EMD]. EMD is a spatial similarity measure
that supposes each pixel value in raster A is a pile
of earth and each pixel value in raster B is a hole.
It calculates the effort (distance times amount of
earth) need to fill all the “holes” in raster B with
the earth in raster A (Roura-Pascual et al. 2010). A
lower EMD indicates that a pair of rasters have a
more similar spatial distribution. To assess dissim-
ilarity across targets, we plotted the EMD of each
solution at each target and calculated the area under
the EMD curve [AUC-EMD] (Online Resource
C). Solutions with the lowest AUC-EMD are more
similar to the full solution across all targets. For
all EMD calculations, we aggregated solutions to
5km as the algorithm could not handle larger matri-
ces, and normalized all solutions so they summed
to one. All EMD calculations were performed with
the emdist R package (v0.3-3, Urbanek and Rubner
2023).

When selecting NCP indicators in each NCP
category, we determined that redundant indica-
tors were present if there were solutions with
AUC-EMD < 1000, a threshold based on visual
examination of AUC-EMD plots (Fig. C2 — C7
and Table C1). If there were solutions with <1000
AUC-EMD, we selected the solution with the low-
est AUC-EMD and fewest number of included indi-
cators. The NCP indicators not used in the selected
scenario were classified as redundant.

@ Springer
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Influential NCP

To identify the most influential NCP in our solution,
we performed a similar sensitivity analysis to the
workflow described above. We compared scenarios
that left out one NCP indicator or one entire NCP cat-
egory to the solution with all indicators and catego-
ries (the all-NCP solution). We determined the most
influential NCP indicators and categories by identi-
fying the “leave one out” scenarios with the highest
AUC-EMD values.

Results

Is private land protection necessary to protect NCP in
regions dominated by public protected areas?

Over 55% of most NCP in the study area were pro-
vided by federal lands, with the exception of food and
feed NCP, of which only 12.2% were provided by fed-
eral lands (Fig. 2, see Figure D1 for all 21 NCP data-
sets). Over 80% of food and feed NCP were contrib-
uted by private lands, but private lands contributed
less of all other NCP than expected, with the excep-
tion of wetland/riparian habitat. State lands, PALs,
and other easements contributed NCP fairly equiva-
lent to their land cover extent.

Fig. 2 Summarized percent

Selecting features: systematic sensitivity analysis
workflow

For the climate adaptation and recreation NCP cat-
egories, removal of any single indicator resulted in
a solution very different from the full solution. For
these NCP categories, we retained all indicators. For
the other NCP categories, removal of one or more
indicators resulted in solutions very similar to the
full solution (Fig. 3). This subset of indicators (listed
in Fig. 3) were classified as redundant and removed
from the all-NCP scenario. Without the redundant
indicators, the all-NCP scenario included two C stock
protection indicators (soil organic C and InVEST C
storage), two climate adaptation indicators (climate
accessibility and climate stability), three food and
feed indicators (crop provision, livestock feed provi-
sion, and agricultural potential), one water quality
indicator (N retention capacity), four habitat indica-
tors (wetland/riparian, ecological connectivity, terres-
trial resilience, and habitat quality), and two recrea-
tion indicators (both recreation probability models).

Which NCP indicators are the most important drivers
of optimal land protection?

The all-NCP solution was most sensitive to two NCP

categories: (a) food and feed, especially agricultural
potential, and (b) C stock protection, especially soil

Land Tenure Category

of each NCP category pro- . Other
vided by each land tenure Federal Private State PAL easement
category. Deviation from Percentof g 2 34.4 5.4 0.3 0.2
expected measures a land Study Area ) ' ’ ] )
tenure category’s contribu- C Stock
tions relative to their size. Protection 024 314 5.7 0.2 @ 0.2 ©
If a category covers 30% of
the study area and contrib- > Adf;;’;‘tfgﬁ 506 [-01] 344 (0 56 [(+02] 0.2 © 0.2 ©
utes 30% of total recreation S
NCP, the deviation from 2
@ S 3

expested is 0. Percent of 8 Food 123 (474 847 [(¥808) 26 (28 02 02 ([
land area for each land (0_3 Wat
tenure category is slightly Z  Quaity 601 34 [-04] 55 0.2 (© 0.2 ©
higher than those in Fig. 1
because the study area and Habitat  68.7 24.8 6 03 0.2 (0
NCP indicators were modi-
fied to exclude tribal lands

Recreation  64.9 |+5.2 29 -5.4 5.6 +0.2 0.2 0.3 +0.1
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Fig. 3 Results of the sensitivity analysis to identify redundant
NCP datasets. For each NCP category, we created a full solu-
tion containing all indicators in that category (Table 1) and
alternate scenarios with every possible combination of NCP
indicators within each category. We then tested the spatial dif-
ference (EMD) between the alternate solutions and the full
solution. Removal of NCP indicators in some NCP categories

organic carbon (Fig. 4). The all-NCP solution was
highly sensitive to inputs when NCP protection tar-
gets were lower and less sensitive at higher NCP
protection targets, but this relationship was nonlin-
ear. The target chosen affected the sensitivity of the
solution to different indicators. For example, the
solution was more sensitive to the climate adaptation
indicators than the food and feed indicators at targets
5-10%, but was more sensitive to the food and feed
indicators than the climate adaptation indicators at
targets 15-75% (Fig. 4).

Since the all-NCP solution was most sensitive
to food and C stock protection NCP, we compared
the outcomes of these dissimilar solutions when
these NCP were left out (Figs. 5, 6, Table D1). The
all-NCP solution (Fig. 5a) was 33,677 km?, while
the Leave Out (LO) Food solution (Fig. 5b) was

Solutions Not Selected

had a minute effect on priority area solutions. Solutions that
were very similar to the full solution but did not contain all
indicators are depicted in blue, with the NCP indicators they
omitted noted. We classified these omitted indicators as redun-
dant and did not include them in the all-NCP analysis. Other
solutions tested are depicted in gray

34,244 km? and the LO-C stock protection solution
(Fig. 6b) was 33,517 km?.

The all-NCP and LO-C stock solutions were com-
posed of ca. 9% cropland, with similar crop types
present (Fig. 6d-e, Table DI1), while the LO-food
solution was only 0.7% cropland, which was mainly
alfalfa-growing (Fig. 5d-e, Table D1). The all-NCP
solution had slightly lower inclusion of rangelands
and slightly higher inclusion of forestlands than the
LO-C stock solution (Fig. 6d, Table D1).

The all-NCP and LO-C stock solutions were
composed of less federal lands (59.1% and 58.8%,
respectively) than the no-food solution (74.7%,
Table D1). Unprotected private lands were included
in all solutions, but were especially present in solu-
tions that protect food NCP.
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Fig. 4 Sensitivity of the
solution as a function of Leaves Out
target protection, measured All foodffeed indicators
by Earth Mover’s Distance, 204 = AUC-EMD: 862
a spatial similarity measure. Agricultural Potential
The six solutions with the AUC-EMD: 546

highest area under the Earth
Mover’s Distance curve
[AUC-EMD] are the most
influential, and are depicted
with colored lines. The leg-
end reports the area under
the EMD curve values for
these scenarios and the
inputs that these scenarios
omit. The lower-sensitivity
NCP categories are shown
in gray
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The total fair market value of lands in the LO-food
solution ($7.48B) was 22% less than the all-NCP
solution ($9.64B), while the total value of lands in
the LO-C stock solution ($9.43B) was only 2% less
than the all-NCP solution. Food is included as a tar-
get NCP in establishing PALs, so these extra costs are
accepted implicitly, but the addition of climate goals
would result in relatively little extra investment from
institutions.

When NCP were removed from scenarios, less of
those NCP were protected, but the extent of protec-
tion was variable. In the LO-food solution, food and
feed NCP were 27-97% less protected (Fig. 5), while
in the LO-C stock protection solution, C stock protec-
tion NCP were 1-9% less protected.

Discussion

Is private land protection necessary to protect NCP in
a region dominated by public protected areas?

Federal lands provided a wide variety of NCP, often
exceeding their expected provision. In the public-
lands dominated landscape of Idaho’s Snake River
Plain, they play an important role in providing NCP
overall. However, private lands provided the most
food and feed NCP, which is consistent with other

@ Springer

studies showing that private land protections are criti-
cal to protect the full suite of NCP that humans value
(Ivanova and Cook 2020; Chapman et al. 2023). In
Idaho specifically, the food NCP provided predomi-
nantly by private lands and the recreation NCP pro-
vided by public lands are important elements of rural
economies and identities (Winkler et al. 2007). Net-
works that include both public and private lands have
the highest chance of providing the widest range of
NCP.

This research adds to the debate on where pro-
tected areas should be established and what should
occur in those areas (Holmes et al. 2017; Dinerstein
et al. 2020). The International Union for Conserva-
tion of Nature (IUCN) defines protected areas as
spaces that are managed “to achieve the long-term
conservation of nature with associated ecosystem ser-
vices and cultural values” (UNEP-WCMC 2019). The
IUCN definition encompasses a range of land uses
from strict human-exclusion reserves to areas with
limited extractive use, yet does not explicitly include
areas of cultural importance (Dudley et al. 2010).
This definition seemingly excludes PALs, yet PALs
can provide a suite of NCP and support rural social
services and culture. Though food production NCP
and other NCP may not always co-occur in the same
space (Halperin et al. 2023), PALs can protect mul-
tifunctional agricultural landscapes that do provide
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Fig. 5 Differences between the all-NCP solution and the
Leave Out Food (No-Food) solution at 30% targets. a The All-
NCP scenario includes the 14 NCP indicators selected in our
sensitivity analysis. b The Leave Out Food (No-Food) scenario
includes 11 NCP indicators, excluding the 3 selected food indi-
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a suite of NCP. For example, easements for ranches
in the Lassen Foothills of California not only limited
development and protected ranching activity, but also
protected blue oak woodlands habitat that is predomi-
nantly found on private land (Morrisette 2001; Byrd
et al. 2009). PALs are increasingly used in areas fac-
ing development pressure, and it will be worthwhile
to consider their role in protecting a suite of NCP.

Which NCP indicators are the most important drivers
of optimal land protection?

We found that food production was the most impor-
tant driver of optimal land protection solutions. We
expected this result because less costly federal lands
tend to have many co-occurring NCP yet low agri-
cultural quality (Halperin et al. 2023). Our SCP algo-
rithm was driven to find the least costly lands that
provide high value food and feed NCP after selecting
the lowest cost lands that provided much of the other
NCP. This result affirms PAL programs that prioritize
protection based on land cost and food and feed NCP
(Hellerstein et al. 2002; Miller 2015; Freedgood et al.
2020).

Surprisingly, we also found that second to food and
feed NCP, C stock protection was the most important
driver of solutions. Furthermore, excluding climate-
related NCPs created solutions that didn’t efficiently
protect lands that provide high carbon storage and
climate adaptation values. Critically, we found the
additional cost to include climate NCPs is minimal.
This is an important result because, unlike food and
feed, climate-related NCP are rarely considered in
PAL planning. Climate change will cause disruption
to many NCP (Chaplin-Kramer et al. 2019; Requena-
Mullor et al. 2023). Therefore, the most effective land
protection will consider both current and future NCP.
While there may be high-level consideration that cli-
mate change should be considered in agricultural land
protection planning (Freedgood et al. 2020), in our
experience, the explicit inclusion of climate change
indicators in PAL planning is very limited.

Sensitivity analysis workflow

In our study, the sensitivity analysis was critical to
identify both redundant and influential NCP indica-
tors in our SCP analysis. Removing redundant inputs
created a simpler all-NCP scenario so that the main

drivers among and uniqueness of the NCP features
could be better understood. The sensitivity analy-
sis then revealed the most influential drivers of SCP
solutions, which allowed us to quantify the impact of
each influential driver on solutions.

The vast majority of SCP research does not con-
duct a sensitivity analysis (Neuendorf et al. 2018;
Velazco et al. 2020). This is problematic because
SCP results may be assumed to be fact even if their
predicted protection outcomes are impossible, and
implementing these uninformed decisions can lead to
inefficient investments and environmental and human
harm (Neuendorf et al. 2018). Sensitivity analyses
overcome these problems by communicating model
behavior and increasing transparency in conservation
planning (Neuendorf et al. 2018). SCP assumes the
input layers (here, the NCP data) are accurate; how-
ever, input layers have different levels of uncertainty.
Our sensitivity analysis can be used as a first assess-
ment of solution uncertainty. If the most influential
layers are highly uncertain, the solution will also have
high uncertainty. In these cases, additional methods
that deal with uncertainty in SCP, such as Monte
Carlo analysis, are necessary (Neuendorf et al. 2018).

Limitations and future directions

Spatial analyses of this scale require various assump-
tions. For example, we assume that land in a given
land use category (e.g. all croplands) are managed the
same, and thus provide the same level of NCP. While
conventional land use practices dominate in our study
area, there are small pockets of non-conventional
land uses, such as regenerative agriculture and sus-
tainable landscaping. It was beyond the scope of this
study to systematically map alternative land manage-
ment strategies. We suggest future research explore
systematic approaches to incorporating the effects of
different management strategies on NCP and deter-
mining their effect on SCP solutions. Relatedly, our
SCP solutions can point practitioners to general prior-
ity areas for protection, but land trusts and other land
protection agencies should still use local knowledge
and additional criteria in combination with land-
owner willingness to create PALs that provide high
and/or diverse NCP.

The NCP framework has been criticized for inap-
propriate valuation measures, inadequate consid-
eration for demand and access, and issues of justice
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and equity (Chan and Satterfield 2020). We used this
framework because we contend that a greater under-
standing of NCP trade-offs associated with land use
change can help inform choices about land conversion
or protection (Neugarten et al. 2024). However, use
of the NCP framework also led us to exclude tribal
lands for two reasons: (1) we were not able to inte-
grate the context-specific NCP perspective, typical of
local and indigenous knowledge systems (Diaz et al.
2018); and (2) tribal lands have a complex land tenure
history that complicates land protection, especially by
easements, a common form of PAL (Middeton 2011).
Our study area is located within the historic lands of
the Shoshone, Bannock, Newe Sogobia (Eastern Sho-
shone), Nimiipuu (Nez Perce), Cayuse, Umatilla, and
Walla Walla peoples (Native Land Digital, n.d.). We
suggest that SCP could be advanced by incorporating
context-specific NCP and non-NCP frameworks, par-
ticularly from Indigenous and local perspectives, as
these people play important roles in protecting land
and its contributions to humans.

Conclusion

We used an NCP framework to systematically iden-
tify priority lands for protection in an area with both
public and private lands. We found that private land
protection is important even in a public lands-dom-
inated landscape. In regions where food production
provides economic, environmental, and cultural ben-
efits, private land protection through PALs is vital.
Agricultural land protection is growing, and system-
atic conservation planning for multiple NCP is an
underutilized yet valuable method for PAL planning.
We found that food and C stock protection were the
most influential drivers of SCP results, but climate
NCP are not usually included in PAL planning. Inte-
grating climate NCP into PAL planning will result in
more resilient protected area networks than may oth-
erwise be created, especially because the additional
cost to include climate NCP is minimal. This work
highlights the importance of climate considerations in
protected area planning at local and regional scales.
The sensitivity analysis workflow that we developed
for SCP analysis can be replicated in other regions to
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improve PAL planning by identifying underprotected
NCP and targeting important NCP.
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