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a  b  s  t  r  a  c  t

A  variety  of  land-use  and  land-cover  (LULC)  models  operating  at scales  from  local  to  global  have  been
developed  in  recent  years,  including  a number  of  models  that  provide  spatially  explicit,  multi-class  LULC
projections  for the  conterminous  United  States.  This  diversity  of  modeling  approaches  raises  the  question:
how  consistent  are  their  projections  of  future  land  use?  We  compared  projections  from  six  LULC  modeling
applications  for the  United  States  and assessed  quantitative,  spatial,  and conceptual  inconsistencies.  Each
set of projections  provided  multiple  scenarios  covering  a  period  from  roughly  2000  to  2050.  Given  the
unique  spatial,  thematic,  and  temporal  characteristics  of  each  set  of  projections,  individual  projections
were  aggregated  to a common  set of  basic,  generalized  LULC  classes  (i.e.,  cropland,  pasture,  forest,  range,
and urban)  and  summarized  at the county  level  across  the  conterminous  United  States.  We  found  very
little  agreement  in  projected  future  LULC  trends  and  patterns  among  the  different  models.  Variability
among  scenarios  for  a given  model  was generally  lower  than  variability  among  different  models,  in
terms  of both  trends  in the  amounts  of  basic  LULC  classes  and  their  projected  spatial  patterns.  Even
when  different  models  assessed  the same  purported  scenario,  model  projections  varied  substantially.
Projections  of agricultural  trends  were  often  far above  the  maximum  historical  amounts,  raising  concerns
about  the  realism  of  the  projections.  Comparisons  among  models  were  hindered  by  major  discrepancies  in
categorical  definitions,  and  suggest  a need  for standardization  of  historical  LULC  data  sources.  To  capture  a
broader  range  of  uncertainties,  ensemble  modeling  approaches  are  also  recommended.  However,  the  vast

inconsistencies  among  LULC  models  raise  questions  about  the  theoretical  and  conceptual  underpinnings
of  current  modeling  approaches.  Given  the  substantial  effects  that land-use  change  can  have  on  ecological
and societal  processes,  there  is  a  need  for improvement  in LULC  theory  and  modeling  capabilities  to
improve  acceptance  and  use  of  regional-  to  national-scale  LULC  projections  for  the  United  States  and
elsewhere.

Published  by Elsevier  B.V.
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. Introduction

Projections of future land-use and land-cover (LULC) change
re useful for scientists, decision-makers, and other stakeholders
ho want to understand the effects of LULC change on societal

nd ecological issues. In recent years, there has been an explosion
n both the creation and application of LULC models, operat-
ng at scales from local to global. Among these efforts, there are

any more local- and regional-scale LULC projections than there
re national-scale applications, due to difficulties in producing
oderate-to fine-resolution, spatially explicit, multi-class LULC

rojections for large areas. However, several spatially explicit LULC
rojections have been produced in recent years for the conter-
inous United States (Theobald, 2005; Bierwagen et al., 2010;
ear, 2011; Radeloff et al., 2012; Sohl et al., 2014), plus several

lobal-scale projections that include coverage of the United States.
Strengers et al., 2004; Fujino et al., 2006; Van Vurren et al., 2007;
larke et al., 2007; Riahi et al., 2007; Hurtt et al., 2011; Kram and
tehfest 2012; West et al., 2014). Projections of future LULC can
nable land managers to visualize future landscapes and optimize
andscape planning to account for potential effects on a variety
f ecological and social processes (Heistermann et al., 2006), and
esults from these models have been used to assess biodiversity
Theobald, 2005; Sohl, 2014; Martinuzzi et al., 2013), hydrology
Viger et al., 2011; Martinuzzi et al., 2014), carbon and biogeochem-
stry (Zhao et al., 2013; Tan et al., 2015), many other ecosystem
ervices (Lawler et al., 2014), and the emergence of novel ecosys-
ems (Martinuzzi et al., 2015) at scales from local to national.

Among current LULC models and projections there is consider-
ble variability in terms of their conceptual underpinnings, scenario
rameworks, thematic foci, spatial characteristics, and modeling

ethodologies. Unfortunately, assessment of different models and
odeling approaches is difficult. The lack of reference data for

uture time periods means that direct validation of LULC models
s impossible, and even the quantification of uncertainties in future
rojections is notoriously difficult (Dendoncker et al., 2008). The
omplexity, variability, and lack of quantification (or communica-
ion) of uncertainty have caused a situation where the LULC models
hemselves are becoming common, but their actual application for
ecision-making has been lacking (Couclelis, 2005; Zellner, 2008;
eBrommelstroet, 2010; Sohl and Claggett, 2013). Model compar-
son provides an alternative means for quantifying uncertainty,
ased on the assumption that confidence in predictions should

ncrease with their consistency across multiple models, and also
rovides insights into the sensitivity of model outputs to model
tructure and parameterization (Rastetter, 2003). Schmitz et al.
2014) used such an approach to compare future global trajecto-
ies of cropland change projected by 10 different agro-economic

and use change models.

In the current study, our goal was to review and compare
patially explicit LULC projections available for the conterminous
 .  . .  . . . .  . . .  . . . . .  .  . . . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  .  . . . .  .  .  . . . . .  . . . . . . .  .  .  .  . . .  .  . .  . . . .  .  295

United States. This continental focus allowed us to explore pro-
jected changes for multiple LULC classes, examine the spatial
patterns of these projected changes, and assess potential concep-
tual and methodological issues with current LULC models.

2. Data and methods

We  analyzed publicly available spatially explicit LULC projec-
tions covering the conterminous United States (CONUS) (Table 1).
Four available sets of projections were specifically designed to
model CONUS LULC change. The FORE-SCE projections (named for
the use of the FOREcasting SCEnarios of land-use change model)
employed a story-and-simulation approach (Alcamo et al., 2006)
to produce four spatially explicit LULC scenarios as part of a U.S.
Geological Survey project assessing carbon impacts of LULC change
(Sleeter et al., 2012; Sohl et al., 2014). Lawler et al. (2014) used
an econometric approach (hereafter referred to as the “NRI Econo-
metric Model”, due to the model’s reliance on National Resources
Inventory data (Nusser and Goebel, 1997) for model parameter-
ization) to model two  baseline and three policy scenarios, and
then assess LULC impacts on ecosystem services. The U.S. Forest
Service used a similar econometric model to produce three county-
based LULC scenarios as part of the Resources Planning Act (RPA)
2010 assessment (Wear, 2011) (referred to as the “FS-RPA” here-
after). The Integrated Climate Land Use Scenario (ICLUS) projections
used a demographic growth model coupled with a spatial alloca-
tion model (Spatially-Explicit Regional Growth Model (SERGoM);
Theobald, 2005) to generate urban land-use scenarios consistent
with the Intergovernmental Panel on Climate Change (IPCC’s) Spe-
cial Report on Emissions Scenarios (SRES) storylines (Bierwagen
et al., 2010).

At the global scale, integrated assessment models (IAMs) have
been used to model LULC interactions with climate and socioeco-
nomic driving forces, typically at coarse spatial resolutions with
0.5◦ or larger grid cells. Scenarios of LULC change for the United
States were extracted from four sets of global projections based
on IAMs. The Integrated Model to Assess the Global Environment
(IMAGE 2.2; Strengers et al., 2004) was used to create global LULC
projections consistent with storylines of the SRES (Nakicenovic and
Swart, 2001) as part of the IPCC’s Fourth Assessment report (AR4).
An updated IMAGE 2.4 model was  used to produce global LULC
projections for the OECD Environmental Outlook to 2050 (Kram
and Stehfest, 2012; OECD, 2012) (referred to as the “OECD” scenar-
ios hereafter). As with the IPCCs AR4 report, four different global
integrated assessment models (IAMs) (Smith and Wigley, 2006;
Riahi et al., 2007; Van Vurren et al., 2011; Hijoka et al., 2008) were
used to address LULC change for the four Representative Concen-

tration Pathways (RCP) scenarios (Moss et al., 2010) as part of the
IPCC Fifth Assessment report (AR5). Hurtt et al. (2011) used these
projections and the History Database of the Global Environment
(HYDE) LULC database (Goldewijk et al., 2011) to produce harmo-
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Table  1
Characteristics of the LULC projections covering the conterminous United States.

Temporal
Coverage

Time Step Spatial
Resolution

Thematic
Resolution

Geographic
Coverage

Scenarios Model Paradigm

FORE-SCEa 1992–2100 Annual 250 m 17 classes Continental U.S. 4 (SRES) Story-and-simulation
NRI  Econometric Modelb 2001–2051 Start, End 100 m 5 classes Continental U.S. 5 (Custom) Econometric
FS-RPAc 1997–2060 ∼Decadal County 5 classes Continental U.S. 3 (SRES) Econometric
ICLUSd 1970–2100 Decadal 100 m 10 classes Continental U.S. 4 (SRES) + Baseline Demographic and storylines
IMAGE  SRESe 1970–2100 Decadal 0.5◦ 19 classes Global 4 (SRES) IAM
IMAGE  OECDf 1970–2100 5 year 0.5◦ 19 classes Global 5 (Custom) IAM
RCPg 2005–2100 Decadal 0.5◦ Variable Global 4 (RCP) IAM
GCAM  CONUSh 2005–2095 Annual 0.05◦ 19 classes Continental U.S. 3 (Custom) Downscaling of IAM

a Sohl et al. (2014).
b Lawler et al. (2014).
c Wear (2011).
d Bierwagen et al. (2010).
e Strengers et al. (2004).
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f Kram and Stehfest (2014).
g Hurtt et al. (2011).
h West and Le Page (2014).

ized LULC scenarios from 1500 to 2100, with the harmonization
rocess attempting “to preserve the future changes depicted by the

AMs at the grid cell level.” The harmonized Hurtt et al. (2011) data
ere used here to represent the IAM-modeled RCPs, and are here-

fter referred to as the “RCP” projections. Finally, West et al. (2014)
sed a modeling approach to downscale global-scale projections
rom the Global Change Assessment Model (GCAM) to the United
tates, data hereafter referred to as the “GCAM/CONUS” projections.

Temporal, spatial, and thematic characteristics vary substan-
ially among the different models and projections (Table 1). To
acilitate comparisons among the different LULC projections, we
tandardized each to a common temporal and thematic frame-
ork. Temporal intervals for the different frameworks ranged from

nnual LULC maps to basic beginning- and end-date maps. The
tarting model dates ranged from 1970 to 2005 and the ending
odel dates ranged from 2050 to 2100. Given the variability in tem-

oral characteristics, we limited comparisons to 2000, 2050, and
100 (if available). For the nominal 2000 and 2050 dates, the clos-
st date was used from each model. For example, the 1997 FS-RPA
ate was used to represent the nominal 2000 date for that model,
nd the 2051 NRI Econometric Model date was used to represent
he nominal 2050 date for that model. The NRI Econometric Model,
S-RPA, and IMAGE OECD projection end points were 2051, 2060,
nd 2050 respectively; thus, no 2100 comparisons were made for
hese data sets.

Thematically, most of the projections used different classifica-
ion schemes, with five to 21 LULC classes. As discussed extensively
n the results, varying thematic definitions were a major issue in
omparing projection results. However, most, but not all, of the
rojections could be compared using the five classes mapped by
he FS-RPA and NRI Econometric Model (cropland, pasture, forest,
ange, urban). The individual projections were thus compared at
wo different levels (Table 2). All projection families were reclassi-
ed to allow comparisons for basic “agriculture” and “forest/range.”
griculture was composed of distinctly mapped “cropland” and
pasture” classes for all projection families other than the IMAGE
RES, ICLUS, and GCAM CONUS projections, allowing for a finer
hematic scale comparison. Similarly, forest/range was split into
forest” and “range” sub-classes and compared across most pro-
ection families. The exceptions were the RCP projections, which
id not distinguish forest and range classes, but instead modeled
primary” and “secondary” land. Urban lands were compared for
odels that explicitly modeled that class (FORE-SCE, NRI Econo-

etric Model, FS-RPA, two of the RCP projections, and ICLUS). ICLUS

rojections, although using the same SRES scenarios as multiple
ther models, focused solely on LULC change due to urbaniza-

d

tion. As sectoral changes between forest, range, or agriculture were
not explicitly modeled (outside of changes resulting from urban-
ization), only urban results (including the urban and suburban
subclasses) are shown for ICLUS.

Each model provided multiple scenarios, with each scenario
representing a set of future conditions based on internally con-
sistent assumptions about the major drivers, relationships, and
constraints that may  affect future LULC change (Thompson et al.,
2012). Scenarios are typically designed to encompass a range of
plausible future trajectories of change, thereby implicitly acknowl-
edging the uncertainty inherent in socioecological systems, rather
than attempting to make precise forecasts of future landscapes
(Alcamo and Henrichs 2008). Table 3 provides a summary of the
scenarios provided by each model. Four models (FORE-SCE, IMAGE
2.2, FS-RPA, and ICLUS) used the same scenario framework, the
IPCC’s SRES. The NRI Econometric Model was used to predict a set
of custom projections, including two  “baseline” scenarios and three
scenarios designed to evaluate different land-use policies (Lawler
et al., 2014). As part of the IPCC’s original AR5 report used to pro-
duce the harmonized Hurtt RCP data set, four different IAMs were
used to model each of four different RCP scenarios: IMAGE used for
RCP 2.6 (Van Vurren et al., 2007, 2011), MINICAM used for RCP4.5
(Clarke et al., 2007; Smith and Wigley 2006), AIM used for RCP
6.0 (Fujino et al., 2006; Hijoka et al., 2008), and MESSAGE used for
RCP8.5 (Riahi et al., 2007; Rao and Riahi 2006). The fact that mul-
tiple models used similar scenarios and other models developed
different scenarios allowed us to assess both how a given scenario
is interpreted and modeled by different modeling groups, and to
compare the variability among scenarios versus variability among
models.

The different LULC projections each provide information on
overall trends in major LULC classes, as well as a spatial repre-
sentation of LULC proportions and change. We  summarized overall
LULC proportions for the entire conterminous United States for the
appropriate LULC classes from Table 2 for the nominal 2000, 2050,
and 2100 dates (as available) and evaluated the observed trends in
terms of:

a Consistency in starting proportions for each modeled LULC class,
 Trajectories of individual LULC classes in Table 2 over time,
c Variability among different models,
 Variability among different scenarios within a single model,

e Consistency in treatment of the “same” scenario by different
models.
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Table 2
Reclassification of the projected LULC data sets to aggregate major LULC classes. All LULC projections were aggregated to the major LULC classes of “agriculture” and
“forest/range.” A majority of projections could also be compared using the finer sub-classes of “cropland” and “pasture” (sub-classes under “agriculture”), and “forest” and
“range” (sub-classes under “forest/range”). Most LULC projections included “urban,” although the IMAGE-SRES and two of the four RCP models did not.

Class FORE-SCE NRI Econometric
Model

FS-RPA IMAGE SRES, OECD RCPs ICLUS GCAM/CONUS

1-Agriculture Agriculture Agriculture
1a-Cropland Cropland Cropland Cropland N/A Cropland N/A Crops
1b-Pasture Pasture Pasture Pasture N/A Pasture N/A

2-Forest/Range Primary
Secondary

2a-Forest Deciduous Forest Forest Forest Regrowth Forest N/A Forest Needleleaf
Evergreen Trees

Mixed Forest Boreal Forest Broadleaf
Evergreen Trees

Conifer Forest Cool Conifer Needleleaf
Deciduous Trees

Temperate Mixed Forest Broadleaf
Deciduous Trees

Temperate Decid. Forest
Warm mixed Forest
Tropical Woodland
Tropical Forest

2b-Range Grassland Range Range Extensive Grassland N/A Range C3 Grass
Shrubland Grassland − Steppe C4 Grass

Scrubland Broadleaf
Evergreen Shrub

Savannah Broadleaf
Deciduous Shrub

3-Urban Urban Urban Urban N/A Urban Urban & Suburban Urban
Exurban

Table 3
Scenarios used by each of the models, and a brief description of the characteristics of each scenario.

Model Scenario

FORE-SCE, FS-RPA, IMAGE 2.2,
ICLUS

SRES A1 B – Low population growth, high GDP growth, rapid technological innovation, balanced
energy sector, globalization

FORE-SCE, FS-RPA, IMAGE 2.2,
ICLUS

SRES A2 – High population growth, low GDP growth, slow technological innovation, fossil fuel
intensive, regional growth

FORE-SCE, IMAGE 2.2, ICLUS SRES B1 – Low population growth, high GDP growth, rapid technological innovation, renewable
energy, globalization

FORE-SCE, FS-RPA, IMAGE 2.2,
ICLUS

SRES B2 – Medium population growth, medium GDP growth, medium technological innovation,
mixed energy, regional growth

NRI  Econometric Model 1990s Trend – Continuation of land-use trends from 1992 to 1997
NRI  Econometric Model High Crop Demand – Land-use changes accounting for 10% increase in crop prices every five years

relative to the 1990s Trend scenario
NRI  Econometric Model Forest Incentives – $100/acre annual payment for land converted to forest; $100/acre annual tax

for  land taken out of forest
NRI  Econometric Model Natural habitats – $100/acre annual tax for land converted from forest or range to cropland,

pasture, or urban
NRI Econometric Model Urban containment – Prohibition on land conversion to urban in nonmetropolitan counties.

Hurtt  RCP (originally modeled
with IMAGE)

RCP 2.6 – A “peak-and-decline” scenario, with radiative forcing peaks at 3.1 W/m2 near 2050,
declining to 2.6 by 2100.

Hurtt RCP (originally modeled
with MiniCAM)

RCP 4.5 – A stabilization scenario where radiative forcing is stabilized at 4.5 W/m2 just after 2100,
using technology and emission reduction strategies.

Hurtt RCP (originally modeled
with AIM)

RCP 6 – A stabilization scenario where radiative forcing is stabilized at 6.0 W/m2 just after 2100,
using technology and emission reduction strategies.

Hurtt RCP (originally modeled
with MESSAGE)

RCP 8.5 – Marked by increasing greenhouse gas emissions over time, leading to very high radiative
forcing of 8.5 W/m2.

OECD (Image 2.4) Baseline – Global population of 9.2 billion, quadrupling of GDP, 80% energy demand increase by
2050.  No new climate policies.

OECD (Image 2.4) 450 ppm Core – Baseline plus mitigation policy starting in 2013, designed to stabilize CO2

concentrations of 450 ppm by 2100.
OECD (Image 2.4) 450 ppm Accelerated – Baseline, “Core” mitigation policies, plus additional mitigation from 2013

to 2030, designed to stabilize CO2 concentrations of 450 ppm by 2100.
OECD (Image 2.4) 450 ppm Delayed – Baseline plus migitation plicy starting in 2020, designed to stabilize CO2

concentrations of 450 ppm by 2100.
OECD (Image 2.4) 550 ppm Core – Baseline plus migitation policy starting in 2013, designed to stabilize CO2

concentrations of 550 ppm by 2100.

GCAM Reference – Business-as-usual with no climate mitigation efforts, radiative forcing >7 W/m2 by
2100.

GCAM  MP  2.6 – Radiative forcing in 2100 of 2.6 W/m2, originally based on RCP 2.6.
GCAM  MP  4.5 – Radiative forcing in 2100 of 4.5 W/m2, originally based on RCP 4.5.
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We  also compared the spatial patterns of modeled LULC and
ULC change. Spatial characteristics of the different model families
aried considerably (Table 1), with spatial resolutions of 100 m,
50 m,  0.5◦ grid cells, or county-level. For the NRI Econometric
odel, FORE-SCE, IMAGE SRES, and ICLUS data, values were pro-

ided as thematically coded grid cells, where each grid cell was
ssigned a single LULC class. The RCPs and Forest Service RPA
rovided proportional coverage for the minimum reporting unit
0.5◦ grid cell and county, respectively) for each modeled LULC
lass. Regardless of spatial format, all data sets were rescaled to
he county level to facilitate comparison. This “mid-level” spatial
ramework necessitated the aggregation of the finer-scaled, grid-
ased FORE-SCE, ICLUS, and NRI Econometric Model projection
ata, with individual LULC proportions summarized based on the
umber of grid cells in each county. For the coarser 0.5◦ data pro-
ided by the IMAGE SRES and RCP projections, individual counties
re smaller than the grid cells in some parts of the conterminous
nited States. For these data sets, the county-level coverage of each
ULC class in Table 2 was determined based on the proportion
f each grid cell overlapping the county. Although summarizing
y county effectively results in an artificial “downscaling” of the
MAGE SRES and RCP data sets, the intention here is not to quan-
itatively compare all spatial data at a county level, but rather to
epict and qualitatively discuss general spatial patterns among the
ifferent models and scenarios.

County-level projections of LULC change from 2000 to 2050
or different models and scenarios were compared using pairwise
pearman’s rank correlation (Spearman, 1904). Using the areas of
odeled LULC change for various classes from 2000 to 2050, rank

orrelation values were calculated across all possible scenario pairs
ithin each individual modeling framework to assess scenario vari-

bility. To assess similarity of results for the four models that used
he same nominal SRES scenarios (FORE-SCE, Forest Service RPA,
MAGE, ICLUS), pairwise Spearman’s rank correlation was also cal-
ulated for each possible model pair within a given scenario.

Finally, county-level data for cropland were compared with his-
orical cropland data from the U.S. Agricultural Census (Waisanen
nd Bliss, 2002). Cropland area has varied widely over the last two
enturies in many parts of the United States, with estimates of “peak
ropland” varying from the 1930s to the 1950s (Theobald, 2001;

aisanan and Bliss, 2002; Ramankutty et al., 2010). Particularly
n the eastern United States, cropland extent was  historically far
arger than at present. The highest maximum extent of cropland by
ounty was extracted from the Waisanen and Bliss (2002) database
nd compared with projections in 2050 across models. The intent
as to highlight areas where models projected a larger amount of

ropland than had ever existed within a county, which may  raise
uestions regarding the realism of a modeled scenario.

. Results

.1. Conterminous U.S. trends – 2000, 2050, 2100

We  found major differences in the proportions of the seven dif-
erent LULC classes (three major classes, four sub-classes) for each

odel (Table 2, Fig. 1). Note that not all models are represented for
ach LULC class, as outlined in Table 2.

.1.1. Starting LULC proportion
Substantial variability among models was found in even the

ost basic measure, the starting proportion of a given LULC class

or the nominal 2000 date. For example, agriculture (including both
ropland and hay/pasture) in 2000 ranged from ∼1.8 million km2

o more than 4.0 million km2 (Fig. 1A). The cropland component
f agriculture varied substantially, from ∼1.3 to ∼1.8 million km2
ling 337 (2016) 281–297 285

(Fig. 1B), and the pasture component had even greater variabil-
ity, ranging from less than 500,000 km2 to well over 2 million km2

(Fig. 1C). Forest/range varied from ∼3.2 to ∼5.0 million km2

(Fig. 1D), with the forest component ranging from ∼1.6 to
∼2.3 million km2 (Fig. 1E) and the range component varying from
∼1.6 to ∼2.9 million km2 (Fig. 1F). Urban lands in 2000 varied from
less than 130,000 km2 to more than 400,000 km2 (Fig. 1G). Sub-
stantial differences between the thematic classification systems, as
well as the use of different source data for 2000, were the primary
drivers behind the variability in initial LULC proportions. Thus,
results presented herein must be interpreted within the context
of these variable classification systems.

3.1.2. Scenario variability – all modeling frameworks
We found that model choice and underlying model paradigm

had a major impact on modeled trends in LULC. For the aggre-
gated agriculture class (Fig. 1A), the basic trajectory (i.e., whether
a LULC class increased or decreased) varied among scenarios for
FORE-SCE, IMAGE, and the RCPs, with about half of the scenar-
ios projecting a decline by 2050 and half projecting a gain. This
variability in trajectories was not seen for the FS-RPA, the NRI
Econometric Model, or the OECD projections; all scenarios showed
the same declining trajectory for agriculture, although the mag-
nitude of the decline varied. For the models that used the IPCC’s
SRES scenarios, the FS-RPA showed minor declines in agriculture
for all scenarios, whereas the FORE-SCE and IMAGE  scenarios had
large differences in trajectories, with both models depicting some
scenarios with agricultural gains and some scenarios with agricul-
tural losses. Cropland (Fig. 1B) and hay/pasture (Fig. 1C) had high
variability among scenarios (with gaining and losing scenarios) for
FORE-SCE, IMAGE, and the RCPs and modest declines for all FS-
RPA scenarios for both classes. Cropland trends for GCAM increased
across all scenarios, while all NRI Econometric Model scenarios
other than the “high cropland” scenario depicted cropland declines.

Substantial variability was  also seen for the vegetated LULC
classes. The aggregate forest/range class showed major differences
in trends for FORE-SCE, the NRI Econometric model, IMAGE, the
RCPs, and OECD scenarios, with some projecting gains and others
losses (Fig. 1D). All of the FS-RPA and GCAM scenarios exhibited
slight declines in forest/range. The forest class (Fig. 1E) showed
broad variability among scenarios for FORE-SCE, IMAGE, and GCAM.
The NRI Econometric Model and OECD scenarios all projected gains
in forest area, but the three FS-RPA projections all projected losses.
Results were also variable for rangeland (Fig. 1F), with FORE-SCE,
IMAGE, and OECD models projecting substantial differences in
rangeland trends among scenarios, whereas all scenarios for the
NRI Econometric Model, the FS-RPA, and GCAM projected declines
in rangeland area over time. Projected trends in urban area (Fig. 1G)
were the most consistent among all models, with each scenario
projecting substantial (but variable) increases in urbanized area.

Pairwise Spearman’s rank correlations of 2000–2050 county-
level change for the LULC classes in Table 2 were highly variable for
all combinations of scenarios within a given model (Fig. 2) and were
generally lower for the global IAMs than for the CONUS-only mod-
els. Similarity among scenarios was  particularly low for the RCPs,
where a different IAM and varying scenario assumptions were used
for each of the four RCP scenarios, and was  also generally low for
the IMAGE 2.2 SRES scenarios. FORE-SCE and GCAM showed consid-
erable variation in similarity across scenarios, with some scenario
pairs showing strong similarity, but others showing only modest
similarity. NRI Econometric Model scenario pairs were more simi-
lar than FORE-SCE, but with substantial differences between some

scenario pairs, whereas the Forest Service RPA scenarios showed
very strong similarity for all possible scenario pairs. The urban LULC
class was  the most similar between scenario pairs for all mod-
els, although the “urban containment” scenario used by the NRI
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he  NRI Econometric Model and Forest Service RPA projections do not model past 2

conometric Model was quite different than other NRI scenarios
nd resulted in some lower similarity scores.

.1.3. Scenario variability – different models using the “same”
RES scenarios

FORE-SCE, the FS-RPA, IMAGE 2.2, and ICLUS all used SRES as
he basic scenario framework, allowing us to examine differences
n results for what are presumably the “same” scenarios. The basic
rajectory of LULC classes was relatively similar between the FORE-
CE and IMAGE projections (Fig. 1), which was not a surprise given
hat IMAGE was used as a primary component in building scenar-
os for FORE-SCE (Sleeter et al., 2012). However, the magnitude of
he changes was quite different, primarily because the very high
evels of change projected by IMAGE were deemed to be unreal-
stic in workshops used to construct FORE-SCE scenarios (Sleeter

t al., 2012). For example, the trajectory of agriculture was the same
or all dates and scenarios between FORE-SCE and IMAGE, but the
uantity of modeled change was much higher for IMAGE. Forest and
ange trajectories were the same for FORE-SCE and IMAGE for three
l represents a different LULC class: A) Agriculture (cropland and pasture combined),
ange, and G) Urban. Note that not all LULC classes are represented by each model.
ee Table 3 for a description of each scenario.

of the four SRES, but again, the magnitude of change varied between
the two modeling frameworks. The FS-RPA projections trajectories
were quite different from the FORE-SCE and IMAGE results. Agricul-
ture declined modestly in each of the three scenarios modeled by
the FS-RPA, a marked difference from FORE-SCE and IMAGE results,
where strong increases in agriculture were projected for multiple
scenarios. Forest and range both showed similar modest declines
for all FS-RPA scenarios, lacking the variability seen in FORE-SCE
and IMAGE results. Urban area was one major LULC class where
proportional change was quite similar among FORE-SCE, the FS-
RPA, and ICLUS (IMAGE did not model an urban class). There were
some differences in the ranking of scenarios based on the amounts
of urban change, but in general, the “A” scenarios showed much
higher levels of urban change than the “B” scenarios for all models
that used SRES.

Pairwise Spearman’s rank correlation values of county-level

LULC change for each possible model pair for the three SRES
modeled by FORE-SCE, the FS-RPA, IMAGE, and ICLUS were again
generally low (Fig. 3). Even for such broad, aggregate classes as agri-
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air.  Each LULC class and model is depicted with the range of rank correlation valu
xplicitly modeled by a given scenario set are marked as “N/A”.

ulture and forest/range, there was generally very poor agreement
mong models. Agreement was significantly higher for urban lands
or all possible model pairs. Overall for agriculture and forest/range,
he two U.S.-focused models (FORE-SCE, FS-RPA) were more sim-
lar with one another than with IMAGE. However, given that both
he FORE-SCE and FS-RPA applications used a similar scale of anal-
sis and a common starting LULC framework based on the National
and Cover Database (NLCD; Vogelmann et al., 2001; Homer et al.,
007), the overall similarity for a given SRES scenario was mod-

st at best. FORE-SCE and IMAGE showed strong disagreement at

 county level, which was surprising given the very similar tra-
ectories of overall LULC between the two models. Disagreement
rrelation of county-level LULC change from 2000 to 2050 for each possible scenario
inimum to maximum), as well as mean value across all scenario pairs. Classes not

between FORE-SCE and IMAGE was largely due to differences in
spatial patterns of change.

3.2. Spatial patterns of change – 2000, 2050, 2100

Not only did national-level proportions and trends of individ-
ual LULC classes vary greatly among models, but so did the spatial
patterns of modeled LULC change, as indicated by the county-level
pairwise Spearman’s rank correlations (Figs. 2 and 3) and maps of

changes in cropland, pasture, forest, and range (respectively) from
the nominal 2000 and 2050 dates (Figs. 4–8 ). The spatial patterns
of modeled cropland change for FORE-SCE, the NRI Econometric
Model, the FS-RPA, and GCAM each showed distinctive regional pat-
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Fig. 3. Pairwise Spearman’s rank correlation by common scenario – Pairwise Spearman’s rank correlation of county-level LULC change from 2000 to 2050 for agriculture,
forest/range, and urban for the three SRES scenarios modeled by FORE-SCE, FS-RPA, IMAGE, and ICLUS models. Gray bars represent the entire range of pairwise rank correlation
values  across the three possible scenario pairs. Black bars represent the exact value for each given pair. ICLUS is only provided for urban, while IMAGE is only shown for
agriculture and forest/range.

Fig. 4. Spatial distribution of cropland change – Spatial distribution of cropland change (∼2000 to ∼2050) for the four projection families that explicitly modeled that class.
Note  the IMAGE model used for the IPCC AR4 report did not provide spatially modeled cropland (only aggregated “agriculture”) and is thus not depicted in this figure.
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Fig. 5. Spatial distribution of pasture change – Spatial distribution of pasture change (∼2000 to ∼2050) for the four projection families that explicitly modeled that class.
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ote  the IMAGE model used for the IPCC AR4 report did not provide spatially mode

erns within a given model, regardless of modeled scenario (Fig. 4).
or example, the FORE-SCE A1B and A2 scenarios both projected
n overall increase in cropland proportion by 2050, showing most
f the increase occurring in the Great Plains. The FORE-SCE B1 and
2 scenarios both projected modest declines in overall cropland
roportions by 2050, yet local patterns of cropland gain mimicked
he heaviest areas of cropland gain from the A1B and A2 scenarios
Fig. 4). The NRI Econometric Model projections also showed spatial
imilarity among scenarios, with all scenarios depicting cropland
ains in the same general areas of the West and in Texas, whereas
he same patterns of cropland loss were seen across all scenar-
os in parts of the Great Plains and Midwest. Cropland change was
ery modest for the FS-RPA projections, but again, the same spa-
ial patterns were present across all scenarios. GCAM scenarios all
how strong cropland gain in the western half of the contermi-
ous United States. The RCP scenarios were the only ones that
howed variability in spatial pattern among scenarios. However,
he RCPs are unique in that each scenario was originally modeled
sing a different IAM, and it is likely that the differences in spatial
attern between scenarios were due at least in part to the under-

ying models that were used, in addition to the different scenario
haracteristics.

Spatial patterns of change differed strongly among models for
ther land-cover classes as well. Patterns of modeled 2000–2050
astureland change (Fig. 5) showed the same regional biases for
ORE-SCE, the NRI Econometric Model, and the FS-RPA, whereas the

ulti-model approach used for the RCPs resulted in broad variabil-

ty in spatial patterns of pastureland change. Forest and rangeland
atterns (Figs. 6 and 7) were also similar among scenarios for a
iven model, but with distinctive regional biases present for each
sture (only aggregated “agriculture”) and was thus not depicted in this figure.

of the models that explicitly modeled these classes The two model
sets that appear most similar in Figs. 6 and 7 are the IMAGE 2.2 and
OECD results, perhaps not surprising given that the OECD scenar-
ios were modeled with an updated version of IMAGE (IMAGE 2.4).
Urban patterns (Fig. 8) show the most similarity across model fam-
ilies. This is not surprising given the localized nature of urbanized
landscapes and the limited geographic area where urban change is
likely. However, even for urban lands, projections are much more
similar among scenarios within a given model than they are among
projections across different models. Overall, the comparisons indi-
cated a very strong influence of model choice on spatial patterns
of change, with each model exhibiting a distinctive spatial signa-
ture despite the large differences among the scenarios used for each
model (Figs. 4–8).

3.3. Comparison of model results versus historical data sets

Results for the different models that explicitly modeled crop-
land were compared with historical cropland extent data by county
to highlight areas where models were projecting quantities of
cropland that exceeded any historical maximum (Fig. 9). Given dif-
ferences between the U.S. Agricultural Census data (Waisanen and
Bliss 2002) and the starting point LULC data sets used by the var-
ious models, some counties surpassed the “historical maximum”
from the Agricultural Census right at the start of the simulation,
before any modeling occurred (Fig. 9), and many counties were

projected to surpass the historical maximum by 2050. For the FORE-
SCE model, the A1B and A2 scenarios were characterized by large
increases in modeled cropland by 2050, resulting in a number of
counties in the Great Plains surpassing the maximum historical
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he  RCP models did not provide spatially modeled forest (only aggregated “primary

ropland extent. For the NRI Econometric Model projections, only
he “high cropland” scenario projected an increase in cropland,
et, several of the same counties (primarily in the southwestern
nited States and Texas) were projected to surpass the historical
ropland maximum by 2050 in all scenarios, even scenarios that
rojected overall cropland loss. The FS-RPA scenarios were all sim-

lar, showing modest cropland declines; as a result, no counties
ere projected to surpass historical cropland maxima by 2050. Of

he RCPs, only RCP2.6 projected any significant increase in crop-
and by 2050, but as Fig. 9 indicates, that modeled increase in
ropland resulted in many counties in the western United States
urpassing the maximum level of historical cropland. As with the
CPs, GCAM projections had many counties that exceeded histori-
al cropland levels at the start of the simulation period. However,

ach of the GCAM scenarios projected large cropland gains in the
estern United States, resulting in many counties exceeding his-

orical maximums by 2050.
 to ∼2050) for the four projection families that explicitly modeled that class. Note
“secondary” land) and were thus not depicted in this figure.

4. Discussion

We  found very little agreement in projected land-use trends and
patterns from the different models that we  analyzed. One of our
greatest difficulties in comparing models was  simply accounting
for varying thematic definitions between model applications and
the use of different starting LULC data sets. These differences are
evident in Fig. 1, where starting LULC proportions are substantially
different among the different types of models. Differences are par-
ticularly evident when comparing CONUS-only models versus the
IAMs. For example, due to definitional differences (e.g., a broader
definition of “pasture” for IAMs) and a reliance on different source
LULC data sets (e.g., HYDE-based starting LULC for multiple IAMs
versus NLCD-based LULC for multiple CONUS-only models), the

IAM models typically represent more land in cropland and/or pas-
ture than do the CONUS-only models. These differences complicate
efforts to directly compare results from different models. Initial
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ULC proportions may  be different among modeling frameworks,
ut we can still make valid comparisons of LULC trends and spatial
atterns among the different modeling frameworks as discussed
elow, particularly when comparing among IAMs by themselves or
ONUS-only models by themselves. These comparisons allow us to

dentify several issues that impact the development and application
f LULC models.

.1. Need for standardized data and assessment frameworks

A number of factors hinder cross-model and cross-scale compar-
sons, including the use of different source LULC data, inconsistent
hematic definitions, differences in spatial scale, and differences in
odeling initialization date. Overall, these disparities erode confi-
ence in LULC models, increase the perception of uncertainty, and

imit our ability to quantify uncertainty in LULC models. These dif-
erences also limit the possibility to establish any kind of ensemble
ge (∼2000 to ∼2050) for the four projection families that explicitly modeled that
mary” and “secondary” land) and were thus not depicted in this figure.

approach for LULC modeling. A multi-scale standardization of LULC
definitions, dataset “crosswalks” (methods to thematically and/or
spatially convert between disparate LULC data sets), and reporting
methods would greatly improve our ability to perform cross-model
comparisons, conduct multi-model approaches, and quantify mod-
eling uncertainties.

Currently, the field of LULC modeling lags behind other dis-
ciplines in terms of standardization. National Research Council
(2013) stated that the primary research needs for LULC model-
ing were developing common model infrastructures that serve as
platforms for understanding LULC change processes and evaluating
resultant effects on ecological and societal processes. In climate
modeling, there is certainly variability among modeling frame-

works, yet there is also a long history of intercomparisons among
models (Lambert and Boer, 2001; Covey et al., 2003), with recent
work such as the Coupled Model Intercomparison Project Phase 5
(CMIP5) providing a framework for integrating and assessing cli-
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Fig. 8. Spatial distribution of urban change – Spatial distribution of urban change (∼2000 to ∼2050) for the five projection families that explicitly modeled that class. Note
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hat  only two  of the four RCP models explicitly modeled urban change.

ate model differences (Taylor et al., 2012). Similarly, for species
istribution modeling (SDM), the Software for Assisted Habitat
odeling (SAHM) and the R package biomod2 were developed to

rovide a consistent, repeatable means for ingesting standardized
ata inputs and using them to develop and compare multiple SDMs
nd make ensemble predictions (Thuiller, 2003; Thuiller et al.,
009; Stohlgren et al., 2010). For carbon and biogeochemical mod-
ling, the North American Carbon Program (NACP) has developed
rotocols for synthesizing and comparing many different terres-
rial biosphere models, to understand causes of model variability
Huntzinger et al., 2012).

Our basic spatial and qualitative comparisons of the handful of
ULC models that have produced projections for the conterminous
nited States represents a step in this direction for LULC model-

ng, but more comprehensive comparison programs are needed.
fforts such as the U.S. National Vegetation Classification (USNVC)
re moving in this direction, as they provide a framework for docu-
enting, monitoring, and assessing vegetation in the United States

http://usnvc.org). More recently, the Land-use Model Intercom-

arison Project (LUMIP) has been established as part of CMIP to
ddress relationships between land use, climate, and biogeochem-
cal cycling at a global scale, including metrics to quantify and
iagnostically assess sensitivities and uncertainties related to land-
use models (https://cmip.ucar.edu/lumip). Efforts such as these
suggest a path forward for providing 1) consistent model inputs
for regional- and national-scale LULC modeling, 2) common sets of
scenarios, and 3) methodologies for model intercomparison.

4.2. Interpreting results in the context of model purpose

One major reason for differences in model outputs is differ-
ences in model purpose. With the variety of model structures, data
requirements, and conceptual elements, model choice must be
aligned with the intended purpose (Brown et al., 2013). The mod-
els used for the global IAM results presented here (IMAGE, RCPs,
OECD, GCAM) strive to represent interactions between climate,
demographics, land use, energy, policy, and more for all socioe-
conomic sectors across the entire globe. A global model is unlikely
to lead to results that match those from models solely focused on
the United States, and the IAMs are primarily designed to support
climate modeling rather than focus exclusively on LULC. For models
that attempt to account for a multitude of driving forces, a concern

is the substantial inconsistencies among different IAMs. Scenario
differences clearly account for many of these inconsistencies, but
as with all models examined here, spatial patterns of change vary
widely among models. These results also indicate potential issues

http://usnvc.org
http://usnvc.org
http://usnvc.org
http://https://cmip.ucar.edu/lumip
http://https://cmip.ucar.edu/lumip
http://https://cmip.ucar.edu/lumip
http://https://cmip.ucar.edu/lumip
http://https://cmip.ucar.edu/lumip
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Fig. 9. Cropland compared with historical maximum – Historical maximum extent of cropland by county for the four projection families that explicitly modeled cropland
compared with modeled results for 2050. Black represents counties where historical maximums in the Waisanen and Bliss (2002) database were already exceeded by more
than  25 km2 at the start of the simulation period, indicating database consistency issues between the various LULC databases. Magenta counties represent areas where
initially  cropland area was below historical maximums, but where the model application itself caused a county to exceed the historical maximum (by more than 25 km2) by
2
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ith “realism” of global-scale models at a regional or national scale,
uch as a projected near-doubling of agricultural land by 2100 in the
MAGE A2 scenario or widespread expansion of cropland in the dry
nterior western United States in the RCP2.6 and GCAM scenarios.

The two econometric modeling approaches (NRI Econometric
odel and Forest Service RPA) were designed to assess policy

ffects on economic returns of various LULC classes, which in turn
ffect the rates and spatial patterns of LULC change. Given sim-
larities in basic model structure, it is surprising how different
rojected patterns were for these two models when accounting for
he use of different scenarios. The Forest Service RPA projections
ocused more on population growth scenarios and the effects of
esulting urban growth on other land uses, whereas the NRI Econo-
etric Model projections were driven mostly by the feedbacks of

olicy changes on the economic returns of various land uses and
he resulting land-use decisions. These differences emphasize how

ven for two models built upon a similar econometric framework,
odeling decisions about the types of land-use drivers and rela-

ionships to emphasize can translate into substantial differences in
he amount and spatial pattern of projected change.
The FORE-SCE model is an empirical-statistical model that
downscaled scenarios consistent with IPCC SRES to regionally rel-
evant scales, in support of a national-level assessment of carbon
dynamics. For the FORE-SCE model, among-scenario variability was
substantially higher than for the other U.S.-specific models. That
finding was not unexpected, given that the FORE-SCE projections
were specifically designed to capture a wide range of potential LULC
outcomes. However, as with all of the models we  examined, a pos-
sible concern is the similar, strong spatial patterns present across
all scenarios. The similarity in spatial patterns evident within a
given model’s suite of scenarios, compared with the strong vari-
ability in spatial patterns among different models, indicates the
substantialinfluence of model choice in defining overall landscape
pattern.

4.3. Multi-scenario versus multi-model approaches
In LULC modeling, scenarios are alternative visions of the
future, and multiple scenarios are employed to capture a range of
future LULC conditions (Peterson et al., 2003; Verburg et al., 2008;
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oss et al., 2010). Given the variety of scenarios and approaches
ompared here, variability among model projections was  to be
xpected. However, we were surprised that variability among sce-
arios of each model was generally much lower than variability
mong the models themselves. Results suggested that the range of
cenarios employed for each model most likely did not bound the
ull range of potential landscape outcomes. For some models, the
ame trajectories were projected regardless of modeled scenario
e.g., cropland and forest for the NRI Econometric Model, FS-RPA).
patial patterns of change (Figs. 4–8) were very similar across sce-
arios for a given model, a characteristic likely due to the reliance
n common data sources and common forms of parameterization,
egardless of scenario characteristics. For example, each scenario
odeled by FORE-SCE used the same probability-of-occurrence

urfaces to drive the spatial arrangement of landscape change, each
cenario modeled by the NRI Econometric Model or the FS-RPA
elied on the same county-level parameterization based on NRI
ata, and most of the IAMs relied on the same limited set of biophys-

cal parameters to establish site-level suitability for a given LULC
lass. In addition to model mechanics, different researchers make
ubjective judgements in scenario and model parameterization and
xecution (Rounsevell et al., 2006), and many of those subjective
udgements are never communicated in published results. In effect,
ach scenario is a model within a model, a subjectively interpreted
epresentation of a likely LULC outcome based on a particular set
f assumptions. Although the role of scenarios is to assess varia-
ion in possible futures, the range of variability in actual modeling
utcomes is generally reduced by common paradigms used by an
ndividual model or modeling team (Metzger et al., 2010). “Sce-
ario convergence” (Metzger et al., 2010) due to model and modeler
iases can reduce the range of plausible futures within an individual
et of projections, and is likely one reason for our results suggest-
ng that the paradigms and/or biases of an individual model and

odeling research team can play a bigger role than the scenarios
hemselves.

Clearly, a multiple-scenario approach using a single LULC model
e.g., the approach used by all frameworks assessed here other than
he RCPs) is not likely to capture most of the modeling uncertainty
n projecting future LULC. Conversely, a multi-model approach,

here a different model is used for each scenario (e.g., the approach
sed by the RCPs), renders any comparison between scenarios
xtremely difficult, given the very strong influence of model choice
n projection results. An ideal approach would use 1) multiple sce-
arios, to capture uncertainty related to potential future pathways
f future LULC change, and 2) multiple models for each scenario, to
apture uncertainty and bias present in any one modeling frame-
ork. We  recognize, however, that there are substantial barriers to

nstituting a multi-scenario, ensemble approach for LULC modeling,
ncluding 1) lack of publicly available code for many models, 2) lack
f standardization of model inputs and forms of predicted output,
nd 3) increased time, personnel, and computing costs. However,
s these results suggest, any attempt to quantify LULC modeling
ncertainties will likely result in severe underestimates with the
odeling approaches currently being used.

.4. “Realism” of modeled scenarios and use of historical data

Historical U.S. Agricultural Census data (Waisanen and Bliss,
002) allowed us to flag areas where modeled cropland extent
ight be unrealistic. The aforementioned differences between

hematic definitions and starting LULC datasets resulted in IAMs
xceeding maximum historical cropland extent for many counties,

efore modeling even began (Fig. 9). However, even when nor-
alizing to initial cropland proportions as provided by the U.S.
gricultural Census data, the FORE-SCE A1B and A2, NRI Econo-
etric model “High Cropland,” and RCP 2.6 scenarios would all
lling 337 (2016) 281–297

result in total CONUS cropland surpassing the 1940 cropland peak
noted in Waisanen and Bliss (2002). Surpassing historical cropland
maximums at a local or regional level certainly is not impossi-
ble, and recent cropland expansion in the northern Great Plains
is an indication that favorable economic conditions can drive rapid
growth in agricultural land (Wright and Wimberly, 2013; Lark et al.,
2015). Scenario storylines may  also introduce novel conditions not
represented in historical landscapes; for example, FORE-SCE’s A1B
scenario describes technological advancement that enables a rapid
expansion in the use of marginally productive lands for the culti-
vation of cellulosic biofuel feedstocks such as switchgrass (Sleeter
et al., 2012; Sohl et al., 2014). Other modeled scenarios also assume
widespread cultivation of second generation biofuel crops, poten-
tially altering traditional spatial distributions of “cropland” across
the conterminous United States and enabling cropland areas to
surpass historical maximums. However, while second-generation
biofuel crops may  expand overall cropland production in the United
States, there are still biophysical and economic limitations to where
those new crops may  be grown. Switchgrass (Panicum virgatum)
and Miscanthus (Miscanthus x giganteus) are the two most widely
studied cellulosic feedstocks, but biophysically suitable areas for
economically feasible levels of productivity are primarily limited to
the eastern United States and the eastern Great Plains (McLaughlin
and Kszos, 2005; Gunderson et al., 2008; Miguez et al., 2012). Sev-
eral of the model results here, including both IAMs and CONUS-only
models, show strong cropland expansion in the interior West, an
arid area that is poorly suited for either traditional or second gen-
eration biofuel crops.

Other factors also bring into question the feasibility of broad-
scale cropland expansion in many parts of the CONUS. At a regional
level, substantial areas of former cropland have been permanently
converted to urbanized or other land uses, reducing the poten-
tial pool of land suitable for cropland. Models may also neglect to
account for driving forces and feedbacks that limit a given land use,
such as cropland. For example, groundwater depletion in the High
Plains aquifer is likely to substantially reduce the extent of irri-
gated cropland in parts of the western Great Plains in the coming
decades (Steward and Allen, 2015). Neither the FORE-SCE or NRI
Econometric models accounted for projected changes in ground-
water availability to constrain LULC change; select scenarios from
both models project very strong cropland gains in the very loca-
tions where Steward and Allen (2015) have predicted substantial
declines in saturated thickness of the aquifer. As noted above, these
areas are also unlikely to support newer, second-generation biofuel
crops. The primary modeling scale may  also affect the “realism” of
LULC projections. Global-level IAMs may  capture broad-scale driv-
ing forces that affect demand for crop commodities, but poorly
represent local-scale suitability of the land to support cropland. On
the other hand, regional- and national-scale models may neglect
to incorporate broad-scale driving forces that may  limit overall
demand for a given land use. For example, the NRI Econometric
Model and the FS-RPA are strongly driven by county-level eco-
nomic variables and may  not include broader-scale driving forces
that may  limit agricultural expansion. Comparing modeled results
to data such as maximum historical cropland extent may help to
flag potential issues with model “realism,” and the historical data
may  be useful to help constrain model scenarios.

4.5. LULC change theory

Whereas a multi-model approach may  increase our understand-
ing of modeling uncertainty, the broad differences in model results

reported here suggest that it is not just model choice that leads to
high overall uncertainty. For example, the SRES framework used by
FORE-SCE, IMAGE, FS-RPA, and ICLUS provided broad demographic,
socioeconomic, and climate-based storylines. The very different
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esults among applications that were supposedly modeling the
same” scenarios imply conceptual or theoretical inconsistencies
n modeling landscape response to a common set of driving forces.
ach of these models used different approaches to incorporating
RES storylines, but the one commonality across all models is that
ncertainties in model results are poorly understood. Of the models
hat used SRES, the IMAGE 2.2 model likely attempted to address
he widest array of driving forces, with linked sub-models cover-
ng demographics, the energy sector, climate, land use, and other
iophysical and socioeconomic driving forces. While the theoreti-
al basis of each individual sub-model may  or may  not have been
ound, sensitivities and the theoretical underpinnings of the model
inkages were not assessed, nor were uncertainties that propa-
ated throughout the entire IMAGE model (Bouwman et al., 2006).
he FORE-SCE modeling of SRES used a downscaling of IMAGE 2.2
s one component of the scenario construction, but also relied
eavily on regional land-use histories and expert knowledge to
correct” elements of IMAGE that were perceived to be unreal-
stic. This empirical and expert-based adjustment of IAM output

ay  have produced more realistic results at the scale of the con-
erminous United States, but the theoretical basis for the projected
andscape change was poorly described and modeling uncertainties

ere not quantified. The FS-RPA also downscaled IAM output for
he SRES, adapting IAM outputs based on U.S. projections of pop-
lation and Gross Domestic Product and relying heavily on those
omponents to model county-level change with an econometric
odel based on historical data from 1987 to 1997. While based on

heoretical assumptions related to economic returns, other rele-
ant driving forces were excluded, there were no attempts to justify
emporal stationarity of model parameterization based on the short
istorical time frame, and modeling uncertainties were not quan-
ified. The ICLUS model focused on urban growth using SRES to
escribe broad demographic trends and serve as input to a county-

evel gravity model to represent population growth and domestic
igration. As with many land-use models, ICLUS assumed tempo-

al stationarity and relied on past land-use patterns to drive future
hange. The focus on urbanization processes inadequately repre-
ented potential competition with other land uses, and modeling
ncertainties were not comprehensively quantified. All of these
pproaches relied on a series of assumptions, without support-
ng sensitivity analyses or other quantitative evaluation. Coupled

ith poorly described modeling uncertainties, not only is it dif-
cult to rationalize the theoretical underpinnings of each model,
ut it is impossible to quantitatively assess model results and use
ell-defined model uncertainties to understand and improve the

heoretical basis of the models.
The issues noted above are not meant as harsh critiques of the

ndividual models. There clearly is no “perfect” land-use model that
s theoretically sound and accounts for all relevant driving forces
f landscape change, without error or bias. Each of the aforemen-
ioned models necessarily made compromises in how land-change
rocesses were represented, and as a result, each was  theoreti-
ally deficient in one way or another. What are the implications
f these broad differences among models and modeling teams?
he results indicate the difficulty in translating global-level sce-
arios to regional scales and, also highlight potential deficiencies

n basic land-change theory. Theoretical constructs attempting to
efine pathways of landscape change have been introduced in the

ast 20 years, such as forest transition theory (Mather and Needle
998) and teleconnected land systems (Meyfroidt et al., 2010; Seto
t al., 2012). Recommendations have been made to represent these
ynamics in LULC models (Brown et al., 2013; National Research

ouncil, 2013), but LULC modeling applications have not been very
uccessful in incorporating these concepts and providing consis-
ent outcomes. Our results showed tremendous disparity in outputs
rom models such as the global IAMs that do attempt to address
ling 337 (2016) 281–297 295

a large array of driving forces, including feedbacks and telecon-
nections across space. At a more basic level, it can be difficult to
simply identify what are the relevant driving forces. Rounsevell
et al. (2012) proposed three major research questions as the way
forward for land system science, one of which was “What are the
socio-economic and ecological processes that shape land-use tran-
sitions?” Given our continued inability to definitively answer this
basic question, it is not surprising that different models may  have
difficulty in consistently quantifying the impacts of driving forces
on LULC change. The very fact that LULC modelers rely heavily on a
“storyline” approach to scenarios and modeling, as opposed to more
objective, process-based modeling, in part reflects the large uncer-
tainties involved with projecting future LULC. Our inability to assess
and quantify modeling uncertainties greatly inhibits our ability to
use model results as a means for understanding and improving
the theoretical basis of our LULC models. In short, our ability to
monitor and empirically model LULC change has far outpaced our
theoretical understanding of the processes driving LULC change.

5. Conclusions

Our comparison of the output from several LULC models for the
conterminous United States showed very little agreement in pro-
jected trends and patterns, highlighting the considerable effect that
model choice has on results. Not only did results reveal potential
weaknesses in the LULC models themselves, they also suggested
a strong need for a much greater investment in developing land-
change theory and incorporating it into quantitative spatial models
of land-use change. Current scenario-based approaches suffer from
inconsistencies in the interpretation of the impacts of driving forces
on basic LULC trends, variable thematic definitions of land-use and
land-cover classes, failure to assess results in the context of histor-
ical patterns of LULC change, and ‘scenario convergence’ that likely
results in an underestimation of true modeling uncertainties.

LULC models clearly serve a purpose, and despite the issues
noted in this paper, existing LULC projections are being used
for many practical applications. However, given the importance
of future landscape change on a host of ecological and soci-
etal processes, improvements are needed, including the use of
ensemble-based approaches to improve the representation of
uncertainties, development of standardized data and assessment
frameworks, increased integration of historical data sources to
improve realism of modeled results, and refinement of land-change
theory to enable translation of driving forces into quantitative land-
change algorithms.
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