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Abstract
Land rental markets are growing worldwide and facilitate efficient utilization of land. However, the
short duration of occupancy and limited property rights mean that rental contracts may
discourage longer-term sustainable land management. Direct investigation into the relationship
between land tenure and ecological outcomes has been hampered by scale-appropriate data on
land tenure, resource management, and land outcomes. In this paper, we address these issues with
a study design that combines participatory mapping, household surveys, and remote sensing. We
analyzed these data in a multilevel statistical model, controlling for environmental and land
management influences. Our results show that rented land parcels are associated with worse
rangeland outcomes compared to privately held parcels. This study contributes to the literature by
documenting important empirical effects of rental markets and presenting a replicable workflow
for integrating earth observations and micro-level survey data, which can be adopted by
researchers and practitioners in regions where land registry data is unavailable or inaccessible. The
results have important implications for incentive and compensatory-based environmental policy.

1. Introduction

Property rights have long been recognized as
fundamental to the sustainable management of
land resources and are recognized as founda-
tional to global development agendas such as the
SustainableDevelopmentGoals and the Paris Climate
Agreement. Secure rights allow landholders to be
more forward-looking and have greater incentives
to invest in longer-term outcomes, often promot-
ing greater care and stewardship of land into the
future [1].While there are number of ways to develop
secure right regimes [2, 3], privatization of property
is still a dominant policy tool used to combat land
degradation [4].

A consequence of land privatization is that it gives
landowners the right to allow others to use their
land under rental or sub-lease agreements. Rental
land as a ‘byproduct’ of privatization has been largely
ignored in the study of social-ecological land system
dynamics, despite the robustness and growth of rental

markets worldwide in various sectors. For example,
the efficiency and equity of agricultural rented mar-
kets have beenwidely documented [5], but how rental
markets affect ecosystem and land outcomes has only
recently gained attention [6, 7].

Rangeland systems cover 30%-40% of global land
surface and are a highly important biome for water,
biodiversity, and livestock farming [8]. Rangelands
are critical soil carbon sinks and improving manage-
ment of rangelands is a key measure that can be taken
to mitigate climate change [9, 10]. Rental markets for
rangelands in particular are experiencing consider-
able growth [11, 12]. Nevertheless, parcel-level com-
parisons of outcomes in rented rangelands to those
with more complete property rights are exceedingly
rare. This is partly explained by the challenges in
integrating data on land tenure, rangeland manage-
ment, and ecological outcomes at a scale appropri-
ate for linkingmanagement decisions—i.e. at a parcel
or household level [13, 14]. Linking herders to plots
of their land at a micro-scale is further complicated

© 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-9326/acd8d9
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/acd8d9&domain=pdf&date_stamp=2023-6-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2943-4032
https://orcid.org/0000-0003-3761-1262
https://orcid.org/0000-0002-1676-481X
https://orcid.org/0000-0002-8972-8318
mailto:lipingcau@126.com
http://doi.org/10.1088/1748-9326/acd8d9


Environ. Res. Lett. 18 (2023) 074005 L Lu et al

by the unique characteristics of rangeland socio-
ecological systems [15], such as the influence of highly
variable inter- and intra-annual precipitation, the
lack of clearly defined property boundaries, wide-
spread informal land agreements, and potentially
complex land-use practices.

In this study, we examine how land tenure in ran-
geland systems, specifically renting rangelands versus
privately holding them, affects land outcomes. We
address the methodological challenges with a com-
bination of participatory mapping, household sur-
veys, and remote sensing to understand the location
and intensity of households’ livestock production
activities. A combination of the empirical context
and innovative field methods allows us to identify
differences between rented and privately-held ran-
gelands by linking data on household management,
land rights, land use, and remotely sensed rangeland
productivity outcomes for 400 parcels that belong to
187 households in InnerMongolia, China. Leveraging
open-access data from multiple satellites, we mon-
itored the rangeland outcomes and the climatic influ-
ences of each parcel every September from 2013 to
2019. We statistically test for the influence of a par-
cel being rented versus privately-held in a multilevel
modeling framework. This combination of meth-
ods allows us to identify the relationship between
parcel-level land tenure and rangeland health and
productivity.

2. Methods

2.1. Methodological approach
Tying herder behavior to rangeland outcomes is dif-
ficult due to a lack of scale-appropriate (parcel-
level) data on land tenure, resource management,
and rangeland outcomes over time. To overcome
this, we streamlined an analytic process to allow
herders to identify individual parcels, describe their
herding rights and practices, and then tie these to
high-resolution remotely sensed data over time. First,
we pre-processed and tiled Sentinal-2 images for
use on tablet computers, highlighting fences and
other landscape features that allow herders to bet-
ter identify their parcel boundaries on satellite images
(figure 1(a)). Individual herders then identified their
parcel boundaries in the field, at which time we addi-
tionally asked each herder about land rights and
any dedicated use for each parcel through a tra-
ditional household survey (i.e. all-season, winter,
and summer grazing, lambing, or hay harvesting)
(figure 1(b)). After compiling all herder parcels into
a spatial database, we used these parcels as ‘cookie-
cutter’ polygons to extract historical Landsat 8 images
from 2013 to 2019, from which we calculated met-
rics of rangeland productivity and abiotic (climatic
and topographic) information (figure 1(c); figure 2).
Finally, we used statistical models to assess the relative

influence of rental tenure on rangeland outcomes,
while controlling for well-documented biotic and
abiotic factors (figures S1–S3), household charac-
teristics, and township-level unobservable factors
(figure 1(d)).

2.2. Study area
Pastoral land in China is often defined as ‘quasi-
privatized’: rangelands are technically collectively
owned, but individual households have 30–50 year
private contracts over land parcels (here referred to
as ‘privately held parcels’) [16, 17]. In the 1980s, ran-
gelands were contracted first to small groups of her-
ders and later to individual households in the 1990s
[18], which were often then fenced. Herders born
after the 1990s share their parents’ contracted land
with siblings. Rental markets thus provide opportun-
ities for younger herders, especially those who lack
initial land endowments or other off-farm oppor-
tunities, to acquire land from an aging cohort of
landholders [19]. China’s ‘Grassland ecological pro-
tection reward-subsidy’ policy provides compensat-
ory payments to land contractors to retire from herd-
ing or reduce livestock holdings [20]. Retiring and
then renting, or allowing renters to receive the pay-
ments from this program, are not allowed.

2.3. Household sample
We surveyed herder households in 2019 and selec-
ted households for this study via stratified random
sampling. We first selected four counties (banners)
in Xilin Gol prefecture (league) that are ecologic-
ally representative of the temperate grasslands and
have a high percentage of households dependent on
herding. Among these four counties, 17 townships
(sumus) were chosen (table S1) with the goal of main-
taining ecological and social representativeness, and
a roughly equal number of responses within each
county. Households within each township were ran-
domly selected, resulting in a sample of 214 house-
holds. We visited each herder household andmapped
their land parcels through participatory mapping.

2.4. Data collection
2.4.1. Spatial data: parcel boundaries recorded through
participatory mapping
To facilitate participatory mapping, basemaps were
derived from the Europe Space Agency’s Sentinel-
2 images, focusing on Level 2A ‘Bottom-Of-
Atmosphere’ reflectance product. We identified thir-
teen 100 km2 tiles that cover the sampled households
in Xilin Gol (figure 2). For each tile, we downloaded
an image with the least amount of cloud cover in
December 2018 and March, June, and September
2019 to help capture the nuanced changes in land
features that may be visible by comparing images in
different seasons. We displayed the growing season
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Figure 1.Methodological flowchart. We (a) created Sentinel-2 basemaps and stored them in a tablet computer. We then
conducted tablet-based participatory mapping with individual herders to identify their land parcels. We (b) conducted
tablet-based surveys with individual herders and collected social data on their rental status, land management, and
socioeconomic characteristics, (c) extracted remote sensing derived environmental data from land parcels identified by the
herders, and (d) integrated and analyzed remote sensing and household survey data.

images in near-infrared band combination (near-
infrared, red, green) and winter images in short-
wave infrared band combination (shortwave infrared,
near-infrared, red).

These band combinations allow for visualiza-
tion of wavelength ranges not usually visible to the
human eye, which helps us identify fences and prop-
erty boundaries via spectral differences in lightly and
heavily grazed land parcels. Rangeland parcels are
often utilized for distinct purposes, durations, and
under various intensities, leaving different amounts
of standing biomass among parcels. During the grow-
ing season, ungrazed or lightly grazed land will have
taller and denser grass compared to heavily grazed
land, all else being equal (figure 3(d)). A near-
infrared band composite accentuates biomass con-
trasts and helps highlight fences that separate parcels
(figure 3(e)). Dry grasses and snow also accumulate
along fence edges, thickening the trace of the fence
which, in shortwave infrared band composite appears
clearly as bright cyan lines (figure 3(f)).

We converted all GeoTIFF satellite images into
map tiles using ArcGIS Pro. We displayed these map
tiles as offline base maps using ArcGIS Collector and
collected spatial data in the field. Collector displays
our real-time movement and location on top of the

map tiles and allows herders to interact with the tiles
by panning and zooming.

To further verify whether a land parcel is used
and inquire about parcel-based land management
information, we conducted participatory mapping
with herders. To bridge herders’ first-person spatial
knowledge with a 2-dimensional bird’s eye satellite
image [21], we identified visible land features while
viewing maps with herders. To verify the parcel iden-
tified on the basemap was the same that the herder
was thinking of, we checked the herder’s reported
parcel geometry [22] and spatial relationship among
features [23] against what we measured using the
ArcGIS Collector. We followed a 3-step process to
identify land parcels with herders:

(1) We oriented herders to cardinal directions on the
landscape. We arranged the tablet towards the
north and invited the herder to orient themselves
with the satellite imagery. We continually rein-
forced the cardinal directions during the map-
ping process.

(2) We presented herders with three options for
identifying their land parcels based on their
comfort and digital literacy: through satellite
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Figure 2.Map of the study area. Boxes represent tiles from satellite imagery. Sentinel-2 tiles were used to create basemaps for
participatory mapping. Landsat 8 tiles were used for obtaining data on rangeland greenness—the outcome examined in the
analysis.

imagery on the tablet, a sketch map drawn
by the investigator with the basic land features
(e.g. communal wells, motorcycle paths, con-
crete roads, gates, etc), or blank sketching paper
with cardinal directions indicated.

(3) To verify each land parcel, we asked herders
questions about the parcel’s geometry (e.g. size,
shape, and edge length) and the parcel or her-
der’s spatial relationships (e.g. direction and dis-
tance) with key land features. We then com-
pare herders’ responses with our measurements
derived fromArcGISCollector (see detailed steps
in figures S4 and S5).We also intentionally asked
about land features that did not belong to the
herder to make sure the respondent disagreed.

Of the 512 parcels initially identified, 415 passed
the verification steps (step 2 and 3 above). Of par-
cels that did not pass, only a partial fence was recog-
nizable in the basemap or we could not reconcile
a parcel’s satellite-observed geometry and the her-
der’s description. Among the fully recognized par-
cels, we excluded nine because they were primarily
covered by saline-alkali marshes or gravel pits and
another six that were solely reserved for times of
severe drought (figure 3(d)). In all this reduced our
sample by 27 households giving us, in the end, 400

fully recognizable parcels from 187 households are
included in our analysis.

For each parcel identified, we asked the herder
detailed land management and property rights ques-
tions including the rental situation, land use purpose,
and duration. Participatory mapping was accompan-
ied by a standard household survey that recorded
demographic and livelihood information.

2.4.2. Social data: rental status, land management and
socioeconomic variables collected via survey
We used a household survey to collect household
social data and land management actions. Our main
interest is whether a parcel is rented or privately held
each year affects rangeland outcomes from 2013 to
2019. A ‘rented’ parcel is defined as a parcel for which
the tenant has paid a landlord for use rights over the
rangeland and has some form of contractual agree-
ment (informal or formal). We also differentiated
renting from ‘otor’, a traditional Mongol drought-
coping practice where land may be borrowed or ren-
ted in a time of need, but is generally much shorter in
duration [24] (see table S2 for detailed comparisons).

We used a household’s stocking rate and annual
fodder expenditure to measure herders’ land man-
agement intensity. The stocking rate proxies her-
ders’ dependence on the natural grassland while
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Figure 3. The comparison of three ArcMap’s default high-resolution ‘World Imagery’ basemap images (a), (b), (c), and the same
images in near-infrared (near infrared, red and green) and shortwave infrared (shortwave infrared, near infrared, and red) band
combination (d), (e), (f). The near-infrared composite of the satellite image (d) captured in September 2019 shows a strong
contrast between the brighter parcels that have already been used for summer grazing and the darker parcels reserved for winter.
The darkest square parcel located at the bottom left of image (d) is an enclosure kept ungrazed for years, often reserved for
extreme drought. Image (e) shows the contrast between different intensities of hay harvesting (dark and light green parcels with
stripes) and grazing (white and red parcel) among two households. The shortwave infrared band combination (f) shows how land
parcel boundaries that are difficult to discern in ‘natural color’ maps become more visible.

fodder indicates herders’ acquisition of external food
resources that would offset the reliance on nat-
ural grassland for livestock consumption. Stocking
rate is the most commonly used indicator for graz-
ing intensity, generally measured in ‘standard sheep
units’ (SSUs) per hectare. SSU allows for other live-
stock to be converted to a common unit (sheep)
according to their daily consumption needs relat-
ive to a representative ewe. Following the Chinese
Agricultural Industry Standard issued by theMinistry
of Agriculture [25], we used the following conver-
sion factors to calculate SSU: 0.8 for goats, 5 for local
breeds of cattle, 8 for crossbred cattle, 5.5 for local
horses, and 9 for camels. All lambs and calves are con-
verted to 0.5 of their corresponding adult livestock.
In this study, we use a household’s de facto landhold-
ing to calculate stocking rate (instead of the de jure
land that herders often reported to standard census
surveys) to accurately capture intensity of grassland
use. De facto land can also include land formally
held by (absentee) siblings, parents, children, or rel-
atives who live and work in urban areas. All land
was included, regardless of being formal or inform-
ally held. Fodder expenditure is normalized by SSU,
which includes expenditure on hay, hay pellets, grain
(corn and oats), corn silage, and straw. We also con-
trolled for respondent and household characteristics

including years of herding, years of education, ethni-
city, gender, household size, herding labor, and dis-
tance to city.

2.4.3. Environmental data: greenness, climatic, and
topographic variables obtained through remote sensing
We use remotely sensed images to gather temporally
appropriate environmental data for each parcel. We
used soil-adjusted vegetation index (VI) as a proxy of
relative vegetation greenness and vigor. Although VIs
are dimensionless and do not measure biomass qual-
ity or quantity directly, previous literature has estab-
lished robust relationships between VIs and range-
land biophysical parameters such as the fraction of
absorbed photosynthetically active radiation and leaf
area index [26, 27]. The most widely used VI, nor-
malized difference vegetation index (NDVI) utilizes
vegetation’s unique spectral characteristic on near-
infrared and red wavelength regions and measures
relative photosynthesis activities as:

NDVI= (ρNIR− ρRed)/(ρNIR+ ρRed)

One shortcoming of NDVI is that it can be
influenced by soil background reflectance when
the vegetation canopy does not fully cover a pixel
[28]. Consequently, soil-adjusted VIs such as the soil
adjusted vegetation index (SAVI) and the modified
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soil adjusted vegetation index (MSAVI) have been
developed to minimize the impact of soil on veget-
ation reflectance properties. Because SAVI requires
prior knowledge of a fixed soil brightness adjust-
ing factor, we chose MSAVI for this study because

MSAVI uses an inductive method to reduce soil
influence and is suitable for our landscape scale
that has heterogeneous soil properties [29], and has
been used in past work in the Xilin Gol prefecture
in Inner Mongolia [30]. MSAVI is calculated as:

MSAVI=

(
2 ∗ ρNIR+ 1−

√
(2 ∗ ρNIR+ 1)2 − 8 ∗ (ρNIR− ρRed)

)/
2

We used the atmospherically corrected Landsat
8 surface reflectance dataset in Google Earth Engine
to calculate MSAVI [31]. Landsat 8 was chosen over
other satellite data because it offers moderate spa-
tial resolution at 30 m and, importantly, provides a
consistent annual source from 2013. A total of 400
parcels giving us 2800 parcel-year observations are
available over the 7 year period. Among these, 306
parcel-years were covered by clouds and an addi-
tional 215 were classified as having an ‘unknown’
rental status. We labeled a parcel’s tenure status as
‘unknown’ when, e.g. a parcel was rented by our
respondent from 2015 to 2019 but before 2015 it was
not tied to our respondent (table S3). In the end,
our sample contains 2279 parcel-year observations.

We queried the full Landsat 8 Image Collection
from 2013 to 2019 to only select the image tiles
covering our area and date of interest. All house-
holds surveyed were located within six Landsat tiles
on three swaths, namely two tiles in row 29 and
30 of path 126 (which covers our targeted house-
holds in Sonid Left and Sonid Right county), three
tiles in row 28, 29, and 30 of path 124, and one tile
in row 28 of path 123 (which covers our targeted
households of Xilin Hot and East Ujimqin county)
(figure 2). These tiles on paths 126, 124 and 123 also
roughly encompass desert steppe, typical steppe, and
meadow steppe, respectively. Within each path, all
parcels were visited on the same date. Observations
on path 126 were always visited two days earlier than
those on path 124, and five days later than those on
path 123 due to Landsat’s north-south orbital pattern.

We selected September (the end of productive
grassland growth for the year) over other months as
the period over which to sample images (see figure
S6 for the specific date chosen for this study) for sev-
eral reasons. First, this period provides a good estim-
ate of a final outcome that relates to the season’s land
use. While sampling earlier in the season could bet-
ter capture rangeland growth, the timing of some
end-of-year practices like haying harvesting is uncer-
tain throughoutAugust andwould dramatically affect
greenness, contaminating our ability to tie rangeland
outcomes to its rental status (during participatory
mapping we capture such parcel-based practices, so

are able to develop robustness checks for this in our
analysis as well). Second, our analysis aims to estim-
ate whether rental properties remove more biomass
within a season than privately held properties (all else
equal) as an indicator of which tenure system puts
more pressure on the rangeland. Even still, green-
ness throughout September naturally varies by loca-
tion and across years. In our analysis (see section 2.5
below), we thus standardize the log(MSAVI) by de-
meaning the measure by county and by year. As
such we compare relative greenness across parcels,
controlling for differences in location and years.
Pragmatically, September also offers more cloud-free
observations (89.07% of the total 2800 observations
remain cloudless) allowing for more consistency in
measurement across all years. Before any indices were
calculated, we applied a function to mask clouds and
shadows to the image collection’s pixel quality band.

There is a lag between climatic factors’ occur-
rence and when they influence vegetation greenness
[32], so we measured the average value of three
different climatic variables (land surface temperat-
ure, precipitation, and incoming shortwave radi-
ation) from Google Earth Engine during the 14 d
in advance of the VI retrieval date each year (see
table S4 for detailed data description). For example,
the VI measured on 17th September 2017 of path
126 is paired with the average value of our climatic
variables between 3rd September and 16th 2017.

Daily land surface temperature data come from
the moderate resolution imaging spectroradiometer
MOD11A1 dataset [33]. Daily precipitation was
calculated using the Global Satellite Mapping of
Precipitation (GSMaP) hourly gauge-adjusted data
[34], which has been shown to offer the most
accurate daily precipitation estimation for China
[35]. Downward shortwave radiation comes from
the Global Land Data Assimilation System dataset
(GLDAS-2.1) [36], from which we chose the max-
imum radiation value every day at 14:00 local time.

Topographic variables for each parcel include
average elevation (meters), slope (degrees), and
aspect northing (‘northness’), all derived from the
30 m resolution Shuttle Radar Topography Mission
digital elevation dataset [37]. We converted degrees
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to radians and calculated aspect northing as the
cosine of radians, which ranges from−1 (due south)
to 1 (due north), with 0 indicating east or west.

2.5. Statistical analysis: multilevel modeling
To assess the relationship between land tenure and
rangeland outcomes, we build several statistical
models that take into account known abiotic and
household management factors that influence range-
land outcomes. Multilevel analysis is chosen because
we have repeated measures for each parcel over
time, and there is clustering in parcels’ green-
ness that is possibly correlated with other nearby
parcels. Therefore, observations on a given parcel
may share similar characteristics with other geo-
graphically or temporally proximate observations.
Our multilevel framework follows the form:

VIijkt = β0 +β1Cijkt +β2Tijk +β3Mjk +β4Zjk

+β5Rijkt +µk + εijkt

where VIijkt is the satellite-image derived VI for land
parcel i belonging to household j in township k at time
t. For each land parcel, we measured its VI, abiotic
influence, and rental situation (rented or privately
held) at time period t (a specific day in September of
each year from 2013 to 2019). Cijkt represents time-
variant climatic factors that constrain VIijkt at the
parcel level, and Tijk are time-constant topographic
factors.Mjk represents rangelandmanagement factors
stocking rate and fodder expenditure, and Zjk repres-
ents household demographic or socioeconomic char-
acteristics. The impact of interest is Rijkt, the impact
of land being rented (vs privately held) on rangeland
outcomes. The random intercept µk captures time-
invariant unobservable at the township level (level 1),
and εijkt are the residuals at the observation (parcel)
level (level 0). To help control for time and differences
in vegetation productivity by county, we de-meaned
(centered) the log-transformed VI by county and
year. All analyses were performed using Stata 15 [38].

3. Results

3.1. Household and parcel characteristics
Our data were collected from herding households
across four counties in Xilin Gol prefecture of Inner
Mongolia, China. Of the 187 herder households for
whom we successfully identified at least one of their
land parcels, 74 households grazed only on their own
privately held parcels between 2013 and 2019, 108
used a combination of rented and privately held par-
cels, and 5 households are only renters (table 1).
Among the 400 parcels identified, 90 were rented
and 310 were privately held for at least one year
between 2013 and 2019 (table 2). Although at the
household level, 60.5% of the surveyed households
(n = 113) grazed on a rented parcel at some time,
some of these could be tens of kilometers from

the respondent’s homes and therefore were not able
to be captured through participatory mapping.

3.2. Rental impact
We estimated a number of models to assess pre-
dictors of grassland greenness (MSAVI). Figure 4
shows results for our preferred multilevel model
that estimates rangeland greenness as a function
of climatic, topographic, land tenure, land man-
agement, and socioeconomic influences (see table
S6 for numeric results). The model suggests ren-
ted land is significantly associated with lower green-
ness. MSAVI-greenness is measured on a −1 to 1
scale with no real-world analog, limiting the inter-
pretability of effect sizes. Still, the model suggest
that a rented parcel has, on average, about a 2%
lower value relative to a privately held parcel in the
same year and county, all other factors being equal.

3.3. Other factors related to greenness
The climatic (temperature, precipitation, and solar
radiation) and topographic (elevation, slope, and
aspect) variables used in themodel influence primary
productivity. These variables show a strong correla-
tion with our VI in directions expected with previ-
ous literature [39, 40]. The magnitude of the coeffi-
cient estimates are a function of the units of the data,
so cannot be directly compared in an absolute sense.

Land management factors are also import-
ant in helping explain greenness in our model,
with stocking rate and fodder expenditure show-
ing non-linear associations with greenness. The
initial positive livestock-vegetation relationship
weakens and reverses as livestock per hectare increases
(figure 5). Thus, in our sample low stocking rates
are positively associated with grassland health,
but greater numbers of sheep units per hectare
relate to worse grassland outcomes, as we would
expect. Herders’ expenditure on fodder (reliance
on external resources) generally has an increasing
positive effect on greenness that stabilizes as fod-
der expenditure increases—suggesting that greater
amounts of feed coming from external markets
puts less pressure on local grassland resources.

Other household characteristics are mainly
included as control variables, but also provide some
insight into rangeland dynamics in the region. Parcels
more distant from urban areas, associated with male
respondents, and with larger household sizes are
more likely to be greener, all else equal. Parcels
managed by those with longer experience, some-
what counterintuitively, are likely to be less green.
This may be due to many elderly herders work-
ing less productive areas, a source of potential bias
that we cannot readily control for in this study.

We conducted a number of robustness checks on
the model above, including a model that uses a 7 day
window to measure climatic influences (table S7),
one that uses NDVI to measure greenness (table S8),
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Figure 4. The effect of rented tenure on rangeland outcomes in a multilevel framework. ∗∗∗ p< 0.001, ∗∗ p< 0.01, ∗ p< 0.05.

Figure 5. Predicted percentage change in log MSAVI corresponding to 1 unit increase in stocking rate and fodder expenditure for
rented versus privately held land. Greenness is measured by the percentage change in modified soil-adjusted vegetation index
(MSAVI) centered at a cluster (year and county) mean.

and a model that specifies each parcel’s primary use
as designated by the herder (i.e. all-season, winter,
and summer grazing, lambing, or hay harvesting)
(tables S5 and S9). We also estimated a model that
excludes the county of Xilin Gol (table S10), which

is the only county in our sample where rental and
privately held parcel characteristics appear to have
some differences (table 2). All results from these
checks are qualitatively consistent with those presen-
ted in figure 4.We ideally would have liked to perform
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a ‘counterfactual’ test for whether moving from being
rented to being privately managed improved a par-
cel’s greenness. However, we did not observe any
such case in the dataset, making this not statistic-
ally possible but show the overwhelming growth in
the Inner Mongolian rental market in this region.

4. Discussion

With a multilevel statistical model that con-
trols for climatic, topographic, land manage-
ment, and household-level socioeconomic influ-
ences, our result shows that rented parcels are
associated with plots that are less green com-
pared to long-term privately held parcels. Given
the growth in rental markets worldwide, our res-
ults suggest an increasing need for policy atten-
tion on the active management of rented land.

Renter-operated land is common across the globe.
Approximately 40% of all farmlands in the United
States are managed by renters [41] while in the
Czech Republic and the European Union 83% [42]
and 53% [43] of the agricultural lands are under
leasehold, respectively. Rental of agricultural land is
increasing in Africa and Asia as well, especially in
countries such as Ethiopia and China, where per-
manent land transfer is infeasible [5, 44]. Rental
allows for flexible distribution of land utilization
based on comparative returns to labor. Yet, our
study suggests there is a conflict between sustain-
able land management and the potential efficiency
gains that can come through land rental markets.

Rental tenure can also hamper the effectiveness
of market-based conservation instruments such as
payment for ecosystem services. Policies that aim
to incentivize land management lack clear mechan-
isms to connect to land operators in rental markets.
Since most current incentive payments are offered
to the de jure instead of the de facto landholders,
such an incentive loses salience in the rental context
because it has little influence on the renters’ land use
decisions and thus the ecosystem services provided.
For example, Inner Mongolia’s ‘Grassland ecological
protection reward-subsidy policy’ has provided pay-
ments to 12 million herding households over the
past decade to limit livestock and consequent graz-
ing pressure [45]. However, as only the de jure land-
holders have the rights to receive compensation,
compensation flows to absentee landlords instead of
feeding back into renters’ land management practices
[46]. Incentivizing the renters directly may be bet-
ter, but still transaction costs for identifying, mon-
itoring, and enforcing payment for ecosystem con-
tracts with short-term renters are often too high to
implement proper incentives. As payment for eco-
system services and similar programs gain popularity
[47], creativity is needed to deal with this rental para-
dox in incentive-based land management policies.

Despite developing a unique approach to
temporal-spatial vegetation analysis at the parcel
level, our study is still constrained by the limita-
tions of open-access satellite data and cross-sectional
surveys. Multispectral satellite-derived vegetation
indices handle rangeland compositional change
poorly (e.g. transitions from native to invasive plants)
[48, 49], thus our results assume that greener pas-
tures are indeed ‘better.’ Hyperspectral data may
offer ways to identify and map the compositional
change based on plant species’ unique spectra [50],
though there are technical difficulties of conduct-
ing a landscape-scale hyperspectral analysis for all
surveyed households. Finally, our socio-economic
data are constructed from a cross-sectional survey,
and therefore may not reflect, for example, unfore-
seen shocks (e.g. loss of a family member, financial
crisis) that could influence land use decisions [49,
51]. Future studies can benefit from pairing bio-
physical time series with longitudinal survey data.

5. Conclusions

In this study, we investigated the impact of ran-
geland rental tenure on land outcomes through
detailed measurement of land tenure over range-
land parcels and parcel-level vegetation change from
2013 to 2019. Methodologically, our study shows
that more comprehensive land-use models can be
constructed by linking remote sensing and house-
hold survey data at the parcel level. Remote sens-
ing allows us to reconstruct and analyze longer-
term vegetation dynamics and their abiotic influ-
ences, while household surveys and participatory
mapping enables us to explore the underlying drivers
of change such as land management and land-use
intensity. Empirically we found that rented land par-
cels have large and consistent negative effects on ran-
geland greenness relative to privately-held parcels.
The findings of this study have significant implica-
tions for the design of land management strategies
and policies on land under short-term rental arrange-
ments. In addition to rented parcels having short
management time horizons, renters also lack of the
right to receive compensation or incentives inmarket-
based programs. Both these issues should be recog-
nized and better incorporated into policies that aim
to incentivize sustainable rangeland management.
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