
BioScience , 2024, 74 , 159–168 

https://doi.org/10.1093/biosci/biae002
Advance access publication date: 19 February 2024 

Overview Art 

The potential of historical spy-satellite imagery to 

support research in ecology and conservation 

Catalina Munteanu , Benjamin M. Kraemer , Henry H. Hansen , Sofia Miguel, E.J. Milner-Gulland , Mihai Nita , 
Igor Ogashawara , Volker C. Radeloff , Simone Roverelli, Oleksandra O. Shumilova , Ilse Storch and Tobias Kuemmerle 

Catalina Munteanu ( catalina.munteanu@wildlife.uni-freiburg.de) is affiliated with the Wildlife Ecology and Management at the University of Freiburg, in Freiburg, 
and with the Geography Department at Humboldt University of Berlin, in Berlin, Germany. Benjamin M. Kraemer is affiliated with the Environmental Hydrological 
Systems at the University of Freiburg, in Freiburg, Germany. Henry H. Hansen is affiliated with the Technology Department of Environmental and Life Sciences 
Biology at Karlstad University, in Karlstad, Sweden. Sofia Miguel is affiliated with the Departamento de Geología, Geografía, y Medio Ambiente, Environmental 
Remote Sensing Research Group, at the Universidad de Alcalá, in Alcalá de Henares, Spain. E. J. Milner-Gulland is affiliated with the Department of Biology at the 
University of Oxford, in Oxford, England, in the United Kingdom. Mihai Nita is affiliated with the Department of Forest Engineering, in the Faculty of Silviculture 
and Forest Engineering, at Transilvania University of Brasov, in Brasov, Romania. Igor Ogashawara is affiliated with the Leibniz Institute of Freshwater Ecology and 
Inland Fisheries, in Berlin, Germany. Volker C. Radeloff is affiliated with the SILVIS Lab, in the Department of Forest and Wildlife Ecology at the University of 
Wisconsin–Madison, in Madison, Wisconsin, in the United States. Simone Roverelli is affiliated with the Wildlife Ecology and Management at the University of 
Freiburg, in Freiburg, Germany. Oleksandra O. Shumilova is affiliated with the Leibniz Institut of Freshwater Ecology and Inland Fisheries, in Berlin, Germany. Ilse 
Storch is affiliated with the Wildlife Ecology and Management at the University of Freiburg, in Freiburg, Germany. Tobias Kuemmerle is affiliated with the 
Geography Department and the Integrative Research Institute on Transformations of Human–Environment Systems, at Humboldt University of Berlin, in Berlin, 
Germany. 

Abstract 

Remote sensing data are important for assessing ecological change, but their value is often restricted by their limited temporal coverage. 
Major historical events that affected the environment, such as those associated with colonial history, World War II, or the Green Revolu- 
tion are not captured by modern remote sensing. In the present article, we highlight the potential of globally available black-and-white 
satellite photographs to expand ecological and conservation assessments back to the 1960s and to illuminate ecological concepts such 
as shifting baselines, time-lag responses, and legacy effects. This historical satellite photography can be used to monitor ecosystem 

extent and structure, species’ populations and habitats, and human pressures on the environment. Even though the data were declassi- 
fied decades ago, their use in ecology and conservation remains limited. But recent advances in image processing and analysis can now 

unlock this research resource. We encourage the use of this opportunity to address important ecological and conservation questions. 

Keywords: spy-satellite images, Cold War, species habitats and populations, ecosystem extent, ecosystem structure, human pressure 
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et al. 2014 , Lausch et al. 2016 , Radeloff et al. 2019 ). But high and 
very high spatial resolution imagery (VHR; less than 5 m), used 
for assessing species occurrence, distribution, and abundance, 
as well as other ecological processes, has only become available 
since the early 2000s (Groom et al. 2011 , LaRue et al. 2017 , Exton et 
al. 2019 , Fretwell and Trathan 2020 ). Despite VHR imagery being 
a central tool for informing conservation decisions (Kennedy 
et al. 2014 , Rose et al. 2015 ), the lack of historical VHR imagery 
poses a barrier to ecology and conservation, because many events 
causing accelerated environmental change predate modern re- 
mote sensing data sets that extend back to the 1980s only. 

The midtwentieth century was a period of rapid global envi- 
ronmental change induced by transformative geopolitical events 
including World War II, the Cold War, and decolonization (Brain 
2011 , Kraemer et al. 2015 , Nita et al. 2018 ). During this time, sci- 
entific advances (many driven by military funding) led to a boost 
in earth observations from space (Day 2015 , Oreskes 2021 ). Much 
of the environmental data collected using modern earth obser- 
vation technology today (e.g., Landsat, sonar), is rooted in these 
historical monitoring efforts. Such historical data sources have 
advanced climate and land-use science, oceanography, geomor- 
phology, and archaeology (Song et al. 2014 , Nita et al. 2018 , Casana 
2020 , Oreskes 2021 ). In the present article, we argue that histori- 
cal satellite imagery can also advance ecology and conservation 
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isunderstanding the past can hinder the design of sustainable
olutions for the future (Willis et al. 2007 ). Ecology and conser-
ation rely on information about how species and ecosystems
ave changed over time to understand the magnitude and spa-
ial heterogeneity of threats, to set targets for conservation plan-
ing, and to identify baselines for restoration (McNellie et al.
020 ). However, information on historical ecosystem conditions
nd species’ populations is often inconsistent, inaccessible, or dis-
ggregated (Bonebrake et al. 2010 , Grace et al. 2019 , Didham et al.
020 ). As a result, our understanding of baselines, lagged effects
nd landscape legacies remains incomplete, biasing ecological as-
essments and making conservation planning and practice chal-
enging. For example, assessment of recent population dynamics
ight mask long-term decline in species of conservation concern

Collins et al. 2020 ). Many communities today may suffer from
xtinction debt, which can go unnoticed without considering the
ast (Jackson and Sax 2010 ). Similarly, planning protected areas
ased on the current distributions of species heavily affected by
uman activities can confine them to ecologically marginal habi-
at and limit future recovery (Singh and Milner-Gulland 2011 ). Bet-
er understanding and considering the past is therefore key in
cology and conservation. 
Remote sensing has provided consistent and accessible global

nformation on ecosystem change since the mid-1970s (Kennedy
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Figure 1. Temporal and seasonal coverage of spy-satellite images. The data have been classified in three spatial resolution classes as high (0.5–2.5 m), 
medium (6–12 m), or low (140 m) spatial resolution. Left panel: Satellite missions and their lifetime in relation to modern remote sensing data (grey). 
Right panel: Image density per day of the year for the three resolution classes. See supplemental figure S1 for a map of seasonal coverage. 
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y revealing how species and ecosystems respond to long-term
lobal environmental change and how human pressures on the
nvironment have shifted over longer periods of time. 
One example of an important remote sensing data set with

he potential to transform the fields of ecology and conserva-
ion is data collected by the first photo spy satellite, launched
y the United States, in the late 1950s. Until 1986, the US mili-
ary ran more than 100 reconnaissance missions that collected
ver 600,000 meters of film in 39,000 cans recovered midair as
hey were returning from space (Day 2015 ). The program rep-
esents the first spy-satellite program to be declassified. Given
he continuous technical developments during that time, images
ere collected by four satellite programs with different technical
pecifications, primarily differing in their ground resolution and
mage coverage. The data has near-global coverage at high (0.5
2.5 meters [m]), medium (6–12 m), and coarse (140 m) resolutions,
s available from all seasons and, in many cases, has stereographic
roperties that allow for 3D terrain reconstructions (Casana and
othren 2008 , Song et al. 2014 , Rendenieks et al. 2020 ). In com-
ination with modern remote sensing data, these images extend
odern medium-resolution remote sensing time series (such as
andsat) by approximately two decades into the past and the very
igh-resolution data records available since the early 2000s by up
o four decades (figure 1 ). Spy-satellite images have been used
n geomorphology, glaciology, land-use science, and archaeology
Maurer et al. 2019 , Casana 2020 , Rendenieks et al. 2020 ). However,
hey remain largely unknown and scarcely used in ecology and
onservation. However, early applications show they have great
otential to reveal historical baselines, ecological legacies, long-
erm ecological disturbance, and climate change effects, mak-
ng them a hugely valuable data source for research in ecology
nd conservation (Bradley and Millington 2008 , Rannow 2013 ,
unteanu et al. 2022 ). 
In the present article, we argue that recent advances in image

rocessing and cloud computing, together with tighter collabora-
ion among remote sensing experts, ecologists, and land-use sci-
ntists, can unlock the potential of spy-satellite imagery for long-
erm ecological and conservation applications. To explore the rel-
vance of spy-satellite imagery to ecology and conservation, we
valuate the temporal, spatial, and seasonal coverage of existing
eclassified spy satellite imagery; review existing examples of spy-
atellite imagery use in ecology-related fields; and identify future
otential steps to enhance the use of spy-satellite data in ecology
nd conservation. 

ata coverage, availability, and 

reprocessing 

py-satellite images have been progressively declassified for pub-
ic access since 1996. Scanned panchromatic film strips from
ow (140 m, Argon) to very high resolution (0.5 m, Hexagon) are
vailable via the USGS Archive ( https://earthexplorer.usgs.gov),
ncluding approximate image footprints and metadata. Images
rom four historical satellite programs (Argon, Corona, Gambit,
exagon) and one experimental program (Lanyard) summing to
pproximately 1 million declassified images across the different
ensors can be accessed online. Metadata are freely accessible,
ut the scanning of the analogous film currently costs US$30 per
mage. Once scanned, the images are freely available, but to date,
nly about 5% of the archive has been scanned. 
To assess the temporal, spatial, and seasonal data coverage of

he images, we analyzed the metadata for the four programs by
rouping images according to their spatial resolution and gener-
ted a global 1-degree raster grid summarizing the number of im-
ges in each grid cell for each resolution class ( fasterize package in
; Ross 2022 , R Core Team 2023 ). We further mapped the seasonal
overage of the grouped images. 
More than 1 million images are available worldwide from the

our satellite programs, which we group in three spatial resolu-
ion classes: high (greater than 2.5 m, at most 834,000 images,

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://earthexplorer.usgs.gov
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Figure 2. Spatial coverage and image density of spy-satellite images. The data have been classified in three spatial resolution classes as high (0.5–2.5 
m), medium (6–12 m), or low (140 m) resolution. The left column shows image density for all data in the US Geological Survey archive, the right 
column only of those scanned and freely accessible data. 
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9,000 scanned), medium (6–12 m; at most 133,000 images, 6200
canned), and low (approximately 140 m, 31,000 images, 3500
canned; figures 1 and 2 ) Overall, these data have near-global spa-
ial coverage and all seasons have considerable global data avail-
bility ( supplemental material S1). Given the high proportion of
lobal imagery with medium and high resolution (at most 83% of
he scenes available in the US Geological Survey’s [USGS] archive),
e focus primarily on these data but note that the patterns are
imilar for the coarse resolution images. We also note that a large
roportion of the data has stereographic properties, allowing for
D landscape reconstructions, but we consider each individual
hotograph as a separate image. 

ecent and current applications 

 search of the scientific literature on spy-satellite images in
he scientific databases Web of Science, Google Scholar, and Di-
ensions.ai covering a variety of disciplines identified only 75
anuscripts published in the English language from 2000 to 2023

 supplemental material S2), covering primarily the disciplines of
rchaeology, geomorphology, civil engineering, and land-use sci-
nce (figure 3 , supplemental material S3). Only a small propor-
ion of the published studies (17%) have content of direct rele-
ance to ecology and conservation, and only 10 studies were pub-
ished in ecology or conservation journals. Most of the reviewed
tudies focused on how to map geological, geomorphological, or
land-use features from the data (Fowler and Fowler 2005 , Maurer
et al. 2019 , Zhang et al. 2020 ), and a few proposed photogrammet-
ric techniques for image rectification and alignment with modern
spatial data (Tappan et al. 2000 , Altmaier and Kany 2002 , Song
et al. 2014 ). Despite the imagery having been declassified and
available for several decades now, this suggests that uptake has
been very limited, especially in the fields of ecology and conser-
vation. 

Historical spy-satellite data has been successfully used for
mapping land cover and, therefore, ecosystem extent, especially
of forests (Wardell et al. 2003 , Rannow 2013 , Dao Minh et al.
2017 ); agriculture (Dao Minh et al. 2009 , Munteanu et al. 2020 ,
Rendenieks et al. 2020 ); shrub encroachment (Frost and Epstein
2013 ); surface water (Hamandawana 2007 , Shugar et al. 2020 ,
Liu et al. 2022 ); and urban expansion (Cetin 2009 ). These studies
highlight that historical ecosystem changes sometimes outpaced
more recent changes mapped with Landsat-era remote sensing
data (Nita et al. 2018 , Munteanu et al. 2020 ). For example, the for-
est harvest rates in Romania in the 1960s were three times higher
than those in the 1990s, when forest loss was thought to be at
its peak (Nita et al. 2018 ). Detailed, spy-satellite-based maps of
historical forest cover were also essential in identifying areas of
forest in Romania that have not experienced disturbance for long
periods of time, as well as those that carry legacies of past forest
uses (Munteanu et al. 2022 ). Romania is not unique: Forest area
gains in the Latvian–Russian border region due to agricultural

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
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Figure 3. The locations of research studies using spy-satellite images. The studies are coded by the field of research that is best represented in the 
study question. Each dot represents one scientific paper, and each paper may have one or more case-study locations (not shown; see the supplemental 
material for a full list of papers and two examples of potential applications). 
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bandonment were higher prior to 1990 than after the Soviet
nion collapsed (Rendenieks et al. 2020 ), a period when agricul-
ural abandonment has been widely reported. Spy-satellite data
as also been used to highlight time lags in upslope forest shifts
ue to climate change in Scandinavia (Rannow 2013 ). In West
frica, the extent of savannah woodlands shifted in response to
olonial policies (Wardell et al. 2003 ). Regarding aquatic systems,
0% of the surface water area changes in the Okavango Delta oc-
urred between 1967 and 1990, only a small proportion of which
an be captured with modern satellite image time series (Haman-
awana 2007 ). In Albania, river morphology has shifted dramati-
ally over the period 1968–2017, probably in connection with natu-
al (climate) and anthropogenic (deforestation, sediment mining,
mpact of hydropower) stressors (Spada et al. 2018 ). Many of these
and-cover change processes would have been overlooked in anal-
ses of modern remote sensing data alone. 
Shifting the baseline against which changes in ecosystem

xtent, species populations, or restoration targets are assessed
an lead to different interpretations of the observed processes,
ltimately affecting conservation and management decisions
Collins et al. 2020 , Munteanu et al. 2020 ). Identifying long-term
ata is therefore paramount for establishing appropriate recov-
ry targets and assessing species status (Grace et al. 2019 ). Under-
tanding the related time lags effects and the legacy of historical
and uses can only be done with sufficient spatiotemporal resolu-
ion, and that may require including several study species genera-
ions or rotation cycles in the case of managed forest. Spy-satellite
ata can also provide information on long-term population dy-
amics or shifts in habitat use. For example, philopatric steppe
armots ( Marmota bobak ) responded with a 50-year time lag to
istorical habitat disturbance (Munteanu et al. 2020 ), whereas
he capercaillie ( Tetrao urogallus ) recolonized historically disturbed
orest patches relatively quickly (Stăncioiu et al. 2021 ). Similarly,
ound-building red wood ants ( Formica rufa ) responded immedi-
tely to changes in canopy openness, relocating mounds since the
960s along forest edges both in historical and recent time periods
Klimetzek et al. 2021 ). 
Finally, historical spy-satellite imagery can also provide infor-
ation on past human pressures on ecosystems. For instance, his-

orical logging has been mapped with spy imagery in the United
tates and Brazil (Song et al. 2014 ), Romania (Nita et al. 2018 ), Mali
Ruelland et al. 2010 ), and China (Leempoel et al. 2013 ). Spy im-
gery also showed how historical logging has interacted with in-
ustrial pollution to cause forest loss in the 1960s in boreal Rus-
ia (Rigina 2003 ). Similarly, the effects of the century old agricul-
ural practices on landscape structures were reconstructed from
orona imagery in Syria and Iran (Casana 2013 ). Despite the grow-
ng number of case studies using historical spy-satellite images its
pplications mostly remain limited to mapping exercises related
o ecosystem extent (figure 3 ), but the data presents many other
pportunities for ecology and conservation. 

pportunities for ecology and conservation 

he spy-satellite image archive from the Cold War period repre-
ents a unique and, so far, largely untapped opportunity to as-
ess ecological phenomena and processes across broad spatial
nd temporal scales (Nita et al. 2018 , Rizayeva et al. 2023 ). We see
everal opportunities for interdisciplinary and cross-disciplinary
pproaches to better integrate historical remote sensing with
odern remote sensing (Hansen et al. 2010 ) and with histori-
al ecological research (Moritz et al. 2008 , Tingley and Beissinger
009 ). Further integration with other data sets from a range of
isciplines (particularly from ecology, conservation science, and
ocial sciences) may provide novel insights into conservation-
elevant phenomena, such as shifting baseline syndrome or iden-
ifying baselines for restoration planning (Papworth et al. 2009 ,
ones et al. 2020 , Grace et al. 2021 ). The integration of long-time
eries of ecological data to inform applied questions is not new,
ut spy-satellite imagery has several advantages over other his-
orical data sources (table 1 ). 
Compared with historical aerial photographs, individual im-

ge footprints of spy-satellite images cover much larger areas,
ave near-global and year-round availability, and are available
n otherwise remote and data-poor regions. However, the origi-
al intended use of the data was military intelligence, so strate-
ically important regions for those countries implementing spy-
atellite missions (e.g., the former USSR, Vietnam, parts of the
nited States) have higher data densities than others (figure 2 ).
onetheless, imagery is available worldwide, including remote
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Table 1. Opportunities and constraints for the uptake of spy-satellite imagery in ecology and conservation research. 

Opportunities Constraints 

Global VHR data from the 1960s until 1980s. 
Near-global coverage 
Data available from all seasons 
Time-and-labor effective methods increasingly available for image 

rectification (especially integration of pixel and object-based 
classifications, artificial neural networks for image recognition) 

Emerging initiatives for open data sharing (and availability of Geodata 
platforms for data sharing and analyses such as Google Earth Engine) 

Accurate and exact representation of landscapes and environmental 
conditions 

Applicable both in terrestrial and aquatic systems 

Analogous (nondigital) imagery 
Requires relatively high amount of reference data collection 
Variable data quality among and within missions 
Image distortion 
Frequently cloud covered 
Spatial acquisition bias: image density highest in areas of Cold War 

military interest 
Most of the imagery has not yet been scanned, which delays analysis, and 

adds purchasing costs to project budgets 
Lacking standardized, preprocessed, and georectified data 
Limited validation options and possible observer bias 
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egions (e.g., Antarctica) or recent hotspots of land-use change
e.g., South America and East Africa). Another advantage
ver other historical aerial images is that comparisons over
arge geographical areas are in principle possible using the
ame data sets and approaches, which is rarely the case
ith aerial photos. Spy-satellite images also have higher spa-
ial accuracy than historical maps, capture the landscape in-
iscriminately, and allow for 3D terrain reconstructions that
ay enable analyses of vertical ecosystem structures, such
s canopy height. Furthermore, building height, terrain mod-
ls or archeological sites could be mapped with such 3D
nformation. Compared with modern high-resolution remote
ensing data (e.g., GeoEye, Ikonos, Worldview), historical spy-
atellite imagery lacks multispectral information, but integra-
ion with modern multispectral and stereographic imagery can
onetheless provide valuable insight into historical ecosystem
onditions. 
Conservation or restoration baselines are often defined by data

vailability, and pushing such baselines as far back in time as
ossible is beneficial for devising conservation measures or con-
extualizing species status (Grace et al. 2021 ). Species’ poten-
ial habitat is commonly modeled on the basis of the distribu-
ion of ecological indicators extracted from remote sensing data
cross the landscape (Elith and Leathwick 2009 , Coops and Wulder
019 , Radeloff et al. 2019 ). Historical landscape ecological anal-
ses, habitat suitability modeling, spatial distribution of habitat
atches, historical landscape connectivity, or range shifts could
ll greatly benefit from the uptake of spy-satellite data in eco-
ogical and conservation practice (figure 4 ; Wardell et al. 2003 ,
unteanu et al. 2020 ). 
Historical records such as maps or cadastral surveys have

lready been successfully used to reconstruct historical habi-
at and species’ distributions (Viana et al. 2022 , Clavero et al.
023 ). At much broader spatial scales, equivalent species occur-
ence data or proxies for species occurrences could be extracted
rom spy-satellite imagery. Such data is commonly sourced from
odern VHR data, including direct observations of large-bodied
nimals, such as whales, polar bears, or large grazers (Lalib-
rte and Ripple 2003 , LaRue et al. 2017 , Hollings et al. 2018 ), or
roxies for their occurrence, such as burrows or wallowing sites
Löffler and Margules 1980 , Tape et al. 2018 , Koshkina et al. 2019 ),
r availability of spawning habitat ( supplemental material 4).
urthermore, population densities can be estimated via proxies
uch as marmot burrow densities (Koshkina et al. 2019 ), penguin
uano stains (Lynch et al. 2012 , Fretwell and Trathan 2020 ), or
asked boobies’ nesting sites (Hughes et al. 2011 ). Integrating
uch observations with ecosystem extent, land use, and ecosys-
tem fragmentation data as described above could shed new light
onto long-term species responses to land-use and climate change
(figure 4 ). 

Finally, spy-satellite imagery could provide novel insights into
historical human pressures and their effect on current ecosystem
conditions. For instance, historical land use affects the rates of
contemporary forest loss (Munteanu et al. 2015 ) and historical dis-
turbances affect contemporary carbon stocks (Woomer et al. 2004 ,
Thom and Seidl 2016 ). Historical armed conflict may exert legacies
for many decades ( supplemental material 5; Kim 1997 , Baumann
and Kuemmerle 2016 , Van den Berghe et al. 2020 ). Infrastruc-
tural development may benefit human well-being while hinder-
ing wildlife movement: Diverse cartographic elements extracted
from historical spy-satellite imagery may provide surprising in-
sights into the extent and speed of infrastructural changes, as well
as on associated human pressure on the ecosystems. For instance,
fishing weirs’ size, type, and distribution can be an indication of
fishing pressure (Exton et al. 2019 ), the density of roads and tracks
can be a proxy for land-use intensity, the effects of water manage-
ment structures can be monitored via spawning habitat availabil-
ity ( supplemental material S4), or ecological war damage can be
quantified from bombing footprints ( supplemental material S5). 

Challenges for remote sensing 

The limited uptake of the data for research may be related to the
major challenge of operationalizing analyses for large areas (but
see Song et al. 2014 , Nita et al. 2018 , Spada et al. 2018 , Gurjar and
Tare 2019 , Rendenieks et al. 2020 , Rizayeva et al. 2023 ). Recent
advances in geoinformation and digitalization suggest that these
barriers can be overcome in the coming years. Barriers to the wider
use of spy-satellite imagery in ecology and conservation are also
related to data access, cost, preprocessing, and a lack of consis-
tent analysis workflows. Because data were collected in analogue
format, the scanned images require a large amount of prepro-
cessing (including scanning, georectification, and image enhance-
ment). Data acquisition via the USGS Earth Explorer platform is
still relatively cumbersome and covering large areas is time con-
suming and costly. Furthermore, integrated algorithms for image
rectification are still lacking. Despite increasing use of declassi-
fied spy-satellite data over the past decades, and ongoing efforts
to establish open-source, crowdsourced platforms for data shar-
ing ( https://sunspot.cast.uark.edu), the lack of coordinated efforts
and integrated methodologies for image preprocessing and shar-
ing makes data hard to transfer between projects and difficult to
adapt to research questions other than those investigated by ini-

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
https://sunspot.cast.uark.edu
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September 1980. (c1) Forest disturbance through bombing during Vietnam War, Vietnam ( supplemental material 5). Left: contemporary landscape in 
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Most of the existing studies employing spy-satellite imagery
ely on mathematical modeling and traditional photogrammetric
echniques to geolocate the scanned photographs (Tappan et al.
000 , Galiatsatos et al. 2004 , Dashora et al. 2007 ). However, patchy
nformation on camera parameters and complex modeling make
his method cumbersome. More recent technological advances in
he field of photogrammetry, applied for instance in drone im-
ge processing, have made the georectification of historical spy-
atellite data less work intensive and more accurate (Cassana and
othren 2008 , Nita et al. 2018 ). Specifically, image processing tech-
iques that rely on overlapping images taken at different angles
nd structure-from-motion algorithms, have recently allowed for
road scale image rectification (Nita et al. 2018 , Rendenieks et al.
020 ), and even 3D terrain modeling. An increasingly popular plat-
orm to do so is provided by AgiSoft Metashape ( www.agisoft.com).
owever, the collection of reference data is still time consum-
ng and workflows are often hampered by variable image quality,
lm distortion, camera failures, and changing atmospheric con-
itions (Zhou and Jezek 2002 , Song et al. 2014 ). We believe that
n the future, AI-based modeling approaches may be trained to
ecognize persistent features in both historical and contemporary
magery that can be used for image rectification and geolocation
e.g., buildings, lakes, road crossings). 
Last but not least, data extraction from the rectified imagery

till remains challenging. Many studies to date have relied on
anual data digitization (Nita et al. 2018 , Munteanu et al. 2020 ),
hich is time consuming and prone to observer bias. Methods for
utomatic data extraction have been rare and relied primarily on
bject-based classification (Rendenieks et al. 2020 , Rizayeva et al.
023 ). Pixel-based classifications alone are not very reliable be-
ause of the limited spectral information contained in the im-
gery. Integration of pixel-based and object-based image classi-
cation techniques (Rizayeva et al. 2023 ) and the employment
f neural networks and image recognition techniques may boost
ata extraction, classification, and interpretation and replace tra-
itionally manual image interpretation. Furthermore, data fusion
mong historical and more recent sensors, and the integration
f object-based and pixel-based classification approaches may

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data
http://www.agisoft.com
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dvance the image extraction processes from this historical data
s exemplified successfully by research in the archeology field
Fisher et al. 2016 , Albrecht et al. 2019 ). Finally, the application
f artificial neural networks for feature extraction has great po-
ential to speed up the data extraction process. 

he way forward 

e suggest that Cold War spy-satellite images have great poten-
ial for advancing both theoretical and applied research in ecol-
gy and conservation. We argue that valuable conservation in-
ights can be gained from time series analyses, land-use map-
ing, species distribution modeling, restoration baseline analy-
es and mapping of human pressure on ecosystems. In addition,
his data has the potential to inform ecological theory—for ex-
mple, on the role of legacies, lag effects, extinction debt, and
olonization credit. To do so, we see six necessary steps to ease
he uptake and use of spy-satellite images. These steps will re-
uire joint efforts by data holders, remote sensing scientists, and
cologists. 

ata access 
he already-scanned images represent only a small portion of the
vailable film. We recommend that efforts are made to scan the
ull image archive and make it openly accessible by the data hold-
rs (e.g., the US Geological Survey). 

mage rectification 

onsistent and reliable image rectification of the entire archive—
sing harmonized, transparent, and transferrable rectification
ethods—is urgently needed to make these data a useful re-
ource for more user groups. A first step toward achieving this
oal has already been made (Casana and Cothren 2013 ), but dif-
erences in rectification methods, inconsistencies in the report-
ng of rectification accuracies, and temporary funding for ongoing
rojects represent large barriers in broadscale uptake of the data.
e believe that the image rectification of the entire data archive

s at best integrated with the first step above and should be done
y data holders to ensure fairness, traceability, and transparency
n processing workflows. 

ata sharing 

n the absence of a systematic orthorectification process of the
ntire spy-satellite image archives, existing platforms for sharing
ectified imagery are an interim solution. However, we urge data
haring to happen through dedicated portals of the data holders.
urthermore, the inclusion of the historical spy-satellite imagery
n cloud processing platforms such as Google Earth Engine would
ncrease the uptake of the data in many different disciplines, as
ell as ease and encourage data sharing and the codevelopment
f processing techniques. 

eature extraction 

e call for the development of a dedicated toolbox for the extrac-
ion of information from panchromatic, stereographic imagery.
iven recent advances in image processing and image recogni-
ion research, data fusion and integration of classical pixel-based
nd object-based classification techniques, as well as the employ-
ent of neural networks for image recognition, can advance the
utomation of feature extraction. Such algorithms could be devel-
ped as part of existing open-source remote sensing and geospa-
ial resources (e.g., EnMapBox, QGIS) 
Enhance uptake in ecological research 

Historical data can enhance the understanding of ecological pro-
cesses and aid conservation decisions. By integrating such data
with field-based observations or historical statistics, the research
community can gain insights into ecological processes otherwise
missed when using singular data sets. We call for the ecological
and conservation community to provide examples of applications
and test ecological theories using this and other historical data
sources in their work. Such studies could focus particularly on
underrepresented biomes and anthromes (see figure 3 ). 

Opening of other archives 
We call for the opening of other historical and recent military
mapping archives, including historical military aerial photos for
most countries, but also historical maps and other spatial data
that can be valuable for research in ecology and conservation. 

Compared with other fields, historical spy-satellite images have
been underused in ecology and conservation since their declassi-
fication more than two decades ago. However, recent advances in
image processing and analysis, along with improved practices in
data sharing and archiving, have the potential to accelerate the
use of this valuable resource in ecological research and conser-
vation. These images offer a unique opportunity to address eco-
logical questions that have so far been limited to small scales or
relied on incomplete evidence. We urge ecologists and conserva-
tionists to take advantage of this unprecedented opportunity to
tackle important ecological and conservation questions. In addi-
tion, we encourage the further release and open use of classified
military data archives pertaining to the environment for monitor-
ing purposes. 

Supplemental Material 
Supplemental data are available at BIOSCI online. 

Acknowledgments 

We acknowledge support by the European Commission under the
Marie Sklodowska-Curie Program, Project EcoSpy (grant agree-
ment no. 793554), the German Science Foundation, Research
Training Group ConFoBi (grant no. GRK 2123/1 TPX), The Cross-
Cutting Research Domain 2 of the Leibniz Institute for Fresh-
water Ecology and Inland Fisheries and their support through
the Young Creatives Micro-Project Fund (project “AquaSpy”) and
the NASA Land Cover and Land Use Change Program (grant no.
80NSSC18K0316). TK acknowledges support by the European Re-
search Council under the European Union’s Horizon 2020 research
and innovation program (grant agreement no. 101001239 SYS-
TEMSHIFT). We thank Catherine Graham, Arash Ghoddousi, Ka-
trin Kirchner, Alyona Koshkina, Xiang Liu, and three anonymous
reviewers for valuable suggestions and comments on previous
versions of the manuscript. 

Author contributions 

Catalina Munteanu (Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Validation, Visualization, Writing –
original draft, Writing – review & editing), Benjamin M. Kraemer
(Formal analysis, Funding acquisition, Investigation, Methodol-
ogy, Visualization, Writing – review & editing), Henry H. Hansen
(Data curation, Formal analysis, Visualization, Writing – original
draft, Writing – review & editing), Sofia Miguel (Data curation,

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biae002#supplementary-data


166 | BioScience, 2024, Vol. 74, No. 3

F  

–  

(  

–  

r  

O  

&
r  

v  

W  

W  

i  

W

R
A  

 

 

A  

 

B  

B  

 

B  

B  

C  

 

C  

 

 

C  

 

C  

 

C  

 

C  

 

 

 

C  

 

C  

D  

 

 

 

D  

D  

D  

 

E  

 

E  

 

 

F  

 

 

F  

 

F  

 

F  

G  

 

G  

 

 

 

G  

 

G  

 

 

G  

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/74/3/159/7607000 by guest on 08 Septem

ber 2025
ormal analysis, Investigation, Validation, Visualization, Writing
original draft, Writing – review & editing), E.J. Milner-Gulland

Conceptualization, Investigation, Resources, Supervision, Writing
original draft, Writing – review & editing), Mihai Nita (Data cu-
ation, Methodology, Resources, Writing – review & editing), Igor
gashawara (Data curation, Funding acquisition, Writing – review
 editing), Volker C. Radeloff (Investigation, Validation, Writing –
eview & editing), Simone Roverelli (Data curation, Writing – re-
iew & editing), Oleksandra O. Shumilova (Funding acquisition,
riting – review & editing), Ilse Storch (Resources, Supervision,
riting – review & editing), and Tobias Kuemmerle (Conceptual-

zation, Resources, Software, Supervision, Writing – original draft,
riting – review & editing) 

eferences cited 

lbrecht CM , Fisher C, Freitag M, Hamann HF, Pankanti S, Pezzutti
F, Rossi F. 2019. Learning and recognizing archeological features
from LiDAR data. Proceedings of IEEE International Conference on Big
Data (Big Data) : 5630–5636. https://doi.org/10.1109/BigData47090.
2019.9005548.

ltmaier A , Kany C. 2002. Digital surface model generation from
CORONA satellite images. ISPRS Journal of Photogrammetry and Re-
mote 56: 221–235. https://doi.org/10.1016/S0924-2716(02)00046-1.

aumann M , Kuemmerle T. 2016. The impacts of warfare and armed
conflict on land systems. Journal of Land Use Science 11: 1–17. https:
//doi.org/10.1080/1747423X.2016.1241317.

onebrake TC , Christensen J, Boggs CL, Ehrlich PR. 2010. Population
decline assessment, historical baselines, and conservation. Con-
servation Letters 3: 371–378. https://doi.org/10.1111/j.1755-263X.
2010.00139.x.

radley AV , Millington AC. 2008. Coca and colonists. Ecology and Soci-
ety 13: 26267929. www.jstor.org/stable/26267929.

rain S . 2011. Song of the Forest: Russian Forestry and Stalinist Environ-
mentalism, 1905–1953 . University of Pittsburgh Press.

asana J . 2013. Radial route systems and agro-pastoral strategies
in the fertile crescent: New discoveries from western Syria and
southwestern Iran. Journal of Anthropological Archaeology 32: 257–
273. https://doi.org/10.1016/j.jaa.2012.12.004.

asana J . 2020. Global-scale archaeological prospection using
CORONA satellite imagery: Automated, crowd-sourced, and
expert-led approaches. Journal of Field Archaeology 45: S89–100.
https://doi.org/10.1080/00934690.2020.1713285.

asana J , Cothren J. 2008. Stereo analysis, DEM extraction and or-
thorectification of CORONA satellite imagery: Archaeological ap-
plications from the Near East. Antiquity 82: 732–749. https://doi.
org/10.1017/S0003598×00097349.

etin M . 2009. A satellite based assessment of the impact of ur-
ban expansion around a lagoon. International Journal of Environ-
mental Science and Technology 6: 579–590. https://doi.org/10.1007/
BF03326098.

lavero M , García-Reyes A, Fernández-Gil A, Revilla E, Fernández N.
2023. Where wolves were: Setting historical baselines for wolf re-
covery in Spain. Animal Conservation 26: 239–249. https://doi.org/
10.1111/acv.12814.

ollins AC , Böhm M, Collen B. 2013. The CORONA Atlas Project:
Orthorectification of CORONA satellite imagery and regional-
scale archaeological exploration in the Near East BT: Map-
ping archaeological landscapes from space. Pages 33–43 in
Comer DC Harrower MJ, eds. Springer. https://doi.org/10.1007/
978-1-4614-6074-9_4.

ollins AC , Böhm M, Collen B. 2020. Choice of baseline affects histor-
ical population trends in hunted mammals of North America. Bi-
ological Conservation 242: 108421. https://doi.org/10.1016/j.biocon.
2020.108421.

oops NC , Wulder MA. 2019. Breaking the habit(at). Trends in Ecol-
ogy and Evolution 34: 585–587. https://doi.org/10.1016/j.tree.2019.
04.013.

ao Minh T , Kono Y, Yanagisawa M, Leisz SJ, Kobayashi S. 2009.
Linkage of forest policies and programs with land cover and
land use changes in the Northern Mountain region of Viet-
nam: A village-level case study. Southeast Asian Studies 47:
244–262.

ashora A , Lohani B, Malik JN. 2007. A repository of Earth resource in-
formation: CORONA Satellite Programme. Current Science 92: 926–
932.

ay D. 2015. Eye in the Sky: The Story of the CORONA Spy Satellites .
Smithsonian Institution.

idham RK , et al. 2020. Interpreting insect declines: Seven challenges
and a way forward. Insect Conservation and Diversity 13: 103–114.
https://doi.org/10.1111/icad.12408.

lith J , Leathwick JR. 2009. Species distribution models: Ecological
explanation and prediction across space and time. Annual Review
of Ecology, Evolution, and Systematics 40: 677–697. https://doi.org/10.
1146/annurev.ecolsys.110308.120159.

xton DA , Ahmadia GN, Cullen-Unsworth LC, Jompa J, May D,
Rice J, Simonin PW, Unsworth RKF, Smith DJ. 2019. Artisanal
fish fences pose broad and unexpected threats to the tropical
coastal seascape. Nature Communications 10: 2100. https://doi.org/
10.1038/s41467-019-10051-0.

isher CT , Carlos Fernández-Diaz J, Cohen AS, Cruz ON, Gonzáles
AM, Leisz SJ, Pezzutti F, Shrestha R, Carter W. 2016. Identify-
ing ancient settlement patterns through LiDAR in the Mosquitia
Region of Honduras. PLOS ONE 11: e0159890. https://doi.org/10.
1371/journal.pone.0159890.

owler MJF , Fowler YM. 2005. Detection of archaeological crop marks
on declassified CORONA KH-4B intelligence satellite photography
of Southern England. Archaeological Prospection 12: 257–264. https:
//doi.org/10.1002/arp.266. 

retwell PT , Trathan PN. 2020. Discovery of new colonies by Sentinel2
reveals good and bad news for emperor penguins. Remote Sens-
ing in Ecology and Conservation 7: 139–153. https://doi.org/10.1002/
rse2.176.

rost GV , Epstein HE. 2013. Tall shrub and tree expansion in Siberian
tundra ecotones since the 1960s. Global Change Biology 20: 1264–
1277. https://doi.org/10.1111/gcb.12406. 

aliatsatos N , Donoghue DNM, Philip G. 2004. An evaluation of the
stereoscopic capabilities of CORONA declassified spy satellite im-
age data. Photogrammetric Engineering and Remote Sensing 74: 1093–
1106.

race M , Akçakaya HR, Bennett E, Hilton-Taylor C, Long B, Milner-
Gulland EJ, Young R, Hoffmann M. 2019. Using historical and
palaeoecological data to inform ambitious species recovery
targets. Philosophical Transactions of the Royal Society B 374:
20190297. https://doi.org/10.1098/rstb.2019.0297. 

race M , et al. 2021. Testing a global standard for quantifying species
recovery and assessing conservation impact. Conservation Biology
35: 1833–1849. https://doi.org/10.1111/cobi.13756.

room G , Petersen IK, Anderson MD, Fox AD. 2011. Using object-
based analysis of image data to count birds: Mapping of lesser
flamingos at Kamfers Dam, Northern Cape, South Africa. Interna-
tional Journal of Remote Sensing 32: 4611–4639. https://doi.org/10.
1080/01431161.2010.489068.

urjar SK , Tare V. 2019. Estimating long-term LULC changes in an
agriculture-dominated basin using CORONA (1970) and LISS IV
(2013–14) satellite images: A case study of Ramganga River, India.

https://doi.org/10.1109/BigData47090.2019.9005548
https://doi.org/10.1016/S0924-2716(02)00046-1
https://doi.org/10.1080/1747423X.2016.1241317
https://doi.org/10.1111/j.1755-263X.2010.00139.x
http://www.jstor.org/stable/26267929
https://doi.org/10.1016/j.jaa.2012.12.004
https://doi.org/10.1080/00934690.2020.1713285
https://doi.org/10.1017/S0003598\begingroup \count@ "00D7\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef 12{{\char "7E}}}\endgroup \setbox \thr@@ \hbox {12}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 1200097349
https://doi.org/10.1007/BF03326098
https://doi.org/10.1111/acv.12814
https://doi.org/10.1007/978-1-4614-6074-9_4
https://doi.org/10.1016/j.biocon.2020.108421
https://doi.org/10.1016/j.tree.2019.04.013
https://doi.org/10.1111/icad.12408
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1038/s41467-019-10051-0
https://doi.org/10.1371/journal.pone.0159890
https://doi.org/10.1002/arp.266
https://doi.org/10.1002/rse2.176
https://doi.org/10.1111/gcb.12406
https://doi.org/10.1098/rstb.2019.0297
https://doi.org/10.1111/cobi.13756
https://doi.org/10.1080/01431161.2010.489068


Munteanu et al. | 167

H  

 

H  

 

H  

 

 

H  

 

J  

 

J  

 

K  

 

K  

K  

 

K  

 

 

K  

 

 

 

L  

L  

 

L  

 

L  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/74/3/159/7607000 by guest on 08 Septem

ber 2025
Environmental Monitoring and Assessment 191: 217. https://doi.org/
10.1007/s10661-019-7356-9.

amandawana H . 2007. High resolution corona mosaic subset of
the Okavango Delta’s Thamalakane River: 25 September 1967. In-
ternational Journal of Remote Sensing 28: 3. https://doi.org/10.1080/
01431160500104418.

ansen MC , Stehman SV, Potapov PV. 2010. Quantification of global
gross forest cover loss. Proceedings of the National Academy of Sci-
ences 107: 8650–8655. https://doi.org/10.1073/pnas.0912668107.

ollings T , Burgman M, van Andel M, Gilbert M, Robinson T, Robin-
son A. 2018. How do you find the green sheep? A critical review
of the use of remotely sensed imagery to detect and count ani-
mals. Methods in Ecology and Evolution 9: 881–892. https://doi.org/
10.1111/2041-210X.12973.

ughes BJ , Martin GR, James Reynolds S. 2011. The use of Google
Earth satellite imagery to detect the nests of masked boobies Sula
Dactylatra. Wildlife Biology 17: 210–216. https://doi.org/10.2981/
10-106.

ackson ST , Sax DF. 2010. Balancing biodiversity in a changing
environment: Extinction debt, immigration credit and species
turnover. Trends in Ecology and Evolution 25: 153–160. https://doi.
org/10.1016/j.tree.2009.10.001.

ones LP , Turvey ST, Massimino D, Papworth SK. 2020. Investigat-
ing the implications of shifting baseline syndrome on conserva-
tion. People and Nature 2: 1131–1144. https://doi.org/10.1002/pan3.
10140.

ennedy RE , et al. 2014. Bringing an ecological view of change to
Landsat-based remote sensing. Frontiers in Ecology and the Environ-
ment 12: 339–346. https://doi.org/10.1890/130066.

im KC . 1997. Preserving biodiversity in Korea’s demilitarized
zone. Science 278: 242–243. https://doi.org/10.1126/science.278.
5336.242.

limetzek D , Stăncioiu PT, Paraschiv M, Ni ță MD. 2021. Ecologi-
cal monitoring with spy satellite images: The case of red wood
ants in Romania. Remote Sensing 13: 520. https://doi.org/10.3390/
RS13030520.

oshkina A , et al. 2019. Marmots from space: Assessing population
size and habitat use of a burrowing mammal using publicly avail-
able satellite images. Remote Sensing in Ecology and Conservation 6:
153–167. https://doi.org/10.1002/rse2.138.

raemer R , Prishchepov AV, Müller D, Kuemmerle T, Radeloff VC,
Dara A, Terekhov A, Frühauf M. 2015. Long-term agricultural
land-cover change and potential for cropland expansion in
the former Virgin Lands area of Kazakhstan. Environmental Re-
search Letters 10: 054012. https://doi.org/10.1088/1748-9326/10/5/
054012.

aliberte AS , Ripple WIJ. 2003. Automated wildlife counts from re-
motely sensed imagery. Wildlife Society Bulletin 31: 362–371. https:
//doi.org/10.2307/3784314.

aRue MA , Stapleton S, Anderson M. 2017. Feasibility of using high-
resolution satellite imagery to assess vertebrate wildlife popu-
lations. Conservation Biology 31: 213–220. https://doi.org/10.1111/
cobi.12809.

ausch A , et al. 2016. Linking earth observation and taxonomic,
structural and functional biodiversity: Local to ecosystem per-
spectives. Ecological Indicators 70: 317–339. https://doi.org/10.1016/
j.ecolind.2016.06.022.

eempoel K , Bourgeois C, Zhang J, Wang J, Chen M, Satyaranayana
B, Bogaert J, Dahdouh-Guebas F. 2013. Spatial heterogeneity in
mangroves assessed by GeoEye-1 Satellite data: A case-study in
Zhanjiang Mangrove National Nature Reserve (ZMNNR), China.
Biogeosciences Discussions 10: 2591–2615. https://doi.org/10.5194/
bgd-10-2591-2013.
Liu K , Cao J, Lu M, Li Q, Deng H. 2022. Spatial and temporal dynam-
ics of wetlands in Guangdong–Hong Kong–Macao Greater Bay
Area from 1976 to 2019. Land 11: 2158. https://doi.org/10.3390/
land11122158.

Löffler E , Margules C. 1980. Wombats detected from space. Re-
mote Sensing of Environment 9: 47–56. https://doi.org/10.1016/
0034-4257(80)90046-2.

Lynch HJ , White R, Black AD, Naveen R. 2012. Detection, differen-
tiation, and abundance estimation of penguin species by high-
resolution satellite imagery. Polar Biology 35: 963–968. https://doi.
org/10.1007/s00300-011-1138-3.

Maurer JM , Schaefer JM, Rupper S, Corley A. 2019. Acceleration of ice
loss across the Himalayas over the past 40 years. Science Advances
5: eaav7266. https://doi.org/10.1126/sciadv.aav7266.

McNellie MJ , Oliver I, Dorrough J, Ferrier S, Newell G, Gibbons P. 2020.
Reference State and benchmark concepts for better biodiversity
conservation in contemporary ecosystems. Global Change Biology
26: 6702–6714. https://doi.org/10.1111/gcb.15383.

Minh D , Truong, Yanagisawa M, Kono Y. 2017. Forest transition in
Vietnam: A case study of Northern Mountain Region. Forest Policy
and Economics, Forest Transition in Asia 76: 72–80. https://doi.org/10.
1016/j.forpol.2016.09.013.

Moritz C , Patton JL, Conroy CJ, Parra JL, White GC, Beissinger SR. 2008.
Impact of a century of climate change on small-mammal com-
munities in Yosemite National Park, USA. Science 322: 261–264.
https://doi.org/10.1126/science.1163428.

Munteanu C , et al. 2015. Legacies of 19th century land use
shapes contemporary forest cover. Global Environmental Change 34:
83–94.

Munteanu C , Kamp J, Daniel Nita M, Klein N, Kraemer BM, Müller D,
Koshkina A, Prishchepov AV, Kuemmerle T. 2020. Cold war spy
satellite images reveal long-term declines of a philopatric key-
stone species in response to cropland expansion. Proceedings of the
Royal Society B 287: 20192897. https://doi.org/10.1098/rspb.2019.
2897.

Munteanu C , Senf C, Nita MD, Sabatini FM, Oeser J, Seidl R, Kuem-
merle T. 2022. Using historical spy satellite photographs and
recent remote sensing data to identify high-conservation-value
forests. Conservation Biology 36: e13820. https://doi.org/10.1111/
cobi.13820.

Nita MD , Munteanu C, Gutman G, Abrudan IV, Radeloff VC. 2018.
Widespread forest cutting in the aftermath of World War II cap-
tured by broad-scale historical corona spy satellite photogra-
phy. Remote Sensing of Environment 204: 322–332. https://doi.org/
10.1016/j.rse.2017.10.021.

Oreskes N . 2021. Science on a Mission: How Military Funding Shaped What
We Do and Don’t Know about the Ocean . Chicago and London: Uni-
versity of Chicago Press.

Papworth SK , Rist J, Coad L, Milner-Gulland EJ. 2009. Evidence
for shifting baseline syndrome in conservation. Conserva-
tion Letters 2: 93–100. https://doi.org/10.1111/j.1755-263x.2009.
00049.x.

R Core Team . 2023. R: A Language and Environment for Statistical Com-
puting . R Foundation for Statistical Computing. www.R-project.
org.

Radeloff VC , et al. 2019. The dynamic habitat indices (DHIs) from
MODIS and Global biodiversity. Remote Sensing of Environment 222:
204–214. https://doi.org/10.1016/j.rse.2018.12.009.

Rannow S. 2013. Do shifting forest limits in south-west Norway keep
up with climate change? Scandinavian Journal of Forest Research 28:
574–580. https://doi.org/10.1080/02827581.2013.793776.

Rendenieks Z , Nita MD, Nikodemus O, Radeloff VC. 2020. Half a cen-
tury of forest cover change along the Latvian–Russian border

https://doi.org/10.1007/s10661-019-7356-9
https://doi.org/10.1080/01431160500104418
https://doi.org/10.1073/pnas.0912668107
https://doi.org/10.1111/2041-210X.12973
https://doi.org/10.2981/10-106
https://doi.org/10.1016/j.tree.2009.10.001
https://doi.org/10.1002/pan3.10140
https://doi.org/10.1890/130066
https://doi.org/10.1126/science.278.5336.242
https://doi.org/10.3390/RS13030520
https://doi.org/10.1002/rse2.138
https://doi.org/10.1088/1748-9326/10/5/054012
https://doi.org/10.2307/3784314
https://doi.org/10.1111/cobi.12809
https://doi.org/10.1016/j.ecolind.2016.06.022
https://doi.org/10.5194/bgd-10-2591-2013
https://doi.org/10.3390/land11122158
https://doi.org/10.1016/0034-4257(80)90046-2
https://doi.org/10.1007/s00300-011-1138-3
https://doi.org/10.1126/sciadv.aav7266
https://doi.org/10.1111/gcb.15383
https://doi.org/10.1016/j.forpol.2016.09.013
https://doi.org/10.1126/science.1163428
https://doi.org/10.1098/rspb.2019.2897
https://doi.org/10.1111/cobi.13820
https://doi.org/10.1016/j.rse.2017.10.021
https://doi.org/10.1111/j.1755-263x.2009.00049.x
http://www.R-project.org
https://doi.org/10.1016/j.rse.2018.12.009
https://doi.org/10.1080/02827581.2013.793776


168 | BioScience, 2024, Vol. 74, No. 3

 

R  

 

R  

 

R  

R  

R  

 

 

S  

 

 

S  

 

S  

 

 

 

S  

 

 

S  

 

 

T  

 

T  

 

 

T  

 

 

T  

 

V  

 

 

 

V  

W  

 

 

W  

 

 

W  

 

Z  

 

 

Z  

R 024 
© merican Institute of Biological Sciences. This is an Open Access article distributed 
u
n
j

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/74/3/159/7607000 by guest on 08 Septem

ber 2025
captured by object-based image analysis of corona and Land-
sat TM/OLI data. Remote Sensing of Environment 249: 112010. https:
//doi.org/10.1016/j.rse.2020.112010.

igina O. 2003. Detection of boreal forest decline with high-
resolution panchromatic satellite imagery. International Jour-
nal of Remote Sensing 24: 1895–1912. https://doi.org/10.1080/
01431160210154894.

izayeva A , Nita MD, Radeloff VC. 2023. Large-area, 1964 land cover
classifications of Corona spy satellite imagery for the Caucasus
Mountains. Remote Sensing of Environment 284: 113343. https://doi.
org/10.1016/j.rse.2022.113343.

ose RA , et al. 2015. Ten ways remote sensing can contribute to
conservation. Conservation Biology 29: 350–359. https://doi.org/10.
1111/cobi.12397.

oss N. 2022. Fasterize: Fast polygon to raster conversion. R package
version 1.0.4. https://cran.r-project.org/package=fasterize.

uelland D , Levavasseur F, Tribotté A. 2010. Patterns and dynamics
of land-cover changes since the 1960s over three experimental
areas in Mali. International Journal of Applied Earth Observation and
Geoinformation 12: S11–S17. https://doi.org/10.1016/j.jag.2009.10.
006.

hugar DH , Burr A, Haritashya UK, Kargel JS, Scott Watson C,
Kennedy MC, Bevington AR, Betts RA, Harrison S, Strattman
K. 2020. Rapid worldwide growth of glacial lakes since 1990.
Nature Climate Change 10: 939–945. https://doi.org/10.1038/
s41558-020-0855-4.

ingh NJ , Milner-Gulland EJ. 2011. Conserving a moving target:
Planning protection for a migratory species as its distribution
changes. Journal of Applied Ecology 48: 35–46. https://doi.org/10.
1111/j.1365-2664.2010.01905.x.

ong DX , Huang C, Sexton JO, Channan S, Feng M, Townshend JR.
2014. Use of Landsat and corona data for mapping forest cover
change from the mid-1960s to 2000s: Case studies from the east-
ern United States and Central Brazil. ISPRS Journal of Photogram-
metry and Remote Sensing 103: 81–92. https://doi.org/10.1016/j.
isprsjprs.2014.09.005.

pada D , Molinari P, Bertoldi W, Vitti A, Zolezzi G. 2018. Multi-
temporal image analysis for fluvial morphological characteriza-
tion with application to Albanian rivers. ISPRS International Journal
of Geo-Information 7: 314. https://doi.org/10.3390/ijgi7080314.
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