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Introduction
There is already a great deal of information on individual remote sensing-based projects addressing protected areas (PAs) (Liu et al.,
2001; Nagendra et al., 2013), differing aspects of climate change (Dale, 1997; Lucht et al., 2002; Thomas and Lennon, 1999), and
ecosystem sustainability (Franklin, 2001). In addition, there are entire books which look at such topics as “Remote Sensing for
Ecology and Conservation” by Horning et al. (2010) which argues that ecologists and conservation biologists should use remote
sensing for observation, analysis and management, mapping, monitoring over time and space, and decision support. These authors
even go so far as to state: Remote sensing has revolutionized our understanding of the Earth as an integrated system (Preface, Horning et al.,
2010). A similar text on “Remote Sensing of Protected Lands” edited by Wang (2011) addresses examples of the use of remote
sensing for studying changing landscapes; inventory, mapping, and conservation; inventory and monitoring of frontier lands; and
decision support for management all within PAs. Wang states: Remote sensing is among the most fascinating frontiers of science and
technology (Preface, Wang, 2011).
This article will build on existing knowledge to address the three components of this article—PAs, climate change, and
ecosystem sustainability—via multiple real-world research examples, demonstrating how remote sensing can be used to study
PAs around the world at varying spatiotemporal scales. Part I will describe research using remote sensing to address protected area
conservation, using examples as diverse as of mangroves in Bahı́a Juiquilisco Biosphere Reserve region in El Salvador, vegetation
diversity in Chobe National Park in Botswana, buffalo conservation in Kruger National Park (KNP) in South Africa, and tiger
corridor development in India. Part II addresses the use of remote sensing in climate change research, using case studies for two
different regions. The first focuses on KNP, looking at the impact of current and future changing climate patterns on animal
populations, foraging, and vegetation patterns. The second looks at longer term drought monitoring and vegetation change in the
Northern Colorado Plateau region.
In part III, we focus on the use of remote sensing to assess the concept of ecosystem sustainability. Given that a separate
chapter within this volume addresses this concept in detail, we address this aspect by focusing on three examples which integrate
the concepts already presented—specifically the focus on the use of remote sensing as a method to study PAs under different
threats, such as changing climatic regimes, in order to study the preservation of ecosystem sustainability in these landscapes.
These integrated examples will be used to pull together the concepts within this article. Specifically, the article evaluates
vegetation persistence in two different national parks in Africa, modeling climate change in KNP South Africa under a variety
of different potential climatic and management regimes, as well as in a case study of Big Oaks National Wildlife Refuge
(BONWR), in Indiana, United States. These three examples highlight the integrated and linked nature of these remote sensing
approaches to ecosystem sustainability. We conclude with a summary of lessons learned, and highlight future directions for this
area of research.

Comprehensive Remote Sensing
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Remote Sensing and Protected Areas
PAs are a method of preservation and conservation used globally. As setting aside land can be costly, many PAs are established in
difficult to access locations or remnant landscapes, making continuous in situ monitoring logistically challenging and expensive.
Remote sensing has been used to enhance and improve current monitoring systems and to determine the conservation of
vegetation and land cover within these protected area boundaries. It has proven cost effective and given the decreasing costs for
imagery, increasing availability of image sources, and effectiveness of using remote sensing in concert with field-based monitoring
and validation, this approach will be relied on even more in the future.
PAs now cover one-seventh of the world’s land surface (Pimm et al., 2014), and provide critical social and ecological services for
global biodiversity as well as for humanity. There is a constant need for data on the effectiveness of PAs for conservation, for
multiple reasons. First, many regional, national, and global conservation authorities use information on the number/areal coverage
of PAs as an indicator of conservation success, such as the international convention on biological diversity (Butchart et al., 2010).
Yet this approach has been critiqued, as some parks may be extremely effective, while others are paper parks, with boundaries that
are not enforced on the ground. Second, for actual management interventions in a given protected area or geographic region, there
is a need for accurate, frequently updated information on improvement or degradation in habitat quantity, quality, spatial
distribution and associated biodiversity, as well as for mapping human pressure and threats to park protection (Nagendra et al.,
2013). Such information will provide timely information for adaptive management to increase the resilience of PAs and PA
networks to local and global drivers of change.
Remote sensing provides an important and very effective solution to such needs for comprehensive monitoring at frequent time
intervals. A range of remotely sensed data sources have been employed at different spatial and temporal scales for PA monitoring.
In recent years, there has been a growing popularity of use of active remote sensing (e.g., LiDAR and SAR products), particularly in
tropical forests where cloud cover is often high, and where active remote sensing offers the additional opportunity for examining
forest structure and mapping vegetation below the top canopy. There has also been a great deal of recent interest in using
hyperspatial and hyperspectral sensors for PA monitoring (Nagendra et al., 2015). However, PA managers and researchers continue
to routinely use long-term datasets from moderate to high-resolution sensors, in particular those from long-term archives such as of
the AVHRR/MODIS, Landsat, SPOT, and Indian Remote Sensing Satellite programs as demonstrated in the examples here.

Mangrove Forests Conservation in Bahı́a Jiquilisco-Xiriualtique Biosphere Reserve (Bahı́a), El Salvador
It is estimated that up to 35% of the world’s mangroves have been lost since 1980 (FAO, 2007), and the rates of decline, which are
highest in developing countries, are equal to or greater than declines in tropical rainforest (Duke et al., 2007; Polidoro et al., 2010).
Mangrove forests serve as the connection between terrestrial and aquatic ecosystems. Mangroves are highly interconnected with
other threatened ecosystems—such as coral reefs—and provide a wide range of ecosystems services including provision of nesting
habitat, and acting as a source and sink for nutrients (Duke et al., 2007; Kathiresan and Bingham, 2001; Mumby, 2006). Mangroves
are often intertwined with cultural identity (Lau and Scales, 2016), and provide benefits to society, both economic (Walters et al.,
2008), and in the form of protection from extreme events such as hurricanes and tsunamis (Kathiresan and Rajendran, 2005).
Mangrove forests are currently threatened by a range of environmental changes occurring on land and in the ocean. For
example, the presence and functioning of mangrove ecosystems are threatened by the expansion of farmlands, and also by changes
in sea level rise (Polidoro et al., 2010). The socio-economic value of mangrove forests has shaped the management of these systems,
and increasingly human settlements and use are regarded as components of mangrove ecosystems (Lau and Scales, 2016). As such,
some efforts to protect mangroves from current threats use a combination of the implementation of nationally PAs and
community-based management strategies. One such example of this mixed approach to mangrove management, use, and
protection is the Bahı́a Jiquilisco-Xiriualtique Biosphere Reserve (Bahı́a), El Salvador (Fig. 1). Post-civil war efforts from the
national government of El Salvador and local communities have yielded a complex mosaic of mangrove conservation strategies
which incorporate protected area status with local land use practices in and around the Bahı́a. Located along the south-central coast
of El Salvador, the Bahı́a was designated a Ramsar wetland in 2005.
In a case study of post-civil war mangrove management and change, land cover classifications and vegetation indices were
derived from high-resolution satellite imagery (Quickbird and WorldView 2) and used in conjunction with semistructured
interviews with local residents and community rangers to examine the impact of protection and management in the Bahı́a region.
Quickbird and WorldView 2 imagery from 2002, 2006, and 2014 was used to measure the distribution of land cover in and around
the Montecristo section of the Bahı́a region.
There was a decrease in agricultural land use within the study area, and increase in forest and water across the 12-year time
period (Fig. 2A). The government and local communities have crafted a co-management approach for this mangrove area. The
development and implementation of the local plan for sustainable use (Plan Local de Aprovechamiento Sostenible, PLAS) shapes
local land and resource use practices in and around the mangrove forest. A range of co-management practices are implemented
within the study area, including restricted use of fire, locally set hunting and fishing limits, monitoring of collection of timber,
installment and use of ranger watch towers, clearing of mangrove canals by local residents, and patrols by local resource rangers
(Fig. 2B–D). Increases in forest and water presence reflect spatial and temporal responses to co-management practices within the
mangrove forest. The increase in water presence throughout the mangrove forest is partly due to the active and repeat clearing of
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Fig. 1 Bahı́a Jiquilisco-Xiriualtique Biosphere Reserve Region (Bahı́a), El Salvador. Focus study area within the Bahı́a region shown using
WorldView 2 imagery.

mangrove canals by local residents done to support aquatic life throughout the mangrove forest. The use of high-resolution satellite
imagery by local residents during the planning process supported the establishment of baseline understanding of the mangrove
forests and surroundings landscape. High-resolution imagery has the advantage of being easily interpreted through visual analysis
and thus can easily be used for planning purposes by local communities. The addition of multiple years of observation (three dates
of imagery) for measurement of spatiotemporal changes resulting from co-management strategies offers a tool for studying the
impact of management practices. In this study the use of remote sensing in combination with field observations and the current
context of land use support an examination of how the designation of protection for the Bahı́a region in association with local
management strategies simultaneously protect the Bahı́a mangrove forests while supporting the economic needs of local residents.

Bush Encroachment in Chobe National Park, Botswana
Drylands are an important ecosystem type globally, as they comprise about half of the land on Earth (Chapin et al., 2011). They
support much of vegetative and animal life and account for up to approximately 14% of global NPP (Scholes and Archer, 1997).
These ecosystems are susceptible to alteration resulting from climate change and increased human pressures. Savanna ecosystems, a
type of dryland, are defined as a grassland with discontinuous tree or shrub cover (Chapin et al., 2011). An estimated 54% of
southern Africa is classified as savanna, and as much as 31% of this area may be affected by degradation (Vogel and Strohbach,
2009). Degradation can be defined in a number of ways; here the term is used in reference to a decrease in vegetation cover, a total
loss of vegetation, a shift in species, bush encroachment (densification of vegetation), or a decrease in biodiversity (Vogel and
Strohbach, 2009).
Given that these savannas are such an important ecosystem, both globally and regionally in southern Africa, it is critical that
they be closely monitored, particularly for degradation in the form of bush encroachment, which has been observed across
southern Africa since the early 1970s (Campbell and Child, 1971). One way in which these extensive landscapes can be monitored
is through the use of remote sensing. However, there are challenges to using remote sensing in savanna systems. Savannas are
highly heterogeneous in composition, making land cover classifications difficult (Asner et al., 1998). For example, what separates a
shrub (<3 m) from a tree (>3 m) can be the height rather than species, making differentiation complicated. Nevertheless,
quantitative descriptions of change are of significant value to park managers because they can inform and improve management
strategies.
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Fig. 2 Land cover patterns and local management practices. (A) Proportion of landscape classified into each land cover class across the three dates of
observation (2002, 2006, 2014), (B) community ranger, responsible for monitoring local uses within the mangrove forest, (C) example of a ranger
lookout post for monitoring movement of people within the mangrove forest, (D) local fisherman, an example of a managed use within the study area.

Chobe National Park, located in northern Botswana, is one such savanna of great ecological and economic importance because
tourism accounts for approximately 4% of Botswana’s Gross Domestic Product, and of that amount, Chobe contributes approximately 64% of the value (Leechor and Fabricius, 2009). To quantify changes in vegetation in the park, Landsat 5 satellite image
composites for the dry seasons of 1989 and 2009 were developed. To manage for the difficulties with traditional classification
techniques in this highly heterogeneous landscape, an advanced machine-learning algorithm classification technique, Random
Forest Classifiers (Breiman, 2001), were implemented (Liaw and Wiener, 2002). Change in NDVI over time was also calculated to
support the findings of the classification. For this case study, remote sensing helped determine that there is degradation occurring
along the riverfront area of Chobe National Park in the form of loss of woodland and grassland (Fig. 3). There has also been a loss
of vegetation along roads. In these areas of loss, both woody and herbaceous, there was a consistent increase of shrubs (bush),
indicating a process of encroachment, similar to that seen across southern Africa (Campbell and Child, 1971). This shift in
vegetation structural types has caused a shift in animal distribution and their associated landscape utilization (Wolf, 2009).
Drivers of vegetation change on this landscape include climate, herbivory, fire, and human pressures (Andela et al., 2013;
Campo-Bescós et al., 2013). Precipitation, the main driver of spatial heterogeneity in the region, has decreased over the last century,
which may lead to an increase in shrub (Moleele et al., 2002). Elephants are likely responsible for most of this degradation though,
as their population has increased over the last 20 years from 50,000 to over 215,000 individuals in this region. Fire has been
banned as a management in Botswana over the last 20 years as well, which may also promote the growth of shrubs (Moleele et al.,
2002; Pricope and Binford, 2012). This remotely sensed degradation analysis and mapping protocol will help managers make
decisions about how to help restore this landscape and provides a very useful monitoring system for park officials. Such integrated
uses of remote sensing into PA management are important, and will only increase in the future as both imagery and software
become more readily available globally.

Analyzing Buffalo Nutrition Within KNP
PAs are the primary mechanism used for the conservation of wild mammals in the world; as such, understanding the function of
the landscape in the maintenance of populations of wild mammals is essential to the management of the PA and the mammals
themselves. Diet quality is fundamental to understanding habitat quality and population dynamics. These relationships, in turn,
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Fig. 3 Change trajectory from 1990 to 2009 utilizing the Random Forest Algorithm Classifier for Chobe National Park, Botswana.

are important to management of free ranging wildlife populations in managed settings, such as parks and reserves (Grant et al.,
2000). African buffalo (Syncerus caffer) are large grazers, and due to their body size and ruminant gut morphology have been called
supreme bulk grazers (Owen-Smith and Cumming, 1993), but will browse when grass is particularly lignified (Cornélis et al., 2014;
Ryan and Jordaan, 2005; Ryan et al., 2006; Stark, 1986; Vesey-Fitzgerald, 1974). In KNP, in the 2000s, a series of studies of buffalo
took place as a response to the question of how bovine tuberculosis (Mycobacterium bovis) was being maintained and spread within
the buffalo population. Many studies of mammalian herbivores have used the normalized difference vegetation index (NDVI,
calculated as (Near infrared-Red)/(Near infrared+Red)) as a proxy for forage quality, but rarely is this explicitly tested in terms of
the nutritional needs of the herbivores themselves (Petorelli et al., 2011; Ryan et al., 2012).
Range quality in African savannas has been assessed using nutrient indicators such as fecal nitrogen (Nf ) and phosphorous
(Pf ) for ruminant diet quality (Arman et al., 1975; Erasmus et al., 1978; Sinclair, 1977). Fecal indicators have been correlated with
body condition, variation in forage quality, and spatial distribution of African buffalo in savanna ecosystems at a variety of spatial
and temporal scales (Grant et al., 2000; Macandza, 2004; Sinclair and Gwynne, 1972). While fecal indicators are widely used in
ruminant studies (Leslie et al., 2008), it is logistically unfeasible to collect them at large spatial scales for long periods of time.
Similarly, direct measurement of forage quality, via collection and analysis of plant species consumed by ruminants, while
informative, is also prohibitive at large spatial and temporal scales. Thus, quantifying the relationship between fecal indicators,
forage quality, and NDVI would inform large-scale management of ruminant populations.
Protein, measured as nitrogen, is the most limiting nutrient for grazers (Bell, 1971; Owen-Smith and Novellie, 1982; Prins,
1996), and African buffalo are protein limited (Sinclair, 1977). Fecal nitrogen content is highly correlated with forage digestibility
(Bartiaux-Thill and Oger, 1986; Greenhalgh and Corbett, 1960; Leslie and Starkey, 1985), dietary protein concentration (Irwin
et al., 1993; Moir, 1960a; Mould and Robbins, 1981; Wofford et al., 1985), intake quantity (Arnold and Dudzinski, 1963), and
weight, in cattle (Grant et al., 1996). Phosphorous is the most limiting mineral in South African and Namibian pastures (DuToit
et al., 1940; Grant et al., 1996), and it can have a large effect on daily weight gain in cattle, while P deficiency can hamper growth
and reproduction in large mammalian herbivores (Grasman and Hellgren, 1993). Pf has been shown to be a good indicator of
dietary phosphorus intake in cattle and wildlife (Belonje, 1980; Belonje and van den Berg, 1980; Holechek et al., 1985; Moir,
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1960b, 1966; Wrench et al., 1997). Due to the interaction between phosphorous and nitrogen budgets in the animal, the
relationship between P and body condition is complicated. In a study of cattle in arid regions, phosphorus supplementation
increased average daily weight gain of cattle only when nitrogen concentrations were above 1.2% (Grant et al., 1996), and other
studies have shown that when digestible nitrogen is low, phosphorous absorption is low, meaning that Pf is higher (Bortolussi
et al., 1996), and in live cattle, supplementing with phosphorous at low nitrogen intake negatively affected weight (van Niekerk
and Jacobs, 1985). Therefore, a balance between dietary nitrogen and dietary phosphorus is required for herbivores to maintain
body mass.
In the study of African buffalo, remotely sensed vegetation data was derived from the 1-km AVHRR (Advanced Very High
Resolution Radiometry) imagery collected by NOAA (the National Oceanic and Atmospheric Association) polar orbiting satellites.
The daily imagery was preprocessed and corrected at the Agricultural Research Council, Institute for Soil, Climate and Water
(ARC-ISCW), as described in Wessels et al. (2004). Fecal samples collected in KNP (Fig. 4A) and neighboring Klaserie Private
Nature Reserve (KPNR) were analyzed for nitrogen and phosphorous, and for KNP samples, were compared to a simultaneous
forage sampling study, to examine dietary nutrients on the landscape. In the study, NDVI and samples collected on the landscape
were spatially aggregated to large quadrants of the park, as there is a north–south rainfall gradient, and an east–west basalt-granite
divide (see Ryan 2006 for methods and details). Taking an average NDVI value in these large landscape quadrants, at a monthly
scale, Ryan et al. (2012) were able to not only correlate Nf to NDVI and create a reasonable prediction model, but could also
empirically explore a concept in buffalo ecology that buffalo in this environment are living below their metabolic needs, in terms of
protein, for part of the year. The data shown in Fig. 4B is adapted from Ryan (2006) and Ryan et al. (2012), showing the temporal
relationship and variance among samples by month across the study for NDVI, Nf, and Pf. The relationship between NDVI and
protein was fairly obvious, but the utility of NDVI to predict the limiting mineral phosphorous on this landscape is minimal. This is
likely due to the metabolic interaction between phosphorous and nitrogen in mammals, and since metabolic minimum protein is
crossed during the year (see Fig. 4B, dashed line of Nf ¼ 1.2%) any existing relationship is likely obscured.
This study illustrates one application of the use of remotely sensed data to address important management questions on the
landscape in a protected area. For herbivores, and more generally for any managed suite of wildlife species, defining nutritional
needs, and understanding how those needs can be met by a protected area is vital to overall sustainability goals of the PA. Given the
constraints of logistics is often large, and hard to access landscapes, combined with low budgets, creating cheaper and readily
available methods for monitoring is important. By linking remotely sensed data to existing data, facilitating predictive modeling of
nutrient availability, we can create these methods and add to the protected area management toolkit.

Conservation of Forest Cover in Tiger Corridors Between Pench and Tadoba Tiger Reserves, India
This case study analyzes an important tiger corridor in central India, which connects two major Indian tiger reserves: Pench Tiger
Reserve and Tadoba Tiger Reserve, in the eastern part of Maharashtra, India. In this study, NDVI calculated from Landsat imagery
was utilized to understand the relationship between remotely sensed spectral variables and attributes of forest vegetation diversity,
in particular of species richness and abundance. Further, a comparison of these relationships in the villages with and without local
institutions was undertaken, which mostly facilitate the monitoring and management of the forest patch. A snowball sampling
approach was adopted to identify villages with and without local informal/formal institution and within each of the selected
villages, tree abundance and species richness were estimated with 450 circular forest plots (30 in each village) of 10 m radius,
within which smaller nested circular plots of 3 m and 1 m radius were used to assess sapling and seedling density and diversity.
Quantile regression was used at very high quantile values (t ¼ 0.95) to describe the relationship between NDVI and tree abundance
at the plots. NDVI is a measure of greenness, which may include any form of vegetation such as grasses, shrubs, or trees. Therefore,
the value of NDVI is not limited by tree abundance. In such a case, by fitting regressions only to the higher quantile of the data, we
restrict the prediction to the slice of the data where most NDVI is contributed by standing tree vegetation. Similar analysis was
adopted for species richness as well.
A significant difference was found in the relation between tree abundance and NDVI in the villages with and without local forest
institutions (Fig. 5). When institutions are present, the slope of the regression line is flatter (58.41  16.03 p-value <0.05), and
the intercept is higher (53.51  27.53 p-value <0.05). This may be due to the fact that at lower NDVI values, there are a relatively
large number of trees due to regeneration, but as these are small-sized trees, below the canopy, they do not contribute as much to
NDVI values. In villages with institutions, none of the plots have an NDVI below 0.4. In contrast, the intercept for villages without
institutions is significantly lower as compared to with institutions and also have plots below 0.4 NDVI value. The relationship
between species richness and NDVI does not significantly differ (p-value >0.1) between villages with and without institutions. Thus
it appears that Landsat data is more sensitive to tree abundance, and less able to discern differences in species richness.
This study helped to evaluate the status of forest management in a dry deciduous tropical forest, demonstrating that remotely
sensed data could be effectively used as a proxy for forest vegetation density. Such studies could be adopted to evaluate the role of
PAs in terms of maintaining the tree density of forests. Once baseline relationships are established, these can be further utilized to
identify changes in forest vegetation density with changes in management regimes such as following PA establishment of PAs, by
using multitemporal remote sensing images.
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Fig. 4 (A) Kruger National Park (KNP), South Africa. Major land types (Gertenbach, 1983) are shown. Western landscapes of KNP are granitic, and
eastern are basalt. The Olifants River demarcates the north–south divide in the park’s land types; KNP experiences a dramatic north–south rain gradient,
also shaping these land types and (B) Nf, Pf, and NDVI means and SDs, by months of data collection in 2001–02, in Kruger National Park (KNP)
and neighboring Klaserie Private Nature Reserve (KPNR), South Africa. Dashed line denotes the metabolic minimum protein concentration at Nf ¼ 1.2%
(see Ryan et al., 2012; Ryan, 2006 for details).
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Fig. 5 Results of quantile regression (0.95 t) between (A) presence and absence of the institutions for tree abundance and NDVI; (B) species richness
and NDVI. The dashed line is for quantile regression (0.95 t) in villages with institutions and the solid line is for quantile regression in villages without
institutions (0.95 t).

Remote Sensing and Climate Change
Climate change is occurring globally, and its impacts are manifest across landscapes. Often climate change is modeled and
monitored at global and regional scales, yet it is also evident, experienced, and responded to, at local levels (Greschke and
Tischler, 2015). As such, it is increasingly important to be able to examine climate change and its impacts at multiple scales.
Changes in climate impact the land cover in a way that can be monitored. Examples of such changes are monitoring seasonal
cycles—such as in the green up and green down of vegetation signals; or monitoring larger landscape changes—such as the amount
and distribution of vegetation cover over time, both of which can also be explicitly linked to such climatic variables as monthly
precipitation, maximum and minimum temperatures, etc. Satellite imagery is of paramount importance to the understanding of
these changes and developing monitoring and analysis utilizing such remotely sensed data is key.
The use of remote sensing to address issues related to climate change has come to the forefront as a result of the increasing
availability of time series remote sensing data. Specifically, the utilization of moderate to coarse resolution remotely sensed data,
which occur at much finer temporal resolutions, are global in scale, for example, the AVHRR and MODIS. These data sets, available
at daily, weekly, and monthly timesteps have opened up a rich avenue of research. We now have monthly land surface data,
available for more than 30 years, at a global scale comparable to climate datasets. The data is spatially and temporally relevant in
these times of increasing climate variability and change, and will only increase in relevance in the future. Some remote sensing
studies have started to address such work, focusing on shifts in growing seasons, impacts on vegetation of climate variability, and
linking to global climate change studies and modeling, where remotely sensed data often serve as the input layers. As such, with
monthly or finer temporal scale imagery now stretching back over 30 years, we can better understand the highly variable nature of
our climate system and its interactions with land cover—and also evaluate current rates of change and shifts or responses to climate
perturbations within our global systems.

Buffalo Nutrition and Changes in Plant Phenology
Large herbivores tend to live in herds, which represent a socioecological trade-off between sufficient numbers to provide vigilance
(preventing predation by being aware), and obtaining sufficient resources at the individual level. Layered onto this, or perhaps a
function of this, are the behaviors surrounding reproduction—competing for, and choosing mates. In African buffalo (Syncerus
caffer), a range of herd sizes (24–1500) are observed across the distribution of the species (Ryan et al., 2006), suggesting a certain
degree of environmental constraint on upper limits of herd sizes. Buffalo mating behavior that manifests as seasonal sexual
segregation (Turner et al., 2005), where males form bachelor groups for part of the year, and rejoin the mixed herd to compete for
mating opportunities, is retained across the range of buffalo populations. The timing of the male segregation is thought to depend
on environmentally triggered resource constraints—when it becomes too costly to remain in the mixed herd, or there are no more
females to compete for (Turner, 2003). It is thought that the seasonal segregation gives males the opportunity to graze, improve
their body condition, and spar together to establish a hierarchy, prior to joining the mixed herd. When breeding season occurs, the
males have heightened stress hormones, and little time to feed, and thus lose condition through the breeding season. In the
southern part of the range of African buffalo, in South Africa, the savanna environment of KNP (Fig. 4A) and the surrounding
reserves presents a highly seasonal environment, with a well-defined unimodal rainfall pattern, and a similarly timed temperature
pattern (Ryan, 2006; Ryan and Getz, 2005; Ryan et al., 2007, 2012). Buffalo in KNP represent a major herbivorous component of
the savanna ecosystem; their population has historically been maintained at between 25,000 and 30,000 individuals
(DeVos, 1983).

Reference Module in Earth Systems and Environmental Sciences, (2017)

Author's personal copy
Protected Areas, Climate Change, and Ecosystem Sustainability

9

NDVI has been correlated with reproductive timing and success in elephants (Loxodonta africana) (Trimble et al., 2009;
Wittemyer et al., 2007). Relationships between NDVI and population dynamics have also been demonstrated in a swallow
(Hirundo rustica) (Saino et al., 2004) and an Argentine rodent (Akodon azarae) (Andreo et al., 2009), among others. In a semiarid system, much of the ground biomass is unproductive for many months of the year, but in such systems a large part of the flux
in short-term NDVI value is due to grass growth (Scanlon et al., 2005). This limits the time in which sufficient nutrients are
available to grazers to grow and reproduce, inducing a seasonality to breeding.
As described previously, in KNP and KPNR, NDVI timing is linked to the quality of available forage, and to the availability of
dietary protein (Section “Analyzing Buffalo Nutrition Within Kruger National Park”, Fig. 4 and Ryan et al., 2012). The phenology
of the landscape is thus also the phenology of protein availability, which is vital to several parts of the reproductive cycle (female
body condition, fetal development, lactation (Gaillard et al., 1993)). Buffalo exhibit a marked peak in births. Known as
synchronous birthing, this is thought to be part of the predator avoidance strategy in ungulates. This peak has been shown to
coincide with the wet season, in multiple sites (Grimsdell, 1973; Mloszewski, 1983; Prins, 1996; Sinclair, 1977; Turner, 2003). The
idea of “swamping,” wherein there are simply too many calves for the predators to catch and consume (Estes, 1976; Estes and Estes,
1979; Keech et al., 2000; Sekulic, 1978; Testa, 2002), combined with a seasonally large, mixed herd, has been proposed as an
explanation for buffalo birth peaks. However, it may simply be a by-product of resource timing (Rutberg, 1987). In the 2012 study,
the body condition of female buffalo was correlated, at a monthly lag (the time it would take for sufficient quantities of high quality
vegetation to demonstrate an effect) to NDVI, and NDVI to nitrogen at a similar time lag. This suggests that, in this savanna system,
NDVI is a good proxy for the timing of high quality vegetation, which is the high-protein initial growth, rather than the previously
used proxy measures of biomass.
Using a unique dataset of birth records taken for a herd of buffalo in Klaserie Private Nature Reserve (KPNR), over 8 years, Ryan
et al. (2007) found that monthly average NDVI was the best predictor of birth timing (compared to temperature and rainfall), at a
lag of 12 months, and the synchrony of births in 1 year was most highly correlated to the synchrony of NDVI in the previous year.
The mechanism the authors proposed was that conception, not particularly birth timing, is shaped by the phenology and quality of
the environment, and this manifests at parturition. A surprising finding in this work was that African buffalo, with an average
gestation of 340 days, have the longest gestation for their bodyweight of the Bovini, in a phylogenetically corrected analysis,
enabling them to additionally take advantage of forage quality at birth and during lactation—a key part of calf development.
Further, viewed in context of the larger study of protein availability described in Section “Analyzing Buffalo Nutrition Within
Kruger National Park,” African buffalo females have evolved to carry a calf through gestation, even through a period of below
metabolic minimal protein availability on the landscape (Fig. 6).
This study illustrates the extension of coupling animal behavior to seasonal landscape dynamics to understand population-level
questions in a managed system. As described previously, for management of PAs, understanding the environmental factors
influencing nutrition, and further, demography, will provide insight into sustainability and management of a protected area.
By coupling the empirical behavioral data to a remotely sensed, continuously available data stream, we can create predictive tools
for management. Given that these drivers will be shaped by changing climates in the future, but the logistical and financial
constraints for protected area management will continue to persist, enabling the creation of predictive tools for continuous
monitoring is of vital importance.

Drought and Vegetation Change Across the Northern Colorado Plateau, United States
Elevated temperatures, pronounced drought, and associated reductions in water availability have emerged as predominant
characteristics of climate in the western United States in the twenty first century and are likely to intensify according to IPCC
projections (Cayan et al., 2010). The increased occurrence of drought has triggered widespread decline and mortality of vegetation,
but these changes have not been uniform across dryland regions, and the temporal scale at which drought and vegetation are
coupled is not well understood. To effectively manage dryland ecosystems in the future, it is essential to understand how vegetation
types respond to climate, soil water balance, and water deficit legacies.
Fig. 7 illustrates the trends and breakpoints in the drought index Standardized Precipitation and Evapotranspiration Index
(SPEI), a metric which quantifies soil available moisture, for the Northern Colorado Plateau (NCP) which stretches across large
parts of Utah. Specifically, this breakpoint analysis illustrates trends and regimes across the whole of the NCP as well as within the
numerous national parks across this landscape. We see that over time the net soil available moisture has decreased and the multiple
regimes have been noted across the landscape. As documented in the literature and through this breakpoint analysis five severe,
multiyear drought events have been recorded across the southwestern United States: in the 1930s, 1950s, 1980, 1988, and
2002–05. Although across the parks the spatial trend in SPEI differs as these parks are scattered across the precipitation and
elevation gradient that suggest the major drought events do align. Bunting et al. (2016) find that across the landscape of the
southwest United States numerous long-term drought events have occurred and that the spatial pattern of such drought events can
be statistically linked to vegetation anomalies via remotely sensed time series. For example, the broadly distributed shrub Coleogyne
ramosissima was relatively unresponsive to short- and long-term water deficit, whereas grasses and shallow-rooted subshrubs were
sensitive to even short-term water deficits. Productivity increased when dry periods were interrupted by wetting events, but the
capacity for this increase was reduced under extended dry periods across plant communities. In contrast, the effect of wetting events
on productivity saturated during extended wet periods, and the degree of this saturation was dependent on the plant community.
The long-term drying trend across the United States has vast ecological consequences which can be ideally monitored with
remote sensing analysis. Degradation, landscape conversion, and loss of ecological productivity are realistic possibilities that this
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Fig. 6 This figure shows the number of African buffalo births by month, across 8 years, in the Klaserie Private Nature reserve (see Fig. 4A), and
the corresponding mean monthly NDVI (A) and monthly cumulative rainfall (B). Adapted from Fig. 3, Ryan, S., Knechtel, C., and Getz, W. (2007).
Behavioral Ecology 18(4), 635–644.

arid system can encounter in coming years and decades, for which we need to be better prepared given the consequences for
ecological and human vulnerability. Numerous studies have noted that water supply deficits, increase fire frequency, and changes
in ecohydrology have led to the loss of vegetation cover or conversion of the landscape to a more drought resilience, either native or
invasive, vegetation community (Allen and Breshears, 1998; Cook et al., 2007; Fensham and Holman, 1999) For example, longterm persistence drought, in conjunction with insect outbreaks, resulted in massive die-off of three million acres of pinyon and
ponderosa pine across Arizona and New Mexico dryland ecoregions (Breshears et al., 2005; Cook et al., 2007). Additionally, with
further increases in temperature, as projected by the IPCC, vegetation die-off and conversion may be amplified (Allen and
Breshears, 1998; Breshears and Allen, 2002; Peters et al., 2004). In order to gauge resilience and assist land managers better
monitor/develop restoration efforts time series remote sensing analysis at moderate to fine spatial scales is essential.

Ecosystem Sustainability
Sustainable ecosystems can be defined as those which maintain key ecosystem characteristics despite disturbances (Chapin et al.,
1996). Ecosystem disturbances take on varied forms and can be primarily biophysical, or related to land use practices and
management decisions. Analysis of remotely sensed data is useful for studies of ecosystem sustainability as it provides a means
to measure changes in key ecosystem characteristics prior to and after disturbances. The ability to continuously measure and
monitor the effect of disturbance—biophysical or human driven—is imperative and remote sensing facilitates an adaptive
management-based focus on ensuring ecosystem sustainability and resilience in the fast-changing era of the Anthropocene.
Climate change is emerging as a major global threat to native ecosystems. Changing climate patterns can present a disturbance
to the normal cycling and functioning of ecosystems. With different areas experiencing regional changes in temperature and
rainfall, as well as an increased susceptibility to extreme events, there is a real danger that protected area boundaries, designed to
maximize species protection, may not match the distribution of species of interest under future climate scenarios. The resilience of
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Fig. 7 Trend and change point analysis of the Standardized Precipitation and Evapotranspiration Index (SPEI) for (A) the Northern Colorado
Plateau (NCP) of the SW United States and (B) all national parks of NCP. SPEI is a metric that essentially measures soil available moisture by differencing
precipitation and potential evapotranspiration, negative values indicate dry conditions while positive values indicate wet conditions. The black line
indicates the monthly trend values of SPEI (with no lag) and the red lines indicate the long-term regimes. Breaks in the red lines indicate the park entered
a new climate regime.
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PAs to climate change is also of significant concern. Remote sensing can be very important to provide early warning signals of
climate change in PAs, through very high temporal resolution studies of changes in plant physiology and phenology (Nagendra
et al., 2013).
Similarly, human land use decisions and the implementation of land and resource management strategies can also create a
disturbance to ecosystems. Land use activities have and continue to transform large extents of the Earth’s surface (Foley et al., 2005).
These transformations are sometime obvious, for example, the clearing of tropical forests, and in other instances are more
nuanced—not resulting in dramatic land cover change, but rather in subtle changes to ecosystem composition and functioning,
for example, changes in hydrological cycling (Vörösmarty et al., 2000). The use of land for conservation purposes is a land use
decision that often leads to the designation of protected area or refuge status, yet as with other land uses the intent behind these
designations alters human–environment interactions within these ecosystems. The altered human–environment relationship can
impact the suitability of the ecosystem within these spaces.
With its ability to track spatial patterns and processes of change at a landscape to regional scale, remote sensing research is useful
in providing indicators of ecosystem function and health that signal early warnings of threats to the overall functional integrity of
the ecoregion (Wiens and Bachelet, 2010). Remote sensing studies are also essential for monitoring changes in habitat and
biodiversity responses to climate change, helping to design strategies for larger networks of protected area that are resilient to
climate change at a regional scale (Rose et al., 2015). As proposed by the Group on Earth Observations Biodiversity Observation
Network (GEO BON), a set of Essential Biodiversity variables (EBV) derived from RS can be very useful for global planning, when
linked to Essential Climate Variables (GEO BON, 2011). Other research at local to regional scales, as described later, demonstrate
the importance of remote sensing for examining multiple aspects of ecosystem sustainability.

Vegetation Persistence Under Changing Climates in Two African National Parks: Gorongosa and South Luangwa
Savannas are unique in that they exist in a state of nonequilibrium, reportedly flipping states over time and space. It has been
hypothesized that savannas operate on a cycle of 30–50 years (Caughley et al., 1976; Cumming, 1982; Norton-Griffiths and
Sinclair, 1979; Skarpe, 1992; Walker et al., 2006). Thus, even small-scale perturbations can result in large-scale ecological shifts
(Sprugel, 1991). Savanna systems are predicted to be one of the systems most affected by climate change (Misselhorn, 2005; Walker
et al., 2006). In this case study we focus on monitoring ecosystem sustainability for two PAs of southern Africa utilizing a metric of
vegetation persistence (see Waylen et al., 2014 for details).
To analyze these vegetated landscapes, a NDVI-based metric was developed called the directional persistence metric, “D” (Fig. 8;
Waylen et al., 2014; Southworth et al., 2016). This is the cumulative direction of change over time in a given season relative to the
fixed benchmark. To prevent potential skew in the dataset due to comparison with NDVI from only 1 year (which could be an
anomalous year), a 5-year mean seasonal value for each pixel between 1982 and 1986 was created. To create this metric, a value
of +1 is assigned to a pixel that had a greater NDVI value than the baseline observation, and a value of 1 is assigned to a pixel that
has a lesser NDVI value than the baseline observation. These values are then accumulated through time for 23 years (Waylen et al.,
2014). Statistical significance is applied to the persistence metric via a random walk statistic. The random walk considers the
accumulation of consecutive outcomes of a simple Bernoulli process in which the probabilities of a success (step ¼ + 1) and a failure
(step ¼  1) are fixed and independent of the position of the random walk at that time (Waylen et al., 2014). Significance can thus
be determined across different levels of significance, and in this research we use a p-value of 0.05 which relates to a significance
value of +/ 11 (Fig. 8). In other words, +11 or greater is positively significant persistence and a value of 11 or less is significantly
negative persistence (Waylen et al., 2014). In this case study the persistence is analyzed by season (a) Dec., Jan., Feb., (b) Mar., Apr.,
May, (c) Jun., Jul., Aug., and (d) Sep., Oct., Nov.
The two PAs analyzed in this case study are Gorongosa National Park (GNP) in Mozambique, and South Luangwa National
Park (SLNP) in Zambia. These mid-latitude parks are dominated by highly heterogeneous savanna landscapes. GNP is located at
approximately 18.2 S and 34.0 E and has an area of approximately 4000 km2. SLNP is located at approximately 13.2 S and 31.5 E
and has an area around 9000 km2. The average temperature in the parks are similar with those in Gorongosa tending to be slighting
higher, but fluctuating between 15 C and 30 C. The parks have a mean annual precipitation (MAP) of 800–900 mm, though there
also tends to be slightly higher precipitation on average in Gorongosa. The wet season in these parks lasts from approximately Nov.
to Mar. The elevation of the Gorongosa National Park ranges from around 15 m in the lowlands to 1800 m on Mount Gorongosa.
South Luangwa has an elevation that increases from east to west from around 500 to 1500 m. Both of these systems are very
complex: the Gorongosa ecosystem contains multiple types of habitats, including savanna, miombo, and montane forest, while the
South Luangwa system contains savanna, submontane forest, deciduous woodland, and various shrublands. However, the focus of
this study will be on the savanna or savanna-like vegetation types. Gorongosa National Park was originally set up as a game reserve
in 1920, during the time of the Portuguese colonization of Mozambique, and was eventually established as a National Park by the
Portuguese government in 1960. Due to the War for Independence and the Civil War, many of the large mammals (90–99%) were
wiped out in this Park. In 2007, a restoration project began, and recently they have seen as much as a 40% return of wildlife
(Gorongosa National Park Website). South Luangwa National Park was originally set up as a hunting reserve in 1938, but
eventually became a National Park in 1972.
Persistence values vary greatly by park and season. In SLNP, there are positive trends in NDVI, post benchmark, for the DJF,
MAM (rainy seasons), and JJA periods but during SON there is a negative trend. Given that the rainy season is key on this landscape
and the greening over time we see in vegetation, relative to the baseline period coincides with the rains, the SLNP appears to be
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Fig. 8 Directional persistence by season (DJF; MAM; JJA; SON) for Gorongosa National Park (GNP) in the south of the map and South Luangwa
National Park (SLNP) in the north of the map.

maintaining is vegetation cover across the last 30 years, and is greening over time. While the SON period is a negative trend—at this
time of the year it is the dry season and so there is really little to no vegetation signal evident. While it may be less cover than during
the baseline period, there is really very little vegetation cover at all during this timeframe, and this is not the key time of year, and so
in terms of this park and its vegetation persistence over time, it appears to have a strong positive trend of greening.
GNP shows a differing pattern of persistence. Overall there is a pattern of negative vegetation persistence compared to the
baseline period, with the exception of DJF. The DJF is the rainy season though and so is an important trend of increasing greenness.
Across the rest of the year however, while somewhat patchy, the overwhelming signature is one of decreasing vegetation greenness
over time. As such, this park seems to have an overall trend of declining vegetation cover compared to the baseline period.
However, given the nature of both these parks, in savanna landscapes, these trends can be more difficult to interpret.
This greening could have both positive and negative interpretations. In many savanna landscapes, there is concern over bush
encroachment, which could result in landscape-level greening (an increase in vegetation persistence over time). However, if there is
a rebounding landscape with increased grass cover, this too could yield a positive persistence value. What is biologically productive
for the system differs across space, meaning that a positive persistence trend could be either biologically productive or unproductive
for a system, depending on the specific vegetation type to help determine what the case is. In these examples, while we can develop
long-term significance testing of landscape-level productivity, or greenness, from the remotely sensed imagery, it is key to
understand the landscape specifics—in this case vegetation types—in order to fully interpret the image data. The remote sensing
analyses is a useful tool, but only in association with detailed fieldwork and biological information.

KNP Climate Change Modeling Analysis
KNP, located in western South Africa, is one of the largest and most heavily managed National Parks in all of Africa (Fig. 4A). This
park, which is approximately 20,000 km2 in area, for decades has managed water regimes, fire, as well as animal populations and
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their access to the landscape. With climate change, the precipitation regime of KNP, which typically runs from Sep. to Apr. and is
associated with a south to north gradient ranging approximately 300–800 mm year1, is not expected to change drastically
(Eckhardt et al., 2000; Tyson and Dyer, 1978). Most IPCC scenario projections show the precipitation decreasing from 0% to
2% by 2080 (Parry, 2007). However, the temperature change is expected to be quite significant. KNP currently exhibits a south to
north temperature gradient with extreme seasonality and spatial differences from the south to the north of the park of a mean
change in temperatures of over 5 C difference. With the expected increase in temperature from 2 C to 3.5 C a large decrease in
available soil moisture is expected, hindering greening of all vegetation structural types. As such, a key question for this park,
relating specifically to the savanna land cover type, is what will be the differing success and growth rates of the shrub-treeherbaceous components and covers under differing climate change scenarios. Given the complexity of the savanna landscape, this
is a very important question for future management.
In this example, the spatially explicit ecosystem model, SAVANNA, was run for all of KNP (Fig. 4A) to illustrate the changes in
amount and locations of the key vegetation types (tree, shrub, herbaceous/grass) under differing IPCC climate change scenarios
(for full details of the savanna model see Coughenour, 1992). The baseline conditions of the model are established under current
climate and vegetation types—as determined by remotely sensed data and vegetation field plots. This complex nested model
projects changes in both flora and fauna patterns under varying management, fire, and climate patterns. In our version of
SAVANNA, the model was run for 27 different scenarios to look at climate change impacts across differing IPCC scenarios (3),
water management regimes ( 3), and elephant population growth trends ( 3). The A1B, A2, and B1 scenarios were utilized in
these model run as these illustrate a broad range of projected climate change impacts, with the B1 scenarios being the most mild
and the A2 being the most extreme (Nakićenović et al., 2000). Additionally, KNP extensively manages their water via artificial water
holes (i.e., boreholes). These artificial water sources are scattered throughout the park and new locations for boreholes have been
planned well into the future. While there are several rivers running through KNP, these artificial water sources are extremely
important to the ecosystem and economy of the park. Many of these boreholes are placed in heavily trafficked tourist areas drawing
in wildlife. Three different water management scenarios were incorporated into the model illustrating the impact of no water
management, current borehole scenarios, and future projected borehole locations. Lastly, differing elephant population growth
patterns were incorporated into the model (constant, logistic, and exponential). As such, the three main controls on vegetation
cover amount and type in KNP (and savanna systems in general) are addressed in this model—climate; elephants: herbivory and
damage; and water availability. Given the large number of elephants in KNP and their potential damaging impacts, and
management via borehole access, these items must be included in any study of vegetation change in KNP, that is, simply put,
elephants are the most destructive force in the landscape and when predicting future cover types must be incorporated into the
ecosystem model.
Via a spatial Mann–Whitney U statistical analysis we found that almost all of KNP is projected to experience extensive changes to
its projected vegetation cover under future climate change. This large-scale alteration of KNP is illustrated in Fig. 9 which shows the
projected trends in tree, herbaceous, and shrub covers across the park under the three different climate change scenarios. Overall
KNP shows a significant decline in shrub and herbaceous components under the different climate change scenarios but maintenance in tree cover. Such shifts in vegetation components are key for management policy decisions and have significant
implications as to the management of the park under climate change. While these models are by no means perfect, these scenarios
allow us to “play” with differing management options, such as boreholes, elephant numbers, etc., in order to better predict and
manage these landscapes under future climate changes.

A Case Study of the Impact of Conservations Designations: Big Oaks National Wildlife Refuge
In this example, we return to the question of sustainability and the use of remote sensing in a conservation management context to
answer a basic question: is a conservation action leading to something we can measure as sustainable? We use the example of the
integrated use of protected status, remote sensing, and the study of ecosystem sustainability from the BONWR, Indiana, United
States. In this example, ecosystem sustainability is considered within the context of changing land use designations. Remote sensing
is used to understand the impact of changing land use designations on a remnant natural ecosystem within a broader agricultural
landscape. Military reductions and consolidation led to the closure of Jefferson Proving Grounds (now BONWR) in 1994. In 1996,
the U.S. Army and Fish and Wildlife Service (FWS) entered into an agreement to begin natural resource management of this
militarized land. In 2000, the BONWR was established through an agreement between the U.S. Army, Airforce, and FWS, with the
mission of protecting one of the largest contiguous blocks of forest and grassland mosaics in southeast Indiana (U.S. Fish and
Wildlife Service, 2006).
Remote sensing offers a standardized approach to measure variables relevant to sustainable use of the landscape and potentially
impacted by the transition from military use to current refuge status. This transition is defined by increased attention to habitat
management, specifically through the restriction of public use and implementation of a burning plan (U.S. Fish and Wildlife
Service, 2006). Of particular importance is the maintenance of habitat for rare species such as the Indiana bat, northern long-eared
bats, crawfish frog, cerulean warblers, Henslow’s sparrow, and other migrant birds. Classifications of imagery spanning a 28-year
time period during which time the military to refuge transition took place indicate that the land covers relevant to the mission of
BONWR have undergone (Fig. 10). The results indicate an increase in forest and decrease in grassland from 1985 to 2013.
However, during the 28-year time period forest cover fluctuates, increasing and decreasing during periods of military land use,
transition, and refuge status. These observed changes could indicate that not all military land use practices are necessarily
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Fig. 9 SAVANNA simulated outputs for tree, herbaceous, and shrub green leaf patterns across Kruger National Park, for the three different climate
scenarios.

contradictory to habitat protection, but in fact may produce a mixture of land covers, including forest and grassland, that align with
current protected area goals. Additionally, the FWS has possibly not needed to dramatically modify vegetation since the land
transitioned to refuge. The presence of forests and grasslands is only one measurable expression of sustainable use; it provides an
indicator of how shifts in management practices as a result of changing land use designations impacts the BONWR ecosystem. The
explicit focus of biodiversity and wildlife conservation management in BONWR supports the integration of prescribed burning,
mowing, and other measures to maintain grasslands and forest land covers.

Concluding Remarks and Lessons Learned
It is abundantly clear from these examples that we are entering an ever increasingly dynamic frontier in remote sensing, and its
applicability to questions in and around PAs. In particular, we now stand at a point in time where we have a long, single sensor,
time series dataset in AVHRR, compatible with contemporaneous climate metrics and data. These coupled data streams are
allowing us to start unraveling the coupled impacts of anthropogenic and climate impacts on protected area landscapes.
In addition to this long-term picture, we are also amassing decadal and more recent imagery at ever increasingly fine temporal
and spatial scale, allowing us to describe ecosystem dynamics in increasingly fine spatial detail. Importantly, we are now reaching a
phase of coupling methodologies to management questions and actions, to assess conservation management in landscape-level
hypothesis driven ways.
We presented several illustrations of the application of remotely sensed data to questions that were previously untenable in scale
and scope, for protected area management, assessing climate change impacts, and outcomes of ecosystem sustainability using a
range of illustrations from PAs and ecosystems across the world, illustrating the wide applicability of these methods across diverse
institutional and ecological contexts. The methods depicted here represent additions to the conservation toolbox that will be
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Fig. 10 Changes in forest and grassland cover types within the Big Oaks National Wildlife Refuge from 1985 to 2013. Management changes are
highlighted on the graphics for the entire time period.

urgently important under future climate change and variability. One key component of sustainability, in the context of management, is the ability to monitor environmental phenomena in the long term, and to create means of assessing any interventions. This
falls in line with the adaptive management strategies emphasis that emerged in the 1990s in the conservation biology literature, as
conservation biologists recognized that management actions will occur, and require responses within specific time frames so as to
be effective.
From the examples provided, the power of remote sensing to examine the results of conservation management actions on the
landscape, and thus assess which actions can effect change, and which either are not effective, or had a different outcome than
expected, is abundantly clear. In addition to the methods presented here there are many additional approaches which can also be
used, such as advanced change trajectories, data fusion approaches, mixture modeling, and even the use of unmanned aerial
vehicles or drones. The techniques in remote sensing are immense and as diverse as the problems we can address. What is less clear
is whether the science of conducting remote sensing studies to assess conservation and management is sufficiently and successfully
communicated back to management actions, to complete the cycle of creating effective tools for the toolbox. Thus, a challenge we
pose to scientists in this field is to increase translation, enhancing descriptive studies of changing phenomena with recommendations, or the creation of useful and accessible tools. Part of this challenge is in education of a new generation of technically
equipped scientists and managers—the wide availability of data, coupled with increasing connectivity and processing speed at
cheaper rates, means that rapid and high quality education must catch up. Another part is to engage multiple sectors and
stakeholders in this science; interdisciplinarity is essential to the academic science, but truly engaging on-the-ground decision
makers and managers is still at odds with much of the rubrics of funding and infrastructure. Remote sensing toolkits that are
semiautomated, easy to use and to interpret, can help bridge this gap, in conjunction with illustrated examples of case studies, as
provided in this article.
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Walters BB, Rönnbäck P, Kovacs JM, Crona B, Hussain SA, Badola R, Primavera JH, Barbier E, and Dahdouh-Guebas F (2008) Aquatic Botany 89(2): 220–236.
Wang Y (2011) Remote sensing of protected lands. Boca Raton, FL: CRC Press.
Waylen P, Southworth J, Gibbes C, and Tsai H (2014) Remote Sensing 6(5): 4473–4497.
Wessels KJ, Prince SD, Frost PE, and van Zyl D (2004) Remote Sensing of Environment 91(1): 47–67.
Wiens JA and Bachelet D (2010) Conservation Biology 24(1): 51–62.
Wittemyer G, Rasmussen HB, and Douglas-Hamilton I (2007) Ecography 30(1): 42–50.
Wofford H, Holechek JL, Galyean ML, Wallace JD, and Cardenas M (1985) Journal of Range Management 38(5): 450–454.
Wolf, A. (2009). Preliminary assessment of the effect of high elephant density on ecosystem components (grass, trees, and large mammals) on the chobe riverfront in Northern
Botswana, University of Florida.
Wrench JM, Meissner HH, and Grant CC (1997) Koedoe 40(1): 125–136.

Reference Module in Earth Systems and Environmental Sciences, (2017)

