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Abstract

:

Understanding vegetation disturbance around protected areas (PAs) is critical as it significantly affects the sustainable conservation of wildlife. However, there is a lack of analyses of consistent long-term data on vegetation disturbance. In this study, the LandTrendr algorithm and Google Earth Engine were used to access satellite data and explore the vegetation dynamics history across the Ruaha–Rungwa landscape, Tanzania. We characterized vegetation disturbance patterns and change attributes, including disturbance occurrence trends, rate, and severity, by using each pixel’s normalized burn ratio index time series. Between 2000 and 2019, 36% of the vegetation was significantly disturbed by anthropogenic activities. The results of this study show that the disturbance trends, severity, and patterns are highly variable and strongly depend on the management approaches implemented in the heterogeneous landscape: Ruaha National Park (RNP), Rungwa–Kizigo–Muhesi Game Reserves (RKMGR), and the surrounding zones. The disturbance rates and severity were pronounced and increased toward the edges of the western RKMGR. However, the disturbance in the areas surrounding the RNP was lower. The characterization of the vegetation disturbance over time provides spatial information that is necessary for policy makers, managers, and conservationists to understand the ongoing long-term changes in large PAs.
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1. Introduction


The establishment of protected areas (PAs) and the restriction of anthropogenic activities within PAs are considered to be the most successful and globally implemented measures to conserve endangered ecosystems [1,2,3]. However, anthropogenic habitat loss and disturbance have been identified as the key drivers of the biodiversity crisis occurring at the edge of PAs [4,5,6]. In recent decades, many terrestrial PAs have rapidly become isolated and shrunk due to the conversion of natural habitats into permanent and semi-permanent cultivation land, logging, overgrazing, and land development [4,7,8,9,10], raising questions about whether PAs have been effectively implemented. Globally, anthropogenic activities have directly disturbed the structure and composition of ecosystems [11] in addition to the natural disturbance of vegetation patterns [12]. Generally, PA management approaches have the potential to affect the health status of ecosystems and landscape structures which leads to subsequent disturbances [1]. Considering the rapid population growth, the estimated growing demand in agricultural land [13,14], and the estimated future decline in vegetation due to climate change [15], increasing the resilience of PAs to vegetation disturbances through increased understanding is of high priority. In this context, the collection and analyses of scientific data, including the spatial extent, changing patterns, and effects of landscape changes, are critical for the implementation of appropriate conservation measures.



Understanding the vegetation dynamics and the advancement of cost-effective management approaches in an ecosystem require accurate information about current disturbance patterns [16,17]. The accessibility of extensive remote sensing data at different temporal and spatial scales has provided practical solutions and techniques for the long-term monitoring of disturbances, from the local to the global scale [18,19,20]. Time-series analysis using algorithms is one of the techniques employed to evaluate vegetation changes through the use of imagery [18,21,22]. It has been proven that the Landsat-based detection of disturbance trends using recovery algorithms or LandTrendr can capture vegetation dynamics at different capacities [23,24,25,26]. This approach allows users to segment each annual Landsat pixel time series into linear features from which a set of metrics can be obtained. Based on the use of these metrics, prevailing disturbance patterns can be revealed. Disturbance patterns describe the cumulative effects of the change in events, as well as their extent, occurrence rate, and magnitude/severity occurring in a given area over time [16].



Regarding terrestrial PAs, the native vegetation cover is a vital component providing habitat and forage to sustain wildlife populations. For instance, 55% of the landscape in Sub-Saharan Africa is covered by the savannah biome [27], which is a region of global conservation importance. The African savannah supports some of the remaining long-range migrations of herbivores on Earth [28] and hosts the highest populations of ungulates and associated predators [29]. In Africa, savannah dynamics are controlled by anthropogenic and natural disturbances [30,31]. Human land use has led to the expansion of millions of hectares of cultivated land at the expense of the savannah and biodiversity [32]. Although ~13.5 million km2 of savannah in Africa is legally protected [33], most of the wildlife, at least partially, depends on land surrounding PAs. Migratory ungulate populations such as ~1,300,000 wildebeest (Connochaetes gnou) of the Serengeti–Mara ecosystem spend considerable periods outside PAs [34] in Kenya and Tanzania and large numbers of zebra (Equus burchelli) roam between the Okavango Delta and Makgadikgadi grasslands in Botswana [35]. It is becoming increasingly difficult for wildlife to cross the borders of PAs because large farming populations are replacing nomadic pastoralists at the edges [28]. The increase in agricultural land from 48 km2 in the 1970s to >500 km2 20 years later [36] around Kenya’s Mara Game Reserve is a typical example of the expansion of cultivated land in the surrounding areas of PAs, which is associated with sharp declines in wildlife populations [37].



The Ruaha–Rungwa landscape (Ruaha National Park, RNP; Rungwa–Kizigo–Muhesi Game Reserves, RKMGR; wildlife management areas and surrounding unprotected habitat), Tanzania, is one of the largest ecologically intact savannah ecosystems remaining in Africa and is globally renowned for its outstanding species endemism and large populations of herbivores and carnivores [38]. In recent decades, the integrity of this ecosystem has been challenged by the increase in anthropogenic activities due to immigration and the rapidly growing human population, which predominantly depend on natural resources. In addition, the switch from traditional pastoral societies to sedentary lifestyles [39,40] and increased land conversion into crops [41] have altered the rate and spatial patterns of vegetation disturbance in the landscape. Moreover, there is a lack of quantitative information about the disturbance patterns and their changes over time. Previous studies have focused on human–wildlife conflicts [42,43,44]. However, they lack spatially and temporally consistent data at the landscape scale. Based on this lack of quantitative data, it is difficult to determine the extent of the disturbance, and trends vary across the Ruaha–Rungwa landscape. Furthermore, recent studies have indicated an increase in human–wildlife conflicts across the edges of PAs [28,42,44], but it remains unknown whether this change is related to the increasing disturbance rates (i.e., more disturbance events) or disturbance extent (i.e., larger disturbance patches). Similarly, our quantitative knowledge of the changes in the disturbance severity is limited and it remains unclear whether the landscape disturbance has become more severe in recent decades (e.g., through increased crop cultivation) or whether established management approaches (e.g., the adoption of wildlife management areas in surrounding zones) have reduced the disturbance severity.



To address these shortcomings, we mapped and characterized the historical vegetation disturbance patterns of the Ruaha–Rungwa landscape for the period 2000–2019. We addressed the following four questions: (1) What are the occurrence patterns, rates, and severity of vegetation disturbances across the landscape? (2) Has there been a trend in vegetation disturbance over the past two decades and how does it correlate with different management approaches across the landscape? (3) Is there a difference in the disturbance patterns within PAs and the surrounding zones? (4) Does the LandTrendr algorithm have the capability to rigorously detect changes in the normalized burn ratio (NBR) as an indicator for changes in the savannah? We addressed these research questions by mapping the occurrence and severity of vegetation disturbances in the Ruaha–Rungwa landscape. We used atmospherically corrected level-1 Landsat time-series images at a 30 m spatial resolution to characterize and analyze the conceptual models of the trajectories of spectral features in response to savannah disturbance as the basis for extracting vegetation changes over time at the landscape scale. Subsequently, a quantitative baseline was generated to understand the current vegetation changes in the Ruaha–Rungwa landscape.




2. Materials and Methods


2.1. Study Area


The Ruaha–Rungwa landscape covers an area of ~50,000 km2 in southwest Tanzania and includes fully and partially protected as well as unprotected areas. At the heart of the ecosystem (Figure 1a), the RNP with an area of 20,226 km2 was established in 1964 by the Tanzania National Parks Authority (TANAPA). The northern part of the ecosystem comprises the RKMGR, which were established between 1951 and 1995. These three game reserves occupy an area of 17,340 km2 and are managed as one entity by the Tanzania Wildlife Management Authority (TAWA). The eastern boundary of the RNP is marked by the following community-managed wildlife management areas, which were established on communal land: 777 km2 Matumizi Bora ya Malihai Idodi na Pawaga (MBOMIPA), 913 km2 Uhifadhi na Matumizi Endelevu ya Maliasili Rujewa na Wanging’ombe (UMEMARUWA), and 315 km2 Waga. Wildlife management areas are unique features of Tanzania’s conservation landscape. They were established to promote a sustainable program involving local communities in wildlife protection and its economic benefits. In both the national park and the game reserves, human residency, cultivation, livestock grazing, and logging are prohibited [45]. However, the main difference between the national park and the game reserves is their utilization. Harvesting, that is, trophy hunting, is the main form of tourism in the game reserves and wildlife management areas, whereas only photographic tourism and game viewing are allowed in the national park.



The unprotected communal lands surrounding the RNP and RKMGR are important for wildlife during critical seasons and are utilized as dispersal areas, ecological networks, and wildlife migratory corridors [46]. However, these areas have experienced substantial land use disturbances due to immigration and population growth, which interfere with conservation efforts. To study the vegetation disturbance in the surroundings of the PA, we divided the surroundings into five zones (see Figure 1b).



The climate of the study area is semi-arid to arid. Rainfall is highly variable but typically peaks from December–January and March–April, with an average annual value of 873 mm. The highest elevation is 2386 m [47] and the landscape is mostly covered with Somalia–Masai Vachellia–Cammiphora deciduous bushland. The western part is dominated by thickets of Zambezian Miombo Vachellia woodlands [48], which provide habitat to numerous wildlife species. Based on the definition provided in the literature [49,50,51], we refer to the structure of the natural vegetation cover in this area as savannah, which is characterized by continuous grassland and discontinuous tree canopies. Wildlife species in the area include African elephants (Loxodonta africana africana), a variety of antelope species such as duikers (Cephalophinae spp.) and impalas (Aepyceros melampus), hippopotami (Hippopotamus amphibius), greater kudus (Tragelaphus strepsiceros), Cape buffalos (Syncerus caffer), bush pigs (Potamochoerus larvatus), and olive baboons (Papio anubis). The predominant carnivores include lions (Panthera leo), leopards (Panthera pardus), African wild dogs (Lycaon pictus), spotted hyenas (Crocuta crocuta), black backed jackals (Canis mesomelas), and Nile crocodiles (Crocodylus niloticus) [52]. Additionally, the PA harbors large populations of bird species.



The main ethnic groups occupying the land adjacent to the RNP and RKMGR include Hehe, Bena, Maasai, Barbaig, Sukuma, and Gogo. The key socioeconomic activities are primarily subsistence agriculture and pastoralism, practiced by 60% and 33% of the population, respectively [44]. Farms are cultivated using hand hoes or ox plows and the average farm size is 12,000 m2 [53]. The savannah has been affected by increased human activity and has experienced a rapid agricultural expansion over the last two decades. This has led to the disruption of the migratory corridor [42] and the shrinking of habitat for species with large home ranges, such as African elephants, thus resulting in human–wildlife conflicts [54].




2.2. Image Preparation


The workflow adapted for this study was based on the LandTrendr approach [22]. A rigorous time-series segmentation algorithm was recently implemented in a cloud-computing platform, that is, the high-performance Google Earth Engine (GEE) [55]. A total of 594 level-1 surface reflectance (L1T) Landsat TM/ETM+/OLI images from 2000 to 2019 were acquired from the USGS archive. The study area is covered by eight Landsat WRS-2 scenes (Path/Row: 168/64, 168/65, 168/66, 169/64, 169/65, 169/66, 170/64 and 170/65). A predetermined window filter corresponding to the vegetation growing season (December 1 to February 28) in the Southern Hemisphere was applied to the eight WRS-2 tiles to minimize the effects of phenological variations. All acquired L1T images were ready-to-use cloud-masked surface reflectance images using CFMASK [56]. The difference among the spectral characteristics of the acquired images is small but significant: a Landsat 8/OLI image has a 12-bit radiometric resolution, whereas Landsat 5 TM and 7/ETM+ images have an 8-bit radiometric resolution. We adapted previously suggested harmonization transformation functions [57] to improve the temporal continuity between the sensors by normalizing the reflectance. Subsequently, 20 annual medoid composites were created for the study period, which consisted of all minimal cloud cover observations within the maturity season of the vegetation in the region, as previously demonstrated [58]. As the growing season in the study area across the year is divided, the composite was labelled using the post-divide year. Finally, for each composite, LandTrendr was applied to the NBR [59] as well as to the components of tasseled-cap wetness (TCW), brightness (TCB), and greenness (TCG) [60].




2.3. Conceptual Model of Vegetation Changes


In this study, contiguous habitats of wildlife were defined based on the natural vegetation cover (savannah) within the legal boundaries of the PA, migratory corridors, and dispersal areas in the surrounding zones. Evidence of wildlife outside the PA was provided in previous studies [42,61]. The natural vegetation around the PA has been disturbed or totally removed due to land clearing for the expansion of cultivated land, overgrazing, and firewood extraction [62]. This disturbance has resulted in mixed spatiotemporal patterns of savannah changes. Figure 2 shows the conceptual model of the two patterns of savannah change over time. The results of previous studies [24,63,64,65] demonstrated the high sensitivity of the NBR and its suitability in capturing vegetation trends over time. Hence, the NBR was used in this study to detect changes in the savannah.



The NBR can be calculated as follows [66]:


  N B R =   N I R − S W I R   N I R + S W I R   ,  



(1)




where NIR and SWIR refer to near-infrared (highly reflective, healthy vegetation) and shortwave-infrared (highly reflective on bare earth, scarred vegetation). The NBR ranges from −1 to +1. Healthy stable vegetation has a very high reflectance in the NIR region and low reflectance in the SWIR portion of the spectrum. Therefore, a high NBR value indicates healthy vegetation, whereas a low value indicates a lack of vegetation.



To thoroughly study the NBR signatures depending on disturbance, we sampled more than 300 points representing savannah conversion in the study area. The savannah was largely converted into either cultivated or bare land. The annual spectral vegetation index (NBR) within the savannah was generally higher and more stable before any disturbance. When the savannah is converted to bare land, the NBR value (Figure 2a) sharply declines and remains at a low level. When the savannah is converted into cultivated land, the initially higher NBR value rapidly drops and eventually stabilizes at a relatively lower value than before (Figure 2b). These trajectories are also affected by climatic factors, soil, satellite image quality, and phenology. However, anthropogenic activities, such as agriculture, lead to the disturbance or complete removal of the savannah cover. Thus, anthropogenic activities are the greatest driving forces of savannah disturbance. Note that in the proposed trajectories in Figure 2, the change occurrence, magnitude, and duration are examples of the year in which the change was detected, the severity of the disturbance reflected by the variation of the NBR between events, and the elapsed time of the change occurrence, respectively.




2.4. Mapping Savannah Changes Using the LandTrendr Algorithm


The LandTrendr routine was based on a previously established code [55] and the algorithm is automated. Temporal segmentation is used to detect abrupt short-term and gradual long-term changes for each pixel in two main phases. First, the algorithm establishes a vertex that describes the temporal breakpoints per year. It then removes year-to-year noise (outliers) from the time series. The LandTrendr algorithm uses regression and point-to-point lines to identify the best-fitting straight-line trajectories across the vertices based on the determined control parameters using a previously described approach [55]. The final output of this procedure is a fitted trajectory (Figure 2) for each pixel within the processing area, which was either a single segment if the pixel exhibited a stable or gradual change over the time series or multiple segments representing significant changes over time. The maximum segment number was controlled by the set parameters and we attempted to set up six parameters in this study. We extracted the greatest change segment from the trajectory of each pixel which was fitted to the spectral indices. From this segment, a set of three metrics was derived, namely the duration, rate of change, and the magnitude of disturbance. For the quantification of disturbance severity, we used the relative spectral change magnitude. Severity was calculated as the difference between the magnitudes at the start and at the end divided by the starting magnitude [64].



We defined the control parameters to enhance the quality of change detection. We sampled a number of savannah conversion occurrences and repeatedly tested a number of different combinations to obtain ideal parameter values. We first applied the LandTrendr algorithm to the NBR time series and then to the tasseled-cap components of TCW, TCB, and TCG, as described in the literature [63]. The use of the tasseled-cap components provided additional bands with more detailed spectral information for the distinction between cultivated land and stable savannah. In order to filter out commission errors introduced by the LandTrendr algorithm, we used a set of metrics derived from the greatest disturbance change segment for NBR, and the measure of signal-to-noise as described in [67] to classify each pixel. The NBR characteristics were carefully studied (Figure 3) and showed that the savannah area has the highest NBR, ranging from 0.22–0.60. Upon the conversion to bare land, the NBR sharply dropped to below 0.20 and the values for cultivated land ranged from 0.22 to 0.34. In this study, we assumed that the savannah did not return to its original state once converted to cultivated land.





3. Results


3.1. Accuracy Assessment


The LandTrendr algorithm can detect changes at high temporal frequencies. However, it is difficult to find appropriate reference data to precisely assess its spatiotemporal accuracy as highlighted in previous studies [22]. Independently available datasets with a higher spatial resolution and temporal frequency than Landsat imagery within the time coverage of the Landsat archive is not available [22,67]. To understand the occurrence of spatiotemporal disturbances, Landsat imagery data are the primary reference used for validation [22]. Therefore, we used Google Earth images with a high spatial resolution to validate these changes (Figure 4). Although these images have a high spatial resolution, the temporal frequency differs from that of Landsat data. To validate the detected savannah changes, we first collected the reference data by selecting 500 sample pixels from the entire study area using a stratified random sampling method, similar to a previous approach [18]. We visually tracked the changes of each reference point by comparing all 20 annual Landsat composites with high-resolution Google Earth imagery. Based on the reference points, we were able to determine where and when changes occurred in these pixels. Only the largest change was considered in the case of multiple changes within a single pixel. The change occurrence information was used as a reliable reference for the validation of accuracy [68]. Several reference points were disregarded because of poor image quality. A total of 471 reference pixels were used for further comparisons, among which 242 represented change events and 229 referred to areas with persistent vegetation cover throughout the analysis period (2000–2019).



The results of the accuracy assessment (Table 1) reveal a producer accuracy of 91.14% and a user accuracy of 80.17% for the changed pixels, with an overall accuracy of 86.37%. The relatively lower user accuracy suggests a higher quantity of commission errors compared with omission errors. Omission errors might be due to either partly changed pixels as they are difficult to detect due to variations in the magnitude, or pixels of low-severity disturbance that could not be distinguished from noise. Commission errors are mainly due to clouds, images missed more than three times (consecutively), and the low temporal frequency of the time series. The high producer and user accuracies of the detection of change by the LandTrendr algorithm confirm that this method is robust.




3.2. Spatial and Temporal Patterns of Savannah Disturbance


The vegetation disturbance is visualized in Figure 5 as a gradient according to occurrence years, representing the spatial and temporal distribution of savannah changes from to 2000–2019. During the analysis period 2000–2019, a savannah area of 18,022.59 km2 was disturbed within the Ruaha–Rungwa landscape (Table 2). The vegetation change analysis in the study area highlights the contrast between PAs and unprotected areas. Throughout the monitoring period, the surrounding zones exhibited a significant amount of disturbance, whereas minimal changes of 1.12% and 0.75% were observed within the boundaries of the RNP and RKMGR, respectively (Table 2). This indicates that the advancement of savannah disturbance is spatially heterogeneous and discontinuous within the study area (Figure 5).



We analyzed the changes in each surrounding zone to understand the relationship between the disturbance occurrence and distance to the boundaries of the RNP and RKMGR. Overall, the areas closer to the boundary of the RKMGR (0–10 and 10–20 km) exhibit widely distributed savannah disturbances of 57.10% and 52.58%, respectively (Table 2). In contrast, dispersed minimum disturbances of 6.11% and 12.20% were observed closer to the boundaries of the RNP (0–10 and 10–20 km), respectively, implying reduced changes to the savannah during the detection period (Table 2). The southern part of the Ruaha–Rungwa landscape, that is, the RNP, was still relatively connected to its surroundings and showed less disturbance, whereas in a large part of the western RKMGR, a sharp edge was developed between the PA and adjacent lands with large disturbance patches. A varying pattern of disturbance events associated with the conversion of savannah was pronounced in all surrounding zones.



The disturbance patterns significantly changed between 2000 and 2019. However, the trends differed depending on the management type of the respective parts of the landscape. The most significant disturbances were observed during the second decade of the study period. The western side of the PA is the hotspot of the most recent changes (Figure 5). Overall, in the early monitoring period (2000–2008), minimal disturbance was detected in the surrounding areas of the RNP and RKMGR. The high spike in the disturbed savannah area across the landscape between 2011 and 2012 coincides with the severe drought that occurred in East Africa [67], confirming the ability of Landtrendr to capture natural disturbances.




3.3. Vegetation Cover Changes in the Surrounding Areas of the PAs


The annual disturbance extent around the PAs is reflected by the trends of each analysis area, as shown in Figure 6. The disturbance trends significantly changed between 2000 and 2019. However, the trends differed across the Ruaha–Rungwa landscape (Figure 6). Hot spots of disturbed areas were observed in zones closer to the RKMGR and included the largest disturbed area. Over the entire study period of 2000–2019, the highest annual disturbance rates of up to 2.86% and 2.63% (Figure 7) were observed in the zones adjacent to the boundary of the RKMGR (0–10 and 10–20 km), respectively. In contrast, the zones farthest from the boundary exhibit relatively lower conversion rates of between 1.81% and 1.82% (Figure 7). In the surrounding areas of the RNP, the lowest conversion rates in the zones closer to the boundary (0–10 and 10–20 km) ranged from 0% to 0.29%.




3.4. Characterization of Vegetation Disturbance


We obtained a continuous disturbance severity value, ranging from 0 to 1 (Figure 8). The severity measure denotes the probability of the total removal of the savannah cover, where 0 indicates no change in the dominant vegetation cover and 1 indicates total savannah loss. Within the Ruaha–Rungwa landscape, the disturbance severity ranged from 0.22 to 1.00 (median 0.79). Changed pixels exhibited an average disturbance severity of 0.65. This indicates the dominance of high-severity disturbances in more than half of the disturbed pixels in the landscape. The disturbance severity measure can be used to effectively distinguish between undisturbed savannah (no loss of vegetation cover), partial disturbance, and the complete loss of savannah cover due to, for example, agricultural practices. Based on this measure, an on-going disturbance severity was detected across the Ruaha landscape with an uneven distribution across (Figure 8).



Due to the development of farmlands and the nature of the vegetation cover of closed savannah woodlands and acacia thickets, disturbance results in large patches with significantly declining NBR values in the western RKMGR (Figure 8). Therefore, the severity in the surrounding zones closer to the western RKMGR tended to be higher. In contrast, the surrounding zones of the RNP exhibited a low disturbance severity with smaller disturbance patches.





4. Discussion


4.1. Spatiotemporal Distribution of Vegetation Disturbance


In this study, the patterns, severity, rate, and extent of the savannah disturbance prevailing in the Ruaha–Rungwa landscape were quantitatively characterized. Different parts of the landscape display varying patterns of savannah disturbance. Zones closer to the RKMGR exhibited the highest increase (Figure 7). The analysis of the disturbance severity implies significant vegetation degradation in the zones around the RKMGR compared with the zones surrounding the RNP (Figure 8). The spatial disturbance distribution maps (Figure 5 and Figure 8) revealed that extensive vegetation disturbance is more pronounced along the western side of the RKMGR than on the eastern side. This spatial differentiation might be affected by various biophysical characteristics of the location, namely, agroecological zones [69] (Figure 9a), soil, and climate [70]. The agroecological zones are based on elevation classes derived from the Shuttle Radar Topography Mission (SRTM), with a 30 m spatial resolution [71]. The western side of the PA is preferentially used for agricultural land because of its favorable altitude range for crops, including maize, sorghum, sunflower, millet, and tobacco, which have high yields at medium (1000–1500 m) and high (1400–2000 m) altitudes [72]. The western and northern areas in the surroundings of the RKMGR are dominated by an elevation conducive for agriculture (>1000 m; Figure 10). The eastern side is preferred by pastoralists because of the low altitude and availability of extensive wetlands for grazing (Figure 9 and Figure 10).



We mainly observed continuously increasing disturbance rates around the zones adjacent to the RKMGR (0–10 and 10–20 km; Figure 6a). Zones farther from the RKMGR boundary (30–40 and 40–50 km) partially fall within the protected Nyahua Mbuga forest reserves, which explains the low disturbance. The observed disturbance severity varies, with large disturbance patches in the western RKMGR. The high disturbance severity may be exacerbated by the conversion of savannah cover due to agricultural activities, and the widening of disturbance patches might be due to the expansion of cultivation land in the surrounding areas of the PA. The minimum severity observed across the landscape may reflect the selective cutting of trees for firewood and construction, which leads to the loss of valuable tree species such as African blackwood Dalbergia and Pterocarpus angolensis [73,74]. Savannah generally occurs in low-fertility soils, which hinders intensive agriculture. Therefore, resident communities embrace destructive forms of farming and pastoralism activities [74], generally at the expense of the natural habitat. Such vegetation losses in the surroundings of PAs are critical because wide-ranging species, including African elephants, require vast areas to guarantee long-term survival, which may not be provided by PAs alone [75].



The vegetation cover within the borders of the PA fares better than that in surrounding buffer zones, as suggested by its undisturbed state, indicating that management practices implemented in the PA are effective. This observation is supported by a previous study that showed that habitat degradation in the surrounding unprotected areas across the landscape is increasing compared with the PAs [76]. Land use changes at the edges of the PA play fundamental roles in explaining the observed disturbance patterns due to the shapes and linear edges of the disturbance patches.




4.2. Relationship between Vegetation Disturbance and Wildlife Conservation


The disturbance maps (Figure 5 and Figure 8) highlight the variations in the disturbance patterns and extent across the Ruaha–Rungwa landscape. Although the savannah and overall biophysical environment certainly partially explain the variability in the disturbance patterns [77], differences in management approaches play central roles in explaining the patterns observed in the surroundings of the RKMGR and RNP. The area adjacent to the boundary of the RKMGR is not under legal protection; thus, it is vulnerable to conversion to other land uses that are not compatible with the conservation purpose of the PA.



The increased disturbance at the edges of PAs reflects the high potential for human–wildlife conflicts. Areas adjacent to the border should be considered less desirable by agro-pastoralists because of severe human–wildlife conflicts [43,54], which account for crop losses as well as livestock and human deaths. In contrast, we observed an increase in human activities close to the border of the RMKGR. However, the opposite trend was observed close the border of the RNP, as shown in Figure 7. The trend around the RMKGR is likely due to high poverty rates: 11.3% of the residents in the villages surrounding the RMKGR live below the food poverty threshold and 33.3% live below the basic need threshold [78]. This can be explained by the large livelihood dependence of these communities on the resources from the RMKGR, which involves the illegal harvesting of wildlife resources [44] as many people near the RMKGR consume bushmeat and sell it to supplement their income. The major key indicator of bushmeat hunting is the distance from the PA [79,80]. In the RKMGR, only three rangers patrol the PA (Figure 1b), which suggests that rangers in the RKMGR face challenges in effectively protecting the area against illegal hunting.



In recent decades, the surroundings of PAs in Tanzania have been severely affected by the transition of mobile pastoralists to a sedentary lifestyle [81], and the immigration of small-scale farmers has resulted in the conversion of natural vegetation into cropland [79]. The RNP is partially shielded by community-based initiatives, including three wildlife management areas, namely MBOMIPA, Waga, and UMEMARUWA (Figure 1b) in which villagers have purposely set aside a piece of land for sustainable conservation and the utilization of wildlife resources [82]. The creation of the three wildlife management areas adjoining the RNP on the eastern side increases the distance between the PA and the potential disturbances and limits the edge effect (Figure 5).



The recent increases in anthropogenic disturbances in the surrounding areas of PAs observed in this study agree with results published by Estes et al. (2012) [83] who reported growing savannah conversion towards the edges of the Serengeti ecosystem as a result of increased anthropogenic activities at an annual rate of 2.3%. The vegetation disturbance detected in the surrounding zones of the Ruaha–Rungwa landscape has gradually increased, especially in the latter half of the study period (Figure 6), which might be a result of increased human activities at the expense of the savannah. The patterns we observed are supported by the population increase near the PA (Figure S1) because of the economic benefits provided by the ecosystem [4]. This highlights the lack of pronounced agricultural farmlands in the study area at the beginning of the study period, whereas dominant agricultural expansion was observed at the end of the monitoring period. In accordance with previous findings [4], the average human population growth rates at the edges of PAs in Africa and Latin America are approximately double the average rural growth rates, indicating that PAs attract rather than repel human settlements, because of the opportunities they provide. The analysis of the disturbance rates throughout the study period further supports the pattern of human pressure at the edges of PAs (Figure 7).



However, the expansion of agricultural activities at the edges of the PA with a dense elephant population has led to intense human–elephant conflicts and severe damages and losses as well as negative attitudes toward wildlife conservation in the surrounding communities [84]. The number of human–elephant conflicts has increased, particularly near the borders of the ecosystem [54,61]. The Ruaha–Rungwa landscape currently hosts the largest population of elephants in Tanzania, with an extensive forage range stretching beyond the boundaries of the PA into the surrounding zones.



In the future, the edges of the PA will likely be engulfed by the increasing vegetation disturbance due to the conversion of the remaining natural habitat into cultivated land. Therefore, appropriate, broad-reaching, and collaborative conservation plans that involve engagement with the surrounding community’s must be established. The results of this study inform conservation stakeholders about the pattern of advancing habitat disturbance including (1) the spatiotemporal extents that they should focus on and (2) the concentration of conservation efforts in the critical habitat in the surrounding areas of the PA.




4.3. Utilizing LandTrendr for the Assessment of Vegetation Disturbance and Limitations of This Study


The application of the LandTrendr algorithm and GEE to monitor vegetation disturbance has several advantages. First, the platform can be used to manage time-series satellites and conduct cloud computing [85] at high speeds. Thus, LandTrendr can provide near-real-time vegetation changes. The method is robust and can be used to consistently and comprehensively analyze changes across large areas using the Landsat archive. In addition, the algorithm can detect the history of each pixel. Furthermore, monitoring can easily be extended sequentially as human activities progress in the future. Therefore, it will play a major role in current decision-making as well as in understanding future vegetation dynamics. Second, the method uses the Landsat archive, which is cost-free and consistent. Therefore, it can be widely applied, especially in PAs with limited access to satellite data. Third, the implementation of the GEE facilitates the accessibility to a wider range of users including managers with low expertise, limited experience, and insufficient financial capacity.



However, this approach has several limitations. The selection of vegetation index change dynamics may vary depending on the landscape and distinction between natural and human disturbance. Therefore, further research should be conducted to collect supplementary information based on optimum vegetation indices for savannah landscapes and in situ field surveys including the application of unmanned aerial vehicles for very high-resolution data acquisition. In addition, only the largest disturbance per pixel that occurred throughout the 20-year monitoring period was considered in this study. Therefore, several disturbances might have been missed. In addition, the analysis of satellite data for heterogeneous landscapes, such as savannah, can be susceptible to noise based on the inaccurate detection of low-severity disturbances. Despite these limitations, we are confident that the comprehensive spatial analysis of the patterns and trends of savannah disturbance is a critical step towards understanding the contemporary changes in the Ruaha–Rungwa landscape.





5. Conclusions


In this study, prevailing savannah disturbance trends in the Ruaha–Rungwa landscape were analyzed for a period of two decades (2000–2019), a dataset which is of importance for monitoring habitat dynamics. The results show that the disturbance patterns and severity in the surrounding areas of the RKMGR and RNP differ spatially. The spatial pattern of the savannah disturbance significantly declines in the natural habitat in the surroundings of the RKMGR compared with the RNP. The surrounding zones closer to the RKMGR experienced the greatest disturbance, most likely due to the expansion of agricultural activities. The smaller disturbance in the surrounding zones closer to the RNP may be due to the ongoing incorporation of parts of the surrounding areas into community-based conservation schemes. The temporal distribution indicates an increased disturbance in the latter decade (2010–2019), probably reflecting the continuous prevalence of anthropogenic activities. Generally, savannah within the PA fares better than the surrounding landscape and the least disturbance severity was observed within the borders of the RKMGR and RNP, suggesting that habitat in the PA is effectively conserved. Spatial savannah changes derived from the LandTrendr time-series approach provide relevant spatiotemporal references for understanding vegetation cover changes in large areas and thus are of significance for biodiversity conservation. Similar studies can be adopted in other large PAs, particularly in developing countries that are experiencing significant land use change with limited access to spatial data. The results of this study provide insights into patterns of habitat change over time, which can be used by PA managers, policy makers, planners, and scientists in planning and achieving sustainable conservation.
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Figure 1. (a) Study area marked by the dashed line and (b) analyzed zones adjacent to the PA. The darker shades indicate zones within 0–10 km and the lighter shades represent zones within the ranges of 10–20, 20–30, 30–40, and 40–50 km from the PA boundary. GR: game reserve. 
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Figure 2. Conceptual models of the trajectories of the vegetation indicator (NBR) around the PA modified from Kennedy et al. [64]. The blue line represents the dynamic trajectory of the changed savannah area. The shape of the trajectory depends on the causes and progression of the change. (a) NBR trajectory for the conversion to bare land; and (b) NBR trajectory for the conversion to cultivated land. 
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Figure 3. Spectral values of the normalized burnt ratio (NBR) for sample pixels (n = 300) of savannah, bare land, and cultivated land in the study area. 
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Figure 4. Examples of disturbance in Google Earth images showing the pre-disturbance (2008/2009) and post-disturbance (2016) of the savannah. Currently, the vegetation is being cleared due to farming. 
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Figure 5. Spatial pattern and the year of the change occurrence in the Ruaha–Rungwa landscape from 2000 to 2019: (1), (2), (3), (4), and (5) are magnifications of prevalent disturbances; and (1) and (2) are the areas that were used for the accuracy assessment (highlighted in Figure 4). 
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Figure 6. (a) Trends of the savannah disturbance area within the PA and in the five zones surrounding the RKMGR from 2000 to 2019; and (b) the trends in the savannah disturbance area within the PA and in the five zones surrounding the RNP from 2000 to 2019. 
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Figure 7. Annual disturbance rate for each zone surrounding the RKMGR and RNP. 
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Figure 8. Disturbance severity in and around the Ruaha–Rungwa landscape. Magnifications of the prevalent regions of savannah conversion in the RKMGR and in the surroundings of the RNP. 
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Figure 9. (a) Elevation map of the surroundings of the PA based on SRTM DEM and (b) vegetation disturbance occurrence in the area surrounding the PAs. 
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Figure 10. (a,b) Distribution of elevation across five zones (as shown in Figure 9) in the surroundings of the Ruaha–Rungwa landscape. 
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Table 1. Accuracy assessment of the change detection.
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	Changed Pixel
	Stable Pixel
	Total
	User Accuracy (%)





	Changed pixel
	194
	48
	242
	80.17



	Stable pixel
	17
	212
	229
	92.58



	Total
	211
	260
	
	



	Producer

accuracy (%)
	91.94
	81.54
	
	86.37

Overall
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Table 2. Changed savannah areas in each zone during the monitoring period (2000–2019).






Table 2. Changed savannah areas in each zone during the monitoring period (2000–2019).





	

	
RKMGR

	
RNP




	

	
Total Area Analyzed (km2)

	
Changed Area

(km2)

	
Percentage Change

	
Total Area Analyzed (km2)

	
Changed Area

(km2)

	
Percentage Change






	
Within the PA

	
17340.00

	
130.68

	
0.75%

	
20226.00

	
227.21

	
1.12%




	
Zone 1

(0–10 km)

	
4690.6

	
2673.59

	
57.10%

	
5680.0

	
340.66

	
6.11%




	
Zone 2

(10–20 km)

	
4792.5

	
2491.52

	
52.58%

	
5572.5

	
668.75

	
12.20%




	
Zone 3

(20–30 km)

	
4954.3

	
1337.41

	
35.79%

	
5811.6

	
1336.89

	
23.75%




	
Zone 4

(30–40 km)

	
5182.9

	
1865.19

	
36.25%

	
6097.9

	
2499.18

	
41.05%




	
Zone 5

(40–50 km)

	
5415.6

	
1949.95

	
36.48%

	
6254.94

	
2501.88

	
40.67%




	
Total

	

	
10,448.34

	

	

	
7574.59
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