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Abstract

:

Climate warming threatens the future sustainability of mountains, and tropical mountains are particularly threatened with loss of biodiversity and associated ecosystem services. Conservation biologists increasingly turn to habitat suitability models to guide the establishment and assessment of protected area networks to protect the highest number of species, yet this focus often neglects the values, attitudes, and beliefs of the people living around protected areas. If we consider protected areas as dynamic social–ecological systems, habitat suitability modeling for conservation planning must pay greater attention to the role of biocultural diversity, rather than biodiversity alone. Here, we describe a conservation assessment of the Afroalpine grassland ecosystem in the northern highlands of Ethiopia. We use a cultural keystone species known as guassa grass (Festuca macrophyhlla) to focus our modeling efforts and evaluate the potential distribution of this endemic species in relation to current national and community-based protected areas. Our model performed highly according to the area under the curve (AUC = 0.96), yet nearly 80% of highly suitable guassa habitat falls outside the range of our training data and thus must be interpreted conservatively. We found that guassa grass distribution is primarily limited by low mean temperature in the warmest quarter (BIO10, 36.7%), high precipitation in the wettest quarter (BIO16, 21%), and low precipitation in the driest quarter (BIO17, 15.6%). As climate change causes rapid warming at high elevations and alters rainfall patterns in the Ethiopian highlands, we urge managers to carefully monitor the changing populations of guassa grass to evaluate whether the species is experiencing an extinction debt. We also recommend four additional areas as potential community-based conservation areas, with government and NGO support for peer-to-peer communication networks. Spatially explicit modeling may be a valuable tool to determine whether these existing and proposed protected areas can sustain future populations of guassa grass.
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1. Introduction


Mountain systems provide essential ecosystem services to the world yet are disproportionately threatened by climate change [1,2,3,4,5]. Mountains occupy ~30% of the global land mass [6] and may contain up to 28% of the world’s human population [7] yet support an astonishing 85% of the world’s amphibian, bird, and mammal species [8]. Mountains contribute approximately twice as much total runoff to the world’s freshwater supply than would be expected based on their share of surface area and serve as critical “water towers” in arid and semiarid climates [9]. Hydrological processes in mountains are already being altered by global environmental change, with continued changes expected in the timing, volume, and variability of water [4]. Climate warming threatens the future sustainability of mountain systems as most species ranges continue to shift upward in elevation [10,11], increasing competitive pressures on mountain species with as-yet-unknown consequences [12,13,14,15,16,17]. Warming appears to be amplified at higher elevations, causing more rapid and disproportionately intense change for mountains compared to lowlands [18].



Tropical mountains are particularly threatened with loss of biodiversity due to their high baseline levels of diversity [8], endemism [19], and rarity [20,21]. In Africa, the Afroalpine ecosystem occurs over 3000 m above sea level and is confined to a mosaic of mountains and plateaus that form isolated “sky-islands” separated by extensive savannas, semi-deserts, agricultural areas, and other social–ecological barriers [22]. The highlands of Ethiopia occupy an estimated 658,551 km2 (58.2% of the country), based on our calculations using the Albers equal area conic projection and a geospatial mountain delineation [7]. Nearly half of these highlands are “high mountains” that can support Afroalpine vegetation [23,24]. The highlands support the livelihoods of millions of Ethiopians and provide water to hundreds of millions of additional downstream users (e.g., by providing over 70% of the Nile River flow [25]. The Ethiopian highlands are severely threatened by climate and land use change [21]. Despite their ecological and economic importance, and the imminent threats they face from global environmental change, our calculations place only 15% of the high mountains of Ethiopia within protected areas.



Conservation biologists are increasingly turning to habitat suitability models, also known as species distribution models, to guide the establishment and assessment of protected area networks [26,27,28,29,30]. Referred to as systematic conservation planning [29] or regional conservation planning [31], this two-step process typically involves modeling distributions of large numbers of species (hundreds to thousands) or species assemblages and then using algorithms to select locations that maximize biodiversity representation with as little land as possible [27,30,32]. These conservation planning processes are often considered a more time- and cost-effective approach than modeling individual species [31]. However, this focus on protecting the highest level of biological diversity ignores the values, attitudes, and beliefs of the people living in or around protected areas. The failures of top-down “fortress conservation” are well-documented [33,34], and even efforts in community-based conservation have often fallen short of their people-oriented goals [35]. Despite these challenges, there is increasing agreement that we must consider protected areas as dynamic social–ecological systems [36,37,38].



We argue that habitat suitability modeling for conservation planning must pay greater attention to the role of biocultural diversity, rather than biodiversity alone, to realize the benefits of a social–ecological approach to protected area design and evaluation. Biocultural diversity has been defined as the “diversity of life in all its manifestations—biological, cultural and linguistic—which are interrelated within a complex socio-ecological adaptive system” [39]. It refers to the interconnectedness of human cultures and the biophysical environments in which they exist [39,40,41]. Early efforts to integrate biocultural diversity into conservation planning focused on standardization and measurement of cultural diversity (i.e., through language, ethnicity, or religion) for protected area conservation [42,43]. An analysis of the diversity of language and vascular plants found that mountains have some of the highest rates of biocultural diversity when examined at a global scale [44]. However, these indicators are less useful for examining biocultural diversity at a local scale; when cultural diversity might take the form of diverse social constructions of meaning that require qualitative inquiry and whose complexity cannot be adequately or ethically represented in a scientific model [45,46]. While ethnographic understanding of culture is therefore necessary to analyze biocultural diversity at a local scale, there is still a role for modeling to extend this understanding to broader scales.



The concept of cultural keystone species can be a useful proxy for integrating biocultural diversity into habitat suitability modeling. Cultural keystone species are “species whose existence and symbolic value are essential to the stability of a cultural group over time” [47]. Cultural keystone species are often used intensively and for multiple purposes [48]. For example, cocoa has been described as a cultural keystone species in the Amazon for its roles in facilitating the transmission of cultural knowledge between generations and mediating communication with spiritual beings [47]. Some criteria for cultural keystone species may include the species having a central role in (a) community origin stories, narratives, or myths; (b) the transmission of cultural knowledge; (c) community rituals, songs, or dances; (d) supplying basic needs such as food or shelter; or (e) defining the biophysical landscape [47,48]. Cultural keystone species are often described as important to the community for either spiritual, symbolic, or physical reasons, and are often difficult or impossible to replace [47,48]. Crucially, cultural keystone species are often also ecologically valuable and have a disproportionate impact on the conservation of other species in the system [47]. Therefore, we propose that habitat suitability modeling might focus on the distributions of cultural keystone species as surrogates for broader scale biocultural diversity [31,47].



In this paper, we focus our efforts on a conservation assessment of the Afroalpine grassland ecosystem that uses a cultural keystone species to drive our modeling efforts and evaluate the potential distribution of this species in relation to current national and community-based protected areas. The endemic guassa grass (Festuca macrophylla) is thought to have evolved around 290–300 thousand years ago in the northern highlands of Ethiopia [22], during a time of rapid technological and cultural evolution amongst early humans [49,50]. Contrary to long-held beliefs that high elevations were inhospitable to early humans, stone tools dating to the same era have been found in the Ethiopian highlands [51,52]. This shared evolutionary heritage of humans and guassa grass is compelling, as the guassa grass has become a cultural keystone species for modern people living in the Ethiopian highlands—so much so that the first community conservation area in Ethiopia was named in its honor [53]. Previous research in this area has revealed the central role of guassa grass in the social, economic, and political lives of people [53,54]. The guassa grass is celebrated for its length and strength, and is used to thatch roofs, construct ropes, plaster walls, and craft a wide variety of other cultural items such as mattresses and parkas [54]. The presence of guassa grass is said to have inspired the original establishment of the conservation area, which has become a site of contested cultural and political control throughout its history [53,54]. Ecologically, the guassa grass shares functional traits with other tussock grasses in the tropical alpine zone, contributing to carbon sequestration, freshwater supply and regulation, and supporting highly diverse flora and fauna [55,56].



The purpose of this paper is to (a) model the habitat suitability of guassa grass across the Ethiopian highlands, and to (b) evaluate the current extent of suitable guassa habitat contained within protected areas as a measure of biocultural diversity protection in the Afroalpine. Below, we describe the study area and modeling process. We focus our results on the ecological and geospatial insights gained from modeling the habitat suitability of a cultural keystone species. We then discuss these results in relation to the potential future sustainability of the guassa grass and propose how additional ecological research and community-based initiatives can contribute to the continued conservation of this valuable social–ecological resource.




2. Methods


2.1. Area of Study


Three protected areas currently serve as strongholds for the guassa grass and associated Afroalpine vegetation in the northern Ethiopian highlands (Figure 1), and all three are located in the Amhara Region of Ethiopia: Simien Mountains National Park, Guassa Community Conservation Area, and Abune Yosef Community Conservation Area. Extensive ethnographic work has been conducted in the Guassa Community Conservation Area, revealing the role of guassa grass as a cultural keystone species [53,54].



Simien Mountains National Park (SMNP; 486 km2) was established in 1969 primarily to protect the endemic Walia ibex (Capra walie). The SMNP is home to Ethiopia’s highest peak, Mount Ras Dejen (4540 m). The climate of SMNP is characterized by frequent frosts, occasional high-altitude snowfall, and frequent hailstorms [57]. The daily mean temperature varies between a minimum of 1.5 °C and a maximum of 14.6 °C [58]. Precipitation in SMNP follows a unimodal rainfall pattern with high average annual rainfall (around 1500 mm). In 1978, SMNP was listed as a World Heritage Site; however, it became a World Heritage Site in Danger in 1997 due to increased anthropogenic pressure and declines in iconic species such as the Walia ibex. The number of tourists to the SMNP has increased in recent years, which has enhanced conservation funding while also presenting new challenges for regulating tourist impacts on the environment [59]. The SMNP can be divided into three distinct vegetation belts: the montane forest belt, the transitional ericaceous belt, and the uppermost Afroalpine belt [60,61]. The montane forest belt is rich in species, with large trees such as Prunus africana, Hagenia abyssinica, and Olea europaea [62]. The transitional ericaceous belt includes the shrubs Erica arborea and Hypericum revolutum in low altitudes [63]. The Afroalpine zone contains Afroalpine grasslands scattered with giant lobelias (Lobelia rhynchopetalum) and various types of low and tall grass steppes (F. macrophylla, Carex monostachya) and wetlands [58,64]. In addition to the Walia ibex, SMNP is home to several endemic species such as Ethiopian wolf (Canis simensis) and Gelada baboon (Theropithecus gelada), many of which are endangered due to habitat fragmentation and destruction due to anthropogenic impact [65,66].



The Guassa Community Conservation Area (GCCA; 79 km2) and the Abune Yosef Community Conservation Area (AYCCA; 46 km2) are both community conservation areas with rich histories of traditional environmental management [53,54,67]. GCCA was officially recognized by the Ethiopian government in 2012 and AYCCA in 2014. Both community conservation areas were created in collaboration with Frankfurt Zoological Society and were largely promoted as protected areas for the endemic and endangered Ethiopian wolf (C. simensis). Both areas have a bimodal precipitation regime, with short rains in the early spring (February to April) and long rains in (June to September) [68]. The mean monthly minimum temperature of GCCA was 5 °C, and the maximum was 20 °C, while at AYCCA they were 4 °C and 26 °C, respectively [69]. The vegetation of GCCA and AYCCA is characterized by high Afroalpine plant species such as the genera Alchemilla, Helichrysum, Senecio, Carex, Festuca, and the endemic giant Lobelia (Lobelia rhynchopetalum) and Kniphofia foliosa. Both areas are also rich in biodiversity and contain several endemic species of fauna, including the Ethiopian wolf (C. simensis) and the Gelada baboon (T. gelada) [53,69].



The altitude of GCCA varies from 3200–3700 m a.s.l. The climate also varies widely due to the differences in elevation and size of mountain block [68]. Temperatures are characterized by mild days and cold nights. In the drier months (December to February), daytime temperatures can rise to 25 °C, while night-time temperatures can drop to −7 °C. The area receives its name from the “guassa grass” (F. macrophylla), which is highly valued by the local community. People often describe guassa as “our clothes, our food, our everything”, and recount the cultural responsibility they have to protect the area for future generations. The GCCA is currently managed by nine farmers’ associations, local institutions that were created throughout Ethiopia in 1975 for rural administration. However, the area has been managed according to a traditional management system known as Qero for at least 400 years [53]. The community protects the area through various regulations that control the access of natural resources by the communities [70].



Prolonged volcanic activity has led to the creation of high mountains in northern Ethiopia that include some of the highest peaks, such as Abune Yosef [71], which reaches 4284 m a.s.l. The soils are predominantly Andosols and Vertisols [69]. Elevations above 3500 m a.s.l are considered potential Afroalpine grasslands; however, because much of this land has been turned into agricultural land, these grasslands can only be found above 3700 m a.s.l. In the region around AYCCA, agricultural practices are not uncommon at an altitude of almost 3800 m a.s.l. [72].




2.2. Species Occurrence Data


We compiled a dataset of 119 occurrence points (Figure 1) from a range of sources. Data were collected during field visits to the Guassa Community Conservation Area in 2016, 2018, and 2020 (n = 48) and Abune Yosef Community Conservation Area in 2017 and 2018 (n = 11). Furthermore, occurrence data were retrieved from the Global Biodiversity Information Facility (GBIF) collected for the Natural History Museum of Oslo in 2007 (n = 6) and specimens of the National Herbarium of Ethiopia (n = 19), and various other published sources, including GBIF and JSTOR (n = 35). These data are available in Supplementary Materials.




2.3. Environmental Predictors


We used 24 variables for predicting suitable habitats of guassa grass. The 19 bioclimatic variables and average annual solar radiation data were downloaded from WorldClim (www.worldclim.org, accessed on 29 July 2021) at ~1 km2 (30 arc second) resolution [73]. Furthermore, elevation, aspect (sine and cosine), slope, and topographic position index variables at 1 km2 were derived from a 250 m GMTED digital elevation model [74]. We processed the variables to the spatial extent of the northern highlands of Ethiopia, and calculated correlations between variables using Band Statistics in ArcGIS Pro 2.8. We removed variables until there were no correlations >0.7 and retained 11 predictors (r < 0.7) with the highest ecological relevance to the guassa grasses [75,76]. We acknowledge that our focus on biophysical predictor variables overlooks the critical role of social drivers of change in determining species distributions. Unfortunately, we were unable to include social variables at the same scale and resolution of these environmental predictors.




2.4. Model Selection


We used the software MaxEnt [77,78] due to the opportunistic nature of our dataset, composed of presence-only locations. MaxEnt consistently performs well compared to other modeling approaches [79] and has been used in across a wide range of ecological conditions in global [80] to highly local [81] applications. For example, Maxent has shown promise as a conservation planning and management tool when predicting suitable habitat for threatened, endemic, and endangered species [82,83], anticipating the spread of invasive species [84,85], and forecasting potential impacts of climate change [86,87].



The background area of the model exerts a strong influence on the final predictions in MaxEnt [76,88]. It is recommend to [76,89] select a background sample that reflects only the environmental conditions where the species is equally likely to reach via dispersal. As the guassa grass is endemic to the northern highlands of Ethiopia, we restricted our background sample to only the high mountains in the Ethiopian massif, which, at 154,600 km2, occupies roughly half the land in the northwest corner of the country (Figure 1). Furthermore, other Afroalpine areas may have been suitable habitats but the grass has been historically limited to the northern mountains. This restriction is not only more ecologically realistic, but it has the further benefit of focusing the model at a scale that is more relevant to managers [88].



We evaluated model performance using the area under the receiver–operating characteristic curve (AUC). We tested a range of regularization coefficients but found that the default of 1 yielded the highest AUC and most realistic prediction patterns [76]. The regularization parameter balances overfitting with generalizability in the model, and previous research has shown that the default value of 1 is not always optimal for all species [78,90,91]. We fitted each model on the full dataset using 10-fold cross-validation to estimate predictive performance on the withheld 10% of data [90]. We used a jackknife test to evaluate the relative contributions of each environmental predictor and to rank variable importance for guassa grass habitat suitability. As a result of this testing, we further refined our environmental variables to only the six that showed strong (>5%) contribution to the predictions and useful ecological insight (Table 1). This additional reduction in predictor variables yielded the most parsimonious model without materially impacting the AUC. We selected the logistic output for the model, as it produced a more conservative estimate of probability of guassa grass occurrence than the default cloglog transformation at high values [92]. We classified the predicted output into five categories: unsuitable (0–0.2), low suitability (0.21–0.40), moderate suitability (0.41–0.6), suitable (0.61–0.8), and highly suitable (0.81–1.0) habitats.





3. Results


The average test AUC across the 10 replicate model runs was 0.96 (SD +/− 0.02). The most important predictor was BIO10 (mean temperature of the warmest quarter) with a contribution of 36.7%, followed by BIO16 (precipitation of wettest quarter) at 21%, BIO17 (precipitation of driest quarter) at 15.6%, slope at 9.9%, BIO2 (mean diurnal range) at 9.4%, and BIO19 (precipitation of the coldest quarter) at 7.4%. The marginal response curves illustrate the species–environment relationship defined by the model, where mean temperatures in the warmest quarter below 15 °C support higher probabilities of guassa grass presence (Figure 2a). A sharp distinction between wet and dry seasons appears to also be a critical ecological factor in suitable guassa grass habitat, as high precipitation in the wet season (>730 mm) and low precipitation in the dry season (<15 mm) were the next most influential variables (Figure 2b,c). Our results suggest that guassa grass is more suited to higher slopes (above 15%), and to a mean diurnal range of roughly 12–15 °C (Figure 2d,e). Finally, precipitation in the coldest quarter appears to exert a small influence on our predictions, with higher guassa grass habitat probability between 100–600 mm (Figure 2f).



Our results estimated 591 km2 of highly suitable habitat for guassa grass, less than half of one percent of the total northern highlands land area. Only 53 km2 (8.9%) of highly suitable guassa grass habitat and 170 km2 (18.3%) of suitable guassa habitat currently fall within a protected area. Notably, 294 km2 (49.7%) of the highly suitable habitat is in South Wollo, and 177 km2 (30%) of the highly suitable habitat is located on Mount Choke (Table 2). These areas are the most dissimilar to our predictor variable training range, and Mount Choke, in particular, is completely outside the training range of one or more of our environmental predictor variables. Therefore, both of these estimates should be treated with strong caution, and likely represent an overestimate of highly suitable guassa grass habitat. A total of 930 km2 were identified as suitable habitat (0.6% of the northern highlands), and 1069 km2 of moderately suitable habitat (0.7% of the northern highlands). The vast majority of the northern highlands are either low suitability (2040 km2) or unsuitable (149,629 km2) guassa grass habitat.




4. Discussion


This paper models the habitat suitability of a cultural keystone species, guassa grass (Festuca macrophylla), across the northern Ethiopian highlands. We summarize the biophysical conditions that appear to support the guassa grasses and evaluate the current extent of suitable habitat, outlining four additional areas that could be targeted for guassa grass conservation. Based on these results, we propose that additional ecological research is needed to understand whether the guassa grasses are facing extinction due to accelerated warming at high elevations. We also suggest that future conservation efforts should focus on community-centered initiatives, as biocultural diversity conservation must integrate both cultural and ecological values.



4.1. Evaluating the Extinction Debt of Guassa Grass


Climate change threatens the equilibrium of Afroalpine vegetation as warming temperatures at high elevations allow for new species to colonize and/or dominate [98,99], driving others to extinction [100]. The expansion of agriculture and rangelands to support additional human communities on what was once considered inhospitable lands further restricts available land for Afroalpine vegetation [68]. Our results indicate that guassa grass will be sensitive to these warming temperatures as the ideal habitat for the grasses lies in areas with average maximum temperatures under 15 °C. Our results also suggest that guassa grass distribution is attuned to seasonal precipitation patterns, and there is mounting evidence that early spring rains are declining or disappearing across the Ethiopian highlands [101,102,103].



These habitat modifications may already be causing an extinction debt for guassa grass, which is the idea that there is a time lag whereby extinctions can occur over a considerable amount of time following perturbation [104,105,106]. Extinction debt is thought to be “paid off” faster in landscapes such as the Afroalpine that have small, isolated patches [107]. In grasslands, it is estimated that extinction debt occurs when less than 10% of the original grassland area remains [108]. While we have qualitative knowledge of declining guassa grass habitat from local ecological knowledge in the GCCA [54], there are no quantitative historical datasets that would allow us to evaluate whether current guassa grass habitat has exceeded this 10% threshold or not.



Without access to historical data, one of the most promising ways to empirically assess extinction debt is through spatially explicit modeling for single species [107,109]. Data on population growth rates across reference sites can be integrated into metapopulation models, which often take the form of patch occupancy models, cellular automata, and individual- or agent-based models [110,111]. These models can then be used to inform protected area management. For example, these models can identify minimum viable metapopulation sizes based on the required habitat area for populations to persist over 95% of model simulations [111]. We propose that spatially-explicit modeling would be a valuable tool to determine whether existing and proposed protected area networks would sustain future populations of guassa grass. However, extensive habitat surveys and demographic data are still needed before such models can occur. A critical barrier to collecting this data is the lack of funding for basic vegetation monitoring.




4.2. A Community-Based Conservation Network for Afroalpine Biocultural Diversity


Our results indicate there is extremely limited suitable habitat for guassa grass, and even our estimates are likely slightly inflated. We therefore propose four additional areas that should be considered for establishment as protected areas. However, we recognize that many conservation activities in Ethiopia have fallen short of their goals [112], even when they were nominally community-based initiatives [68]. Therefore, we stress that the locations in Figure 3 are intended as starting points for community-centered investigations into their suitability as protected areas. In some places, such as the Choke Mountains, these conversations have already started [113,114]. Though the two community conservation areas in our study have only been officially recognized by the government for ~10 years, the Indigenous management of these areas has persisted for hundreds of years, particularly in GCCA. We therefore propose that establishing a series of community-based conservation areas with strong peer-to-peer networks of communication and resource exchange is preferable to the creation of government-administered national parks.



A persistent shortcoming of community-based conservation is the lack of motivation and empowerment of local communities to take ownership over the area [72,115]. Granting communities official land tenure plays a critical role in overcoming this barrier, as people hesitate to spend time managing an area that might be taken away from them [104,116]. However, community motivation has also been shown to lag when the conservation narrative focuses too strongly on wildlife protection and discounts or ignores cultural values [117,118]. Meanwhile, community-based conservation that celebrates cultural knowledge and values has been shown to promote joint social and ecological benefits [119,120]. The cultural relationship between the people in Amhara Regional State and the guassa grass is therefore a unique and valuable characteristic of this area that can be leveraged for greater community empowerment towards conservation.



Effective community-based conservation areas require nested levels of governance that connects institutions both laterally and vertically [121]. Nongovernmental organizations have a key role to play, largely through start-up funding, technical training, and institutional support for knowledge sharing across individual community-based conservation areas [122,123]. A study of community-based conservation areas in the Oromia region of Ethiopia demonstrated that local governments are also expected to be active participants in community-based conservation areas and are especially needed to support collective action over individual rights. This focus on collective action should also strive to overcome problems of unequal distribution of benefits and reduced social capital, which are widespread issues in African community-based conservation [123].



In community conservation areas, as in the case of guassa area, the ultimate goal of species distribution modeling (SDM) is to create future information about species distribution. The (SDM’s) findings will encourage conservationists to develop and use coping mechanisms. The suitable region of the species’ geographical range for guassa grass is limited, according to the current findings. Environmental plans must be based on research findings and recommendations. The government and stakeholders must focus on conserving and planting rare and this endemic species on their native areas. Moreover, conservation area would have an effect on safeguarding other treated plants and facilitating the establishment of additional species from seed banks [124,125].





5. Conclusions


In this paper, we sought to model the habitat suitability of guassa grass (F. macrophylla) across the northwestern Ethiopian highlands, evaluating the current extent of guassa grass habitat that is currently contained within protected areas. Our results indicate very limited areas of suitable habitat for guassa grass, leading us to define only four additional regions for consideration as protected areas. Thus, we discussed concerns over the future persistence of the guassa grass as continued habitat modification, climate change, and species invasion threatens these isolated sky-islands. The guassa grass is a cultural keystone species for certain areas within the Amhara Regional State, and we propose that building a network of community-based conservation areas with strong peer-to-peer learning, open communication, and resource sharing may facilitate the future protection of the bioculturally diverse Afroalpine.
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Figure 1. Map depicting (A) three protected areas where guassa grass (F. macrophylla) is currently found, (B) the location of these areas in the country of Ethiopia and the broader Horn of Africa context, (C) the distribution of guassa grass observations in Simien Mountains National Park, (D) the distribution of guassa grass observations in Abune Yosef Community Conservation Area, and (E) the distribution of guassa grass observations in Guassa Community Conservation Area. 
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Figure 2. Marginal response curves showing how each environmental variable impacts the final model prediction for suitable guassa grass habitat. Each curve shows how the predicted probability of guassa presence changes as each variable increases (with all other variables held at their mean value). The variables include: (a) BIO10, the mean annual temperature of the warmest quarter, (b) BIO16, the total precipitation of the wettest quarter, (c) BIO17, the total precipitation of the driest quarter, (d) the slope (in percent), (e) BIO2, the mean diurnal temperature range, and (f) BIO19, the total precipitation of the coldest quarter. 
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Figure 3. Map of predicted guassa grass habitat suitability, showing the distribution of habitat (A) throughout the state of Amhara (outlined in white), (B) on Mount Choke, (C) in South Wollo, (D) on Mount Guna, (E) around Ankober, (F) in and around Simien Mountains National Park, (G) in and around Abune Yosef Community Conservation Area, and (H) in and around Guassa Community Conservation Area. Boundaries for (B–E) indicate potential protected areas, while (F–H) represent existing protected areas. 
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Table 1. Six environmental predictors, their ecological significance for modeling suitable habitat for guassa grass (F. macrophylla), and their percent contribution to final model predictions.
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	Variable
	Description
	Ecological Significance
	Percent Contribution





	BIO10
	Mean temperature of the warmest quarter
	Afroalpine vegetation is found in cold climates [24]
	36.7



	BIO16
	Total precipitation of wettest quarter
	The wettest months are typically June through September. Afroalpine vegetation is found in wet conditions [93].
	21



	BIO17
	Total precipitation of driest quarter
	The driest months are typically December through February. Desiccation stress and fire occurrence during these months are thought to favor grasses over shrubs in the Afroalpine [94].
	15.6



	SLOPE
	Rate of change of elevation in magnitude
	Guassa grass is thought to prefer steep to moderately steep slopes [68].
	9.9



	BIO2
	Mean diurnal range: mean of monthly (max temp − min temp)
	Afroalpine vegetation has evolved under conditions of high daily temperature fluctuations, known as “summer every day and winter every night” [95,96]. Diurnal fluctuations are typically greater during the dry season.
	9.4



	BIO19
	Total precipitation of coldest quarter
	Afroalpine vegetation is thought to persist in areas of low temperature and high moisture [68,97].
	7.4
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Table 2. Three existing protected areas and four proposed protected areas, describing the land area that falls within each class of suitable guassa grass habitat and what percent of the protected area that covers.
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Name

	
Unsuitable

	
Low Suitability

	
Moderate Suitability

	
Suitable

	
Highly Suitable






	
Existing Protected Areas




	
Simien Mountains National Park

	
81 km2 (16.5%)

	
113 km2 (23.0%)

	
132 km2 (26.9%)

	
134 km2 (27.3%)

	
31 km2 (6.3%)




	
Guassa Community Conservation Area

	
6 km2 (7.5%)

	
7 km2 (8.8%)

	
15 km2 (18.8%)

	
30 km2 (37.5%)

	
22 km2 (27.5%)




	
Abune Yosef Community Conservation Area

	
14 km2 (29.8%)

	
8 km2 (17.0%)

	
19 km2 (40.4%)

	
6 km2 (12.8%)

	
0 km2 (0%)




	
Potential Protected Areas




	
Mount Choke

	
21 km2 (6.6%)

	
49 km2 (15.5%)

	
35 km2 (11.0%)

	
35 km2 (11.0%)

	
177 km2 (55.8%)




	
South Wollo

	
59 km2 (8.1%)

	
40 km2 (5.5%)

	
59 km2 (8.1%)

	
278 km2 (38.1%)

	
294 km2 (40.3%)




	
Mount Guna

	
6 km2 (6.7%)

	
6 km2 (6.7%)

	
33 km2 (37.1%)

	
34 km2 (38.2%)

	
10 km2 (11.2%)




	
Ankober

	
7 km2 (6.1%)

	
8 km2 (7.0%)

	
30 km2 (26.3%)

	
65 km2 (57.0%)

	
4 km2 (3.5%)
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