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Abstract

:

There is substantial global concern over the potential impacts of plant invasions on native biodiversity in protected areas (PAs). Protected areas in tropical island countries that host rich biodiversity face an imminent risk from the potential spread of invasive alien plant species. Thus, the aim of this study was to gain a general understanding of the potential risks of multiple plant invasions in PAs located in the tropical island of Sri Lanka under projected climate change. We conducted a further analysis of a multi-species climate suitability assessment, based on a previous study using the Maximum Entropy (MaxEnt) modeling approach, and tested how species invasion may change in protected areas under climate change. We evaluated how the climate suitability of 14 nationally recognized invasive alien plant species (IAPS) will vary within PAs and outside PAs by 2050 under two climate change scenarios, representative concentration pathways (RCP) 4.5 and 8.5. Our findings suggest that there will be increased risks from multiple IAPS inside PAs and outside PAs in Sri Lanka in the future; however, the potential risk is comparatively less in PAs. We provide an overview of the species richness of selected threatened vertebrate groups, which can be potentially impacted by IAPS in PAs. The findings of this study highlight important implications for the strategic management of plant invasions in PAs in order to safeguard native biodiversity, with special reference to vertebrates.
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1. Introduction


Biodiversity is diminishing at an unprecedented rate, despite increasing conservation initiatives worldwide [1]. The over-exploitation of natural resources, habitat degradation and loss of habitats, environmental pollution, climate change, and invasive alien species (IAS) are key drivers that have led to the depletion of global biodiversity [2]. Global climate is changing due to anthropogenic activities [3]; thus, climate-induced impacts on the earth’s biota are undeniable, particularly in tropical island countries [4]. The Earth’s temperature has increased substantially (approximately 0.6 °C) over the last 10 decades [5]. According to predictions, the temperature of South Asia will increase in the next few decades, and thus, many countries in this region, especially small islands, are at the frontline of a climate crisis [6,7]. Many developing island nations in tropical regions are highly vulnerable to climate change and its associated impacts (i.e., impacts from IAS), due to their small size and fragile ecosystems [8,9,10,11]. Climate change is expected to influence the introduction and spread of IAS in the future [12,13,14]. Furthermore, IAS are considered to be the second leading factor (i.e., after habitat destruction) that endangers biodiversity [15,16]. The potential impacts of IAS are enormous and mostly irreversible under global climate change [5]. How the potential risks of IAS in protected areas (PAs) vary in response to climate change remains understudied, and such quantitative data are limited [14,17]. However, such information is fundamental in developing management strategies in the face of increasing plant invasions [18].



Protected areas are widely considered to be a key strategy against biodiversity loss by the commitment to the protection of threatened species and their habitats, and safeguarding the sustenance of ecosystem services [19,20]. The important contribution of PAs, as a vital approach to biodiversity conservation, has been acknowledged by the global environmental commitments, such as the strategic plan for biodiversity, for example, the Aichi Biodiversity Targets and Sustainable Development Goals (SDGs) [21]. These obligations have set agreed targets that are to be achieved during a specific time period in order to halt biodiversity loss. The introduction and spread of invasive alien plant species (IAPS) is one of the leading causes of biodiversity loss in PAs, and thus, it is a growing concern as IAPS significantly change ecosystem processes (i.e., nutrient cycling) and cause a decline in native species abundance and richness [22,23]. Such consequences can be harmful to the ecological integrity and ecosystem services of PAs [24]. Therefore, the control and management of IAPS is one of the key activities that PA managers are confronted with in terms of the long-term management of biodiversity and as to how to ensure the sustainability of the system [25].



Vertebrates represent less than 1% of all species and are important for ecosystem sustainability, since their presence ensures greater species diversity [26]. Generally, vertebrate species in Sri Lanka are at a high risk of extinction due to climate change and several other anthropogenic factors, i.e., one in every six inland indigenous vertebrate species are considered to be critically endangered [27]. The national red list comprises 748 vertebrate species (i.e., amphibians, freshwater fish, reptiles, birds, and mammals) in Sri Lanka. Of these vertebrate species, 345 (46%) are considered to be nationally threatened, of which 233 (68%) are endemic to Sri Lanka [27]. Threatened endemic species are particularly vulnerable and therefore represent the main challenge for conservation [28]. Table 1 shows the national conservation status of the vertebrate fauna of Sri Lanka, based on taxonomic groups.



This study is an extension of a previous work by Kariyawasam et al. [29] that used the MaxEnt niche model to define potential overlapping areas of 14 IAPS of national significance in Sri Lanka (Table S1). MaxEnt is underpinned on the maximum entropy principle [30]. It is a robust modeling technique, and at times, it outperforms other techniques in predicting the potential area of species using small sample sizes of presence-only data [31,32]. The study modeled 14 out of the 16 terrestrial plant species included in the National List of Invasive Plants of Sri Lanka prepared by the Government of Sri Lanka in 2015 (two species were disregarded due to an inadequacy of occurrence data). These IAPS have invaded many PAs in the country through various mechanisms, resulting in negative influences on biodiversity. The modeling study used 1460 geo-referenced and spatially-filtered (i.e., in order to correct sampling bias) species occurrence records that were obtained from published or gray literature.



The study used downscaled data from the fifth version of the atmosphere–ocean general circulation model (GCM), which is the Model for Interdisciplinary Research on Climate (MIROC) for future projections. The performance of this GCM is better in terms of climate change simulations, especially for South Asia [33,34]. The study used Worldclim 19 variables at a resolution of 30 arc seconds (approximately 1 km2) for current and future events, and RCPs (representative concentration pathways) 4.5 and 8.5 scenarios for 2050 and 2070 [35] (http://www.worldclim.org). The study undertaken only considered bioclimatic data, as most of the non-climate data are not available at the required resolution and spatial extent. Moreover, several studies have successfully used and proven the good performance of bioclimatic data in modeling invasive species [36,37]. Highly correlated variables were excluded with Pearson Correlation Coefficients (r) ≥ 0.7, using the ‘removeCollinearity’ function of the R Package “virtualspecies” (version 1.4–4) [38]. Thus, seven non-correlated variables were selected for model development (Table S2). Logistic output was selected to improve model calibration [39]. In addition, cross-validation was undertaken with 10 replicates and 1000 maximum iterations. MaxEnt feature classes; linear, quadratic, and hinge features, derived from continuous environmental variables, were selected to produce smooth models [39,40]. MaxEnt models built under the current climate scenario for IAPS were projected to future scenarios. Model performance was tested using two well-known measures—the area under the receiver operating characteristic curve (AUC) and the true skill statistic (TSS) [41,42] (Table S3). These measures are popularly used in predictive modeling literature to test model performance [43,44]. Maximum training sensitivity plus the specificity logistic threshold was used to classify potentially suitable areas (presence–absence) for species, as was recommended for presence-only models [45,46]. All 14 of the classified layers were combined to develop combined maps of climate suitability (i.e., “heat maps” of 14 IAPS). In this study, the combined maps developed under current and future climate scenarios were classified into five classes—very low (0 IAPS), low (1–2 IAPS), moderate (3–4 IAPS), high (5–6 IAPS), and very high (7–8 IAPS)—using manual classification. Further details that are relevant to model building and model results were provided by Kariyawasam et al. [29].



The climate suitability for IAPS is an important factor to understand the risks of biological invasions in a particular geographic area [47]. The main aim of this study was to examine the potential risks of multiple plant invasions in the PAs of Sri Lanka and to identify the potential risks to threatened vertebrates under climate change. The specific objectives of this study were to (i) assess the climatic suitability for multiple IAPS inside and outside PAs under climate change, (ii) identify individual IAPS that have the highest potential to spread further in PAs, and (iii) identify the richness of threatened vertebrates in PAs that can be potentially influenced by IAPS. We used multi-species climate suitability maps, based on a previous study by Kariyawasam et al. [29]. This is the first study in Sri Lanka that considers the potential risks of multiple invasive plants, as well as assesses the likely influences on threatened vertebrates under projected climate change.




2. Methods


2.1. Study Area


Located at the southern tip of the Indian sub-continent, between 5°54′–9°52′ N and 79°39′–81°53′ E, Sri Lanka is home to rich biodiversity, despite its small size of 65,610 km2 [48]. Sri Lanka, along with the Western Ghats of India, is considered to be one of the 25 global biodiversity hotspots, based on two critical criteria—high levels of endemicity and threat [20]. In Sri Lanka, 25.6% of the total land area is under the protection of PAs, which is central to conserving the country’s native biodiversity [48,49].




2.2. Risk Assessments of Multiple IAPS into Protected Areas


We used the combined climate suitability maps of 14 IAPS under current and future climate scenarios, RCP 4.5 and 8.5 for 2050, for the analysis. In the PAs we considered, ‘very high’ climate suitability implied potentially high risks from IAPS, whereas ‘very low’ climate suitability implied potentially very low risks from IAPS. In this study, terrestrial PAs, administered by the Department of Wildlife Conservation (hereafter wildlife PAs) and the Department of Forests (hereafter forest PAs), were considered. In ArcMap (Version 10.4.1), wildlife PAs and forest PAs were individually overlain with potential climate suitability maps to recognize the likelihood of multiple IAPS introductions. We calculated the area of suitability classes (i.e., very high to very low) inside PAs. The same procedure was applied to the areas outside the PA systems.




2.3. Risk Assessments of Individual IAPS into Protected Areas


We used individual maps of climate suitability for the 14 priority IAPS to assess their potential risks in PAs under climate change. In this analysis, both wildlife and forest PAs were considered together as Sri Lanka’s PAs. Using ArcMap, we calculated the area of suitability for each species in the PAs under current and future climate scenarios of RCP 4.5 and 8.5 for 2050 in order to identify the species that could potentially be challenging in PA systems.




2.4. Potential Risks of IAPS on Threatened Vertebrates


In order to understand the potential impacts of IAPS on threatened animals, we limited our analysis to threatened vertebrates, as detailed data on the threatened status of invertebrates at a PA level is mostly incomplete and not commonly available, particularly in developing tropical island countries. We only considered four vertebrate groups in our analysis, i.e., amphibians, reptiles, birds, and mammals. Freshwater fish were excluded because our climate suitability maps are based on terrestrial IAPS. We used 5528 occurrence records of threatened vertebrate species that were defined as ‘Critically Endangered’ by the national red list [50] and available at Global Biodiversity Information Facility [51] (accessed on September 21, 2019). These records represent three amphibian (n = 12), 16 reptile (n = 91), 11 bird (n = 5307), and 5 mammal (n = 15) species, respectively (Table S4). In ArcMap, species’ occurrences were overlain on climate suitability maps of the current climate and future scenarios of RCP 4.5 and 8.5 for 2050. Suitability changes in these occurrences were visually observed under climate change.



In order to identify the PAs that are climatically suitable for multiple IAPS invasions, we examined the combined climate suitability maps of 14 IAPS overlaid on the PAs of Sri Lanka. We reviewed the literature to broadly understand the species richness of vertebrates (i.e., amphibians, reptiles, birds, and mammals) in the PAs that could be potentially influenced by IAPS (Figure S1).





3. Results


3.1. Risk Assessments of Multiple IAPS into Protected Areas


Figure 1 represents the wildlife and forest PAs overlaid on defined climate suitability maps of current and future climate scenarios for 14 nationally prioritized IAPS. The maps show how PAs potentially undergo changes under future climate scenarios, i.e., RCP 4.5 and 8.5 for 2050. The calculated area of the suitability of five classes (i.e., very high to very low) in wildlife and forest PAs are represented in Figure 2 and Figure 3. In both PA types, the area that potentially supports the establishment of more than five IAPS (represented by very high and high suitability classes) was relatively low under current and future climate scenarios, while the area favorable to establish less than five IAPS (represented by moderate, low, and very low suitability classes) was comparatively high (Table 2). The area of suitability in PAs is predicted to vary noticeably in the future as a response to climate change. In the current climate, the relative contribution of the very low climate suitability was much greater (approximately 50%) than the other four suitability classes in both types of PAs; however, this area is predicted to decrease substantially (approximately 20%) under future climate conditions. In contrast, the relative contributions of ‘moderate’ and ‘low’ suitability classes are predicted to increase. As the contribution of ‘very high’ and ‘high classes are minimal, these two findings projected a decreasing pattern of ‘very low’ suitability and an increasing pattern of ‘moderate’ and ‘low’ suitability, which suggests the likely increasing and potentially negative influences of IAPS in PAs in Sri Lanka in the future under climate change. The findings also indicate a generally close pattern of suitable area changes in the five climate suitability classes in wildlife and forest PAs. The area outside the PAs is also predicted to have potentially increasing negative influences from IAPS under climate change. This is evident by the increased moderate suitability, which is approximately 18% in the current climate and is elevated to around 50% under future scenarios, and the very low suitability is drastically decreased from 36% in the current climate to around 10% in the future scenarios. However, in comparison, we have observed a difference in the suitability distribution pattern in the area outside the PAs, which perhaps implies that the priority invasive species are likely not to have the same effects outside PAs as they do in PAs (Figure 4). We observed comparatively high invasion risks outside PAs, as compared to the wildlife and forest PAs under all climate scenarios, due to the better representation of very high, high, and moderate classes, and the poor representation of low and very low classes (Table 2). Thus, our results suggest that the invasion risk in PAs is relatively less intensive as compared to the area outside PAs. However, one should keep in mind that the negative consequences of IAPS may not always be related to the IAPS numbers. Additionally, climate responses to invasive plants can be different under climate change [33]; therefore, we need to be cautious in using these results to make conservation decisions.




3.2. Risk Assessments of Individual IAPS into Protected Areas


We investigated the projected area of suitability of 14 IAPS in the PA system under the current climate and future scenarios for 2050. Accordingly, Panicum maximum shows the largest potential distribution under the current climate, followed by Lantana camara and Leucaena leucocephala (Table 3). Opuntia dillenii, followed by Parthenium hysterophorus and Mimosa pigra, has the maximum potential suitable area under both future scenarios, RCP 4.5 and 8.5 for 2050. By 2050, six IAPS, namely A. macrophylla, A. glabra, D. suffruticosa, M. pigra, O. dillenii, and P. histerophorus are projected to increase in their climate suitability in the PA system, while the other eight IAPS, namely A. inulifolium, C. hirta, L. camara, L. leucocephala, P. maximum, P. juliflora, S. trilobata, and U. europaeus are projected to decrease.




3.3. Potential Risks of IAPS on Threatened Vertebrates


We examined the distribution of occurrences of critically endangered vertebrates, amphibian, reptile, bird, and mammal species on climate suitability maps under current and future climate scenarios. Almost all occurrences of mammals, amphibians, and reptiles were found around the Central Highlands and Sinharaja PAs (Figure 5), whereas the selected bird occurrences were mostly distributed around the mid-country and south-west wet zone (Figure 6). According to the figures, the occurrences of critically endangered vertebrates are concentrated in climatically suitable areas for IAPS under current and future climate scenarios. Further, we found that several PAs containing relatively high vertebrate diversity are located in climatically suitable areas for IAPS (Figure 1).





4. Discussion


Sri Lanka, being an island country located in the tropics, faces potential risks of IAPS invasion on native biodiversity, which can be challenging. In particular, south-west Sri Lanka is likely to face a high risk from multiple IAPS invasion under projected climate change [29]. Island species are generally highly susceptible to climate change-associated negative influences [4]. Thus, the potential impacts of IAPS on island biodiversity can be significant. This increased vulnerability can be due to the less competitive ability of island species, lack of predators, or high propagule pressure [52]. Island species have less of a chance to spread out and to avoid risk conditions, and this has aggravated the vulnerability of island species [4].



4.1. Risk Assessments of Multiple IAPS into Protected Areas


PAs located in the south-west Sri Lanka, Sinharaja, Knuckles, Horton Plains, and Peak Wilderness contain relatively high species diversity, especially vertebrate fauna [53,54]. Therefore, the projected increased pressure from IAPS in PAs in Sri Lanka may result in detrimental consequences to rich vertebrate diversity, particularly threatened vertebrates that are in need of protection.



According to our findings, the potentially suitable areas for IAPS are increasing in both PAs and outside PAs under climate change (Figure 2, Figure 3 and Figure 4, Table 2). Thus, this may suggest there to be a likely increased susceptibility of the areas to IAPS in the future. Though poorly understood, climate change has the capacity to change the distribution of invasive species in geographic areas, as many invasive species have broad climatic tolerances [14]. Additionally, the frequency of extreme climatic events (i.e., floods and droughts) will likely increase under climate change, and this may influence the increased invasion through several mechanisms, such as transporting propagules and reducing the resistance of native species to invasions [14,55]. The results also suggested that the intensity of invasion risk is lower in PAs as compared to outside PAs. Gallardo et al. [56] reported that the richness of invasive species is expected to increase comparatively less within protected areas than outside them. The authors suggest that this could turn such protected areas into vital and viable refuges against invasion. Further, invasive species establishment is relatively difficult in the well-conserved PAs located in pristine environments where human impacts are less and management is rigorous (i.e., Sinharaja forest) [56]. Potential invaders easily fill the gaps in disturbed environments, which is common outside PAs [57,58]. Therefore, the richness of invasive species can differ significantly inside and outside PAs, suggesting that the potential impacts may not be the same [56]. However, more studies are needed to ascertain this conception.




4.2. Risk Assessments of Individual IAPS into Protected Areas


The analysis of the potentially suitable climate of individual IAPS in the PA system reveals that the high-risk species (in terms of suitable area) in the current climate are not the high-risk species in the future. The three most potentially high-risk species in the current climate (Panicum maximum, Lantana camara, and Leucaena leucocephala) are projected to decrease in overall suitability in the PA system under climate change. Generally, different species of terrestrial plants can have different range size changes [59]. Out of the 14 evaluated IAPS, six species are projected to expand the range in the PA system under climate change, while the other eight species are projected to decline. Invasive species are range-shifting species that generally do not acquire the entire niche of the species; this issue may potentially influence the performance of predictive models and could interfere with conservation decisions. However, the evaluated IAPS were introduced to Sri Lanka a long time ago, and thus, they are likely to have spread to all suitable habitats in the country by now. Further, our findings suggest that the potential area changes of range-expanding IAPS were much higher than the range contracting IAPS (Table 3). Shrestha and Shrestha [47] have already demonstrated that the niches of range-expanding species are larger than the range-contracting species. Thus, our findings corroborate these results. The potential risks of these IAPS on native biodiversity in PAs are different, complex, and poorly studied. However, the available literature confirms that the potential negative consequences of these 14 IAPS can lead to pronounced changes in biodiversity and ecosystems in PAs (Table S1).




4.3. Potential Risks of IAPS on Threatened Vertebrates


The potential impacts of IAPS on vertebrate fauna are not comprehensively studied; however, this rich vertebrate diversity can be potentially at risk due to plant invasions, as the direct and indirect impacts of biological invasions are significant to global terrestrial biodiversity [11,60,61]. Generally, native fauna, particularly threatened endemics, are more susceptible to habitat changes [53]. Studies have already highlighted the high native species richness around the mid-country and south-west Sri Lanka, particularly for some vertebrate groups [54]. Many such threatened endemic species have restricted ranges or localized habitats, e.g., Cophotis ceylanica (EN) and Ceratophora tennenti (CR) [48]; thus, such areas are important refuge areas for the conservation of reptiles. Our models suggested that the climate in the mid-country and south-west Sri Lanka is more vulnerable to IAPS invasion, as compared to the other areas of the country under current and projected climate change. This may potentially influence threatened vertebrate fauna in this area through direct and indirect means. Thus, the likely negative influences should be considered in future conservation management programs, with particular attention paid to these areas. Plant invaders can change the characteristics of the entire ecosystem, such as the productivity, nutrient cycling, and disturbance regimes, leading to drastic changes in ecosystem structures and functioning [62]. The deterioration of habitat quality may result in negative effects for the long-term survival of vertebrate fauna, which are unique and have adapted well to the ecology of their habitat [63]. In Udawalawe national park, L. camara has created vigorous and persistent alterations in the grassland vegetation, converting it to scrublands [64]. Invasive species may impact native fauna, particularly mammals, by destroying habitats and restricting access to food resources, i.e., limiting foraging grounds or fodder contents [65]. Habitat deterioration and loss are serious concerns for the conservation of herpetofauna in Sri Lanka, as they are mostly restricted to specialized niches in the ecosystem [66]. Further, this can have severe consequences, particularly for herbivores such as elephants (Elephas maximus, EN), as elephants never feed on L. camara [67]. Elephants prefer to graze in open grassland habitats that are easily acquired by invasive plants, such as L. camara, resulting in devastating effects on habitat quality, which in turn influences the viable populations of large herbivores [68,69]. When the habitat quality degrades and food resources become limited, large mammals come out of the reserves closer to human settlements in search of food, leading to devastating human–wildlife conflict [63]. Currently, human–elephant conflict has become a serious environmental problem in Sri Lanka. This likely disturbs the first trophic level (primary producers) of the food chain, which can affect the energy flow and collapse higher trophic levels, herbivores, and then carnivores at the end [70]. Though these negative effects are mostly on native plants, such consequences can indirectly increase pressure (i.e., reduce food and foraging habitats, interfere with behavior and habitat use) on the continued existence of native fauna. However, how the consequences of climate change mediate biological invasions and influence threatened vertebrates in PAs is poorly studied. Such quantitative data are not available in developing countries, but they are relevant to many animal groups. A study by Schirmel et al. [71] reported that invasive plants reduce the abundance, diversity, and fitness of native animals. Many scientific studies confirm that biological invasions threaten native vertebrate species on Earth, particularly on island countries [16,72,73]. However, the mechanism of impact, overall extent, and magnitude are poorly understood, and this is mainly due to several research gaps. Many native fauna, particularly large mammals, do not have enough strategies (i.e., range shift or adjust to new climate conditions) to face the potentially harmful effects associated with climate-mediated changes [74]. Another study showed that amphibians and reptiles in South Asia have poor adaptation capacity, which is relatively slower than the anticipated level [75]. Therefore, the potential consequences of biological invasions, as drivers of global change, can be important to threatened vertebrates, but remain understudied.




4.4. Vertebrate-Rich Protected Areas Vulnerable to Multiple IAPS Invasion


This study found that several vertebrate-rich PAs are located in climatically suitable areas for multiple IAPS invasions, and thus, such PAs can be potentially influenced by IAPS. Sinharaja forest (UNESCO Man and Biosphere Reserve, World Heritage Site, Strict Nature Reserve, National Heritage Wilderness Area), which is the only remaining, intact lowland rain forest in the country, contains rich faunal diversity [48,76]. Sinharaja has about 359 species of vertebrates, including 52 amphibians, 95 species of terrestrial reptiles, 125 bird species, and 41 species of mammals, with exceptionally high endemism [77]. As cited by Surasinghe [54], Sinharaja is rich in herpetofauna, i.e., out of the amphibians and reptiles fauna, 70% and 50% are endemic to the country, respectively. Another study revealed that approximately 42% of small mammals and 32% of bird species found in this forest are endemic [53]. The Central Highlands (UNESCO World Heritage Site), which comprises three highly important reserves—Knuckles Conservation Forest (KCF), the Peak Wilderness PA (PWPA), and the Horton Plains National Park (HPNP)—provides important habitats to 48% of the country’s endemic vertebrate species, including some point endemics that are found in no other place in the world [77]. The faunal biodiversity of HPNP shows high species richness with outstanding threatened and endemic species, which is particularly relevant to herpetofauna [78]. It is a key habitat for the endemic Sri Lanka Purple-faced langur (Semnopithecus vetulus; EN) and the Sri Lankan red slender loris (Loris tardigradus; VU). Endemic lizard species, including Ceratophora tennentii (Agamidae; CR), are restricted to the upper altitudes of KCF [66]. As a refuge for a number of rare endemic amphibians, such as Adenomus dasi (Bufonidae; CR), PWPA is considered to be the most important amphibian hotspot in Sri Lanka, and it is currently at a high threat due to habitat degradation [79]. Hence, this high level of vertebrate diversity can be influenced by the potential expansion of IAPS. Located in Southern Sri Lanka, Bundala National Park (International Ramsar Site; UNESCO Biosphere Reserve) is home to a variety of species and is at a high risk of multiple IAPS invasions under climate change. Forty-five percent of migratory birds coming to Sri Lanka have been reported in Bundala [80]. Thus, the degradation of many of the habitats by the fast-spreading IAPS (i.e., P. juliflora and O. dillenii) may result in negative influences, particularly on avifauna diversity. Table S5 provides the vertebrate species richness recorded by the biodiversity baseline surveys in six of the wildlife PAs in Sri Lanka, which are relevant to the vertebrate groups we studied. Such information is not available for many PAs, as comprehensive and systematic biodiversity assessments have not been undertaken across PAs in the country.




4.5. Limitations of the Study


Even though species distribution models are frequently used and vital tools, there are some common limitations, and due to the level of uncertainty associated with modeling techniques, the general circulation models (GCMs) and representative concentration pathways (RCPs) used may result in serious implications for model performance [7,14,81]. We have discussed the general limitations of MaxEnt models and the approaches used to overcome them by Kariyawasam et al. [29], with particular attention paid to the uncertainty associated with the model building, spatial scales, and selection of data. Thus, some limitations that are relevant to the present study are discussed here. MaxEnt uses presence–background data as the input for modeling species distribution and provides estimates of the relative suitability [82]. Therefore, we did not model the probability of the occurrence of the target species, but rather an index of their habitat suitability, due to the lack of absence data (or species non-detection). Invasive species are generally highly adaptable to a wide range of climatic variability, and thus, they can tolerate environmental changes. As a result, these plants are likely to persist, even if climatic conditions become unfavorable [83]. In addition, climate change models may be conservative for invasive plant species, and thus, they can potentially underestimate the distribution in novel climates where temperature and precipitation can be rather different from the current climate [84]. Thus, modeling species distribution in a novel climate can be challenging, and such results need to be interpreted with caution. Conversely, invasive plants may not occupy all potentially suitable areas (niches), as invasion may be obstructed by several fundamental factors, such as the absence of vectors, physical barriers, biotic interactions (i.e., competition, predation), and accessibility for resources [85,86,87]. Additionally, the vectors of the spread of these 14 IAPS and their relative importance can be different. Different IAPS can perhaps have different vectors of spread, and frequently, some IAPS have several vectors of spread [88]. IAPS having several vectors can acquire an extensive area of suitability [89]. Therefore, individual IAPS may not have the potential to invade all likely suitable areas in the protected areas and fill their climatic niche in the same way. Pyšek et al. [90] show that the post-invasion success (i.e., distribution and habitat range) of alien plants depends on their pathways of introduction. The potential pathways are strongly influenced by climate change and may result in differences in the invasion dynamics of IAPS [91]. Additionally, modeling studies underpin the uncertainty that is relevant to the responses of invasive species to the climate changes [92], the consequences of climate change on native species [57], the resistance and resilience capacity of native species toward invasion [93], and the impacts of invasive species on native species [57]. In view of that, the potential geographic distribution of IAPS under climate change is a rather complex process that can be influenced by several factors; however, it is an established and widely used technique in many conservation science applications today [94].




4.6. Recommendations for Future Studies


Predictive modeling provides useful information for conservation planning and management. Our results suggest that vertebrates in PAs may experience potentially increased pressure from IAPS under climate change, although PAs may serve as refugees for animals. Vertebrates are of great importance in the structure and functioning of ecosystems [95,96]. Potential harmful consequences of IAPS to vertebrate fauna can vary from destroying habitats and restricting access to food resources [65] and to the most extreme challenge of species extinctions [16]. These impacts on vertebrate fauna may result in a number of important implications for their conservation in the future. This highlights the requirements of climate change adaptation strategies and focused research that can minimize the vulnerability of these species to climate change [97,98]. Given the importance of IAPS as an agent of global environmental change, the role they play in degrading the habitat quality of native vertebrates in PAs remains poorly understood. Such findings provide insights for the early detection of risks and for the application of successful habitat enrichment programs. Empirical studies that focus on how IAPS could alter the behavior pattern and population dynamics of large mammals are important to broaden our understanding [67,99]. Studying the impacts of toxic IAPS is also important, i.e., animal poisoning, as there is a significant knowledge gap that is relevant to this subject. Such studies provide the basis for conservation decision-making, which is relevant to IAPS management in PAs [100]. Further, systematic biodiversity surveys are important in unsurveyed PAs, especially for the least studied taxonomic groups. The ecosystem approach helps to conserve the whole landscape, ensuring the protection of many more living beings [26]. Thus, the strategic management of IAPS within the context of ecosystems is recommended.





5. Conclusions


We assessed the potential risks of multiple IAPS within the context of PAs and outside PAs in the tropical island country of Sri Lanka under the projected climate. Our findings provide quantitative evidence of the likely increasing risks of IAPS invasion in PAs and outside PAs under climate change; however, invasion risk is expected to increase comparatively less within PAs than outside them. We defined the species that can potentially pose a high risk to the PA system under current and future climate scenarios. The increased pressure from plant invasions may result in negative consequences, e.g., threats to vertebrate–fauna, which are susceptible to changes in their habitat. The majority of threatened vertebrates are concentrated in the central and south-west wet zone of the country, which is relatively more vulnerable to multiple plant invaders. Thus, this can have serious potential consequences for the survival of threatened vertebrates. Therefore, this study highlights the need for more rigorous management and conservation efforts that focus on the montane and wet zone PAs in order to safeguard threatened vertebrates from the likely and impending harmful effects of plant invasions.
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Figure 1. Protected areas overlaid on projected climate suitability for 14 nationally prioritized invasive alien plant species in Sri Lanka under the current climate and Model for Interdisciplinary Research on Climate (MIROC5) representative concentration pathway (RCP) 4.5 and 8.5 for 2050. 
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Figure 2. Representation of five climate suitability classes in the wildlife protected areas of Sri Lanka under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050. 
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Figure 3. Representation of five climate suitability classes in the forest protected areas of Sri Lanka under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050. 






Figure 3. Representation of five climate suitability classes in the forest protected areas of Sri Lanka under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050.



[image: Climate 08 00051 g003]







[image: Climate 08 00051 g004 550] 





Figure 4. Representation of five climate suitability classes outside protected areas of Sri Lanka under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050. 
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Figure 5. Occurrences of critically endangered amphibians, reptiles, and mammals (available at GBIF on September 21, 2019) overlaid on climate suitability for invasive alien plant species under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050. 
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Figure 6. Occurrences of critically endangered birds (available at GBIF on September 21, 2019) overlaid on climate suitability for invasive alien plant species establishment under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050. 
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Table 1. The species richness of selected vertebrate (i.e., amphibians, freshwater fish, reptiles, birds, and mammals) faunal groups in Sri Lanka and their national threat status. CR: Critically endangered; EN: Endangered; VU: Vulnerable. The number of endemic species is given within brackets (Source: Weerakoon [27]).
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Taxonomic Group

	
Total Species

	
Total Threatened

	
National Conservation Status




	
CR

	
EN

	
VU






	
Amphibians

	
111 (95)

	
73 (71)

	
34 (34)

	
28 (27)

	
10 (9)




	
Freshwater fish

	
91 (50)

	
45 (39)

	
19 (16)

	
19 (17)

	
5 (4)




	
Reptiles

	
211 (124)

	
107 (87)

	
38 (36)

	
50 (39)

	
18 (11)




	
Birds

	
240 (27)

	
67 (18)

	
18

	
18 (7)

	
31 (11)




	
Mammals (excluding marine)

	
95 (21)

	
53 (18)

	
13 (06)

	
25 (08)

	
15 (04)




	
Total

	
748 (317)

	
345 (233)

	
122 (92)

	
140 (98)

	
79 (39)
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Table 2. Climate suitability classification for wildlife, forest protected areas, and outside protected areas under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050.
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Percentage Area




	
Classification

	
Area

	
Current

	
RCP 4.5_2050

	
RCP 8.5_2050






	
Very high

	
A

	
0.48

	
0.06

	
1.63




	
B

	
0.41

	
0.15

	
0.52




	
C

	
5.07

	
0.37

	
0.44




	
High

	
A

	
6.27

	
5.36

	
9.41




	
B

	
5.19

	
4.08

	
9.17




	
C

	
17.18

	
10.77

	
18.91




	
Moderate

	
A

	
17.59

	
29.28

	
42.2




	
B

	
14.49

	
25.88

	
40.26




	
C

	
18.57

	
46.45

	
50.3




	
Low

	
A

	
23.87

	
43.4

	
31.13




	
B

	
30.95

	
53.12

	
38.96




	
C

	
22.76

	
31.22

	
23.09




	
Very low

	
A

	
51.8

	
21.89

	
15.63




	
B

	
48.97

	
16.77

	
11.09




	
C

	
36.42

	
11.18

	
7.26








A: Wildlife protected areas; B: Forest protected areas; C: Outside protected areas.
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Table 3. Projected area of climate suitability of 14 individual invasive alien plant species (IAPS) in the protected area system under the current climate and MIROC5 RCP 4.5 and 8.5 for 2050.
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No

	
Species

	
Current

	
RCP 4.5 2050

	
RCP 8.5 2050




	
Area km2

	
Percentage Change

	
Area km2

	
Percentage Change






	
1

	
Alstonia macrophylla

	
1185

	
1605

	
35

	
1867

	
58




	
2

	
Annona glabra

	
322

	
1354

	
320

	
2012

	
525




	
3

	
Austroeupatorium inulifolium

	
1391

	
967

	
−30

	
817

	
−41




	
4

	
Clidemia hirta

	
1480

	
925

	
−38

	
1045

	
−29




	
5

	
Dillenia suffruticosa

	
410

	
874

	
113

	
1096

	
167




	
6

	
Lantana camara

	
5238

	
2884

	
−45

	
3816

	
−27




	
7

	
Leucaena leucocephala

	
3277

	
3233

	
−1

	
5740

	
75




	
8

	
Mimosa pigra

	
1827

	
6809

	
273

	
9484

	
419




	
9

	
Opuntia dillenii

	
3159

	
14,047

	
345

	
16,874

	
434




	
10

	
Panicum maximum

	
5747

	
2015

	
−65

	
3035

	
−47




	
11

	
Parthenium hysterophorus

	
2559

	
12,267

	
379

	
13,595

	
431




	
12

	
Prosopis juliflora

	
1441

	
1115

	
−23

	
3680

	
155




	
13

	
Sphagneticola trilobata

	
2729

	
1512

	
−45

	
2157

	
−21




	
14

	
Ulex europaeus

	
344

	
0

	
−100

	
0

	
−100
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