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Abstract

:

Restoration of marginal and degraded lands is essential for regaining biodiversity and ecosystems services, and thereby attaining UN-Sustainable Development Goals. During the last few decades, many fast growing and hardy trees have been introduced worldwide to restore the marginal and degraded lands for ecosystem stability. Unfortunately, most of these introduced species have become invasive and invaded the nearby productive systems, leading to significant biodiversity loss and land degradation. Therefore, it is imperative to conduct a sustainability analysis of the introduced species for necessary course correction and also for preventing the future utilisation of such species for land restoration. With this backdrop, the present study was conducted to analyse the socio-ecological impacts of a widely used species, i.e., Prosopis juliflora (Sw.) DC based restoration of degraded land of Lucknow, North India. For this, ecological (soil quality and plant biodiversity) and social (livelihood) indicators have been studied over a period of two years (2015–16) through direct field sampling and questionnaire-based surveys. While there was a positive difference (p < 0.01) in the key physico-chemical properties of the P. juliflora-invaded soil than the non-invaded site, the belowground microbial load was significantly lower (19.46 × 106 g−1 of soil) in invaded land as compared to the non-invaded one (31.01 × 106 g−1). Additionally, the invasion of P. juliflora had significantly reduced the biodiversity by displacing the local flora such as Achyranthes aspera L., Amaranthus spinosus L., Cynodon dactylon (L.) Pers, Euphorbia hirta L., etc. The invaded area had only eight plant species having an effective number of species (ENS) of 7.2, whereas the non-invaded area had the presence of 26 plant species with an ENS of 23.8. Although the local people utilised P. juliflora as fuelwood mostly during summer and winter seasons, the invasion resulted in a fodder deficit of 419.97 kg household−1 y−1 leading to resource scarcity in the invaded area in comparison to the non-invaded area. Ecodistribution mapping clearly showed that P. juliflora is already found in most of the tropical and subtropical countries (~103) including in India and has become invasive in many countries. Therefore, we recommend that P. juliflora must be wisely used for the land restoration programs targeted during the United Nations Decade of Ecosystem Restoration (2021–2030) as this species has invasive traits and thereby reduces the ecosystem sustainability of the invaded areas.
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1. Introduction


Sustainable management of the land resources is an important doctrine of environmental sustainability [1] and, therefore, this concept is gaining momentum not only because of its ecological, social and political ramifications [2] but also due to the fact that land is a finite resource and an essential life-supporting system of this planet. Therefore, utmost care should be taken to utilise various kinds of land for sustainable development. Unfortunately, the latest estimates suggest that almost one-third of the global land (24 to 30%) is contaminated or degraded due to various natural and manmade activities [3,4]. Therefore, the restoration of degraded land is essential for regaining biodiversity and ecosystems services and thereby attaining United Nations-Sustainable Development Goals (UN-SDGs) (www.sustainabledevelopment.un.org). Moreover, the land restoration is a top priority during the ‘United Nations Decade on Ecosystem Restoration’ starting from 2021–30 (www.decadeonrestoration.org).



Degraded lands are less productive and commonly described as ‘wastelands’, ‘marginal lands’, ‘degraded lands’, ‘abandoned lands’, ‘contaminated lands’, etc. Literature provides ample evidences regarding the efforts which are being made to improve the productivity of degraded lands [5,6,7,8]. Many national and international agencies are working on the improvement of such land types [9,10,11] including land degradation neutrality (LDN) and land restoration for attaining UN-SDGs [12,13,14]. According to UNCCD, LDN is a situation where there is no further degradation to the land system while enhancing the vitality, productivity and ecosystem services of the land system for meeting the food and nutritional demand of the current and future generations, and also for attaining ecosystem sustainability (www.unccd.int).



While land degradation is continuing across the world, there are many positive efforts are being operational at local, regional and global scale towards LDN and previous studies have already articulated various integrated measures for monitoring and restoring the vitality of degraded lands. For example, Tripathi et al. [5] proposed packages of practices based on biotechnological advancement for improving the productivity of marginal lands, whereas Dubey et al. [6] proposed strategies for harnessing plant-soil-microbe interactions as a low-input technology for restoring the fertility of degraded land under current and futuristic climatic conditions. Similarly, Edrisi et al. [7] proposed simplified measures to monitor the restoration of marginal and degraded lands at the regional level. The Indian Council of Agricultural Research (ICAR) has provided the estimates of such lands in India and suggested several adaptive measures to mitigate land degradation [9] whereas the The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) has contributed towards the biological reclamation of degraded lands in Niger [10]. The Global Partnership on Forest and Landscape Restoration (GPFLR) is another enterprise operational at global level for both financing and practising the restoration initiatives across the globe [11]. Furthermore, Keesstra et al. [12] suggested four inventive methods to attain LDN and developing suitable remediation techniques for addressing soil-related SDGs, whereas Tianjiao et al. [13] reported the effect of various land management practices and Novara et al. [14] studied the effect of sustainable farming on soil carbon recovery.



Among the various restoration methods, the plantation of fast-growing and multipurpose tree species is often considered as an amicable solution for the revitalization of marginal and degraded lands for multipurpose environmental benefits. Therefore, the tree species with economic importance, particularly with bioenergy production potential have a vital role in land restoration and soil carbon sequestration [15,16]. There are many fast-growing, tolerant and hardy species have been successfully introduced worldwide for the restoration of marginal and degraded lands and thereby improving the ecology of the degraded system and the livelihood of the affected communities. However, some of those species tend to be invasive and negatively affecting the local environment, livelihood and human health [17,18,19,20]. P. juliflora (Sw.) DC is one of such introduced species for the restoration of marginal and degraded lands in various countries [16,21,22]. Although there are some positive impacts of P. juliflora introduction in the arid [23] and semi-arid regions of the world [24,25], in most cases the introduction of P. juliflora resulted in biodiversity loss by the displacement of native plants [26], soil biodiversity [25,27], and other ecosystem services (ESs) including the alteration of hydrological regimes [28,29] and reducing livelihood opportunities [27]. Although Prosopis is an important genus in the tropics and sub-tropics having 44 species, all of the species are not economically important [30]. Among the various species, P. juliflora is native to Central and South America and it is one of the world’s worst invasive species [31]. While P. juliflora was introduced different parts of the world primarily to restore the degraded ecosystems and also to provide additional benefits to the rural community in the form of charcoal, fuelwood and construction materials, as well as to restore the degraded ecosystems [32], P. juliflora has invaded in many places around the world and imposes negative impacts on the ecology and socio-economy [33,34,35].



Two species of Prosopis, i.e., Prosopis cineraria and P. juliflora, are found in India. While Prosopis cineraria is native, P. juliflora become invasive and grows all over the country [25]. The inter-continental introduction of this genus started in the early 19th century and became widespread in the late 20th century (1940–90) [32]. The first introduction of P. juliflora in the Indian sub-continent is reported to occur in the Sindh region around 1857. Furthermore, the seeds were introduced in the Andhra Pradesh in 1877 on the request of Lt. Col. R.H. Bedome, Conservator, Forests of Northern Circle (Madras) to the Secretary of the state (Tamil Nadu) [30]. Several instances of introduction in the other parts of India by Col. Corbyn and R.N. Parker have been documented from 1879–1909. Moreover, this invasive plant was introduced in Rajasthan in around 1913 and the seeds were distributed to various neighbouring states. In 1940, the tree was given special status in Jodhpur (i.e., royal plant) for protection. Similarly, other forms of Prosopis spp. are also reported to have been introduced in India in the past, but unfortunately the records of their performances are not available [30].



While most of the introduction of P. juliflora was intentional, the accidental introduction has also occurred between the neighbouring countries [36,37,38]. As in the case of other countries, P. juliflora was introduced in India for (i) rehabilitating the marginal and degraded lands of India, (ii) stabilizing the sand-dunes, (iii) afforestation, (iv) as a fuelwood, (v) providing fodder and shade in the arid regions of India, (vi) regional greening, and (vii) ornamental purposes [30,36,37,38,39,40,41]. As of now, P. juliflora has been introduced in 103 countries across the world, and among these, 40% of the introduction has become invasive including in India [32,42,43,44,45]. In this context, the present study was aimed to understand the (i) the current status of P. juliflora invasion across the world, and (ii) the socio-ecological impacts of P. juliflora invasion in a highly invaded area of Lucknow, North India by analysing the impact of P. juliflora invasion on soil quality, biodiversity, and livelihood.




2. Materials and Methods


2.1. Study Area


P. juliflora-invaded land of Lucknow district, Uttar Pradesh, North India (26°53’29.4"N, 80°58’45.7"E) was selected for this study (Figure 1). The total geographic area of Lucknow district is 2528 km2 with mean elevation at 123 m from the sea level, having a warm humid and sub-tropical climatic condition (www.msmedikanpur.gov.in). The study area lies under the Chinhat block of the Lucknow district. The block represents a total area of 125.6 km2 under which an area of 22.09 km2 is barren and un-cultivable land or the area is under non-agricultural uses (Table 1). The study site receives mean annual precipitation of around 1010 mm whereas the mean annual temperature ranges from 20.51 °C to 37.09 °C. The land-use pattern of the study site (both invaded and non-invaded area) falls under un-cultivable land. All the analyses regarding the soil quality, local biodiversity and the livelihood were conducted in both the sites and compared with each other.




2.2. Field Study and Soil Sampling


The field study was conducted during the two consecutive years from 2015 to 2016 to analyse the impacts of P. juliflora on key socio-ecological parameters specifically the (i) soil quality, (ii) biodiversity and (iii) local livelihood. All the studied parameters have been compared with the non-invaded area. The size of the experimental field was 2400 m2 (Figure 1d), which was further divided into 6 sub-plots consisting an area of 400 m2 (20 × 20 m) to completely cover the experimental field (Figure 1e-g). The rhizospheric soil samples (0-15 cm) of the P. juliflora were collected randomly near the tree trunk in quadruplicates (n = 4) from invaded. Soil samples were also collected from non-invaded area as the control samples. The weight of each quadruplicate was reduced to 500 g via the conning-quartering method. The samples were then air-dried and sieved (2 mm) for further analyses as per the standard procedure mentioned elsewhere.




2.3. Soil Analysis


The physico-chemical and biological parameters of soil samples such as bulk density (BD), water holding capacity (WHC), pH, electrical conductivity (EC), cation exchange capacity (CEC), total organic carbon (TOC), soil organic matter (SOM), total nitrogen (TN), available nitrogen (AN), carbon to nitrogen ratio (C:N), total phosphorus (TP), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), soil dehydrogenase activity (SDA), bacterial colony forming units (CFU) for both the invaded as well as the control sites (open soils from non-invaded area) were done for the year 2015–16. The soil properties, particularly the pH, EC, BD, WHC, CEC, TOC and SOM, were analysed as per the standard procedural protocols published elsewhere [46,47,48,49]. Furthermore, TN was determined through acid digestion (conc. H2SO4 and conc. HNO3) followed by the steam distillation method [50] and AN was estimated using KMnO4 solution followed by steam distillation [51], and C:N ratio was estimated as per the calculation. The TP was done by using the standard protocol published earlier [52]. MBC and MBN content was estimated by Vances et al. [53] and Brookes et al. [54]. Similarly, SDA was measured for all soil samples [55], and bacterial enumeration of CFU was carried out from the soil samples of both invaded as well as the non-invaded according to the standard procedure proposed earlier [56].




2.4. Biodiversity Indices under P. juliflora-Invaded and Non-Invaded Areas


The plant diversity of the experimental field was done by quadrat sampling method (20 ×·20 m). The relative density (RD) of each plant species, Shannon–Wiener biodiversity index (H) and effective number of species were calculated by using the following formulae:


   Relative   density     (  RD  )     ( % )  =    number   of   individuals   of   a   particular   species     number   of   individuals   of   all   species    × 100  



(1)







The Shannon–Wiener biodiversity index (H):


  H = −   ∑   i = 1  S  (  p i  )  (    lnp  i   )   



(2)







The effective number of species (ENS) was calculated from the results of the Equation (2) as:


  ENS = exp  ( H )   



(3)








2.5. Analysis of P. juliflora Invasion on Local Livelihood


The impacts of P. juliflora invasion on the local livelihood was assessed through the extensive field surveys and the interviews of the residents. For the survey, 63 respondents from 15 households (~4 respondents from each household) of each study area (invaded and non-invaded) were selected by using the lottery-random sampling technique [57]. The age of the respondents varied from 25–56 years. Further, the household dependence was also assessed regarding the services (resources) provided by this tree species in the form of either fuelwood, fodder, fencing or fibre and its prospects. The dependency of the residents with the P. juliflora was recorded through the semi-structured questionnaire-based survey (Table 2). The quantity of fuelwood required and its daily consumption by each selected household was estimated by the weight-applied survey method [58,59]. The yearly consumption of fuelwood was evaluated by integrating the fuelwood consumption in different seasons (summer, rainy and winter). Resources that are extracted from the P. juliflora-invaded area and utilised by the selected households were fuelwood, fodder, leaf litter and ground pods, etc.




2.6. Invasion Mapping and Data Analysis


The data for assessing the global distribution and invasion status of P. juliflora (i.e., native, naturalised and invasive) as well as its distribution in the Indian states (either invaded or facing the risk of invasion) was obtained from various literature [30,32,36,42], regional floras (e.g., Flora of India), and also by conducting extensive field surveys in various Indian states and the distribution and invasion maps were prepared accordingly. The distribution map is important for understanding the current status of this species and also for designing suitable management options accordingly. The maps were generated under ArcGIS Desktop 10.5 (copyright © 2016 ESRI, Redlands, California, USA) especially ESRI’s ArcMap™ 10.5 (Build 6491) a software for the Windows operating system. For analysing the impact of P. juliflora invasion on soil quality, biodiversity and on the local livelihood, whole dataset of soil testing, biodiversity analysis and resource extraction were subjected to independent samples t-tests at the 99% confidence level (p < 0.001) by using Statistical Package for Social Science (SPSS) program for windows version 16.0.2 (SPSS Inc., Chicago, IL, USA) software [60,61].





3. Results


3.1. The Current Status of P. juliflora Invasion: Global and Indian Scenario


The analysis of the global (Figure 2a) and national invasion (Figure 2b) status of P. juliflora clearly shows that the extent of P. juliflora invasion is severe and that it is already widespread in most of the tropical and subtropical countries (~103) and has become a global issue, including in the Indian sub-continent. While this plant species is native to Central and South America (extending the home range from southern Mexico to northern Peru including Venezuela, Colombia, Ecuador, Bolivia, Chile, Paraguay, Uruguay and Argentina), this species has now widely found in Africa and Asia-Pacific (Figure 2a) [32,42,43,44,45].



P. juliflora has been naturalised in the major parts of the world including the Brazil, North-Western Africa, Southern Africa, Middle East, and Western Asia (Figure 2a). Apart from its naturalised and invaded habitat, many other areas of the world are under the threat and risk of its invasion. These areas include mostly the Eastern Africa (Sudan, Ethiopia and Kenya) and Southern Africa (Botswana, Namibia and South Africa). Aside this, Senegal, Tunisia, Yemen, UAE and India are facing major threat of P. juliflora invasion [42,43,44,45]. In India, it has already invaded 18 Indian states excluding the Jammu and Kashmir, Himachal Pradesh and the major parts of Uttarakhand in northern India and also north-eastern states (Figure 2b).




3.2. Effect of P. juliflora Invasion on Soil Quality


The soil quality parameters of the P. juliflora-invaded and non-invaded areas are presented in Table 3. From the results (Table 3), it is clear that the quality of soil was somewhat better in the P. juliflora-invaded land of Lucknow in comparison to the open (non-invaded) area. The physico-chemical characteristics of P. juliflora soils such as pH, BD, and CEC were not significantly different (p > 0.01) except the WHC (p < 0.05) as compared to the soil samples from non-invaded area. The EC of the non-invaded soil was significantly higher [0.27 ds m−1 (p < 0.05)] as compared to the P. juliflora-invaded soils (0.16 ds m−1). However, the chemical properties like TOC, SOM, TN, AN, TP in the P. juliflora soils were significantly higher than the non-invaded area (Table 3), whereas the C:N ratio was 1.5 times lower in the invaded area as compared to the non-invaded area. Interestingly, the CFU counts were significantly higher in the non-invaded area (mean value as 29.81 × 106 g−1 of soil and 31.01 × 106 g−1 of soil during the years 2015 and 2016, respectively) as compared to the invaded region, which were 19.10 × 106 g−1 of soil and 19.46 × 106 g−1 of soil for the two consecutive sampling years, respectively. There was no significant difference in the MBC (p > 0.05) content of the two sites; however, there was a difference in the MBN (p < 0.05) between the two sites over the sampling period. SDA is another key indicator for monitoring microbial activity in soil [62]. As per the results, SDA was significantly higher, i.e., approximately there was a two-fold increase in the SDA of the soils of P. juliflora as compared to the non-invaded area (Table 3).




3.3. Effect of P. juliflora Invasion on Local Plant Biodiversity


The plant diversity of the invaded and non-invaded area is presented in Figure 3.



Eight plant species belonging to seven families (Asteraceae, Mimosaceae, Apocynaceae, Lamiaceae, Euphorbiaceae, Leguminosae and Rhamnaceae) were recorded from the invaded area. In addition to the dominant species, i.e., P. juliflora, other species found in the invaded area were Acacia sp., Calotropis gigantea (L.) W.T.Aiton, Clerodendrum infortunatum L., Eclipta alba L. ex B.D.Jacks., Nerium indicum Mill., Ricinus communis L., and Ziziphus jujuba Lam. Interestingly, all of these six species except P. juliflora and R. communis were also found in the non-invaded region. However, the RDs of these species were higher in the P. juliflora-invaded region than the non-invaded sites (Figure 3).



Apart from the above mentioned six species, another 20 species belong to 17 different families were also found in the non-invaded area such as Achyranthes aspera L., Amaranthus spinosus L., Boerhavia diffusa L., Cleome L., Cynodon dactylon (L.) Pers., Datura stramonium L., Euphorbia hirta L., Leucas aspera Link, Stachytarpheta indica Vahl, Aegle marmelos (L.) Corrêa, Alstonia scholaris (L.) R.Br., Delonix regia (Bojer) Raf., Madhuca indica J.F.Gmel., Mangifera indica L., Melia azadirachta L., Neolamarckia cadamba (Roxb.) Bosser, Polyalthia longifolia (Sonn.) Thwaites, Pongamia pinnata (L.) Pierre, and Psidium guajava L., Tamarindus indica L.



Among the various species, the Cynodon dactylon (L.) Pers. was the most dominant species (with RD of 8.67%) in the non-invaded area followed by Amaranthus spinosus L. (8.09%), Clerodendrum infortunatum L. (6.94%), Eclipta alba L. ex B.D.Jacks. (6.36%), and so on (Figure 3). There was a significant difference (p < 0.05) in the species richness of the invaded and non-invaded areas (30.50 ± 0.65 and 115.33 ± 2.16 number of species per 400 m2, respectively). As a result, the invaded area had a lower Shannon–Wiener Index (H) for species diversity (H = 1.97) as compared to the non-invaded region (H = 3.17). Moreover, the ENS was 7.17 for the P. juliflora-invaded region whereas the ENS of non-invaded region was found to be 23.79, clearly indicates the significant difference in the phytodiversity observed in the invaded and non-invaded regions. Interestingly, there were no grasses or any other plants found beneath the canopy of the P. juliflora, depicting its strong invasion, elimination and competition potential (Figure 4a) [63,64,65,66,67,68,69]. The previous studies have already proven that the leaf litter and pods of P. juliflora contains allelopathic chemicals [69] facilitating its invasion by preventing the growth of other species (Figure 4b-c). Moreover, its strong potential to grow in diverse habitats including dump yards and other extremely degraded sites (Figure 4d) is another reason behind its widespread proliferation.




3.4. Effect of P. juliflora Invasion on Local Livelihood


Through direct observations via extensive field work, household surveys and the personal interviews of more than 60 respondents in each of the studied area (from both invaded and non-invaded area) covering a respondent size of over 300 peoples, it was observed that among the total 27 recorded species, only three of the species—Acacia sp., P. juliflora, and Z. jujuba—provided the lion’s share of the annual fuelwood supply (i.e., 2197.30 kg household−1 y−1) to the local residents in the invaded area, out of which, P. juliflora contributed more than 60% of annual fuelwood share (i.e., 1384.29 kg household−1 y−1) than the rest of the native species. This clearly shows the dependence of local residents on P. juliflora for their fuelwood requirements.



Similarly, the mean annual consumption of P. juliflora for the fencing of the temporary household was estimated to be 36.37 kg household−1 y−1. However, in contrast to the fuelwood dependence scenario in the invaded area, the annual fuelwood consumption in the non-invaded area (3033.15 kg household−1 y−1) was mainly contributed by local tree species such as Acacia sp., Madhuca indica, Mangifera indica, M. azadirachta, P. pinnata, and P. longifolia. Additionally, it was found that the woods of D. regia, Mangifera indica, P. longifolia were also being used for fencing purposes in the non-invaded area (Table 4). The lesser utilisation of woods for fencing in the non-invaded area was mainly due to the greater use of bricks and other non-wood materials by the inhabitants. Besides the utilisation of woods for fencing and firewood purposes, the local peoples in the invaded area were also utilising the leaf litter (for burning) and fresh pods of P. juliflora (as vegetable) and also the fruits of Z. jujuba (Table 4).



However, in comparison to the ecosystem services derived by the resident peoples in P. juliflora-invaded sites, the non-invaded area had the greater services in terms of increased leaf litter consumption, fruits and other edibles mainly derived from Mangifera indica, N. cadamba, A. marmelos, A. spinosus, etc. Moreover, the peoples from non-invaded also benefit from additional services such as the availability of medicinal plants for the home remedy of some common diseases (Table 4). Furthermore, irrespective of the P. juliflora invasion, the local residents depend upon both P. juliflora and native plants as a key source of fodder for their livestock in both invaded (440 kg household−1 y−1) and the non-invaded (1526 kg household−1 y−1) area. Interestingly, the local residents living in the invaded sites faced a fodder deficit of 419.97 kg household−1 y−1 for their livestock whereas the residents of the non-invaded region had a fodder surplus of 157.80 kg household−1 y−1 (Table 5). Although the fodder deficit to the livestock in the invaded area was fulfilled from the external sources, the survey results explicitly pointed out that the invasion of P. juliflora has resulted in resource scarcity in the P. juliflora-invaded areas, apart from other ecological impacts such as the displacement of local biodiversity.



The field survey also revealed that P. juliflora invasion has restricted the outdoor activities of the children mainly due to the presence of piercing thorns. Although the pods of P. juliflora are rich in protein and available twice per year, there are findings that the pods have negative impacts on the health of livestock [64]. Gradually, the species has moved out of the plantation site and invaded the nearby grazing and farm lands (Figure 5) and decreased the fodder availability by displacing local species.





4. Discussion


4.1. Effect of P. juliflora Invasion on Soil Quality


Although P. juliflora is reported as an invasive species in most of the countries, the plantation of P. juliflora had significantly improved the soil quality of the invaded site in Lucknow, in comparison to the non-invaded area. This is mainly due to the fact that P. juliflora is a nitrogen-fixing tree and has thereby improved the soil quality of the degraded system [23,25,41]. Moreover, the rapid growth of this species is also due to the inherent difference in the functional traits of P. juliflora (tetraploid, i.e., 2n = 4x = 56) in comparison to most of the native species and also to other species in this genus like P. pallida, P. cineraria, etc. [65,66]. Higher nutrient level (TOC, SOM, TN, AN, TP) in the P. juliflora-invaded soil than the non-invaded soil (p < 0.01) is also due to the regular addition of foliage. Previous works reported that the total phenolics in the leaf litter of P. juliflora resulted in an increased nutrient content in the invaded soil [25,26,67]. Nevertheless, it has also been reported that P. juliflora has the potential to alter the hydrological regime by lowering the groundwater level of the invaded area due to its rapid growth and extensive root system [24,28,29]. Moreover, the P. juliflora invasion has also reduced the microbial load in the invaded region in comparison to the control site (p < 0.01). Higher CFU counts in the non-invaded area may be due to the rich microbial biodiversity and high aboveground biodiversity in the non-invaded area. While there was no significant difference in the MBC at both sites, the MBN was significantly higher in the invaded area. This was mainly due to the fact P. juliflora is an N-fixing tree and therefore, there may be an increased availability of N to the microorganisms in the rhizospheric zone. However, more studies are needed to validate the above claims. Similarly, the higher SDA content in the invaded area is also due to the higher level of SOM and TOC in the P. juliflora soil than at the non-invaded control site.




4.2. Effect of P. juliflora Invasion on Local Plant Biodiversity


The current study clearly shows that the invasion of P. juliflora significantly reduced the plant biodiversity of the invaded area through its displacing of the native species. There was a significant difference in the total number of plant species (p < 0.01) as well as the effective number of species (p < 0.01) in the invaded and non-invaded areas. The Shannon–Wiener Index (H) also suggested the lower diversity in the P. juliflora-invaded region as compared to the non-invaded area. While the non-invaded area has 26 plant species belongs to 20 different families, the invaded area has only eight plant species belongs to seven families. The absence of grasses and other ground vegetation beneath the canopy of P. juliflora indicate the allelopathic potential of the plant species. Previous studies reported that leaf exudates of P. juliflora contain plant-growth inhibitors (allelochemicals) such as L-tryptophan, syringin, and (–)-lariciresinol [68]. Particularly, L-tryptophan is majorly responsible for this allelopathic effects due to its increased level in the leaf extract than the other two allelochemicals [69]. The germination assays proved that the application of L-tryptophan resulted in the 44% inhibition of the radicle growth of Lactuca sativa (lettuce) and Echinochloa crus-galli L. (barnyard grass) in comparison to the control [68]. Furthermore, it has also been observed that the leaf extract from P. juliflora containing L-tryptophan (17.9 µM) has reduced the root growth in lettuce and barnyard grass [69]. Hence, it is well established that L-tryptophan from the leaf litters of P. juliflora plays an important role whereas syringin and (–)-lariciresinol plays a supplementary role in the allelopathic activity of P. juliflora leaves. Apart from these allelochemicals, there are also some plant-growth inhibitory alkaloids such as 3’’’’-oxojuliflorine (3’’’’-oxojuliprosopine), secojuliprosopinal, juliprosine, julifloricine, juliflorine, and juliprosopine found in the extracts of P. juliflora leaves [70,71,72,73,74,75]. Moreover, it has been reported that the bacterial and fungal isolates from the leaves of P. juliflora had significantly reduced the growth of Brassica juncea and Chloris dolichostachya [25] and the leaf litter addition had a negative impact on the growth of native plants in India such as Gum Arabic tree, Indian mustard, Rapeseed, etc. [25].



The severity of P. juliflora invasion is that this species is not only occupying the empty niche, but also affecting nearby productive systems and gradually displacing the native species. For example, P. juliflora has invaded the Baadu region of Ethiopia, taking over almost 8% of total wetland area within a year [76]. However, within the span of 13 years, the species has invaded to almost 40% of the wetland area [76]. Such invasions are negatively affecting the provisioning services like food, fodder, fuelwood, water, etc., and thereby affecting the food security and livelihood of nomads and agro-pastoralists [77,78,79,80]. Although P. juliflora was deliberately introduced for the restoration of extremely degraded soil where the growth and survival other species were not possible, it has gradually invaded the unintended sites and caused ecosystem disservices [76,78]. Therefore, the future introduction of species warrants a detailed ecological risk assessment, especially under the changing climatic condition.




4.3. Effect of P. juliflora Invasion on Local Livelihood


The present study also reported that P. juliflora invasion negatively affects the livelihood of local people. While P. juliflora is mainly used as a fuelwood (1384.29 kg household−1 y−1) in the invaded region, its prominence has significantly reduced other services such as fodder, medicine, fencing, fruits/edibles, etc., which are also essential for the resource-poor local residents for their sustenance. On the other side, the non-invaded area provided more services to the local people either in terms of fuelwood (i.e., 3033.15 kg household−1 y−1) or the other aforesaid services. Moreover, the non-invaded area provided a surplus fodder of 157.80 kg household−1 y−1 for the livestock, whereas the invaded area was under the deficit of 419.97 kg household-1 y-1. Apart from these shortcomings, P. juliflora has far-reaching adverse impacts on the livestock, as its ethanolic pods and leaves are reported to be toxic [78,79,80,81]. There are findings that the leaves cause diarrhoea in animals [82], thorns causes injuries and even the death to the animals [83].



The above findings clearly show that P. juliflora is having both positive as well as negative effects and, therefore, such invasive species cannot be prioritized for any national or regional biofuel programs. Instead, native species such as Miscanthus, Panicum virgatum, Azadirachta indica, Pongamia pinnata, Madhuca indica, Tectona grandis, Dalbergia sissoo, Agave sisalana, Simarouba glauca, Leucaena leucocephala, Calophyllum inophyllum, etc., having multipurpose environmental benefits, must be utilised for the restoration of degraded lands for attaining UN-SDGs.





5. Conclusions


Our study clearly indicates that P. juliflora has many adaptive traits for surviving in marginal, and even extremely degraded lands. While it has the potential to restore the fertility of degraded lands up to a certain extent and provides fuelwood and fodder to the local people, there is a hidden but known danger of the use of this species for the land restoration program, because P. juliflora also has several invasive traits. As a result, P. juliflora can grow-out from the introduced area to the nearby productive systems and can reduce the ecosystem services of the invaded sites by displacing the native biodiversity. The distribution study clearly shows that P. juliflora is now found in more than 103 countries and has become an invasive species in many continents. Therefore, utmost care must be taken to utilise this species for the future land restoration programs (especially targeted during the United Nations Decade on Ecosystem Restoration, 2021–2030) and suitable eradication programs must be urgently framed for the already-invaded sites.
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Figure 1. Geographical location of the study area: (a) India, (b) Lucknow, (c) Spatial imagery of the study area (source: Google Earth) (d) experimental field, (e–g) sub-sampling plots. 
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Figure 2. (a) Global distribution of P. juliflora showing its native range, naturalised habitat and the areas facing the risk of invasion, (b) Invasion status of P. juliflora in India. 
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Figure 3. Relative density (RD) of the plant species (herb, shrubs and trees) found in P. juliflora-invaded and non-invaded area of Lucknow, India. Note: The value zero represent the no occurrence of particular species; whereas the asterisk above the bars represents the significance level: * (p < 0.05); ** (p < 0.01). 
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Figure 4. P. juliflora-invaded areas in Lucknow, Uttar Pradesh, India (a) Vast and spreading canopy of P. juliflora along with its string competition potential completely eliminate the ground flora; (b) Litter and (c) Pods of P. juliflora contain allelopathic chemicals (d) and its strong adaptation potential to grow in diverse habitat including plastic waste dump yards. 
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Figure 5. The effect of P. juliflora invasion on livestock. (a,b) the species has invaded into the nearby grazing land and reduce the fodder availability (c) than the control site by displacing local species. 
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Table 1. General land-use and demographic profile of the study area (Block name: Chinhat, Tehsil name: Lucknow, District: Lucknow).
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S. No.

	
Land-Use of the Block *

	
(Area in ha)




	
1.

	
Total block area

	
12,564.94




	
2.

	
Cultivable area

	
5688.15




	
3.

	
Forest area

	
3.70




	
4.

	
Area under non-agricultural uses

	
1746.70




	
5.

	
Barren and un-cultivable land

	
462.40




	
6.

	
Permanent pastures and other grazing lands

	
74.20




	
7.

	
Land under miscellaneous tree crops, etc.

	
139.10




	
8.

	
Culturable wasteland

	
597.30




	
9.

	
Fallow lands other than current fallows

	
2398.9




	
10.

	
Current fallows

	
1455.40




	
Demography of the Block *

	
(numbers)




	
11.

	
Number of households

	
24,845




	
12.

	
Total population

	
137,251




	
Demography of study area (P. juliflora-invaded and non-invaded) #

	
(numbers)




	
13.

	
Households in P. juliflora-invaded area

	
21




	
14.

	
Households in non-invaded area

	
36




	
15.

	
Population in P. juliflora-invaded area

	
129




	
16

	
Population in non-invaded area

	
218




	
17.

	
Livestock in P. juliflora-invaded area

	
11




	
18.

	
Livestock in non-invaded area

	
30








* District census handbook (www.censusindia.gov.in); # from the field survey and interviews
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Table 2. Information collected through the semi-structured questionnaire.






Table 2. Information collected through the semi-structured questionnaire.





	Item
	Content/Purpose of the Questions





	(A) Age and sex
	Respondent’s age and sex



	(B) Literacy level
	The literacy level of the respondent and their understanding regarding Prosopis juliflora and other local/introduced species



	(C) Resource utilisation type
	The type of resources extracted/collected by the local residents from both invaded and non-invaded areas

Fuelwood

Fodder

Medicinal

Fencing

Leaf litters

Fruits/Edibles

Other Utility



	(D) Process of resource extraction/collection
	The way by which the local residents extracted/collected/utilized the resources from both invaded and non-invaded areas

Felling

Chopping

Lopping

Plucking

Grazing



	(E) Frequency of the extraction
	The frequency of the extraction/collection of the resources from both invaded and non-invaded areas

Daily

Weekly

Fortnightly

Monthly

Once in a while

Seasonally

Annually



	(F) Duration of the extraction
	The duration of the extraction/collection of the resources from both invaded and non-invaded areas

Summer

Winter

Rainy

Annual
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Table 3. Physico-chemical and biological properties of the soil collected from the rhizosphere of P. juliflora in the invaded area of Lucknow, India and also from the open area (n = 4; Mean ± SD) in 2015 and 2016.






Table 3. Physico-chemical and biological properties of the soil collected from the rhizosphere of P. juliflora in the invaded area of Lucknow, India and also from the open area (n = 4; Mean ± SD) in 2015 and 2016.





	Parameters
	Invaded area
	Non-invaded (Open Area)





	pH
	7.06 ± 0.15
	7.05 ± 0.13



	EC (ds m−1)
	0.16 ± 0.11
	0.27 ± 0.04*



	BD (g cm−3)
	1.28 ± 0.06
	1.30 ± 0.04



	Water holding capacity (%)
	57.97 ± 2.83*
	41.22 ± 0.50



	Cation Exchange Capacity (cmol kg−1)
	17.50 ± 0.60
	16.77 ± 0.41



	Total organic carbon (g kg−1)
	8.93 ± 0.81*
	5.01 ± 0.42



	Soil organic matter (g kg−1)
	15.39 ± 1.40*
	8.64 ± 0.72



	Total nitrogen (g kg−1)
	0.85 ± 0.21**
	0.21 ± 0.07



	Available nitrogen (g kg−1)
	0.31 ± 0.05**
	0.09 ± 0.04



	Total phosphorus (g kg−1)
	0.17 ± 0.03**
	0.04 ± 0.01



	C:N ratio
	10.94 ± 2.37
	26.79 ± 8.05**



	Microbial biomass carbon (μg g−1)
	127.20 ± 12.08
	119.10 ± 9.08



	Microbial biomass nitrogen (μg g−1)
	12.50 ± 1.07*
	9.46 ± 1.00



	Colony forming unit (106 g−1)
	19.28 ± 0.80
	30.41 ± 4.55*



	Soil dehydrogenase activity (μg g−1 h−1)
	16.31 ± 2.74*
	8.75 ± 0.69







Note: values with asterisks denote the significance in the respective row and derived from independent t-tests at p ≤ 0.01.
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Table 4. Resource extraction and utilisation pattern by the residents in the study areas (P. juliflora-invaded area and non-invaded area in same locality).






Table 4. Resource extraction and utilisation pattern by the residents in the study areas (P. juliflora-invaded area and non-invaded area in same locality).





	
Site

	
Resource Utilisation

	
Plant Species

	
Extraction Process *

	
Extraction Period






	
P. juliflora-invaded area

	
Fuelwood (bark/logs)/

Fodder/

Fencing.

Pods/fruits

	
Acacia sp.

	
F,C,L

	
Summer and winter




	
Prosopis juliflora

	
F,L




	
Ziziphus jujuba

	
F,C




	
Prosopis juliflora

	
F,C




	
Prosopis juliflora

	
F,C

	
As requirement




	
Prosopis juliflora

	
P,L

	
Summer




	
Ziziphus jujuba

	
P,L




	
Non-invaded area

	
Fuelwood

(barks/logs)/

Fodder/

Medicinal uses/

Fencing/

Fruits/edibles

	
Acacia sp.

	
F,C,L

	
Summer and winter




	
Madhuca indica

	
F,C,L




	
Mangifera indica

	
F,C,L




	
Melia azadirachta

	
F,C,L




	
Pongamia pinnata

	
F,C,L




	
Polyalthia longifolia

	
C,L




	
Achyranthes aspera

	
G




	
Alstonia scholaris

	
F,G




	
Boerhavia diffusa

	
F,G




	
Cleome sp.

	
F,G




	
Clerodendrum infortunatum

	
C,G,Co




	
Cynodon dactylon

	
F,G




	
Eclipta alba

	
F,G




	
Euphorbia hirta

	
F,G




	
Leucas aspera

	
P,U

	
Summer and winter




	
Melia azadirachta

	
F,C,L




	
Delonix regia

	
F,C

	
As requirement




	
Polyalthia longifolia

	
F,C




	
Neolamarckia cadamba

	
P,L

	
Entire season




	
Aegle marmelos

	
P,L




	
Amaranthus spinosus

	
P,L








* Note: Extraction process: F (Felling), C (Chopping), L (Lopping), G (Grazing), Co (Collecting), U (Uprooting), P (Plucking).
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Table 5. Estimation of fodder availability in the P. juliflora-invaded and non-invaded area to feed livestock per year (Mean ± SD).






Table 5. Estimation of fodder availability in the P. juliflora-invaded and non-invaded area to feed livestock per year (Mean ± SD).





	
Sl No

	
Particulars

	
Study Area




	
P. juliflora-Invaded Area

	
Non-Invaded Area






	
1

	
Fodder collected $ (kg household-1 d-1)

	
1.69 ± 0.61

	
4.36 ± 1.74**




	
2

	
Fodder demand # (kg household-1 y-1)

	
860.67 ± 135.24

	
1368.20 ± 214.99**




	
3

	
Fodder supply (kg household-1 y-1)

	
440.70 ± 159.76

	
1526.00 ± 143.13**




	
4

	
Total deficit † (kg household-1 y-1)

	
419.97 ± 85.06**

	
−157.80 ± 67.41








Note: values with asterisks represents the significance level: * (p < 0.05); ** (p < 0.01). $ obtained from the survey results; #considered average fodder requirement to 4–5 kg livestock−1 day−1 [63]; † calculated via evaluating the difference between the fodder demand and supply and the negative value in the total deficit column represents the surplus amount of supply.
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