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Spatio-Temporal Patterns of Climatic Niche Dynamics of an Invasive Plant Mikania micrantha Kunth and Its Potential Distribution Under Projected Climate Change
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Similarity of climatic niches occupied by a species in its native and invasive ranges has been recognized as one of the key factors for successful invasion. Accounting for changes in climatic niche over time may provide better understanding of the dynamic biological invasion process. We investigated these changes for an invasive alien plant Mikania micrantha in South and Southeast Asia, Australia, Oceania and parts of the USA. Based on documented occurrences over 200 years (1800–2017), we reconstructed the introduction history of the species and estimated climatic niche dynamics for the presumed invasion routes. We estimated niche conservatism and the environmental analogy between native and invasive ranges and used ecological niche modeling to identify the potential distribution of M. micrantha under current and future climate change scenarios. Our study identified six pathways through which the species was presumably introduced from its native range. Climatic conditions of the initial introduction sites were found to be similar to those in the native niche. However, the species occupied climatic niches in dry and cold areas over time, being outside of the limits of the realized climatic niche of its native range. The climatic niche dynamics also differed between the invasion pathways with variable time lag. This pattern of niche change over time was found to be consistent in future. Nearly 20% of the invasive range was found to be climatically suitable for this species and was predicted to expand toward cold and dry areas of the invasive range affecting nearly half of the global biodiversity hotspots. By analyzing M. micrantha invasion at a time scale, this study revealed multiple introduction pathways, variation in climatic niche dynamics among invasion routes, and potential range expansion of the species in its invasive range. Although further experimental and molecular studies are needed to explain these findings fully, this study highlights the need for temporally explicit approaches toward better understanding and successful management of biological invasions.
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INTRODUCTION

With increasing number of reports on negative impacts of invasive species on regional biota (Iacarella et al., 2015; Early et al., 2016; Bellard et al., 2017), biological invasion has become a severe problem globally and for obvious reasons, is in the spotlight of recent research trends (e.g., Bosso et al., 2017; Franco et al., 2018; Briscoe Runquist et al., 2019). Numerous studies have been conducted to identify how a minor component of native communities has successfully established itself in new and heterogeneous environment and becomes dominant in the invaded communities (Callaway and Maron, 2006).

One of the key factors for invasion success is the climate similarity between native and invasive ranges (Williamson, 2006) and recent studies have revealed that introduction of invasive species took place within climatic niches of their native range (Broennimann et al., 2007; Broennimann and Guisan, 2008). Based on the assumption that climatic niche would be conserved between native and invasive ranges (Elith et al., 2006, 2010), ecological niche models (ENMs) are frequently used to develop the potential distribution of invasive species under current and future climate change scenarios (Mainali et al., 2015; Elith, 2017). However, since biological invasion is a process along introduction-naturalization-invasion continuum (Moodley et al., 2013) and the invaded environment is also dynamic in nature, this assumption may not always hold true. Indeed, invasive species are often found to occupy novel climate conditions in the invasive range (Guisan et al., 2014) due to their ability for local adaptation (Hällfors et al., 2016; Oduor et al., 2016) and expressing phenotypic variation across a range of environmental conditions (Grewell et al., 2016; Li et al., 2016). Additionally, repeated introduction to different locations is a feature of many successful invasions (e.g., Chapman et al., 2016). Multiple introductions across space enhance the probability of encountering favorable environment (Blackburn et al., 2015) and therefore, may induce variability of climatic niche occupancy among introduced populations. Impact of climate change on biological invasions has been well-recognized, although the strength and direction of these impacts may vary depending on the species and ecosystem concerned (Bellard et al., 2013). In this context, accounting for these dynamic processes over time may provide a better understanding of the spatial and temporal aspects of successful invasions (Dietz and Edwards, 2006). Integration of climatic niche dynamics with ENM modeling approaches is therefore required to understand how ecological and evolutionary forces interact to shape the distribution of an invasive species under current and projected climate change. While a number of studies have used ENMs to investigate the climatic niche conservatism between native and invasive ranges (Atwater et al., 2018), assessment of change in climatic niche over time is rare for most of the invasive species (Broennimann et al., 2014). These research gaps are more prominent in the tropical regions where majority of biodiversity hotspots are located and invasions are least recognized and studied (Early et al., 2016). In these regions, in the coming decades, the threat of invasive alien species is estimated to be much higher.

In this study, we considered one global invasive species (species with ranges spanning more than one continent) Mikania micrantha Kunth, a native of Latin America and highly invasive in South and Southeast Asia, Oceania and Australia (Ellison and Sankaran, 2017). Due to its extensive economic and ecological impacts on natural forests, plantations and agricultural systems across its invasive range (Tripathi et al., 2012), it is considered as one of the top ten worst weeds of the world (Holm et al., 1977). The history of M. micrantha in most of its invasive range, although speculative and based on anecdotal evidence, indicates multiple introduction events separated geographically and temporally (Day et al., 2016). Previous ENM studies have predicted the potential distribution of M. micrantha at regional (Choudhury et al., 2016), national (Iyer et al., 2019), and global (Day et al., 2016) scales, however, with the assumption of climatic niche conservatism between its native and invasive ranges. M. micrantha can establish across different environmental conditions due to its ability to express phenotypic variation of traits [e.g., photosynthetic activity (Prabu et al., 2014), water and nitrogen use efficiency (Deng et al., 2004), leaf construction cost (Song et al., 2007), and vegetative and sexual reproduction Li et al., 2013; Banerjee et al., 2017a]. In this context, the modeled distribution based on the niche conservatism hypothesis may not reflect the true potential distribution of the species. In addition, these studies were also limited by the choice of algorithms and general circulation models for future predictions.

Given the invasion risk posed by M. micrantha in its invasion range, it is important to identify the introduction pathways of this species and assess its spread dynamics across its invasive range under present and future climate conditions. Based on previous reports of ecological tolerance and wide adaptability of M. micrantha across a range of environmental conditions, we hypothesized that although initial introductions of the species would occur within climate conditions similar to those of its native range, the species might occupy novel climatic conditions in its invasive range over time. We tested this hypothesis with the following specific objectives: (1) What were the possible introduction pathways of this species in the invasive range? (2) How did the species spread in its invasive range over time? and (3) How much area in the invasive range was climatically suitable for the species under current and future climate change scenarios? To achieve these objectives, we used an extensive occurrence dataset of M. micrantha covering its native and invasive distribution along with comprehensive climate data. The occurrence dataset was analyzed in the context of major historical events to reconstruct the introduction pathways and climatic niches were characterized for native and invasive ranges to analyze the spread dynamics of M. micrantha. Ensemble modeling framework was used to map potential distribution of the species under projected climate change.

MATERIALS AND METHODS

Collection of Occurrence Data and Environmental Variables

Native and invasive occurrence records of M. micrantha were collected from the Global Biodiversity Information Facility (GBIF) database using search terms “Mikania micrantha Kunth.” Occurrence records lacking spatial and temporal information were removed. We consulted archival records since the eighteenth century (n = 26) and herbarium databases (n = 8) to collect the occurrence records. Each herbarium specimen was checked for possible misidentification (except for digital collections), and information from the label data (including sampling location, year, and habitat characteristics and species identities) was recorded. In addition, an extensive review of the literature (1900–2017) was carried out by consulting several databases and repositories (e.g., CABI invasive species compendium, Pacific Islands Ecosystem at Risk database), and internet search engines like Google Scholar using the keywords: “Mikania,” “invasion,” “invasive plants.” Geographic coordinates were collected from the herbarium records (n = 605) and literature reports (n = 160). We used locality descriptions and Google Maps to georeference the records lacking specific geographic coordinates at a precision level of two decimal degrees. Records that lacked geographic distribution data were not considered in our study. Details of occurrence data sources are listed in Supplementary Table 1. Furthermore, occurrence records collected during our field surveys were also used. Presence records were screened for duplicates and a total of 2,434 occurrence records were kept for native range and 2,225 records for invasive range (Supplementary Table 2).

We downloaded 19 bioclimatic variables from the WorldClim database version 1.4 (http://www.worldclim.org/) (Hijmans et al., 2005), averaged for the 1950–2000 period, at a spatial resolution of 5 arc minutes (approximately 9 km resolution at the equator). For future climate projections, we used four representative concentration pathways (RCPs) of the IPCC—RCP 2.6, 4.5, 6.0, and 8.5, for two future periods−2050 and 2070. We chose three general circulation models (GCMs) of physical climate processes for which the predicted values of each of the bioclimatic variables were available: the Beijing Climate Center Climate System Model (BCC_CSM1.1), the Community Climate System Model (CCSM4) and the Hadley Global Environment Model 2-Atmosphere Ocean (HADGEM2-AO). The selected GCMs were found to perform well in predicting the potential distribution of invasive species and projecting shifts in species distribution under future climate scenarios (Gillard et al., 2017; Ahmad et al., 2019).

We organized our study in two major steps as shown in Figure 1: (1) chronological arrangement of the occurrence datasets and characterization of climatic niche over time, (2) modeling potential distribution by—(2.1) testing model transferability between native and invasive ranges by comparing climatic niches and estimating environmental analogy, (2.2) implementing modeling frameworks and validating them using intrinsic and extrinsic datasets, and (2.3) predicting distribution of M. micrantha in its invasive range under present and future climates. In the following paragraphs, each of these steps was discussed in details.
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FIGURE 1. Framework of the study comprising of four major steps: (i) analysis of climatic niche change over time, (ii) niche characterization and environmental analogy estimation, (iii) development of modeling framework and evaluation, and (iv) mapping potential distribution of Mikania micrantha.



Tracing Introduction Pathways and Climatic Niche Characterization

Archival and herbarium reports were consulted to trace the introduction pathways of M. micrantha and to identify the probable sites of introductions in its invasive range. Occurrence records were chronologically arranged and analyzed in the context of major historical events involving importation and exportation relevant to the introduction of alien plant species. Specifically, we considered the geo-political relationships, trade routes, the role of botanical gardens, human perceptions about the species as recorded and anthropogenic movements across countries and regions.

To investigate the temporal climatic niche dynamics of M. micrantha in its invasive range, we performed a PCA on all the climatic variables covering both native and invasive ranges. The package ade4 (Dray and Dufour, 2007) in R was used to perform the PCA. Chronologically arranged occurrences were then projected in the orthogonal environmental space and their scores were predicted along the first two axes (using the predict function in R). For each year, we defined lower and upper niche limits by 2.5 and 97.5 percentiles of scores of the cumulative occurrence records. The niche limits were calculated for years having at least three occurrence records with the assumption that the species did not disappear from a site once colonized. To check climate analogy of the presumed introduction locations with native range, multivariate environmental similarity surface (MESS) (Elith et al., 2010) analysis was carried out. In MESS analysis, the environment of grid cells occupied by the species in the invasive range was compared with that of the native range, with respect to the set of selected bioclimatic variables. The grid cells having positive value indicate similar environment between two ranges whereas grid cells with the dissimilar environment for at least one variable received negative values (Broennimann et al., 2014). We used the dismo package version 1.1-4 (Hijmans et al., 2017) in R to compute the MESS analysis.

Modeling Framework

To avoid model over-fitting and ensure validity of the statistical analysis, occurrences from the native and invasive ranges were spatially rarefied (using SDMtoolbox 2.3 in ArcMap 10.2.1) by selecting single point per grid cell (cell size of 10 km) (e.g., Brown, 2014). A total of 1,201 occurrence records were kept for native range and 1,437 records for invasive range. Using ade4 package in R 3.4.1 (R Core Team, 2017), we conducted a principal component analysis (PCA) and visualized the correlation between the bioclimatic variables. Seven bioclimatic variables, namely annual mean temperature (Bio1), maximum temperature of the warmest month (Bio5), minimum temperature of the coldest month (Bio6), temperature annual range (Bio7), annual precipitation (Bio12), precipitation seasonality (Bio15) and precipitation of driest quarter (Bio17), were selected based on their non-collinearity and contribution to the overall environmental variation.

Testing Niche Conservatism and Environmental Analogy

Environmental availability and analogy can affect the quantification of the realized niche of a species and thus affect the model projection (Guisan et al., 2014). Therefore, prior to modeling, environmental availability was characterized in form of climatic niches in native and invasive ranges using the COUE framework (Guisan et al., 2014), and the environmental analogy between two ranges was assessed using the ExDet (Mesgaran et al., 2014) analyses.

Following Broennimann et al. (2012), we used a modified Principal Component Analysis (PCA-env) to characterize environmental niches of the two ranges. Smoothed densities of occurrence data were plotted in the gridded environmental space (defined by the first two axes of the PCA built with the bioclimatic variables). Schoener's index of niche breadth (D) was used to estimate observed niche overlap between native and invasive ranges and was statistically evaluated using niche similarity test. Environmental spaces of native and invasive ranges were overlapped to estimate species niches in form of—unfilled niche of native range (U), overlapping niche of both the ranges (O) and expanded niche in the invaded range (E). These analyses were performed using the ecospat package version 3.0 (Broennimann et al., 2018) in R.

To check how much novel (non- analog) climate exists between the native and invasive ranges, a PCA analysis was performed on the selected bioclimatic variables for both areas and their coverage and overlap was visualized in the environmental space. We used ade4 package (Dray and Dufour, 2007) in R to perform these analyses. In addition, ExDet tool (downloaded from http://www.climond.org/exdet) was used to identify two types of novelty between native and invasive ranges for the selected bioclimatic variables. Non-analog environments were identified for individual variables (i.e., outside the range of individual variables of the native niche, type 1 novelty) as well as for novel combinations between variables (i.e., within the univariate range of the native niche but forming novel combinations between variables in the invasive range, type 2 novelty) (Mesgaran et al., 2014).

Model Development and Evaluation

To generate an ecologically meaningful model background, we first spatially intersected the native occurrence points with the Köppen–Geiger climate layer (available from CliMond database, https://www.climond.org/Koppen.aspx) to identify climate classes where the species is currently occupying (Webber et al., 2011). We restrained the model background to include only those areas with the previously identified climate classes. Following the BAM framework proposed by Barve et al. (2011), we considered the selected model background as the abiotically suitable area where the species could occupy under unlimited dispersal.

A number of algorithms are available to model species distribution and significant variation has been observed among their individual performance (Elith et al., 2010). Therefore, to account for uncertainties in prediction of a single algorithm and to increase the prediction accuracy, we used ensemble modeling approach, implemented in the biomod2 package (Thuiller et al., 2009) in R. To build the ensemble model, we used nine different algorithms (e.g., Marx and Quillfeldt, 2018; Smeraldo et al., 2018; Srivastava et al., 2018): three regression methods [GAM: general additive model (Hastie and Tibshirani, 1990), GLM: general linear model (McCullagh and Nelder, 1989), MARS: multivariate adaptive regression splines (Friedman, 1991)]; three machine learning methods [GBM: generalized boosting model (Ridgeway, 1999), MAXENT: Maximum Entropy (Phillips et al., 2006), RF: random forest (Breiman, 2001)], two classification methods [CTA: classification tree analysis (Breiman, 1984), FDA: flexible discriminant analysis (Hastie et al., 1994)] and one envelope model [SRE: Surface Range Envelop (Busby, 1991)]. To meet the requirement of presence-absence datasets of these models, we generated an equal number of pseudo-absence (PA) points (as available presences) randomly across the model background. Models fitted with equal number of PA points were found to have higher predictive accuracy (Barbet-Massin et al., 2012). We created three sets of PA points to avoid the potential sampling bias of the PA points across the study area.

Invasive occurrence records were randomly partitioned three times to keep aside 20% data (n = 287) for external validation (Guisan et al., 2017). The models were built using complete occurrence records from native range (n = 1,201) and 80% of the invasive occurrence records (n = 1,150) as recent studies reported robust model performance when using combined occurrence records (Broennimann and Guisan, 2008). The models were calibrated using 70% of randomly selected combined occurrence records with 30% data were kept aside for intrinsic model evaluation. The modeling process was replicated four times, thus generating a total of 108 models (9 algorithms x 3 PA datasets x 4 cross-validation runs). Intrinsic validation was conducted using two metrics—true skill statistic (TSS) and the area under the curve (AUC) of receiver operating characteristics (ROC). Individual models with high predictive accuracy (TSS>0.55 and ROC>0.8) were used to build an ensemble model with three ensembling options: mean, committee averaging and weighted mean. The ensemble models were assessed using two metrics: TSS and ROC. The ensemble model projection on invasive range was externally validated for 20% invasive occurrences (n = 287) using the modified Boyce index (Hirzel et al., 2006) implemented in the ecospat package in R. Threshold-independent Boyce index assesses how much the model predictions differ from random expectation and the value varies from −1 to 1 (Boyce et al., 2002). Positive values indicate consistent predictions with the evaluation dataset, values close to zero indicate random predictions, and negative values indicate incorrect predictions (Boyce et al., 2002).

Mapping Potential Distribution

We generated an ensemble model using complete occurrence datasets from both ranges (n = 3,426) and used the ensemble forecasting method (implemented in biomod2 package) to map the predicted distribution of M. micrantha in the invasive range. Minimum training presence (MTP) values obtained by invasive occurrences were used as thresholds to convert the continuous predictions to binary predictions (pixels identified as suitable or unsuitable). Using the pixels having values above MTP, classified suitability maps were generated based on omission percentage of occurrence points: 10% omission (low suitability), 10–25% omission (medium suitability), 25–50% (high suitability) and >50% (very high suitability) (Mukherjee et al., 2011).

To identify the range change of the species under future climate conditions, we used binary predictions generated by using the MTP values as thresholds. Raster overlay analysis was conducted with the binary predictions from three GCMs and a combined raster was produced based on prediction analogy. The combined raster was then overlain with the current binary prediction to identify range change. ArcMap 10.2.1 was used for these analyses. Risk assessment of M. micrantha was further conducted based on numbers of biodiversity hotspots (Myers et al., 2000) and terrestrial ecoregions (Olson and Dinerstein, 2002) to be affected by its predicted distribution under current and future climate change scenarios.

RESULTS

Introduction of M. micrantha in Invasive Range

Analysis of archival literature and herbarium catalogs revealed multiple introduction pathways for this species (Table 1): outside its native range, M. micrantha was first recorded from Luzon province of the Philippines in 1838. From the Philippines, the species was introduced to the Malay Peninsula of undivided British India at the end of the nineteenth century, and subsequently to northeast India (route 1); introduction through botanical gardens took place in Hong Kong (route 2) and Kolkata (route 3) at the end of the nineteenth century from where the species started spreading in southern China and eastern India respectively; in early 1900, M. micrantha was recorded from Fiji from where it was introduced to Oceanic islands and in PNG in around 1960, and from PNG to Australia at the end of the Twentieth century (route 4); the species was introduced to Indonesia and Malaysia in early 1950 (route 5) and latest introduction reports in early 2010 came from the USA (route 6).


Table 1. Presumed invasion pathways of Mikania micrantha and the initial occurrence records from its invasive range.
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Climatic Niche Change Over Time

Climatic niche dynamics of M. micrantha at a temporal scale (Figures 2A,B) showed that climate conditions at the presumed introduction sites along PCA axis 1 (lower niche limit = 0.39, upper niche limit = 5.29) matched conditions found within the realized climate niche limit of the species in its native range (range: −2.39 to 5.78). The climate conditions of the initial introduction sites along PCA axis 2 were also found to be within limits of the native climatic niche (range: −4.4 to 1.99), except the introduction location in Kolkata of eastern India (2.61). All sites of initial introductions showed positive values in the MESS analysis (Figure 2C; Supplementary Table 3). However, considerable variation in apparent lag and initial spread was observed among six introduction routes. The populations introduced through route 1, 2, and 4 remained confined to a few populations for nearly 100 years (lag phase) whereas shorter lag phase was recorded for the populations introduced via route 3 (60 years) and route 5 (40 years). From its initial introduction sites, the species started spreading to new locations (initial spread phase) and it was only after 2000 when range expansion was observed for all introduction pathways. Interestingly, the populations introduced and spread via Fiji (route 4) and Indonesia (route 5) spread outside of the realized native niche, toward cold climate conditions in Papua New Guinea (PNG) and southern India, as evident from the PCA axis 1 values for PNG in 1974 (7.08) and southern India in 1985 (7.03) (Figure 2A). On the other hand, PCA axis 2 values revealed that populations introduced through route 1 started spreading toward dry conditions in northeast India (3.96), Myanmar (2.13), Nepal (2.21) and Thailand (2.79) since 2000 (Figure 2B).
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FIGURE 2. Climatic niche dynamics of M. micrantha since introduction along environmental (A,B) and geographical (C) space: (A) Change in the realized climatic niche along first principal component analysis (PCA) axis (temperature gradient); (B) Change in the realized niche along second PCA axis (humidity) gradient. Straight lines indicate upper and lower niche limits of the invasive occurrences. Different colors of the triangles and vertical lines indicate 6 presumed introductions and spread routes of the species in its invasive range: route 1(black), 2 (red) 3 (blue), 4 (pink), 5 (green), and 6 (yellow). Triangles show the climatic niche values at the introduction sites whereas the vertical lines denote climatic niche values of the invasive occurrence locations. The stacked bars at the left show lower and upper niche limit of the species whereas the gray areas highlight the realized climatic niche of the species in its native range. (C) Multivariate environmental similarity surface (MESS) analysis of South and Southeast Asia, Oceania and Australia (lower panel) and the USA (upper panel); dark green areas indicate similar climate conditions with native range and the light green-blue gradient indicates the degree of dissimilarity with the native climate. Blue dots denote the initial introduction sites in the invasive range.



Niche Conservatism and Environmental Analogy

The first two PCA axes explained maximum environmental variation between native and invasive ranges (74.3%) (Table 2). The three variables that contributed most in explaining the variation in the native occurrence data were the minimum temperature of the coldest month (Bio6), mean temperature of coldest quarter (Bio11) and mean temperature of the driest quarter (Bio9) (Table 2). The hypothesis of retained niche similarity was accepted (p = 0.5) indicating that climatic niches in the two ranges were more similar than would be expected at random. High amount of overlap (D = 0.678) was observed between native and invasive ranges. High value of niche stability (O = 0.9997) along with low expansion (E = 0.0003) and unfilling (U = 0.132) indicated that M. micrantha occupied most of its native niche in its invasive range (Figure 3A). PCA analysis of the selected bioclimatic variables revealed that the differences between the two regions are minor (Figure 3B). From the ExDet map it was evident that majority of the invasive range was inside the univariate range of climate covariates of the native niche (green in Figure 3C) whereas the NT1 component (marked red in Figure 3C) was restricted to the northern part of China, the USA and central to west India. The most influential covariate (MIC) map revealed that the novel univariate range (i.e., NT1) in northern China and the USA was driven by the temperature annual range (Bio7) whereas minimum temperature of the coldest month (Bio6) contributed to the NT1 novelty in northwest China and Alaska in the USA (Figure 3D).


Table 2. Loadings on two axes of the principal component analysis (PCA) of the bioclimatic variables.
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FIGURE 3. Characterization of climatic niche and environmental analogy: (A) Visualization of climatic niches of M. micrantha in native and invasive ranges. The green colored areas correspond to the unfilled zone, blue areas represent the overlap zone of the two niches, and the red areas delineate the expansion zone; red arrows represent how the center of the niche has changed between the two ranges. Green and red contour lines delineate the available niche in native and invasive ranges respectively; (B) Differences in the ecological space of M. micrantha between native (red) and invasive (blue) ranges as mapped in the geographic space (left panel) and environmental space (right panel) based on selected bioclimatic variables; (C) The ExDet map of the extrapolated projection areas; green colored areas indicate similar climatic condition between native and invasive ranges whereas the Type 1 novelty (red) indicates areas in the invasive range with at least one bioclimatic variable outside the univariate range of the native range; (D) Most influential covariate (MIC) map showing the spatial distribution of the dissimilar covariates in terms of their contribution to Type 1 novelty whereas blue areas have similar environment with that of native range.



Model Evaluations

All the individual modeling algorithms had ROC values above 0.8 and TSS values above 0.5 with RF models appeared to be the most accurate on average. The ensemble models performed well as evident from high evaluation scores (>0.7) for all three metrics. Weighted mean provided better evaluation than mean and committee averaging models, so external validation with the 20% invasive occurrence data was performed on the weighted mean model forecasts. Positive Boyce index (Spearman's rank correlation coefficient >0.9) values confirmed model projection accuracy (Supplementary Table 4).

Potential Distribution

Under present climatic conditions, nearly 20% of the total invasive range was found to be climatically suitable for M. micrantha (Figure 4) covering 39 terrestrial ecoregions belonging to 8 biogeographical realms and 7 biomes along with 10 biodiversity hotspots (Supplementary Table 5). In South Asia, the Western Ghats of south India, parts of northeast India, eastern parts of Vietnam and Laos, southern China and Taiwan were predicted to be climatically suitable for M. micrantha (Figure 4A). Among Southeast Asian countries, northern Philippines, and parts of south and west Indonesia had low to high climatic suitability (Figure 4B). Most of Papua New Guinea and northeast Australia along with the Oceanic islands were climatically suitable for M. micrantha growth (Figure 4D). In the western hemisphere, the potential distribution of M. micrantha was restricted to Florida of the USA (Figure 4C).
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FIGURE 4. Projected distribution of M. micrantha on—(A) South Asia, (B) Southeast Asia, (C) the USA, and (D) Australia and Oceania with current climate condition. Legends depict five climate suitability classes based on thresholds calculated in terms of minimum training presence of known occurrences and the ecoregions prioritized for conservation have been delineated.



For all the three GCMs, increase in percentage of climatically suitable region was observed by 2050 and 2070 with respect to current climate conditions (Figure 5). However, with respect to 2050, percentage of climatically suitable region was decreased in 2070 under RCP 4.5 and 2.6 (except BCC_CSM1.1) whereas under RCP 8.5 and 6.0 (except CCSM4), percentage of climatically suitable region was increased across the three GCM scenarios. Under projected climate change, suitable climates for M. micrantha were likely to shift geographically (Figure 6), covering parts of 5 additional terrestrial ecoregions (Supplementary Table 5). Parts of central India, Myanmar, Thailand, China and Australia were found to become climatically suitable under RCP 2.6 (Figures 6A,B) and RCP 8.5 (Figures 6E,F). In the western hemisphere, novel climatic suitability for M. micrantha was observed in the coastal areas of southern and western USA under RCP 2.6 (Figures 6C,D) and RCP 8.5 (Figures 6G,H). Similar pattern of range expansion was also observed for RCP 4.5 and RCP 6.0 (Supplementary Figure 1).
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FIGURE 5. Percentage of climatically suitable region for M. micrantha with current climatic conditions, and for 2050 and 2070 under two RCPs with the three GCM scenarios—the Beijing Climate Center Climate System Model (BCC_CSM1.1), the Community Climate System Model (CCSM4), the Hadley Global Environment Model 2-Atmosphere Ocean (HADGEM2-AO; and the combined prediction for three GCMs.
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FIGURE 6. Overlay maps showing changes in predicted distributions of M. micrantha according to RCP 2.6 (A–D) and RCP 8.5 (E–H) with the combined GCM scenario—changes in predicted distributions in South and Southeast Asia, Australia and Oceania by 2050 (A,E) and by 2070 (B,F); and in the USA by 2050 (C,G) and by 2070 (D,H).



DISCUSSION

Tracing Introduction History

Amidst the speculative introduction history of M. micrantha in most of its invasive range countries, our study revealed the possibility of multiple introduction pathways of this species. Chronological analysis of the historical evidence indicates that outside of its native range, M. micrantha was first introduced into the Philippines at the end of the nineteenth century, probably through the Pacific trade routes between the European countries and Latin America with the Philippines as an important trading post (Legarda, 1999). For example, through the Manila galleon trade route, Spanish trading ships made round-trip sailing voyages from the port of Acapulco in New Spain (present-day Mexico) to Manila in the Spanish East Indies (present-day Philippines). Earlier reports also highlighted the possibility of M. micrantha introduction into the Philippines from Mexico (Cock et al., 2000), though the report could not be substantially evaluated. The species started spreading from the Philippines to the Malay Peninsula, as evident from a number of floristic records of that time from that region. Our analysis suggested that the species was introduced to northeast India through this route, which is in contradiction with previous studies suggesting that the species was introduced into northeast India during the 2nd World War (1939–1945) to camouflage airfields (Tripathi et al., 2012; Ellison and Sankaran, 2017). The earliest herbarium record of M. micrantha from this region (of 1909) was before the 2nd World War which indicates that the species was introduced in this region in around 1900.

Botanical gardens played an important role in the introduction of alien invasive plant species worldwide (van Kleunen et al., 2018). M. micrantha was possibly introduced in the botanical gardens of Kolkata and Hong Kong by the end of the nineteenth century when botanical knowledge was recognized as an integral component of the imperial expansion of the British (Cronk and Fuller, 2001). M. micrantha has been used as a folk medicine for anti-bacterial activity in Jamaica (Facey et al., 1999) from where it was introduced into the Kew botanical garden in 1886 for cultivation purpose (Supplementary Table 1). Among the three species of Mikania suggested for cultivation in the Calcutta Botanical Garden (Spry, 1839), Mikania guaco Kunth is morphologically similar to M. micrantha [as evident from that fact that one of the common names of M. micrantha was “falso guaco” (Duke et al., 2008)]. Therefore, it is likely that M. micrantha (= M. guaco) was introduced from Jamaica to Calcutta Botanical Garden through the Kew Botanical Garden. Several authors presumed that Mikania was present in the Kolkata Botanical Garden in early 1900, and its presence was also attributed to the Kew Botanical Garden (Choudhury, 1972; Cock et al., 2000).

Another introduction of M. micrantha took place in Fiji in 1900; although the introduction history in this region is still obscure (Macanawai et al., 2012). Introduction of M. micrantha took place as ground cover for rubber plantation in Indonesia and Malaysia in around 1950 (Teoh et al., 1985), from where it started spreading in Southeast Asian countries like Singapore, Sri Lanka and southwest India. In 2011, the species was introduced to the USA where the distribution of the species was recorded from disturbed areas such as roadsides, woodlots and in plant nurseries in Florida (Manrique et al., 2011). In conjunction, these findings are indicative of multiple introductions of M. micrantha in its invasive range.

Assessing Spread Dynamics

The initial introductions of M. micrantha took place within the analog climatic niche of the species in its native range, thereby supporting the hypothesis that initial introductions of an invasive species took place within the similar climate conditions of its native range. However, our study revealed that the species is not at equilibrium with the current environmental conditions of its invasive range (Václavík and Meentemeyer, 2012) as it has been occupying new climatic niches over time. The shift of the realized climatic niche of M. micrantha toward cold and dry conditions in its invasive range is not surprising since the bioclimatic variables related to cold temperature (Bio6, Bio11) and temperature of the dry months (Bio9) made significant contributions in governing the distribution of this species. Previous studies have revealed that M. micrantha can establish across a range of environmental conditions due to phenotypic variation of physiological traits (Banerjee et al., 2017a). For example, experimental studies have found enhanced NAC gene expression in response to cold stress (Li et al., 2012) and phenotypic plasticity in traits in different altitudinal gradient (Prabu et al., 2014), to elevated CO2 concentration (Song et al., 2009), and to contrasting light and soil water conditions (Zhang and Wen, 2009) in M. micrantha. These properties may help the species to occupy different habitat conditions in its invasive range and probably explain the occupancy of novel climate conditions outside its native niche. The ability of successful establishment of M. micrantha across a range of environmental conditions is also evident from the high amount of niche stability between native and invasive ranges. This finding is indicative that the species has adapted to unique environmental conditions encountered in its invasive range, and in agreement with other studies which showed absence of climatic niche shift in terrestrial invaders (Petitpierre et al., 2012).

However, intraspecific variation in spread dynamics has been found among different introduction pathways of this species, as observed in other invaders like spotted knapweed in the USA (Broennimann et al., 2014). While the inherent ecological and evolutionary processes may be responsible for the time between introduction and range expansion of an invasive species, multiple factors have been identified which can influence the observed lag and spread dynamics of an invasive species (Daehler, 2009). Firstly, the range expansion of M. micrantha population introduced through Philippines and the Malay Peninsula probably started since 1960 through the tea trading routes. M. micrantha is recognized as an important weed in tea plantations in northeast India (Sankaran et al., 2008; Puzari et al., 2010) which constitute one of the largest tea growing regions of the world. Therefore, multiple tea trading routes possibly aided in its spread to adjoining states and countries like Nepal and Bhutan. However, the significantly longer lag period observed for the populations introduced through this route (i.e., more than 100 years) could also be due to detection lag (Crooks, 2011) when the species was restricted to small populations, or because of inconsistent and coarse-scale historical information (Daehler, 2009) collected during this time period. This temporal variation in sampling efforts may also explain the lag phase observed for the populations introduced through Fiji. After introduction to Fiji in 1900, the species started spreading to oceanic islands from 1930 (Day et al., 2016), probably through European settlement wave (Jupiter et al., 2014). However, the observed lag phase, spanning more than 80 years, could likely be due to lack of reliable quantitative data on species diversity and distributions and inadequate sampling effort in the island countries (Keppel et al., 2014).

Secondly, although intentionally introduced through botanical gardens (route 2 and 3), the difference in the lag period between Kolkata (60 years) and Hong Kong (100 years) populations of M. micrantha might be explained on the basis of trade activities of that time period. Kolkata, being one of the major cities of undivided British India, was well connected to adjoining states through trade and transport networks which facilitated the rapid spread of M. micrantha to the surrounding areas (Haines, 1925). On the other hand, the industrialization of Hong Kong accelerated since 1950 after the establishment of the People's Republic of China in 1949 (https://bit.ly/2JttdOH; accessed on 31.05.2019). Newly developed trade relationships and transport networks between these two regions probably aided the spread of M. micrantha from Hong Kong to its neighboring city Shenzhen in mainland China in around 1984.

Finally, the populations introduced through Indonesia and Malaysia started spreading in Southeast Asian countries through rubber trading routes operational between these countries. Introduction of a species from a region where it is already naturalized has been found to increase fitness of the introduced populations, thereby accelerating its establishment and dispersal in the introduced range. This probably explains the shortest lag period (35 years) observed for these populations which were presumably introduced from the Indonesia and Malaysia where the species had already naturalized. This kind of increased fitness for the secondarily introduced population (O'Loughlin and Green, 2017) has also been observed for other invasive species. For example, in a study evaluating the role of propagule origin (non-native vs. native) on invasion success of Centaurea solstitialis, it was found that seeds of the non-native populations from California reached higher abundance than seeds of the native population collected from Spain (Xiao et al., 2016). However, the short lag period may also be due to increased noticeability for its impacts on rubber plantations. This lag phase is within the range of lag times (50 years) observed for many tropical invasive plant species (Daehler, 2009).

Identifying Potential Distribution

Given that the species is occupying new climatic niches in its invasive range, the modeled distribution combining native and invasive occurrence data provided a robust estimate of the potential distribution of M. micrantha under current and future climate conditions. The observed pattern of realized climatic niche movement toward dry and cold areas of its invasive range is also evident from the climatic suitability and occurrence of the species in the temperate broadleaf and mixed forest biome which is present but unoccupied in its native range (Banerjee et al., 2017b). This shift in biome occupancy between native and invasive ranges has been recorded in other invasive species as well (Gallagher et al., 2010). Based on a robust estimate of the potential distribution of this species under three GCMs, our study revealed predicted a potential increase of suitable habitat in dry and cold areas of central India, southern China and northern Australia. This pattern of range expansion is consistent with the studies regarding the impact of climate change (Liu et al., 2017; Akin-Fajiye and Gurevitch, 2018; Thapa et al., 2018), and on M. micrantha as well (Shrestha et al., 2018). Interestingly, the effects of climate change on species distribution was more evident in mainland countries, as oceanic barriers might hinder species movements following climate change in the Oceanic islands (Bellard et al., 2018). In addition, fresh introductions are being reported from new areas (e.g., in the USA; Manrique et al., 2011) where the species has not yet reached all of its suitable environments and management initiatives are controlling the spread of this species in certain areas. For example, our model found high climatic suitability for M. micrantha's invasion to the coastal regions of eastern Australia. We did not find records from that region, and it is likely that effective management and strong quarantine measures have reduced the spread of this species since its introduction in 1998 (Brooks et al., 2008). In this context, our study does not reflect the current distribution of the species in its invasive range, rather highlights the risk of new areas to be colonized.

CONCLUSIONS AND FUTURE DIRECTIONS

We believe that the exhaustive and robust occurrence dataset used in this study ensured good precision for tracing the introduction pathways, mapping temporal spread and modeling potential distribution of M. micrantha in its invasive range. This is the first study that identifies multiple introduction pathways for M. micrantha in its invasive range, and highlights spatio-temporal variation of the spread dynamics among the invasion pathways. Our study also revealed that nearly 30% of the terrestrial ecoregions (among those which have been recognized for priority conservation) and nearly half of the global biodiversity hotspots are vulnerable for the invasion of this species. Predicted range expansion under future climate change scenarios further highlights the need for effective management of potential new suitable habitat. In this perspective, the findings of our study provide valid support for developing management strategies for M. micrantha invasion, e.g., by designing early detection and rapid response initiatives, implementing quarantine measures and devising scientifically informed site-specific management policies. Taking clues from the successful management strategies implemented so far, an inter-regional approach to research and management of M. micrantha invasion should be prioritized (Clements et al., 2019).

Although this framework is applicable for other invasion scenarios, we identified scopes of further improvements of these approaches and addressed these uncertainties for consideration in future endeavors. Firstly, herbarium and archival records on which the temporal spread has been estimated, are often suffered from multiple biases (Delisle et al., 2003). Although consultation of key herbaria across its invasive range took care of these factors to some extent, data from local herbaria might provide finer-scale information of introduction and spread of M. micrantha in its invasive range. The evidence introductions should be strengthened with future population genetics studies using both nuclear and chloroplast DNA primers (Williams et al., 2005; Oduor et al., 2015). Identification of the invasion source may also help in selecting the optimal classical biological control agent(s) (Richmond et al., 2015; Sun et al., 2017), which will aid the effective management of this species. Secondly, our study indicated that detection lag and species responsiveness to a range of environmental conditions might be responsible for the observed variation in climatic niche dynamics among the invasion pathways of M. micrantha. However, further experimental studies, e.g., common garden and reciprocal transplant involving species from multiple demes, may provide important information on local adaptation and phenotypic variation across environmental gradients (Kawecki and Ebert, 2004; Davidson et al., 2011). These findings may provide useful insights into the intraspecific variation in lag time and climatic niche change over time. Finally, climatic niche change over time. Finally, projections of species distribution are limited by the assumption of climatic variables as the only drivers of change, whereas potential distribution can be influenced by both biotic (e.g., species interactions, anthropogenic influence on spread) and other abiotic factors (e.g., land use, topography; Bellard et al., 2013). Including these predictor variables to the models might improve the spatial accuracy of the predictions. Since these variables may influence species distribution at a local scale where climate is not a limiting factor (Bellard et al., 2018), assessment of the effects of climate change at country level may provide deeper insights in the distribution pattern under future climate scenarios (e.g., Kelly et al., 2014).
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Presumed invasion pathways Year Source Species identified as

Category  Information

Philippines (Luzon province) 1838 H Smithsonian National Museum of Natural History (Cat No. 40674) M. micrantha
Malay peninsula 1876 A Compositae Indicae (pp. 34) M. volubis*
M. scandens
Burma (Myanmer) 1877 A Journal of the Asiatic Society of Bengal (XLVI Part Il, pp. 197) M. scandens"
Malay peninsula 1882 A Flora of British India (Vol. I, pp. 244) M. scandens”
India (Sikkim) 1909 H Central National Herbarium (Acc No. — 74) M. scandens
Incia (Assam) 1984 H Central National Herbarium (Acc No. - 15282) M. scandens®
Nepal (lam district) 1963 L (Sapkota, 2007) M. micrantha
Bhutan 192 A Weeds of Bhutan M. micrantha
ROUTEZ
Hong Kong (Botanical garden) 1884 L (Geng etal., 2017) M. micrantha
Mainland China (Shenzhen province) 1984 L (Geng etal., 2017) M. micrantha
Taiwan 1986 L (Wil et al., 2008) M. micrantha
ROUTES
India (Calcutta) 1918 H Kew Royal Botanic Gardens herbarium (Sp: K001045680) M. micrantha
ROUTE
i (Viti Levu) 1900 A Flora Vitiensis nova: a new Flora of Fiji (Vol. 5, pp. 297-298) M. micrantha
Western Samoa (Malololeile) 1929 H Smithsonian National Museum of Natural History (Cat No.1626209) M. micrantha
Papua New Guinea (Kainku sub-dlistrict) 1962 H Australia’s Virtual Herbarium (Cat No. CANB 575385) M. micrantha
Oceanic islands 1965 D GBIF M. micrantha
Mainland Australia (Queensiand) 1998 L (Waterhouse, 1999) M. micrantha

Indonesia (Botanical garden, Bogor) 1949

L (Wirjahardja, 1975) M. micrantha
Malaysia 1950 L (Teoh et al., 1985) M. micrantha
Singapore (Kranji NR) 1955 H Singapore botanic garden herbarium (Coll. No. 377)

Sri Lanka 1960 D GBIF M. micrantha
India (Keralz) 1967 H Central National Herbarium (Acc No. - 69674) M. cordata®

USA (Florida) 2010 L (Manrique et al., 2011) M. micrantha

#Mikania volubils is synonymous to Mikania cordata, a native species of the genus Mikania found in Southeast Asian countries; “Mikania scandens is native to North America. Possible
misidentification of these herbarium and archival records has been verified based on taxonomic characteristics and from previous literature records.
Category of data sources included archival records (A), herbarium sheets (H), literature reports (L), and online data repositories (D).





OPS/images/fevo-07-00291-t002.jpg
Variables  Description Axis 1 Axis 2

(56%) (18.3%)

Biod Annual mean temperature 0878 0448

Bio2 Mean diurnal range ~0655 0364

Bio3 Isothermality 0.754 -0.076

Biod Temperature seasonality -0.798 0048

Bios Max temperature of warmest 0569 0669
month.

Bio6 Min temperature of coldest month 0,955 0217

Bio7 Temperature annual range. -0823 0244

Bio8 Mean temperature of wettest 0730 0537
quarter

Bio9 Mean temperature of driest 0895 0309
quarter

Bio10 Mean temperature of warmest 0723 0552
quarter

Biot1 Mean temperature of coldest 0931 0338
quarter

Bio12 Annual precipitation 0875 ~01365

Bio13 Precipitation of wettest month 0.875 .105

Bio14 Precipitation of driest month 0219 ~0.706

Bio15 Precipitation seasonality —0.208 0.604

Bio16 Precipitation of wettest quarter 0869 —0.121

Bio17 Precipitation of driest quarter 0554 —0701

Bio18 Precipitation of warmest quarter 0511 -0.333

Bio19 Precipitation of coldest quarter 0674 ~0.39%

Values > 0 indlicate a postive contribution, whereas, those <0 indicate a negative
contribution to the axis. The variables selected for this study are shaded in gray.





OPS/images/fevo-07-00291-g001.gif
wa g

Fre—

Bt s (4219 =
gmea
prrevap—

Entumens ooty

spsisyretes e P—
socaronid aami) s | ot st T el
Py [.m.n._u | Sk e samoing

e

-

i i v | _| i

sty
s ()
(Ssdgnd

e

Mode deeopmen e corsrvtin s

oo ot

== Nyl






OPS/images/fevo-07-00291-g002.gif





OPS/images/cover.jpg
’ frontiers

in]

Ecology and |

Evolution

Spatio-Temporal Patterns of Climatic
Niche Dynamics of an Invasive Plant
Mikania micrantha Kunth and Its
Potential Distribution Under
Projected Climate Change









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Ecology and Evolution





