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Abstract

:

Jacaranda mimosifolia is regarded as a prized ornamental tree in the urban landscape with attractive, abundant and long-lasting violet-colored flowers and graceful tree form. It has been widely cultivated in recent years in many Chinese cities. However, the lack of scientific and practical guidance to cultivate the exotic species has brought about planting failures in some areas, incurring substantial economic losses and landscape decline. A comprehensive understanding of the current spatial pattern and climatic conditions of J. mimosifolia in China can inform species choice, planting and management. We collected data on the geographical coordinates of 257 planting cities and acquired additional information from the literature and field surveys. The limiting factors for cultivation were investigated using principal component analysis (PCA) of 19 bioclimatic parameters of the sampled sites. The potentially suitable habitats were predicted by BIOCLIM modeling using eight selected ecological-important climatic parameters. We found that the present cultivated areas were focused in the low-altitude parts of the subtropical zone, mainly covering the provinces of Yunnan, Sichuan, Guangxi, Guangdong and Fujian. The PCA results indicated that temperature was the clinching determinant of the current cultivation patterns, especially annual mean temperature, the minimum temperature of the coldest month and the mean temperature of the warmest quarter. Moisture was a necessary but not critical secondary factor. The predicting model for potential habitats was graded as “excellent” by objective validation measures. The findings can provide science-based evidence to plan the expansion of the biogeographical range of cultivation into hitherto unplanted cities and rationalize urban tree introduction and management practices.
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1. Introduction


The introduction of landscape trees for urban greening can enrich the local plant diversity and improve the environmental quality [1,2,3]. Most introduced trees have been chosen for their ornamental traits to enhance the urban landscape and define the landscape character of neighborhoods and roads. Notable cases include the cherries (Cerasus yedoensis ((Matsum.) A.N. Vassiljeva) and Cerasus serrulata ((Lindl.) Loudon ‘Kanzan’) of the Central Park in New York, the ginkgoes (Ginkgo biloba L.) of the Yoyogi Park in Tokyo, the London planes (Platanus acerifolia (Aiton) Willd.) of Nanjing’s main streets and the rain trees (Albizia saman (Jacq.) Merr.) of the East Coast Parkway of Singapore. These tree groups constitute the signature ingredients of the urban landscape and contribute to maintaining the urban ecosystem [4,5].



Global environmental change, especially urbanization, has induced considerable reorganization of the world’s biota patterns. Deliberate species movements and introductions have brought benefits and harms to the local and regional ecology. The age of colonization, global trade and transport of goods and people ushered in massive transfers and exchanges of flora between regions near and far. Such spatial shifts will become increasingly necessary due to continued population and urban growth [6,7]. The preference for non-natives could raise the proportion of exotic species, especially in cities [4,8,9,10]. From conceptual and practice perspectives, it is helpful to address the key ecological and arboricultural issues engendered in the alien tree cohort [11,12]. Such knowledge could enhance the beneficial ecological, landscape and amenity tree functions, and inform the choice and care of exotic trees.



Compared with the breeding of new varieties, tree introduction can provide benefits quickly [13]. To successfully establish an alien plant outside its natural range, both intrinsic and extrinsic factors must be considered. It is important to find a reasonably good match between the natural ecological amplitude of the introduced species and the recipient areas’ environmental conditions [7,14]. Selecting species to tackle local environmental stresses could reduce management burdens and enhance benefits [15,16]. Temperature and precipitation are significant determinants of macro-scale biogeographical distributions. In urban areas, the minimum annual temperature can restrict the distribution of tree species, whereas the precipitation deficit could be offset by irrigation [17]. The low-temperature threshold apparently sets the latitudinal limit for urban trees. However, the continued poleward migration of hardiness zones in response to recent climate change has altered opportunities for ornamental trees [18]. Species with limited latitudinal spread could benefit from an expanded potential biogeographical range [19]. Urban tree establishment has been delimited by the minimum temperature of the coldest month [20], the average temperature of the coldest month and the sum of negative temperatures [21]. Plant introduction experience and theory [22] call for assessing the environmental conditions of the recipient areas to reduce establishment failure and economic loss.



Methods of evaluating tree suitability to the climate of the destination site have been earnestly studied [13,15,16]. Climate can allow the analysis of species distribution patterns using ecologically important bioclimatic indicators [17,18,19]. These include single indicators such as annual mean temperature, coldest and hottest monthly mean temperature, extreme low temperature, annual precipitation, seasonal precipitation, etc. [20,21,22]. Composite climate indices have also been applied, such as Penman’s, Thornthwaite’s, Holdridge’s and Kira’s [23,24]. A comprehensive analysis of the target plant’s climatic amplitude and tolerance range can inform an effective introduction strategy. GIS technology offers a powerful tool for analyzing spatial data, patterns and relationships [17,25,26,27]. The current species distribution models mainly include BIOCLIM, Ecological Niche Factor Analysis (ENFA), Maximum Entropy (MaxEnt) and Genetic Algorithm for Rule-set Production (GARP) [28,29], and each has certain preferences [28,30,31,32]. BIOCLIM is an envelope-style method that defines a multi-dimensional environmental space where a species can occur using only occurrence data [33]. Since BIOCLIM is supported by DIVA-GIS [26], it has been widely used in species distribution modeling research [33,34,35].



Jacaranda mimosifolia D. Don in Bignoniaceae, commonly known as jacaranda, blue jacaranda, black poui or fern tree, is native to subtropical south-central South America (especially in Argentina, Bolivia and Southern Brazil) [36]. The deciduous tree, reaching 20 m in height, produces attractive, abundant and long-lasting violet-colored flowers in late spring to early summer. Accompanied by graceful bipinnate compound leaves and elegant tree form, it has been widely cultivated in the warmer parts of the world [37]. At present, the research on jacaranda has mainly concentrated on its use as a garden ornamental [38], cultivation [39], propagation [40,41,42], environmental tolerance [43], phytochemistry [44], medicinal use [45,46], ecological function [47] and environmental monitoring applications [47,48].



In recent years, J. mimosifolia has become a favorite garden and urban greening tree in China (Figure 1). Every year, the media rush to report its charming blooms. Unfortunately, the introduction of J. mimosifolia to some Chinese cities was not preceded by an ecological suitability analysis. Cases of mismatch have led to tree failure and substantial economic waste. There is no documentation of the year when J. mimosifolia was introduced into China. Based on our age estimation of the large trees, the species has been cultivated in China for at least 80 years. Most trees would have adapted to the climate in current cultivated areas of China. In this study, we investigated three issues: (1) the current distribution of cultivated areas in China, (2) limiting climatic factors in cultivated areas, and (3) suitable cultivation areas. The study results could provide a scientific basis to expand its cultivation to its potential biogeographical range and ensure good performance in other Chinese cities.




2. Materials and Methods


2.1. Data Sources


The geographical distribution records of J. mimosifolia were collected from several sources (at the county level), including NSII (National Specimen Information Infrastructure, http://www.nsii.org.cn/2017/) (accessed on 5 January 2020), GBIF (the Global Biodiversity Information Facility, https://www.gbif.org/zh/) (accessed on 5 January 2020), relevant literature and documents (from government departments), and our field surveys in 2012–2020. After removing ambiguous or repetitive data, 257 planting cities of J. mimosifolia in total were kept for subsequent analyses. All distribution records were converted to digital geographic coordinates (WGS-84) by LocaSpace Viewer v 4.05, generating a comprehensive current distribution map of cultivation in China (Figure 2).



Data for 19 bioclimatic variables (2.5 min resolution) were extracted from DIVA-GIS 7.5, the database of which was provided by WorldClim (http://www.worldclim.org) (accessed on 14 August 2020) [49]. Temperature and precipitation characteristics and their seasonal variations can be derived or computed from the environmental variables of WorldClim, which have been widely used in predicting potential species distributions [21]. These are ecologically important variables that can explain annual trends, seasonality and species adaptation to temperature and precipitation extremes [17]. These variables may also be used to characterize the distribution of species at larger scales such as continental [50]. Meanwhile, basic climate data, including annual mean temperature, extreme high temperature, extreme low temperature, annual precipitation, monthly average precipitation, etc., were gathered from the China Meteorological Data Service Centre (CMDSC) (http://data.cma.cn) (accessed on 15 December 2020) and local government websites.




2.2. Variable Selection


Some of the 19 bioclimatic variables are likely to be correlated with each other. Their Pearson correlation coefficients (r) were tested for multicollinearity to avoid highly correlated variables (r = 1, r = −1, r = 0 denote completely positive, negative and no correlation, respectively) [51,52]. All pairs with r < 0.80 were selected, and those with r > 0.80 were selected only for ecological importance [27]. Finally, 8 bioclimatic variables were enlisted to predict the suitability of J. mimosifolia planting in China (Table 1).



However, all 19 bioclimatic variables were used in the principal component analysis (PCA) to explore the climatic limitations of the current cultivated distribution. As the different scales of the initial variables could affect the PCA results, the variables were z-standardized [53]. The main climatic factors were determined by the results of the PCA regarding the top four climatic variables of PC1 and PC2.




2.3. Bioclimatic Indices


Species distribution areas are principally governed by thermal and hydric parameters [54]. The bioclimatic characterization was conducted using Kira’s warmth index (WI) [55,56], Kira’s coldness index (CI) [57,58], and Holdridge’s annual biotemperature (ABT) [59,60] and aridity index (AI) [61,62]. Using these more complex or compound bioclimatic indices can avoid the inconsistencies caused by simple parameters like mean annual temperature and annual precipitation. Their equations are:


Kira’s Warmth Index: WI = ∑(Ti − 10) (Ti > 10 °C)



(1)






Kira’s Coldness Index: CI = ∑(10 − Ti) (Ti < 10 °C)



(2)






Holdridge annual biotemperature: ABT = ∑Ti/12 (0 °C < Ti < 30 °C)



(3)






Aridity index: AI = MAP/(MAT + 33)



(4)







Biological aridity/humidity index: BK = MAP/(WI + 40) (WI ≤ 80 mm/°C.month) or


BK = 2 MAP/(WI + 120) (WI > 80mm/°C.month)



(5)




where Ti refers to the monthly mean temperature (°C), and MAT and MAP denote mean annual temperature (°C) and mean annual precipitation (mm), respectively.



Kira’s model is well suited to the vegetation of the temperate and sub-frigid zones [63]. According to the distribution status of forests in China, the model was modified by raising the biological temperature from 5 °C to 10 °C [64]. The modified model, with a better simulation effect on the vegetation in subtropical zones, was used in our study.



To present the suitable areas of the optimum ranges of J. mimosifolia in China, the peak width at half height (PWH) was applied [65].



Optimum ranges:


X − PWH/2, X + PWH/2



(6)






PWH = 2.354 * S



(7)




where X and S denote the mean of each climatic factor and the standard deviation.




2.4. Modeling Procedures and Validation


The BIOCLIM model was created using the DIVA-GIS 7.5 implementation [26]. BIOCLIM is a frequency distribution-based algorithm that collects the values of each bioclimatic vector from all occurrence localities and organizes them into a composite frequency distribution [22]. We used 25% of randomly chosen points as test data to verify the models, and the remaining 75% were used to train the models. This procedure was repeated 10 times, and the mean values of sensitivity, specificity, kappa and AUC in DIVA-GIS 7.5 were used to determine the models’ accuracy. BIOCLIM has been used in various research, including species surveys, environmental preparation, invasive plant or animal risk assessment, historical distribution reconstruction and climate change impact assessments [32,33,66,67].





3. Results


3.1. Current Cultivated Areas


The 257 planting cities, the literature and the field survey showed that the extensively cultivated region of J. mimosifolia covered 11 provinces (or equivalent autonomous regions) in the southern part of China. From east to west, they included Taiwan, Fujian, Jiangxi, Guangdong, Hong Kong, Guangxi, Hainan, Guizhou, Chongqing, Sichuan and Yunnan (Figure 2). The southernmost point of the cultivated distribution was Sanya, Hainan (109.7° E, 18.3° N), the northernmost point was Mianyang, Sichuan (104.6° E, 31.5° N), the easternmost point was Taipei, Taiwan (121.6° E, 25.1° N), and the westernmost point was Longchuan, Yunnan (97.8° E, 24.2° N). Generally, the cultivated areas were mainly distributed in the south and middle subtropical zones, accompanied by a small tropical zone.



Despite the broad geographical spread of J. mimosifolia, most planting cities were concentrated in five provinces, namely Yunnan, Sichuan, Guangxi, Guangdong and Fujian (Figure 2). Yunnan had the largest number of planting cities with the most widespread distribution spread in most provinces. Greater concentration was detected in the eastern parts, such as Kunming, Yuxi and Wenshan. In Sichuan, the planting cities were found mainly in the eastern part, especially in Chengdu and its surrounding areas, and in Panzhihua. In Guangxi, except for the northwestern part, cultivation was recorded in all major cities, with Nanning, Liuzhou, and Guilin as focal examples. In Guangdong, cultivation was centered in the Pearl River Delta region, with outliers in Zhanjiang in the west and Chaoshan in the east. In Fujian, the cultivation extended largely along the southeast coast from Longyan-Zhangzhou to Fuzhou.



In addition to the concentrated distributions in the five provinces mentioned above, other locations had spatially dispersed to sporadic records. They did not form distribution hotspots, restricted to 1 to 10 planting cities per province. For instance, only one record was registered in Xinyi, Guizhou, and four records in Taiwan, such as Taipei and Changhua. Chongqing, with 10 planting cities, had the best record in this secondary group. Overall, the horizontal cultivation areas of the species could be interpreted in terms of regional-scale topography, mainly concentrated south of the Nanling Mountains and east of the Wuyi Mountains, with an extension to the Yunnan-Guizhou Plateau and the Sichuan Basin.



The altitudinal distribution of J. mimosifolia (Figure 3) could be divided into two zones: high altitude (>800 m) and low altitude (<800 m). The lowest cultivation elevation was Nansha, Guangdong (~0 m), and the highest was Yongsheng, Yunnan (~2300 m). The elevation of cultivated areas was lower in the southeast coastal area of Fujian, the Pearl River Delta region of Guangdong, most areas of Guangxi and the Sichuan Basin. Yunnan’s vertical distribution was elevated due to the overall topographic layout of China, with a progressive increase in height from the east coast towards the west inland. The altitudinal distribution pattern indicated 93, 47, 30 and 87 planting cities at 0–200 m, 200–400 m, 400–800 m and >800 m, respectively, accounting for 36.2%, 18.3%, 11.7% and 33.8% of the planting cities, respectively. Although most trees were planted in the low altitude zone, the notable presence in the high-altitude zone, which spread over a wide range (800–2300 m), signified the successful adaptation of the species to the mountain climate.




3.2. Climatic Factors Controlling Cultivated Areas


The 19 bioclimatic variables, explored by PCA to extract quantitative information on the variation patterns, yielded seven principal components (PCs or factors). Table 2 displays the eigenvalues and ratios of explained variance, which decreased progressively from PC1 to PC7. The first four PCs accounted for 96.4% of the variance; the last three, only a small proportion. Only those PCs contributing >5% of the overall variance could be interpreted [53].



Projection of the variables on the factor planes revealed that the first three axes of the PCs explained 47.1%, 23.5% and 12.6% of the total variance (cumulative variance more than 80%). Therefore, the main effects on the cultivated distribution of J. mimosifolia should be contributed by the first three PCs (Table 2). PC1 was dominated by three temperature variables, namely annual mean temperature (0.291), minimum temperature of the coldest month (0.288) and mean temperature of the warmest quarter (0.288), in conjunction with annual precipitation (0.283). PC1 was the most important factor, accounting for 47.1% of the total variance, mainly indicating the direct and crucial influence of temperature. PC2 indicated the notable effect of temperature seasonality (−0.445), associated with isothermality (0.375), annual temperature range (−0.373) and the mean of the coldest quarter (0.297). It mainly reflected the quarterly to annual temperature range and extremes. PC3 was mainly linked to precipitation, including precipitation of the wettest month (0.428), precipitation of the warmest quarter (0.418), precipitation of the wettest month (0.414) and annual precipitation (0.287). It was exclusively related to precipitation at different time scales. In PC4, precipitation of the driest month (−0.412) and precipitation of the driest quarter (−0.404) were negatively correlated, representing extreme moisture deficit conditions. The contributions of the remaining PCs at <5% were minor.




3.3. Main Climatic Parameters and Suitable Ranges


The statistics of the eight dominant bioclimatic parameters, indicated by PC1 and PC2 (Table 3), showed seven variables related to temperature and one related to moisture. For temperature, the optimum ranges of annual mean temperature, isothermality, temperature seasonality and annual temperature range were 16.39–22.34 °C, 25.47–46.83 °C, 429.17–715.87 °C, and 20.85–27.38 °C, respectively. These data indicated that J. mimosifolia was less tolerant of cold conditions and preferred a warm climate. In terms of moisture, the distribution range for annual precipitation was 890.08–1699.96 mm, suggesting that J. mimosifolia had a certain demand for moisture. Regarding the vegetation–climate indices, the suitable range of Kira’s warmth index, Holdridge’s annual biotemperature, the aridity index and biological aridity were 87.74–153.78, 17.17–22.84, 17.74–31.45 and 7.96–13.24, respectively. In addition, the coefficients of variation of the minimum temperature of the coldest month and Kira’s coldness index were more prominent, with 53.54% and 236.05%, respectively. In general, the suitable cultivation habitats were mainly located in areas with adequate warmth and moisture.




3.4. Modeling Suitable Cultivation Areas


Using DIVA-GIS 7.5, the suitable cultivation areas of J. mimosifolia according to the current environmental conditions projected by the BIOCLIM model are presented in Figure 4. The results show that the area from latitude 18° N to 33° N and from longitude 97° E to 122° E is the primary potential habitat in China. All the suitable habitats (including low, medium, high, very high and excellent habitat suitability) were mainly located in the provinces of Taiwan, Zhejiang, Fujian, Guangdong, Jiangxi, Hunan, Guangxi, Hainan, Guizhou, Chongqing, Sichuan, Yunnan and southeast of Tibet. Thus, the predicted potential biogeographical range covered a larger area than the current distribution area.



The suitable habitats demonstrated some notable spatial patterns: (1) Very high and excellent habitat suitability (the presence probability was 10.0% to 35.0%; red and orange in Figure 4) was primarily located in four areas: (a) southeast China, from east Guangdong to most parts of Fujian; (b) from northwest Guangdong extending westward to Guangxi and south Guizhou, being particularly evident in Guangxi and Guizhou; (c) from the Sichuan Basin to southeast Sichuan; and (d) some scattered areas in Yunnan. (2) High habitat suitability (the presence probability was 5.0% to 10.0%; yellow in Figure 4) included the west side of the Wuyi Mountains in Fujian, south Jiangxi, the west side of the Pearl River Delta region and west Guangdong, south Guangxi (not including the coastal areas), both sides of the Nanling Mountains, west Chongqing, north Sichuan, and west and southeast Yunnan. (3) Finally, medium and low habitat suitability (the presence probability was 0% to 5.0%; light green and dark green in Figure 4) embraced Taiwan, Hainan, most of Jiangxi, north Fujian, south Zhejiang, most of Hunan, northeast Chongqing and Sichuan, northeast and southeast Guizhou, and northwest Yunnan.



Notably, Fujian, Guangdong, Guangxi, Sichuan and a few parts of Yunnan should have better habitat suitability for J. mimosifolia in the current climate in China. Jiangxi, Zhejiang, Hunan and Tibet were not present in the current records of planting cities, suggesting the notable potential to expand the current biogeographical range. The narrow coastal strip, the wide strip at the northern latitudinal limit, tropical Hainan and the high mountains of Taiwan displayed low suitability.



We produced the modeled distribution maps using the BIOCLIM/Most Limiting Factor model to detect climatic suitability areas and gain insight into the limiting factors of the cultivation patterns of J. mimosifolia (Figure 5). The bioclimatic variables most significantly affected the cultivation patterns were: temperature seasonality (the standard deviation of the mean monthly temperature multiplied by 100) (Bio4), the maximum temperature of the warmest month (Bio5), the minimum temperature of the coldest month (Bio6) and annual precipitation (Bio12). Of these critical variables, Bio4 was one of the most important limiting factors determining the northern and southern limits of the potential cultivation distribution. Meanwhile, extreme temperatures (Bio5 and Bio6) also considerably affected the extent of suitable habitats. The climatic effects on the suitable habitats were synergistic and appeared to be more complex.



The performance of the BIOCLIM model was assessed with the threshold independent area under the receiver operating characteristics curve (ROC) statistics (AUC) (Figure 6). AUC values ranged from 0 to 1, and the AUC threshold was divided into four categories: fail (0.5–0.6), poor (0.6–0.7), fair (0.7–0.8), good (0.8–0.9) and excellent (0.9–1.0) [68]. Therefore, the accuracy of the predictions of suitable habitats for J. mimosifolia under the current climate was found to be excellent (AUC = 0.964) (Figure 6a). Kappa was also applied to test the accuracy of the model. Offering a consistency test, it has been widely used in model evaluations, taking the species distribution rate, sensitivity and specificity into account, and generating values in the range of 0 to +1 [31]. When the kappa value is greater than 0.6, the consistency is significant; a larger value denotes higher prediction accuracy [69]. In this study, the kappa was 0.888 (Figure 6b), which could be interpreted as very good agreement between the model and the test data, and was consistent with the AUC. Both test results demonstrated that the chosen bioclimatic variables accurately predicted the suitable habitats for J. mimosifolia in China.





4. Discussion


The geographical distribution patterns of plants have resulted from a combination of climate, hydrology, soil, human activities and other factors over a long period [16,70]. Climate is the most significant factor in determining the geographical distribution of plants at the regional scale [71,72]. The influence of climate on species growth is an integrated and long-term process, especially temperature and moisture. They can affect the metabolic processes of photosynthesis, respiration and transpiration, and the synthesis and transport of organic constituents to affect the growth of plants. Ultimately, they establish the species’ distribution area [73]. Therefore, by exploring the effects of moisture, temperature and vegetation–climate indicators on the cultivated distribution of J. mimosifolia in China, combined with the species distribution model (BIOCLIM), we were able to identify the key climatic factors limiting its actual and potential distribution. These findings could explain the performance of the species under different climatic scenarios and provide hints for tree care. They could also inform the arboricultural practice of introducing and promoting this species in other cities.



4.1. Geographical Distribution Pattern of J. mimosifolia in China


Understanding the geographical distribution of species can assist many ecological and environmental applications, especially plant introduction and conservation. Firstly, it can find specific habitats for the target species, including those with a high economic value, such as tea oil camellia (Camellia oleifera Abel) [74], soyabean (Glycine max (L.) Merr.) [75] and drumstick tree (Moringa oleifera Lam.) [76], and provide an empirical reference for extending their cultivation to other places. Secondly, it can protect endangered plants, providing a scientific basis for their in situ conservation and relocation, such as leaved water croton (Homonoia riparia Lour.) [27], tulips (Tulipa L. spp.) [77] and featherbells (Stenanthium gramineum (Ker Gawl.) Morong) [78]. As an ornamental plant, J. mimosifolia has been introduced and cultivated in nearly 100 countries and regions in Asia, North America and Oceania [41]. According to the geographical distribution data (Figure 2), the cultivated area of J. mimosifolia in China is concentrated in the subtropical region (25° ± 5° N), extending from the coastal areas of the eastern and southern parts to the southwest inland where the hydrothermal conditions are plentiful.



The cultivated distribution area of J. mimosifolia in China can be roughly divided into two parts (Figure 2): southeast and southwest. The southeast part mainly covers the coastal areas of Fujian, Guangdong and Guangxi. These three provinces are situated near the Tropic of Cancer, influenced by the monsoon circulation and topography, forming a typical warm-humid subtropical monsoon climate. The region has enabling climatic conditions and is endowed with plentiful heat and moisture resources. Most areas have an annual accumulated temperature ≥10 °C of between 5000 and 7600 °C, and are frost-free throughout the year [79]. Although Fujian is located at a slightly higher latitude, its southeastern coastal region still enjoys a typical southern subtropical climate.



The southwest part mainly covers Yunnan, Sichuan and Chongqing. The cultivated areas of J. mimosifolia in Sichuan and Chongqing, mainly distributed in their southeast, are influenced by the Pacific southeast monsoon, which brings a warm-humid subtropical climate [80]. However, the climatic regime in the cultivated area in Yunnan is more complicated, encompassing a subtropical monsoon climate, a tropical monsoon climate, a highland mountain climate, etc. Moreover, its climate is characterized by a wide diurnal temperature range, distinct wet and dry seasons, and considerable vertical changes in temperature due to the pronounced relative relief of Yunnan’s mountainous terrain [81].



Regarding the altitudinal distribution pattern of J. mimosifolia in China, more than 60% of the planting cities are located at low altitudes (<800 m) (Figure 3), indicating its preference for warmth. Overall, the cultivated areas are concentrated in subtropical areas with abundant thermal conditions.




4.2. Key Climatic Parameters Limiting the Northward Spread of J. mimosifolia


The limitation of species distribution by climatic parameters is complex, so it is important to identify the key ones that play a decisive role. Principal component analysis has been widely used as an effective tool to determine the dominant climatic parameters in plant distribution studies [23,82]. In PC1 and PC2 (Table 2), seven variables were related to temperature and only one to moisture. The annual mean temperature, the minimum temperature of the coldest month and the mean temperature of the warmest quarter in PC1 positively affected J. mimosifolia’s distribution. Isothermality and the mean temperature of the coldest quarter also had the same effect in PC2. However, the effects of temperature seasonality and annual temperature range on the distribution of J. mimosifolia were negative in PC2, which indicated that it preferred areas with a relatively small temperature range. This result also aptly illustrated the current distribution pattern of J. mimosifolia in Chinese cities. The results showed that temperature imposed a greater influence on distribution, reflecting a preference for a warm ecological habitat.



Our statistical analysis indicated that the minimum temperature of the coldest month and the mean temperature of the coldest quarter were not lower than 5 °C and 10 °C, respectively (Table 3). Thus, the low-temperature extreme in winter constituted a clinching factor limiting the northward distribution, analogous to the latitudinal poleward restriction of other woody plants [83,84]. Under chilling stress, J. mimosifolia is intolerant of prolonged 4 °C low temperatures. This response was demonstrated by various physiological indicators, which changed drastically with prolonged 4 °C stress, and the damage rate caused by 4 °C low temperatures was much greater than the repair rate [43].



In this study, the moisture parameters were less important than the temperature ones. In terms of moisture, only annual precipitation was incorporated in PC1 as one of the key climatic parameters, and the remaining moisture variables were ranked lower in importance than temperature (Table 2). Precipitation was the simplest climatic indicator that could be used as a proxy for aridity to reflect the dryness and humidity. Places with precipitation of >800 (900) mm in China were rated as humid zones [85]. The annual precipitation in the cultivated area of J. mimosifolia had a mean annual precipitation of >1200 mm (Table 3). Therefore, according to the precipitation indices, the cultivation area of J. mimosifolia is in the humid zone of China. Moreover, the precipitation of the warmest quarter accounted for >50% of the annual precipitation (Table 3), indicating that most precipitation was concentrated in the summer. Hence, the Pacific humid southeast monsoon in summer, bringing abundant precipitation to the cultivated areas of J. mimosifolia, is instrumental in its successful growth.



Ni studied the vegetation–climate interactions of China based on Kira’s indices, finding that the range and limit of WI, CI and BK for the subtropical evergreen broadleaf forest zone were 80–150, −25–0 and 10–15, respectively [64]. The values of the above three indices for J. mimosifolia were 120.76, 0.73, and 10.60, respectively, which fell within the ranges (Table 3). The value of AI was much higher than for the tree species in the north or high altitude in China (Picea spp.) [86], offering corroborative evidence that the cultivated areas of J. mimosifolia were relatively humid [62].



Therefore, according to the comparative analysis of various climatic indices in the cultivated areas of J. mimosifolia, the species had a natural ecological amplitude falling squarely in the tropical and subtropical zones. Its biogeographical range is largely circumscribed by high sensitivity to low temperature, and its tolerance of water restrictions was somewhat less important than temperature.




4.3. Suitable Cultivation Areas of J. mimosifolia in China


The accuracy of the evaluation results for this species’ suitable habitat depended on the data validity, the representativeness of the environmental variables and the sample size [28,30,51,87]. Unavoidable autocorrelation may exist among the environmental variables, causing over-fitting of the model and bias in the simulation results. In this study, we tackled this issue by using PAST 4.05 software for correlation analysis of the 19 bioclimatic variables [88], eliminating bioclimatic variables with correlation coefficients greater than 0.8, and finally retaining eight variables as inputs in the BIOCLIM model to improve the reliability of the simulation.



In similar studies, 87 geographical records of Prunus dielsiana C. K. Schneid. were applied to model its potential distribution pattern in subtropical China. The AUC and kappa values were 0.975 and 0.870, which displayed the high performance of BIOCLIM [89]. The distribution patterns of 192 woody plant species in Israel, analyzed using BIOCLIM, found that 50–75 observations were sufficient to obtain the maximal accuracy [25]. The effective sample size obtained in this study at 257 far exceeded the thresholds mentioned above, and the AUC was 0.964 (Figure 6a), which was much higher than the value of the random test (0.5). Therefore, the accuracy of our model was deemed to be credible. The results of our model can provide a reliable scientific basis to plan further cultivation of J. mimosifolia in other Chinese cities, aiming to fill the potential biogeographical range and maximize its spatial spread based on our model predictions.



Why were the better landscaping effects of J. mimosifolia found in the southwest rather than the southeast part of the current distribution pattern? In the United States, the flowering and growth of J. mimosifolia were stunted on the California coast due to heat shortages combined with cool ocean winds [90]. This phenomenon is a good indication that J. mimosifolia demands a warm climate and shuns a cool ambience. However, is it true that a warmer climate can usher in a corresponding improvement in growth? According to recent field survey results, J. mimosifolia could complete its life history in all the current cultivated areas in China. However, its flowering and landscape performance varied greatly in different areas. The flowering in the tropical coastal zone represented by Hainan Island (mean annual temperature: 22–27 °C) and the nearby Leizhou Peninsula (22.7–23.5 °C) was significantly less than in the subtropical and elevated Kunming in Yunnan province in southwest China (15 °C). The excessively high mean annual temperature in the tropical zone might not be conducive to the flowering of J. mimosifolia. Flower bud initiation in J. mimosifolia requires at least 1 month of cool temperatures (15 °C), while more than 3 months of cooling vernalization are required for normal flowering [91,92]. Therefore, this result concurred with the model prediction of suitable habitats (Figure 4 and Figure 5).



However, winter temperatures that are too low has restricted the cultivation areas of J. mimosifolia in China [93] (Figure 5). Mature trees of J. mimosifolia survived with little to no apparent damage in the United States where the winter temperatures could drop to −12 °C (10 °F) for several hours at a time [90]. However, J. mimosifolia did not perform as well at as low temperatures in China as in the US, as it would be damaged by frost and suffer dieback under −3 °C [38]. Moreover, our modeling results demonstrated its distribution in frost-free or largely frost-free areas (Figure 4). This finding illustrated that the cold tolerance performance of J. mimosifolia in China was weaker than in North America. Thus, our modeling and climatic index analysis verified that low temperature was the main limiting factor of its northward range extension in China.



Mapping a climatological variable that closely correlates with the patterns of plant survival is a commonly adopted method of visualizing the spatial patterns of low-temperature biological events [94]. Based on the Hardiness Zone Map illustrated by Widrlechner [95], the optimal cultivation areas of J. mimosifolia in China stretch from Zones 10a to 11a under the current climate.




4.4. Ecological Invasion Alert and Science-Based Plant Introduction


It should be noted that the actual planting of J. mimosifolia in potentially suitable habitats does not only depend on climatic conditions. It is also contingent on cultural factors such as the socioeconomic regime, the standard of horticultural production technology and the quality of arboricultural practice. The expansion of J. mimosifolia cultivation is also influenced by soil quality, soil moisture storage, geographical characteristics, the trees’ genetic constitution, cultivar selection, anthropogenic activities and historical reasons [42].



Originally introduced as an ornamental plant to other parts of the world, J. mimosifolia had achieved differential establishment success in different regions. However, it has caused a bio-invasive situation in some areas outside cities. For instance, J. mimosifolia has naturalized and spread aggressively into the semi-arid savanna along perennial rivers in South Africa [96,97]. A similar invasion also occurred in Queensland (Australia), Hawaii, Chile’s Juan Fernandez Islands, Kenya, Tanzania and Zambia [98].



J. mimosifolia is a fast-growing tree that can quickly re-sprout after injury or pruning. It is deep-rooted and aggressive; once it has established, few plants or crops can grow under it [37]. It may form seedling thickets under planted trees, allowing the species to spread and obliterate other plants, and reduce local biodiversity. Therefore, in tree introduction programs, the principle of “the right tree for the right place” and the priority of ecological protection should be science-based to avoid biological invasion and other environmental impacts [99].





5. Conclusions


In this study, the distribution patterns of the current cultivation of J. mimosifolia in China were evaluated in detail for the first time. The key climatic parameters of the cultivation areas were analyzed to provide a basis for simulating the potentially suitable habitats using the BIOCLIM modeling tool. We found that the cultivated areas were mainly located in the subtropical zone in the south China region, which could be divided into the southeastern and southwestern parts. Except for Yunnan, Sichuan and other places with a higher elevation, J. mimosifolia was mainly cultivated in low-altitude areas below 800 m. However, its extensive extension into the high altitude areas (>800 m) indicated an adaptation to somewhat lower temperatures in the active growing season.



The key climatic factors limiting its cultivation were temperature, especially annual mean temperature, the minimum temperature of the coldest month and the mean temperature of the warmest quarter. Areas with extremely low temperatures below 0 °C in winter can significantly impact the cultivation of J. mimosifolia. The moisture factor, which is relatively less critical, reflected the primary ecological demand for warmth in conjunction with a humid climate. The current study found that using 257 occurrence records of planting cities and eight selected climatic variables, the cultivation distribution patterns of J. mimosifolia could be reliably modeled using BIOCLIM. The results can predict potentially suitable habitats under the current climate conditions. The predicted potential biogeographical range is larger than the present actual range, indicating ample opportunities to expand the cultivation areas to other provinces and cities. The findings could also explain the disparate growth performance in the current planting areas and determine better matches in its future expansion into hitherto non-planting cities. Overall, our analytical findings can provide a theoretical reference to rationalize plant introduction practices and optimize urban vegetation management.
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Figure 1. Landscape and botanical features of Jacaranda mimosifolia in China. Its ornamental and botanical features are displayed: (a) flowers; (b) bipinnate compound leaves and fruit; (c–e) trees in bloom and tree form in Yibin (Sichuan), Xiamen (Fujian) and Kunming (Yunnan), respectively. 
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Figure 2. Spatial distribution of the current cultivated areas of J. mimosifolia in the south China region. Each dot in the map denotes a city where the planting of jacaranda was recorded. 
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Figure 3. Vertical distribution pattern of the planting cities of J. mimosifolia grouped by 11 provinces in China. Using 800 m as the dividing line for cultivation areas of J. mimosifolia at different altitudes, the distribution can be classified into low-altitude and high-altitude zones. 
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Figure 4. Distribution pattern of habitat suitability of J. mimosifolia in China based on the current climate. The results were obtained from the predictions of BIOCLIM using DIVA-GIS. Different colors from grey to red denote the gradation from low to high habitat suitability, and hence the probability of occurrence. 
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Figure 5. Distribution patterns of the limiting factors for the cultivation of J. mimosifolia. The selected eight bioclimatic variables, shown in different colors, exerted the greatest effect on predicting suitable habitats in the south China region. Refer to Table 1 for the meaning of the bioclimatic variables. 
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Figure 6. Prediction validation by (a) ROC and (b) kappa for BIOCLIM. 
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Table 1. Eight of the original 19 bioclimatic variables were selected for modeling the suitable habitats of J. mimosifolia in China.
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	Bioclimatic Variable
	Abbreviation
	Unit
	Data Source





	Annual mean temperature
	Bio1
	°C
	CMDSC



	Mean diurnal range
	Bio2
	°C
	WorldClim



	Temperature seasonality a
	Bio4
	-
	WorldClim



	Max. temperature of warmest month
	Bio5
	°C
	CMDSC



	Min. temperature of coldest month
	Bio6
	°C
	CMDSC



	Annual temperature range
	Bio7
	°C
	WorldClim



	Annual precipitation
	Bio12
	mm
	CMDSC



	Precipitation of warmest quarter
	Bio18
	mm
	WorldClim







a Temperature seasonality = standard deviation × 100.
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Table 2. The factor loadings of the first seven principal components concerning the 19 bioclimatic variables.
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	Bioclimatic Variable
	PC 1
	PC 2
	PC 3
	PC 4
	PC 5
	PC 6
	PC 7





	Bio1 Annual mean temperature
	0.291
	0.112
	−0.236
	0.122
	0.163
	−0.036
	0.020



	Bio2 Mean diurnal range a
	−0.198
	0.241
	−0.067
	−0.248
	0.577
	0.062
	−0.074



	Bio3 Isothermality b
	−0.145
	0.375
	−0.114
	−0.215
	0.283
	0.089
	−0.050



	Bio4 Temperature seasonality c
	0.051
	−0.445
	0.148
	0.126
	0.063
	−0.092
	0.039



	Bio5 Max. temperature of warmest month
	0.254
	−0.214
	−0.149
	0.178
	0.346
	−0.124
	−0.050



	Bio6 Min. temperature of coldest month
	0.288
	0.129
	−0.218
	0.153
	−0.171
	−0.019
	0.041



	Bio7 Annual temperature range d
	−0.098
	−0.373
	0.118
	−0.009
	0.557
	−0.102
	−0.101



	Bio8 Mean temperature of wettest quarter
	0.266
	−0.079
	−0.114
	0.326
	0.148
	0.599
	0.062



	Bio9 Mean temperature of driest quarter
	0.246
	0.237
	−0.253
	−0.042
	0.044
	−0.295
	0.064



	Bio10 Mean temperature of warmest quarter
	0.288
	−0.169
	−0.131
	0.192
	0.145
	−0.110
	0.033



	Bio11 Mean temperature of coldest quarter
	0.217
	0.297
	−0.269
	0.033
	0.081
	−0.020
	0.005



	Bio12 Annual precipitation
	0.283
	0.106
	0.287
	−0.078
	0.018
	−0.089
	−0.254



	Bio13 Precipitation of wettest month
	0.195
	0.180
	0.428
	0.102
	0.086
	−0.309
	0.216



	Bio14 Precipitation of driest month
	0.255
	−0.105
	0.097
	−0.412
	0.016
	0.361
	0.257



	Bio15 Precipitation seasonality e
	−0.231
	0.185
	0.153
	0.329
	0.145
	0.058
	0.761



	Bio16 Precipitation of wettest quarter
	0.198
	0.211
	0.414
	0.090
	0.116
	−0.144
	−0.053



	Bio17 Precipitation of driest quarter
	0.264
	−0.095
	0.101
	−0.404
	0.025
	0.257
	0.202



	Bio18 Precipitation of warmest quarter
	0.146
	0.238
	0.418
	0.181
	0.006
	0.331
	−0.328



	Bio19 Precipitation of coldest quarter
	0.261
	−0.103
	0.031
	−0.404
	−0.044
	−0.247
	0.245



	Eigenvalue
	8.951
	4.472
	2.400
	1.727
	0.808
	0.242
	0.178



	Variance %
	47.108
	23.539
	12.630
	9.091
	4.250
	1.274
	0.934



	Cumulative %
	47.108
	70.647
	83.277
	92.368
	96.618
	97.892
	98.826







(1) Bold and underlined values indicated the most influential variables for the first four components. (2) a Mean diurnal range = mean of monthly (max. temp–min. temp); b isothermality= (Bio2/Bio7) × 100; c temperature seasonality = standard deviation × 100; d annual temperature range = Bio5–Bio6; e precipitation seasonality = coefficient of variation.
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Table 3. Descriptive statistics of the main bioclimatic parameters in the cultivated areas of J. mimosifolia in China.
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	Bioclimatic Variable
	Mean
	Standard Deviation
	Max
	Min
	Variation Coefficient %
	Optimum Range





	Bio1 Annual mean temperature
	19.37
	2.53
	25.76
	12.38
	13.05
	16.39–22.34



	Bio3 Isothermality
	36.15
	9.07
	55.05
	23.35
	25.10
	25.47–46.83



	Bio4 Temperature seasonality
	572.52
	121.79
	803.27
	279.18
	21.27
	429.17–715.87



	Bio6 Min. temperature of coldest month
	6.35
	3.40
	17.40
	−0.60
	53.54
	-



	Bio7 Annual temperature range
	24.11
	2.77
	30.50
	14.50
	11.49
	20.85–27.38



	Bio10 Mean temperature of warmest quarter
	25.76
	2.80
	29.07
	18.83
	10.86
	22.46–29.05



	Bio11 Mean temperature of coldest quarter
	11.83
	3.12
	21.88
	3.83
	26.34
	8.16–15.50



	Bio12 Annual precipitation
	1295.02
	344.04
	2742.00
	677.00
	26.57
	890.08–1699.96



	WI Kira’s warmth index
	120.76
	28.05
	193.19
	54.71
	23.23
	87.74–153.78



	CI Kira’s coldness index
	0.73
	1.73
	14.60
	0.00
	236.05
	-



	ABT Holdridge’s annual biotemperature
	20.00
	2.41
	26.10
	13.34
	12.05
	17.17–22.84



	AI Aridity index
	24.59
	5.82
	50.07
	12.44
	23.68
	17.74–31.45



	BK Biological aridity
	10.60
	2.24
	20.51
	5.14
	21.15
	7.96–13.24
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