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Abstract

:

Knowledge on reproductive traits of problematic invasive alien plants, such as the woody invasive shrub Pyracantha angustifolia of temperate Chinese origin, can help better manage invasive species. To determine factors contributing to its invasion, we investigated floral visitors and pollen loads, self-compatibility, seed set, seed rain, soil seed banks, and seed longevity in the soil. Generalist insects were recorded visiting flowers and all carried pollen loads of high purity (>70%). Floral visitor exclusion experiments showed that P. angustifolia can set seed (66%) without pollen vectors, although natural pollination resulted in higher fruit set (91%). Fruit count surveys and seed set showed an exponentially increased relationship between seed set and plant size with high natural seed yield (±2 million seeds m−2). Soil core samples revealed a high seed density of 46,400 ± (SE) 8934 m−2 under shrubs, decreasing with distance away from the shrub. Bowl traps stationed under trees and fences confirmed that seeds were efficiently dispersed by animals. Buried seeds survived for less than six months in the soil. Due to high seed production, self-compatibility augmented by generalist pollen vectors, and effective seed dispersal by local frugivores, it is difficult to manage the spread manually. Management of this species should focus on the short life span of seeds.
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1. Introduction


Invasive alien plants (IAPs) are an important challenge to indigenous biodiversity management and safeguarding ecosystem services [1]. Understanding invasive plant reproductive traits is an effective information tool that is used to assist in their management [2,3], as most plant functional traits linked to invasion ability, are associated with reproduction [2,4]. Reproductive ecology covers all aspects of reproductive events, and their interactions with biotic and abiotic components of the environment [5]. These include fruiting and flowering phenologies [6,7], pollination [8,9], seed dispersal [10], seed density [11], and germination [12].



In southern Africa, invasive Rosaceae species of northern temperate origin are particularly striking in temperate and montane grasslands due to their red fruits being highly visible against a brown winter landscape. Invasive genera in this guild which have invaded southern African grasslands include Cotoneaster Medik. (several species), Rubus L. (several species), Pyracantha M. Roem. (several species), and Rosa L. (Rosa rubiginosa)—all introduced through horticultural origins. These species often form complex Rosaceae thickets, invading rangelands, cliff-lines, and watercourses [13]. These woody invaders, together with those that are not red-berried, pose a serious threat to high elevation grassland ecosystems because they are large compared to native grasses and thus transform the vegetation structure [1]. For example, shifts in native grass communities to shade tolerant invasive grass species were observed after invasion by Robinia pseudoacacia L. (Fabaceae) [13,14]. The high elevation grasslands of South Africa are key biodiversity hotspots with high plant endemism and provide half of the country’s water run-off [9,15]. Therefore, these IAPs threaten important ecosystem services provided by the grassland biome [16]. The biome is very valuable to the economy [16,17].



Pyracantha angustifolia (Franch.) C. K. Schneid. started invading the grassland biome of South Africa in the early 1980s [18]. However anecdotal evidence suggests it may have been planted as early as 1908 in Ladybrand in the Free State by a British pharmacist who made and sold high vitamin C juice from Pyracantha fruits (LD Adams, unpublished data). It is now widespread in the temperate grasslands of the Eastern Cape, Free State, KwaZulu–Natal, and Mpumalanga provinces, as well as in the adjacent countries of Lesotho, Eswatini, and Zimbabwe [19,20]. Pyracantha angustifolia has also naturalised in Argentina [21]; Australia [22]; Brazil [23]; Canada, Columbia, England, and France [24]; the French Polynesian Islands and Hawaii [25]; Italy, Japan, Mexico, New Zealand, Portugal, and Russia [25]; Spain, and the United States of America [26,27]; and Germany [28]. In southern Africa, by transforming an open habitat into a “Pyracantha savannah” or “thicket”, P. angustifolia competes with and displaces native plant species, erodes habitat suitability for endemic grassland fauna (many being of high conservation concern), provides a nursery habitat for additional invasive species, alters fire regimes, reduces rangeland capacity and dependent livelihoods, and reduces eco-tourism revenue when invading places of scenic beauty [13,29]. Due to the impact of the species, it is listed as a category 1b invasive species under the National Environmental Management: Biodiversity Act 963 (NEMBA, Act 10 of 2004) Alien and Invasive Species Regulations [30]. This act prohibits the importation, propagation, and trading of P. angustifolia in South Africa and requires it to be managed through the development and implementation of a management plan.



Empirical data published on P. angustifolia includes distribution and occurrence [13,15,31,32,33,34,35,36], germination [22,37], plant recruitment [38,39,40], uses by humans [41], impact on frugivore populations in association with P. angustifolia fruit abundance [42,43,44], and seed viability after ingestion by mammals and birds [37,45]. Although soil seed banks have been investigated, soil seed bank viability and distance from the source plant have not been assessed [38]. These studies on P. angustifolia contribute to the understanding of the drivers of invasion, however, empirical data on pollination, fruit and seed production, and soil seed bank viability is still lacking [11,29].



This study aimed to determine the drivers of P. angustifolia invasion in the high elevation grasslands of South Africa by investigating various aspects of its reproductive ecology.




2. Results


2.1. Visitation Frequencies of Floral Visitors


One-minute observations showed that five insect species frequently visited P. angustifolia flowers (Figure 1). All insects observed touched the anther and were regarded as potential pollen dispersers with most of them searching for nectar. Analyses indicated significant differences in visitation frequencies among these species (H-value = 62.7, p < 0.001, df = 3). The highest mean ± SE visitation frequency was 8.9 ± 3.7 flowers min−1 (n = 20) for Apis mellifera L. (Apidae), followed by Lucilia sp. (Calliphoridae) with 3.1 ± 2.0 flowers Min−1 (n = 16), 0.2 ± 0.7 flowers Min−1 (n = 1) for Calliphora sp. (Calliphoridae) and Bellardia sp. (Calliphoridae), and 0.05 ± 0.2 flowers min−1 (n = 1) for an unidentified small bee species.



Five-minute observations (n = 20) totalling 400 min revealed 128 different individual insects visiting flowering branches. A mean ± SE of 1.3 ± 0.2 insects visited flowering branches per minute.




2.2. Pollen Loads


Fifty-seven individual insects comprising twelve different species from six different families were collected from P. angustifolia flowers (see Table S1). Diptera was the most diverse floral visitor group, and the largest number of species of any visiting insect family were from the Calliphoridae (Table S1). The largest number of insects caught visiting the flowers were A. mellifera, followed by Calliphora sp., and then Lucilia. Eristalis sp. carried the highest amount of P. angustifolia pollen (>1000 pollen grains) followed by Eristalinus sp., and then Bellardia sp.



Bellardia sp. carried the highest amount of pollen from other plant species (30.4 pollen grains), followed by Eristalis sp. (15.9), and then Eristalinus sp. (14.9). Chrysomya, Spilostethus, and Syritta species carried the lowest mean numbers of foreign pollen grains on their bodies (0.4, 0.7, and 1.2 pollen grains, respectively). All insects carried high proportions of P. angustifolia pollen (>70% purity) but Chrysomya, Spilostethus, A. mellifera, and Lucilia had the highest purity of 99.1, 97.5, 97.4, and 97.4%, respectively (see Supplementary Table S1). There were significant differences in the number of pollen grains only between Apis mellifera vs. Calliphora sp. and A. mellifera vs. Lucilia sp. (H-value = 15.3, p < 0.05, df = 4, Kruskal–Wallis). Species with a sample size of less than 2 (n = 1) were excluded from the analyses.




2.3. Pollinator Exclusions


There were no significant differences between the mean proportion of flowers yielding fruit between bagged and open flowering branches (p = 0.31, χ2 = 0.01), with open having a higher mean proportion of fruit yield (0.91 ± 2.4 SE, n = 44) compared to bagged branches (0.66 ± 5.1 SE, n = 8; see Supplementary Figure S2). In addition, all fruits sampled (n = 394) from both treatments produced the expected five seeds per fruit.




2.4. Shrub Size Distributions


The largest shrubs were located in the river site, followed by the open and then the rocky site (Figure S3). The most symmetric distribution was recorded in the open site (with   k = 2.96  ). A slightly more positive skewness was recorded in the river site (with   k = 2.46  ), while shrubs in rocky surroundings have the highest positive skewness (  k = 2.06  ). It is probably because the rocky surroundings provide some constraints on the ability of the shrubs to reach their full growth potential; while in an open environment, there are no constraints on growth. This is also evident when comparing the mean radius of the shrubs in the open terrains (with    R ¯  = 2.23   m  ) and rocky terrains (with    R ¯  = 1.78   m  ). Close to rivers, the shrubs were generally larger, with a mean radius    R ¯  = 2.63   m  .




2.5. Fruit Estimates


Shrubs in open grassland produced more seeds compared to those in riverine and rocky outcrop sites. Each fruit produced a range of 3–6 seeds, with the majority (at least 70%) of fruits producing five seeds. There was an exponential increase in the number of seeds produced with an increase in plant radius (Figure 2). Small shrubs with a radius of 0.75 m already produced fruits. At least 47% of shrubs from the open grassland produced over five million seeds, while 25% and 2.5% of shrubs from river and rocky outcrop habitats, respectively, produced over five million seeds. Larger shrubs (>3 m radius) in open grassland can carry up to 20 million seeds per shrub. Shrubs in rocky and river environments produced fewer seeds (approximately less than 50% compared to open) but still numbered in the millions. This indicates that shrubs in open grassland produced more seeds than in other study areas. In open grassland, 55% of shrubs had a radius of over 2 m, with 12.5% and 60% of shrubs from rocky outcrop and river sites, respectively, having a radius of over 2 m (Table 1).




2.6. Pyracantha angustifolia Population Seed Counts


For each of the three sites (river, open, and rocky), seed count samples were recorded, as well as tree size and density in five 25 m2 quadrats. From the data it was possible to calculate the seed density, n (in millions of seeds per square meter of P. angustifolia invasion), for each of sites (Figure S4). Effectively, this is how many seeds are entering the environment per meter of invasion for each of the three sites. The probability distributions of seed density followed an exponential probability distribution function of the form


  P  n  =  p E    n ; λ   =  1   n 0     e  −  n   n 0      .  



(1)







The fit parameter,    n 0   , (in units of million seeds/m2), represents seed density for each of the sites. The seed densities per meter of invasion for open and rocky terrains are virtually identical with a characteristic seed density    n 0    ≈   1.7   million seeds/m2, while close to rivers the characteristic density is considerably higher, with    n 0    ≈   3   million seeds/m2 (Figure S4; Table 1).



The modelling of the P. angustifolia populations and seed productivity shows that the largest shrubs are currently found at the sampled river site. The larger shrubs also produced more seeds per meter of invasion. This was followed by the open grassland sites and finally by the rocky outcrops. However, it is worth noting that all sites sampled showed numbers of over 1 million seeds produced per meter of invasion (Table 1).




2.7. Seed Rain


High densities of loose seeds (mean ± SE 73.5 ± 11.3 seeds/m2) and seeds in whole fruits (3297 ± 282.1 seeds/m2) were found under P. angustifolia canopies (Table 2). Lower densities of both intact and loose seeds were found under Rosa (533.8 ± 522.1 seeds/m2 from intact fruits) and L. sericea canopies (12.5 ± 12.5 seeds/m2 from intact fruits). Seed traps under fence lines collected the smallest number of seeds (7 seeds in total) and no intact seeds. Only seed traps under P. angustifolia passed the D’Agostino and Pearson omnibus normality test, while L. sericea and R. rubiginosa samples were too small (n = 2 and n = 6, respectively). There were significant differences in total seed rain between P. angustifolia and R. rubiginosa, but no significant differences between P. angustifolia and L. sericea, and also between R. rubiginosa and L. sericea (H-value = 13.3, p < 0.05, df = 2). Fence lines were not included in the analyses because they had a sample size of one.




2.8. Soil Seed Bank


Soil cores from under and at the edges of the canopies of shrubs contained greater densities of intact or partially eaten fruits, whereas very few or no fruits and seeds were found at distances away from the shrubs (1, 2, 4, and 8 m from the canopy). There was a substantial decrease in mean density of seeds with increasing distance away from the centre of each shrub. The majority (>60%) of seeds found in the soil cores were decaying (easily broken when pressed between fingertips) and only viable seeds were kept in the analysis. The mean density of viable seeds was significantly greater in soil core samples from under shrubs than distances away from the centre. Significant differences in seed density were observed between the centre and soil samples from distances 1, 2, 4, and 8 m from the centre and between soil sample from the edge and 1, 2, 4, and 8 m away (H-value = 92.5, p < 0.05, df = 5, Kruskal–Wallis). There were no significant differences in seed density among soil samples from 1, 2, 4, and 8 m from the parent plant.




2.9. Seed Viability and Longevity in the Soil


There was high seed survival for the first three months after being buried; however, the seeds did not survive for longer than 6 months in the soil (Table 3). There were no differences between the two sites.





3. Discussion


All floral visitors observed in this study belonged to three insect orders, namely Hymenoptera, Diptera, and Hemiptera. The most frequent insect visitors to P. angustifolia flowers were A. mellifera. Eristalinus (Diptera) individuals carried the largest pollen loads, a high proportion of which was P. angustifolia pollen. As the species observed (especially A. mellifera) are typical generalist pollinators of many plant species in South Africa [46], this plant species is thus highly likely not to be pollen-limited outside of its native range. Nevertheless, visitation does not always equate to pollen deposition and successful reproduction, and a more in-depth study of the contribution of these insect visitors to seed set needs to be conducted [5].



All floral visitors had high P. angustifolia purity (>89%). In addition, floral visitors with high visitation rates also carried very pure pollen loads. A. mellifera had both the highest floral visitation frequency of 8.9 flowers min−1 and the highest pollen purity at 97.4%, followed by Lucilia sp. (3.1 flowers min−1; 97.4%). These results suggest that A. mellifera is the most important P. angustifolia floral visitor as it visits many flowers per minute, carries a relatively large amount of pollen, and the pollen purity is high. For the same reasons, Lucilia sp. Qualifies as the second most important pollinator, followed by both Calliphora and Bellardia although the latter two genera had the lowest visitation frequencies. Although Chrysomya sp. carried the purest (99.1%) pollen load, the species was not recorded in floral observation periods and therefore the study observations should be extended to cover as many visitors as possible. The high density of pollen found on visiting insects suggest the impact of P. angustifolia invasion and other IAPs on important crops and native plant pollination in the grasslands should be assessed in-depth [29]; (see [9] for grassland example).



The pollinator exclusion experiment proved that P. angustifolia can set fruit and produce seeds without floral visitors but further experimentation is needed with larger sample sizes to determine if they produce fruit by autonomous selfing. However, the results of this study strongly suggest that P. angustifolia is self-compatible. The ability of P. angustifolia to be self-compatible and/or use generalist pollinators implies that the species invasiveness is not dramatically hindered by lack of pollination vectors [47]. Therefore, it is expected that the generalist pollination behaviour allows increased probability of P. angustifolia spread [48,49].



Due to the high production of fruits per season produced by P. angustifolia, millions of seeds are available for wide distribution by dispersal agents [50]. One mature plant can produce more than 1 million seeds annually, translating to more than 1000 seeds per m2 [50]. In this study, it was shown that P. angustifolia produces an average of 2 million seeds per m2 of invaded area. The species produced double the number of seeds in open grassland compared with rocky outcrop grassland.



Shrubs in open grassland produced more seeds than shrubs in a rocky outcrop and riverine habitats in relation to shrub size but shrubs in open grassland and rocky outcrops produced similar numbers of seeds per given area in the field. However, shrubs produced at least 1.7 million seeds per square metre in all sites. Seed production in this study was higher than the one recorded by [50] where the shrubs produced 1000 seeds per square metre. High seed production plays a role in the probability of recruitment as it increases the chances of a seed reaching a favourable site for germination and seedling survival [51]. In addition, the large number of seeds produced increases the availability and attractiveness of fruits to frugivores [37,52,53]. Despite not lasting for a long period once on the ground, P. angustifolia fruits persist on the shrub through winter and summer seasons in large populations, and shrubs start fruiting while the previous season’s fruits are still on the shrub (pers. obs.). The observed persistence of fruits on shrubs implies that the fruits are available for frugivorous birds almost all year round (pers. obs), increasing the species’ invasiveness. As compared to other invaded systems, the shrubs also produce fruits “out of season” in Argentina [42]. Although information is lacking regarding reproductive ecology of the species in its native range [29], our results suggest the invasion hypothesis of evolution of increased competitive ability (EICA) due to increased seed or fruit production. The EICA states that after having been released from natural enemies, non-native species will allocate more energy in growth and/or reproduction (this re-allocation is due to genetic changes), which makes them more competitive [54]. The seeds ingested by birds were shown to be viable after being defecated and germination was improved by birds through removal of the fruit pulp [37].



The use of P. Angustifolia as perching sites for birds may also result in recruitment of other fleshy-fruited IAPs as birds might defecate them while perching on P. angustifolia branches [37,39,55]. This can facilitate the establishment of other species (potentially invasive species) within the invaded site as the thorny nature of the shrub protects developing seedlings growing close to the shrub from the harsh sunlight as well as grazing from livestock. High seed rain densities were observed under P. angustifolia canopies. High proportions of seed from intact fruits under P. angustifolia canopies indicates that many seeds reached the ground in intact fruits, also confirmed by the soil seed bank analysis. The presence of P. angustifolia loose seed under the fence, R. rubiginosa and L. sericea, reveals that birds using the latter as perching structures [38] also use P. angustifolia. Although Chari et al. [29] mentioned seed dispersal by animals, human translocation, and water and wind dispersal should also be recorded. Unexpectedly, there were whole fruits collected from seed traps under R. rubiginosa and L. sericea canopies. These fruits might have been dispersed by the wind to these understoreys as P. angustifolia fruits can also be wind dispersed [29].



The decrease in the soil seed bank density with an increase in distance away from the parent plant has also been revealed by other studies [56,57]. A high proportion of seeds crumbled under light pressure when handled, suggesting that they were not viable and susceptible to decomposition. Although the seeds have a short life span in the soil (<6 months), many seeds should find suitable sites for germination through bird dispersal soon after maturing. Our results show that the species must depend more on bird dispersal for its spread away from the parent population rather than wind or water dispersal in grassland habitats.



Gioria et al. [58] tested EICA in terms of the invasiveness hypothesis, which predicted that the ability of an IAP to naturalise in an invaded area can be seen by species forming persistent seed banks. Our results revealed P. angustifolia to be an exception to this hypothesis as seeds only survived less than six months in the soil after burial. This is unlike some aggressive invaders such as Rubus alceifolius (Rosaceae) that produces seeds that persist in the soil for much longer periods, i.e., for at least 5 years [59] Marks 1983. Although the seeds lack longevity in the soil, they can germinate across a wide range of environmental conditions in terms of soil chemical, temperature, and moisture levels [29,36]. They also readily start germinating a month after dispersal, with only 7% of total seeds planted as whole fruits germinating, as revealed by germination experiments of ingested and manually depulped seeds [37]. The chances of P. angustifolia re-establishment through the soil seed bank post-clearing are small because of the seeds have low survival rates in the soil and need pulp removal for faster germination [60].



Pyracantha angustifolia is a formidable invader due to its ability to self-pollinate and use generalist insect pollinators, high seed production, high seed viability straight after dispersal, having various seed dispersal agents including birds, water, wind and other animals, and having large thorns making the plant difficult to manage manually. Also, the short life span of seeds may prevent excessive recolonization after clearing invaded sites, and thus management can be implemented perhaps with manual clearing, 6-month and annual monitoring up to three years, and potentially long-term plans for biocontrol investigations into agents targeting reproductive structures to control larger invasions that are too costly to manually remove.




4. Materials and Methods


4.1. Study Area


The data were collected in the eastern Free State Province of South Africa (Figure 3) from April 2018 to June 2020. The study area is typified by private farmland with patches of natural grassland, rocky outcrops, and sandstone cliffs deeply incised by rivers [61]. The area receives an average rainfall of 600 to 1000 mm per annum, and occasional snow and frequent frost in winter. The annual average minimum and maximum temperatures are 6 °C and 26 °C, respectively, although frost usually reduces the temperature to well below freezing in winter [62]. The area falls under the grassland biome (Mesic Highveld Grassland) [61]. More specifically; the Eastern Free State Clay Grassland and Eastern Free State Sandy Grassland, which are now mostly transformed by the agricultural industry [61].



The study area has been invaded by a number woody species including Rosa rubiginosa L., Cotoneaster Medik spp., Rubus L. spp., (all Rosaceae), Robinia pseudoacacia L., Gleditsia traicanthos L. (both Fabaceae) and Salix L., nom. cons. spp. (Salicaceae) [63].



Pyracantha angustifolia, native to southwest China, was introduced to South Africa as an ornamental plant, for security, hedging, and potentially as a source of vitamin C [29]. In South Africa, Pyracantha angustifolia invades high altitude grasslands, bush clumps, erosion channels, forests, rocky ridges, and watercourses [29]. The thorny plant forms dense monocultures and competes with native grassland plant species, thereby reducing grazing capacity of the grassland and changing the ecosystem [12]. The species’ fruiting period ranges between April and November but mature fruits may remain on the shrub for the majority of the year ([29], Adams pers. obs). Leaves are alternatively arranged, dull dark green above, and greyish underneath [12]. The leaves have a diagnostic notched tip. Flowers are arranged in compound corymbs of 2 to 4 cm in diameter that can contain from a few to 30 flowers [29]. These flowers each have five white petals (5 to 12 mm across), five small sepals, and twenty stamens. Mature fruits become either orange-red or orange-yellow with age [64]. All Pyracantha species have somewhat similar flowers and fruits but can be distinguished using leaf morphology [65].




4.2. Visitation Frequencies of Floral Visitors


Data on floral visitors and pollinator exclusion experiments were collected in December 2018 near Clarens Town (28°32′8″ S; 28°25′2″ E) from flowering P. angustifolia shrubs. The observations were performed on sunny days between 09:00 and 13:00. To investigate the visitation rates of insect visitors to flowers of P. angustifolia, timed observations of visitors were conducted, in which individual insect visitors were observed for one minute and the number of flowers visited was noted. Eighty observations were randomly performed on at least ten different shrubs and included insects of different species. Visitation frequencies were expressed as the number of flowers visited per minute. Data normality was tested using D’Agostino and Pearson omnibus normality tests. As the data collected were not normally distributed a non-parametric Kruskal–Wallis test was used to determine significant differences (p < 0.05) in mean visitation frequencies between species of insect visitors. Data were analysed using GraphPad Prism 5 statistical software [66]. Insects were identified to genus level if possible; otherwise, morpho-species level identifications were used.



To determine the visitation frequency of floral visitors, flowering branches were observed for five minutes and the number of all visitors was noted and counted. Flowering branches were randomly chosen, and branch size was not taken into consideration as the interest was on flowers. A total of twenty branches were consecutively observed for five minutes each, totalling 100 min of observation over two days. Visitation frequencies for floral visitors were calculated as the average number of individual insects observed visiting per minute. Insects were not identified to species, only the number of insect individuals visiting the flowers were counted.




4.3. Pollen Loads


Pollen load, referring to the amount and type of pollen carried by a floral visitor, was determined to assess the amount of P. angustifolia pollen transferred to visiting insects and if these insects had visited other plant species or were showing constancy (i.e., only visiting P. angustifolia). To examine the pollen load on insects visiting P. angustifolia flowers, insects visiting flowers were caught with an insect net and placed in 5 mL microcentrifuge tubes, during the flowering period of December 2018. Insects were dabbed with fuchsin gel [67] to collect pollen deposited on the insects’ bodies. Microscope slides were made by melting the fuchsin gel and covering the melted gel with a glass cover slip. The slides were heated with a lighter at a distance of at least 5 cm. Pollen grains were counted and identified to genus level (where possible) under a light microscope at 40× magnification. All insects were pinned for identification and reference (see Supplementary Information, Figure S1).



Total P. angustifolia pollen was counted on each slide and the mean number of pollen grains per insect species was calculated. Pollen grains from other plant species were similarly identified and counted. Mean pollen number with standard error was determined for insect species for which more than one individual was caught. The exact value of pollen grains is presented for insect species for which only one individual was caught. Insect species were identified to genus or species level where possible. The mean numbers of P. angustifolia pollen grains between insect species were compared using Kruskal–Wallis statistics followed by Dunn’s multiple comparison test on GraphPad Prism 5 for any insect species for which more than one individual had been caught. The mean number of foreign pollen grains (pollen from other plant species flowering sympatrically) carried by each insect were also determined for each insect species. Percentage P. angustifolia pollen purity (Pp) (how pure the pollen collected from insects was) was determined using the following formula:


  P p =    Total    P y r a c a n t h a   a n g u s t i f o l i a    pollen     Total    P y r a c a n t h a   a n g u s t i f o l i a    pollen  +  total   other   specie  s ′  pollen    × 100 % .  



(2)








4.4. Pollinator Exclusions


To determine the natural fruit set and if pollinators are needed for sexual reproduction in P. angustifolia, a total of eight 30 cm branches on four randomly selected shrubs growing in the open grassland were bagged with fine nylon mesh to exclude all floral visitors. The branches were bagged before any buds had opened. This tested for autogamous pollination and seed set. The bags were not removed until fruits were collected to avoid fruits falling on the ground or being eaten by birds. The number of buds at the start of the experiment were counted and the point to which these were counted along the branch was marked with fluorescent tape.



Similarly, for investigating natural fruit set from open pollination and to compare natural fruit set to bagged branches, the number of flowers were noted for each of the 44 flowering branch tips and marked with a plastic band. The flowers were left open to pollinators (unbagged). After flowers had senesced and during the early development of the fruits, branches were bagged to avoid fruits falling off or being eaten by birds.



Fruit set on bagged and open branches was compared using a generalised estimating equation (GEE) in IBM SSPS Statistics version 25 software. The GEE was used because it allows one to account for plant effects and differences in flower numbers. Plant was used as the subject variable. The model followed a binomial distribution transformed with a logit link function and employed an exchangeable correlation matrix. In addition, ten fruits per branch were cut open and the number of seeds inside were counted to determine if fruits contained seeds and how many were produced per fruit on average. A chi-square test was also used to test for the null hypothesis, i.e., that there were no differences in seed set between bagged and non-bagged branches.




4.5. Fruit Estimates


In order to determine fruit production, and therefore number of viable seeds produced by P. angustifolia populations invading different habitats in South Africa, representative shrubs and populations were selected. Roadside surveys and the literature suggested open grasslands, rocky hillsides, and a riverine habitat as key regions for invasion and representative sites were accordingly selected [10,15]. All three sites were on agricultural land, however, P. angustifolia stands were not in the cultivated areas but in the adjacent natural areas with low disturbance. At each site, 40 shrubs of different size classes were randomly selected from the population sampled. Fruit production was estimated towards the end of the fruiting season (August to September 2019).



To investigate the number of seeds produced per annum and thus give an indication of the productivity of populations, we investigated the relationship between plant volume and the number of seeds. Due to the high number of fruits produced per shrub, it was necessary to sub-sample fruits and seeds per shrub. The following method was used to estimate the number of fruits per shrub. Firstly, the size of the shrub on which the number of fruits was to be calculated was measured. This was achieved by measuring plant height (ground level to the highest leaves) and two diameters at the widest points of the shrub in two directions: one in a north to south direction and one east to west. Shrubs were divided into quadrants (southwest, northwest, northeast, and southeast). The fruiting distance within each quadrant was then determined by placing a measuring pole into each quadrant towards the centre of the shrub and measuring the distance from the outermost fruits to the innermost fruits. Following this, the number of fruits per quadrant was estimated by randomly placing a wire cube in the fruiting area and counting fruits inside the cube (10 × 10 × 10 cm = 1000 cm3 = 0.001 m3). Five random cube samples were taken per quadrant. The total number of fruits produced per shrub was then extrapolated (see Statistics section below, Figure 4).



In determining the average number of seeds per fruit, 10 fruits were collected in each quadrant per shrub and stored in paper bags. In the laboratory, the fruit flesh was removed, and the seeds inside were counted and noted. The mean (±SE) number of seeds produced per fruit was then used to calculate the number of seeds produced per sampled shrub using the extrapolated total number of fruits per shrub. In order to determine the average shrub density and the plant demography at each of the sites (rocky, river, and open) five randomly placed 5 × 5 m quadrats were selected at each site. Within each quadrat, all shrubs found growing in the quadrat were identified and diameter, height and fruiting distance were measured. Unlike other woody invasive plants (e.g., [68], basal stem circumference was not measured due to the multi-stemmed nature of the species and large thorns making access impossible. The shrub size distributions showed a tendency to be skewed to the right, therefore a Weibull distribution function was used to fit to the results


  P  R  =  p W    R ; λ ,   k   =  k λ         R λ      k − 1    e  −      R λ     k    .  



(3)







Here,  k  is a shape parameter for the distribution, determining skewness of the distribution, while  λ  is a scale parameter (in units of meters). The skewness of the distributions provides some indication of the impact of the nature of the surroundings on the growth of Pyracantha angustifolia.



The following section provides details on the mathematical model used in calculating the fruit estimates.




4.6. Seed Count Model


In order to determine the total seed count for the shrubs at each site, the following model was developed by (a) using the seed count samples in the various quadrants to estimate the total seed count for the shrub, and then (b) establishing a functional relationship between the total seed count and the plant radius. This was performed for each of the sites to establish any differences between the seed counts at each site.



	(a)

	
Determining seed counts.







It is assumed that the shrubs are spherically shaped with a total outer radius R, with the seeds located within a shell with an inner radius, r, and in a fruiting height of the shrub, H, as shown in Figure 4.



Using the formula for the volume of a segment of a sphere of radius, r, and segment height, h,


  V =  1 3  π  h 2    3 r − h   ,  



(4)




one obtains the volume of a segment of a spherical shell by subtracting the inner segment from the outer segment:


  V   R , r , H   =  1 3  π  H 2    3 R − H   −  1 3  π  h 2    3 r − h   .  



(5)







Using the fruiting height


  h = H −   R − r    



(6)




as shown in Figure 4, the volume simplifies to


  V   R , r , H   =  1 3  π  H 2    3 R − H   −  1 3  π  h 2    3 r − h   .  



(7)







From the sampling process for each shrub discussed in the previous section, the quadrant seed count, nq (q = 1, 2, 3, 4), was obtained for each quadrant based on 5 samples per quadrant. Using this quadrant seed count, the quadrant seed density, ρq, could then be estimated as


   ρ q  = 5    n q  × 1000  



(8)




where the factor of 1000 is used to convert to m3 (since, as previously noted, each sample container had a volume of 0.001 m3). Using the shrub height, H, and the average radius, R, (obtained from the diameter measurements), the fruiting distance for each quadrant,    r q   , the volume of each quadrant,    V q   , was calculated using equation


   V q  =  1 4  V   R ,  r q  , H   .  



(9)







Based on the quadrant seed density and quadrant volume, the estimated total seed count,   N ^  , for the shrub can be calculated by summing over all the quadrants:


   N ^  =   ∑   q = 1  4   ρ q     V q  .  



(10)







	(b)

	
Functional relationship.







We assume that the shrub radius is a proxy for age, so that for a shrub radius, R, less than some value    r *   , the shrub will not produce any seeds. Only when the size is   R >  r *    (i.e., the plant has reached a certain age) will the shrub produce seeds. From that point, the number of seeds must scale as the volume, i.e.,   N   ~     R −  r *     3   . The model used to relate the number of seeds to the shrub radius is therefore


  N  R  =       0 ,     f o r   R <  r *        a     R −  r *     3  ,     f o r   R ≥  r *      .    



(11)







Here a is a parameter that is used to scale the “volume”-to-seed count. Furthermore, note that only sexually mature shrubs were included in the study.




4.7. Seed Rain


Seed rain below the shrubs was calculated per shrub. This was only conducted in the open grassland as the environmental aspects of the other two sites precluded them from the experiment but it is assumed that the rain would be similar for all sites. Seed traps (n = 55), comprising shallow perforated plastic containers (diameter 30 cm × 15 cm deep) covered with wire netting to exclude rodents and birds, were secured to the ground with metal pegs beneath shrub canopies to estimate the density of seed arriving on that surface. Two traps were placed under mature P. angustifolia at the site. In addition, the same seed traps were placed randomly under surrounding shrubs (R. rubiginosa and Leucosidea sericea Eckl. & Zeyh, (Rosaceae) as well as under nearby fence lines. It was assumed that P. angustifolia seed found in seed traps under other shrub species and fence lines had been dispersed there by birds or mammals. Seed traps were emptied monthly, seed was cleaned and sorted, and the number of seeds arriving in each trap were counted. For whole fruits emptied from the traps, the number of fruits was multiplied by the average number of seeds to calculate the total number of seeds in the trap. Forty-four seed traps, two per shrub, were placed under P. angustifolia, one trap per shrub placed under two L. sericea shrubs, six traps under R. rubiginosa shrubs, and one under fence lines. The total amount of seed traps amounts to 53 seed traps. Seed traps were placed in the field for 12 months to cover all the seasons (October 2018 to September 2019).



Two perpendicular shrub diameters were measured, and canopy area was calculated. Seed rain (SR) was calculated using the following formula [38]:


SR = (SF/TA) × CA.



(12)







Seed fall (SF) refers to the number of seeds counted in the seed trap and total area (TA) refers to the sum of seed traps area. Canopy area (CA) was the shrub canopy area calculated using the following formula:


CA = (Pi/4) × canopy1 × canopy2



(13)




where canopy1 and canopy2 were the two perpendicular diameters of the shrubs.



Ultimately, mean annual seed rain (mean ± SE) expressed as the number of seeds per square metre was determined for loose seeds, seeds in intact fruits, and total seed number for seed traps under different canopies and fence lines. Statistically significant differences were also determined using Kruskal–Wallis tests followed by Dunn’s multiple comparison tests using GraphPad Prism 5. Data were checked for normality via D’Agostino and Pearson omnibus normality test before the analyses.




4.8. Soil Seed Bank


To determine the seed density in the soil around the source plant, soil cores were taken during the fruiting season of P. angustifolia (August 2018). Soil cores were taken from 20 randomly selected sexually mature shrubs, 2–3 m in height, that had fruits on them and were at least 16 m away from another P. angustifolia plants so as not to sample fruits fallen from neighbouring shrubs. Six soil samples (using a soil auger, 7.5 cm diameter × 20 cm depth) were taken in one random direction away from each of the 20 focal plants, thus 120 soil core samples were taken.



The first sample was taken directly under the shrub canopy, the second one at the edge of the canopy, and the remaining four samples at 1 m, 2 m, 4 m, and 8 m from the canopy edge. Soil samples were collected for seed bank assessments using the modified methods of Holmes [69]. Soil samples were passed through a sieve (1 mm) and fine particles were removed with only seeds and large particles remaining in the sieve. The sieved P. angustifolia seeds could be clearly distinguished from soil clumps. Seeds collected from the field were stored in the laboratory in paper bags until counted. The average number of seeds per area was calculated. Intact seeds were assumed to be viable.




4.9. Seed Viability and Longevity in the Soil


Fresh fruits were harvested from more than 20 randomly selected P. angustifolia shrubs growing in the eastern Free State. The flesh was removed from the seeds. Seeds are best cleaned while fresh because it is difficult to remove the fleshy material once dry. Seeds were stored in a cool, dry, dark container for two months. Seeds of many Rosaceae species exhibit double dormancy due to their hard, impermeable seed coats and the physiological condition of their embryos. Because of the dormancy in these seeds, the International Seed Testing Association recommends the use of tetrazolium staining rather than germination tests for evaluation of seed quality [70]. Seeds were stained by first soaking them in water for 18 h, then the distal (furthest away from the seed embryo) third of the seeds was removed with a transverse cut, and the seeds were then placed in a 1.0% solution of tetrazolium chloride for 20 to 24 h. Viable seeds usually stain completely, but seeds are considered viable if only the radicle tip and the distal third of the cotyledons are unstained [70].



Before the seeds were buried, a sub-sample of 400 seeds was tested for viability, all were viable. The seeds were then divided into groups of 100 seeds and placed in 10 cm × 5 cm individual perforated plastic mesh bags (garden shade cloth). Seeds were then buried at two sites near the town of Clarens in the Free State Province between June 2020 and January 2021. At each site, four 50 cm deep and 7.5 cm wide holes were dug. Each hole was at least five meters away from the next one. In each hole, 12 seed bags were placed and covered with soil. The location of each hole was marked with a 30 cm metal stake protruding from the ground. The sites were as follows: Site 1, grassland (−28.542771°; 28.507778°), was in a valley bottom; valley facing north; loam to clay soils. Site 2 was in a valley thicket (−28.543331°; 28.506207°); rocky outcrop, west-facing slope; sand, shale soils. At each site two replicates were conducted. Each replicate included 12 perforated bags each containing 100 seeds per bag. Bags were removed every 3 months after which seeds were tested for viability as described above.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants12061308/s1, Figure S1: Process followed to collect pollen grains from insects visiting Pyracantha angustifolia flowers. The insects visiting flowers were caught with an insect net and placed in 5 mL microcentrifuge tubes (A). Insects were dabbed with Fuchsin gel (B) to collect pollen deposited on the insect’s body. Microscope slides were made by melting the Fuchsin gel (C) and covering the melted gel with a glass cover slip (D). Pollen grains were counted and identified to genus level (where possible) under a light microscope at 40× magnification (E) and insects were pinned for identification to genus level (F); Figure S2: Back-transformed mean (± SE) proportion of seed set per branch tip from bagged and open flower buds. There were no statistically significant differences (p > 0.05) in the proportion of fruit set between bagged and open branches; Figure S3: The probability distribution of Pyracantha angustifolia radius for shrubs in three field sites, (a) Open grassland, (b) Rocky outcrop and (c) River habitats; Figure S4: The probability distribution of seed count density (million seeds/m2) from three field sites in (a) Open grassland, (b) Rocky outcrop and (c) River habitats for seed production by Pyracantha angustifolia; Table S1: Number of pollen grains found on each floral visiting insect collected from flowering Pyracantha angustifolia shrubs during the flowering period (December 2018). There were significant differences on number of pollen grains only between Apis mellifera vs. Calliphora sp. and A. mellifera vs. Lucilia sp. (H-value = 15.3, p < 0.05, df = 4, Kruskal–Wallis). Species with sample size of less than 2 (n = 1) were excluded from the analyses.





Author Contributions


Conceptualization, L.D.A., S.-L.S. and G.D.M.; Methodology, S.-L.S. and G.D.M.; Formal Analysis, L.D.A., S.-L.S. and D.G.; Data Curation, L.D.A.; Writing—Original Draft Preparation, L.D.A.; Writing—Review & Editing, L.D.A., S.-L.S., D.G., V.R.C. and G.D.M.; Visualization, D.G.; Supervision, S.-L.S. and G.D.M.; Project Administration, L.D.A.; Funding Acquisition, L.D.A. and S.-L.S. All authors have read and agreed to the published version of the manuscript.




Funding


The Afromontane Research Unit, University of the Free State, supported Lehlohonolo Adams and Sandy-Lynn Steenhuisen with a master’s bursary and running costs for this project, respectively. The South African Department of Forestry, Fisheries and the Environment (DFFE) is thanked for funding, noting that this publication does not necessarily represent the views or opinions of DFFE or its employees. National Research Foundation—German Academic Exchange Service (DAAD) is acknowledged for Lehlohonolo Adams bursary (Fund number: 117648). The South African Research Chairs Initiative of the Department of Science and Technology and the National Research Foundation of South Africa provided additional funding. Additional running costs provided by DSI–NRF Centre of Excellence for Invasion Biology (CIB) are acknowledged. Any opinion, finding, conclusion, or recommendation expressed in this material is that of the authors, and the National Research Foundation does not accept any liability in this regard.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Albert Malefane, Dimakatso Ndlovu, and Lindokuhle Mdakane are acknowledged for their assistance with data collection for the study. Kokonyana Lab, Department of Zoology and Entomology at University of the Free State Phuthaditjhaba is thanked for identifying floral insect visitors. Lesly Henderson is thanked for sharing species distribution data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



O’Connor, T.G.; van Wilgen, B.W. The impact of invasive alien plants on rangelands in South Africa. Biol. Invasions S. Afr. 2020, 14, 459–487. [Google Scholar]

	



Van Kleunen, M.; Weber, E.; Fischer, M. A meta-analysis of trait differences between invasive and non-invasive plant species. Ecol. Lett. 2010, 13, 235–245. [Google Scholar] [CrossRef] [PubMed]

	



Van Kleunen, M.; Dawson, W.; Maurel, N. Characteristics of successful alien plants. Mol. Ecol. 2015, 24, 1954–1968. [Google Scholar] [CrossRef]

	



Milbau, A.; Stout, J.C. Factors associated with alien plants transitioning from casual, to naturalized, to invasive. Conserv. Biol. 2008, 22, 308–317. [Google Scholar] [CrossRef]

	



Tandon, R.; Shivanna, K.R.; Koul, M. (Eds.) Reproductive Ecology of Flowering Plants: Patterns and Processes; Springer: Berlin/Heidelberg, Germany, 2020. [Google Scholar]

	



Chen, X.; Liu, W.; Pennings, S.C.; Zhang, Y. Plasticity and selection drive hump-shaped latitudinal patterns of flowering phenology in an invasive intertidal plant. Ecology 2021, 102, e03311. [Google Scholar] [CrossRef] [PubMed]

	



Martin-Albarracin, V.L.; Amico, G.C. Plant origin and fruit traits shape fruit removal patterns by native birds in invaded plant communities. Biol. Invasions 2021, 23, 857–870. [Google Scholar] [CrossRef]

	



Chikowore, G.; Steenhuisen, S.L.; Mutamiswa, R.; Martin, G.D.; Chidawanyika, F. Integration of invasive tree, black locust, into agro-ecological flower visitor networks induces competition for pollination services. Arthropod-Plant Interact. 2021, 15, 787–796. [Google Scholar] [CrossRef]

	



Parra-Tabla, V.; Arceo-Gómez, G. Impacts of plant invasions in native plant–pollinator networks. New Phytol. 2021, 230, 2117–2128. [Google Scholar] [CrossRef]

	



Sperry, J.H.; O’Hearn, D.; Drake, D.R.; Hruska, A.M.; Case, S.B.; Vizentin-Bugoni, J.; Arnett, C.; Chambers, T.; Tarwater, C.E. Fruit and seed traits of native and invasive plant species in Hawaii: Implications for seed dispersal by non-native birds. Biol. Invasions 2021, 23, 1819–1835. [Google Scholar] [CrossRef]

	



Yannelli, F.A.; Karrer, G.; Hall, R.; Kollmann, J.; Heger, T. Seed density is more effective than multi-trait limiting similarity in controlling grassland resistance against plant invasions in mesocosms. Appl. Veg. Sci. 2018, 21, 411–418. [Google Scholar] [CrossRef]

	



Molefe, K.L.; Tedder, M.J.; Thabethe, V.; Rushworth, I.; Downs, C.T. Role of native avian frugivores in germination facilitation and potential dispersal of invasive American bramble (Rubus cuneifolius) in South Africa. Biol. Invasions 2020, 22, 1109–1120. [Google Scholar] [CrossRef]

	



Henderson, L. Invasive Alien Plants in South Africa. In Plant Protection Research Institute Handbook No. 21; Agricultural Research Council: Pretoria, South Africa, 2020. [Google Scholar]

	



Chikowore, G.; Mutamiswa, R.; Sutton, G.F.; Chidawanyika, F.; Martin, G.D. Reduction of grazing capacity in high-elevation rangelands after Black locust invasion in South Africa. Rangel. Ecol. Manag. 2021, 76, 109–117. [Google Scholar] [CrossRef]

	



Carbutt, C. The emerging invasive alien plants of the Drakensberg Alpine Centre, southern Africa. Bothalia 2012, 42, 71–85. [Google Scholar] [CrossRef]

	



Yapi, T.S.; O’Farrell, P.J.; Dziba, L.E.; Esler, K.J. Alien tree invasion into a South African montane grassland ecosystem: Impact of Acacia species on rangeland condition and livestock carrying capacity. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2018, 14, 105–116. [Google Scholar] [CrossRef]

	



Humphrey, L.; Fraser, G.; Martin, G. The economic implications of Robinia pseudoacacia L. (black locust) on agricultural production in South Africa. Agrekon 2019, 58, 216–228. [Google Scholar] [CrossRef]

	



Richardson, D.M.; Foxcroft, L.C.; Latombe, G.; Le Maitre, D.C.; Rouget, M.; Wilson, J.R. The biogeography of South African terrestrial plant invasions. In Biological Invasions in South Africa; Springer: Berlin/Heidelberg, Germany, 2020; pp. 67–96. [Google Scholar]

	



Kobisi, K.; Seleteng-Kose, L.; Moteetee, A. Invasive alien plants occurring in Lesotho: Their ethnobotany potential risks distribution and origin. Bothalia Afr. Biodivers. Conserv. 2019, 49, 1–11. [Google Scholar] [CrossRef]

	



Hyde, M.A.; Wursten, B.T.; Ballings, P.; Coates Palgrave, M. Flora of Zimbabwe: Species Information: Records of Pyracantha angustifolia. 2022. Available online: https://www.zimbabweflora.co.zw/speciesdata/species-display.php?species_id=125340 (accessed on 27 January 2022).

	



Urcelay, C.; Longo, S.; Geml, J.; Tecco, P.A. Can arbuscular mycorrhizal fungi from non-invaded montane ecosystems facilitate the growth of alien trees? Mycorrhiza 2019, 29, 39–49. [Google Scholar] [CrossRef]

	



Moreschi, E.G.; Funes, G.; Zeballos, S.R.; Tecco, P.A. Post-burning germination responses of woody invaders in a fire-prone ecosystem. Austral Ecol. 2019, 44, 1163–1173. [Google Scholar] [CrossRef]

	



Guix, J.C. The role of alien plants in the composition of fruit-eating bird assemblages in Brazilian urban ecosystems. Orsis Org. I Sist. 2007, 22, 87–104. [Google Scholar]

	



De Villalobos, A.E.; Vázquez, D.P.; Martin, J.L. Soil disturbance, vegetation cover and the establishment of the exotic shrub Pyracantha coccinea in southern France. Biol. Invasions 2010, 12, 1023–1029. [Google Scholar] [CrossRef]

	



GBIF. Global Biodiversity Information Facility [WWW Document]. 2019. Available online: https://www.gbif.org/species/2988222 (accessed on 6 May 2019).

	



Cadic, A. Pyracantha breeding program in France: First results. In III International Workshop on Fire Blight; ISHS: Bordeaux, France, 1983; Volume 151, pp. 307–314. [Google Scholar]

	



Andreu, J.; Vilà, M. Native plant community response to alien plant invasion and removal. Manag. Biol. Invasions 2011, 2, 81–94. [Google Scholar] [CrossRef]

	



Brändle, M.; Brandl, R. The time lag between introduction and escape from cultivation of alien woody plant species decreases with polyploidization. Web Ecol. 2012, 12, 1–7. [Google Scholar] [CrossRef]

	



Chari, L.D.; Martin, G.D.; Steenhuisen, S.L.; Adams, L.D.; Clark, V.R. Biology of Invasive Plants 1. Pyracantha angustifolia (Franch.) CK Schneid. Invasive Plant Sci. Manag. 2020, 13, 120–142. [Google Scholar] [CrossRef]

	



Department of Environmental Affairs. National Environmental Management: Biodiversity Act 2004 (Act No. 10 of 2004) Alien and Invasive Species Regulations, 2014; Government Gazette Volume 590, No. 37885; Department of Environmental Affairs: Pretoria, South Africa, 2014.

	



Henderson, L. Invasive alien woody plants of Natal and the north-eastern Orange Free State. Bothalia 1989, 19, 237–261. [Google Scholar] [CrossRef]

	



Henderson, L. Invasive alien woody plants of the southern and southwestern Cape region, South Africa. Bothalia 1998, 28, 91–112. [Google Scholar] [CrossRef]

	



Giorgis, M.A.; Tecco, P.A.; Cingolani, A.M.; Renison, D.; Marcora, P.; Paiaro, V. Factors associated with woody alien species distribution in a newly invaded mountain system of central Argentina. Biol. Invasions 2011, 13, 1423–1434. [Google Scholar] [CrossRef]

	



Canavan, K.; Canavan, S.; Clark, V.R.; Gwate, O.; Richardson, D.M.; Sutton, G.F.; Martin, G.D. The Alien Plants That Threaten South Africa’s Mountain Ecosystems. Land 2021, 10, 1393. [Google Scholar] [CrossRef]

	



Plenderleith, F.A.; Irrazabal, V.A.; Burslem, D.F.; Travis, J.M.; Powell, P.A. Predicting spatially heterogeneous invasive spread: Pyracantha angustifolia invading a dry Andean valley in northern Argentina. Biol. Invasions 2022, 24, 2201–2216. [Google Scholar] [CrossRef]

	



Tecco, P.A.; Pais-Bosch, A.I.; Funes, G.; Marcora, P.I.; Zeballos, S.R.; Cabido, M.; Urcelay, C. Mountain invasions on the way: Are there climatic constraints for the expansion of alien woody species along an elevation gradient in Argentina? J. Plant Ecol. 2016, 9, 380–392. [Google Scholar] [CrossRef]

	



Adams, L.D.; Martin, G.D.; Downs, C.T.; Clark, V.R.; Thabethe, V.; Raji, I.A.; Steenhuisen, S.L. Seed dispersal by frugivores and germination of the invasive alien shrub Pyracantha angustifolia (Franch.) CK Schneid. in Free State Province, South Africa. Biol. Invasions 2022, 24, 2809–2819. [Google Scholar] [CrossRef]

	



Giantomasi, A.; Tecco, P.A.; Funes, G.; Gurvich, D.E.; Cabido, M. Canopy effects of the invasive shrub Pyracantha angustifolia on seed bank composition, richness and density in a montane shrubland (Córdoba, Argentina). Austral Ecol. 2008, 33, 68–77. [Google Scholar] [CrossRef]

	



Tecco, P.A.; Diaz, S.; Gurvich, D.E.; Perez-Harguindeguy, N.; Cabido, M.; Bertone, G.A. Facilitation and interference underlying the association between the woody invaders Pyracantha angustifolia and Ligustrum lucidum. Appl. Veg. Sci. 2007, 10, 211–218. [Google Scholar] [CrossRef]

	



Tapella, M.P.; Marcora, P.I.; Tecco, P.A. Reciprocal interactions between a non-native shrub and the dominant native trees of a high mountain woodland: Who benefits? Biol. Invasions 2020, 23, 53–67. [Google Scholar] [CrossRef]

	



Semenya, S.S.; Tshisikhawe, M.P.; Potgieter, M.T. Invasive alien plant species: A case study of their use in the Thulamela Local Municipality, Limpopo Province, South Africa. Sci. Res. Essays 2012, 7, 2363–2369. [Google Scholar]

	



Vergara-Tabares, D.L.; Badini, J.; Peluc, S.I. Fruiting phenology as a “triggering attribute” of invasion process: Do invasive species take advantage of seed dispersal service provided by native birds? Biol. Invasions 2016, 18, 677–687. [Google Scholar] [CrossRef]

	



Vergara-Tabares, D.L.; Toledo, M.; García, E.; Peluc, S.I. Aliens will provide: Avian responses to a new temporal resource offered by ornithocorous exotic shrubs. Oecologia 2018, 188, 173–182. [Google Scholar] [CrossRef]

	



Vergara-Tabares, D.L.; Blendinger, P.G.; Tello, A.; Peluc, S.I.; Tecco, P.A. Fleshy-fruited invasive shrubs indirectly increase native tree seed dispersal. Oikos 2022, 2022. [Google Scholar] [CrossRef]

	



Williams, P.A.; Karl, B.J.; Bannister, P.; Lee, W.G. Small mammals as potential seed dispersers in New Zealand. Austral Ecol. 2000, 25, 523–532. [Google Scholar] [CrossRef]

	



Veldtman, R. Are managed pollinators ultimately linked to the pollination ecosystem service paradigm? S. Afr. J. Sci. 2018, 114, 1–4. [Google Scholar] [CrossRef]

	



Stout, J.C.; Tiedeken, E.J. Direct interactions between invasive plants and native pollinators: Evidence, impacts and approaches. Funct. Ecol. 2017, 31, 38–46. [Google Scholar] [CrossRef]

	



Albrecht, M.; Padrón, B.; Bartomeus, I.; Traveset, A. Consequences of plant invasions on compartmentalization and species’ roles in plant–pollinator networks. Proc. R. Soc. B Biol. Sci. 2014, 281, 20140773. [Google Scholar] [CrossRef]

	



Frost, C.M.; Allen, W.J.; Courchamp, F.; Jeschke, J.M.; Saul, W.C.; Wardle, D.A. Using network theory to understand and predict biological invasions. Trends Ecol. Evol. 2019, 34, 831–843. [Google Scholar] [CrossRef]

	



Hickman, J.C. (Ed.) The Jepson Manual: Higher Plants of California; 3rd Printing with Corrections; University of California Press: Berkeley, CA, USA, 1993; 972p. [Google Scholar]

	



Gioria, M.; Pyšek, P. Early bird catches the worm: Germination as a critical step in plant invasion. Biol. Invasions 2017, 19, 1055–1080. [Google Scholar] [CrossRef]

	



Aslan, C.; Rejmanek, M. Native fruit traits may mediate dispersal competition between native and non-native plants. NeoBiota 2012, 12, 1–24. [Google Scholar] [CrossRef]

	



Klinerová, T.; Tasevová, K.; Dostál, P. Large generative and vegetative reproduction independently increases global success of perennial plants from Central Europe. J. Biogeogr. 2018, 45, 1550–1559. [Google Scholar] [CrossRef]

	



Jeschke, J.M.; Heger, T. (Eds.) Invasion Biology: Hypotheses and Evidence; CABI: Wallingford, UK, 2018. [Google Scholar]

	



Milton, S.J.; Wilson, J.R.U.; Richardson, D.M.; Seymour, C.L.; Dean, W.R.J.; Iponga, D.M.; Procheş, Ş. Invasive alien plants infiltrate bird-mediated shrub nucleation processes in arid savanna. J. Ecol. 2007, 95, 648–661. [Google Scholar] [CrossRef]

	



White, E.; Vivian-Smith, G. Contagious dispersal of seeds of synchronously fruiting species beneath invasive and native fleshy-fruited trees. Austral Ecol. 2011, 36, 195–202. [Google Scholar] [CrossRef]

	



Wilson, B.G.; Witkowski, E.T.F. Seed banks, bark thickness and change in age and size structure (1978–1999) of the African savanna tree, Burkea africana. Plant Ecol. 2003, 167, 151–162. [Google Scholar] [CrossRef]

	



Gioria, M.; Carta, A.; Baskin, C.C.; Dawson, W.; Essl, F.; Kreft, H.; Pergl, J.; van Kleunen, M.; Weigelt, P.; Winter, M.; et al. Persistent soil seed banks promote naturalisation and invasiveness in flowering plants. Ecol. Lett. 2021, 24, 1655–1667. [Google Scholar] [CrossRef] [PubMed]

	



Marks, P.L. On the origin of the field plants of the northeastern United States. Am. Nat. 1983, 122, 210–228. [Google Scholar] [CrossRef]

	



Downey, P.O.; Richardson, D.M. Alien plant invasions and native plant extinctions: A six-threshold framework. AoB Plants 2016, 8, plw047. [Google Scholar] [CrossRef] [PubMed]

	



Mucina, L.; Rutherford, M.C. The Vegetation of South Africa, Lesotho and Swaziland; South African National Biodiversity Institute: Pretoria, South Africa, 2006.

	



South African Environmental Observation Network. South African Risk and Vulnerability Atlas [WWW Document]. 2022. Available online: http://sarva2.dirisa.org/atlas/weather-and-climate (accessed on 6 May 2022).

	



Martin, G.D. Prospects for the biological control of Northern Temperate Weeds in South Africa. Afr. Entomol. 2021, 29, 791–808. [Google Scholar] [CrossRef]

	



eFlora. Pyracantha angustifolia (Franchet) C. K. Schneider. Flora China 2021, 9. Available online: http://www.efloras.org (accessed on 28 January 2021).

	



Egolf, D.R.; Andrick, A.O. A Checklist of Pyracantha Cultivars. In U.S. National Arboretum Contribution; U.S. Department of Agriculture—Agricultural Research Service: Beltsville, MD, USA, 1995; 91p. [Google Scholar]

	



Motulsky, H.J. Analyzing Data with GraphPad Prism 1999; GraphPad Software Inc.: San Diego, CA, USA, 1999. [Google Scholar]

	



Beattie, A.J. A technique for the study of insect-borne pollen. Pan-Pac. Entomol. 1971, 47, 82. [Google Scholar]

	



Geerts, S.; Botha, P.W.; Visser, V.; Richardson, D.M.; Wilson, J.R.U. Montpellier broom (Genista monspessulana) and Spanish broom (Spartium junceum) in South Africa: An assessment of invasiveness and options for management. S. Afr. J. Bot. 2013, 87, 134–145. [Google Scholar] [CrossRef]

	



Holmes, P.M. Depth distribution and composition of seed-banks in alien-invaded and uninvaded fynbos vegetation. Austral Ecol. 2002, 27, 110–120. [Google Scholar] [CrossRef]

	



International Seed Testing Association (ISTA). Seed testing procedure. Seed Sci. Technol. 1993, 21, 106–120. [Google Scholar]








[image: Plants 12 01308 g001 550] 





Figure 1. Number (mean ± SE) of flowers visited per minute by various insects on Pyracantha angustifolia in the grassland biome, Free State Province. Different letters indicate statistical significance (H-value = 62.68, p < 0.001, df = 3, Kruskal–Wallis). 
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Figure 2. The mean radius of sampled Pyracantha angustifolia shrubs in relation to the mean number of seeds produced in millions for the three sampled field sites in (a) grassland, (b) rocky outcrops, and (c) riverine habitats. Dots on each graph show mean number of seeds and error bars indicate minimum and maximum seed counts. 
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Figure 3. Pyracantha angustifolia distribution in South Africa. The black square indicates the study site. Locality data sourced from GBIF [25] Occurrence Download, viewed 26 January 2021, from https://doi.org/10.15468/dl.h3hp2c (accessed on 26 January 2021) and Southern African Plant Invasion Atlas (SAPIA) database (Adapted with permission [30]). 
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Figure 4. Shrub’s cross-sectional view assuming an approximate spherical shape of the shrub indicating the effective fruiting distance, R − r, (shaded) and fruiting height, h). The numbers around the shrub indicate the quadrants (numbers 1 to 4). H refers to the fruiting height of the plant. 
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Table 1. Summary of the number of seeds per invasion site and shrub size for the three different terrains sampled in the study.
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	Seed Density

(Million Seeds/m2)
	Mean Shrub Radius

(m)
	Notes





	River
	3.022
	2.63
	High seed number. Larger shrubs.



	Open
	1.738
	2.23
	Seeds more dispersed, large and small shrubs.



	Rocky
	1.653
	1.78
	Seeds more dispersed. Smaller shrubs.
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Table 2. Pyracantha angustifolia seed rain in seeds per square metre (mean ± SE) under P. angustifolia, Rosa rubiginosa, Leucosidea sericea, and fence lines. Densities of intact and loose seeds were analysed separately.






Table 2. Pyracantha angustifolia seed rain in seeds per square metre (mean ± SE) under P. angustifolia, Rosa rubiginosa, Leucosidea sericea, and fence lines. Densities of intact and loose seeds were analysed separately.














	
	P. angustifolia (n = 44)
	L. sericea (n = 2)
	R. rubiginosa (n = 6)
	Fence (n = 1)
	F Value
	p-Value





	Total seed rain
	56,766 ± 7735
	71 ± 55
	2310 ± 2244
	7
	6.1
	0.0054



	Seed rain from whole fruits
	55,395 ± 7490
	61 ± 61
	2248 ± 3195
	0
	12.8
	0.0001



	Loose seed rain
	1371 ± 331
	10 ± 6
	62 ± 50
	7
	12.5
	0.0329
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Table 3. Percentage (mean ± SE) survival of Pyracantha angustifolia seeds after being buried in the soil for up to six months at two field sites.
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Seed Survival (%)




	
Months in the Soil

	
1

	
3

	
6






	
Site 1

	
98.0 ± 0.0

	
94.3 ± 0.7

	
0




	
Site 2

	
98.0 ± 0.0

	
90.6 ± 1.4

	
0

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Seed Count N (R) (Millions)

Seed Count N(R) (Millions)

25

20

(a) Open

+ Sampled data

Uncertainty bounds
Model fit

a= (768 +123) x 103
r* = 0.461 + 0.094

0.5 1 1.5 2 2.5 3 3.5
Mean Radius, R (metres)

(b) Rocky

12

10

.

Sampled data
Uncertainty bounds
Model fit

a = (331 £ 50) x 103
r* = 0.263 %+ 0.063

0.5 1 1.5 2 2.5 3 3.
Mean Radius, R (metres)

(11

Seed Count N(R) (Millions)

25

20

15

10

(c) River

+

Sampled data
Uncertainty bounds
Model fit

a = (197 £+ 34) x 103
r* = 0.204 £ 0.122

Mean Radius, R (metres)






nav.xhtml


  plants-12-01308


  
    		
      plants-12-01308
    


  




  





media/file2.png
Number of flowers per minute

10+

Visitor





media/file5.jpg
Northern Cape

Western Cape

Eastorn Cape

Clarens Area

o a0 520 Kiometors:





media/file3.jpg





media/file1.jpg
Number of flowers per minute

104

Visitor





media/file7.jpg





media/file0.png





media/file8.png
T B O e

R—r

h=H—-(R-r)






media/file6.png
Clarens Area

Northern Cape

Western Cape Eastern Cape

T T T T T T T ]
0 130 260 520 Kilometers





