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Abstract

:

To serve human needs, non-native species are selected based on an array of functional traits, which generally confer competitive advantages to these species in their recipient environments. Identifying non-obvious functional traits that indirectly inform human selection of non-natives to introduce into urban greenspaces is not yet part of common discussions in invasion biology. We tested whether functional traits integrated within a phylogenetic framework, may reveal those subtle criteria underlying the introduction of non-native plants into urban greenspaces. We found no differences in terms of functional traits between natives and non-natives. We also found no evidence that functional traits predict nectar production, irrespective of how nectar production was measured. Finally, we found that the mean sugar concentration of nectar per flower is evolutionarily shared both within closely related non-native plants as well as within close native plants. However, phylogenetically close species share similar intraspecific variation in mass of nectar sugar per flower, but this is true only for non-native plants, thus revealing a non-obvious selection criteria of non-native plants for urban greenspaces. Our results indicate that the phylogenetic patterns of intraspecific variation in mass of nectar sugar per flower is the major criterion distinguishing non-natives from native plants in urban greenspaces in Southern England.
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1. Introduction


Species are moved across the globe accidentally or intentionally by humans [1] for specific ecosystem services these species provide, e.g., horticultural, medicinal, or ecological services [2,3]. However, although introducing non-native species into new environments provides some benefits (e.g., erosion control, medicinal uses, etc.), their introductions also raise environmental concerns [1]. One of those concerns is the naturalization and then invasion of these species [4]. Then two important questions to ask are (i) what are the functional traits that predispose non-native species to naturalization? and (ii) in the scenario of intentional selection and introduction, what are the contributions of human, as the selection agent of those species, to this naturalization? The first question is widely explored [5]. Indeed, almost 60 years ago, Baker [6] deployed great efforts to document functional traits that predispose non-native plants to weediness and invasion (see also [5,7]). However, the second question still deserves attention. A recent study demonstrated that non-native plants of economic values (e.g., animal food and ornamental) are almost 20 times more likely to naturalize than not, and the naturalization likelihood increases for non-native plants that provide higher number of uses ([3]; see also [2]), thus showing the importance of human selection criteria of non-native plants in contributing to their naturalization. I define human selection criteria as the reasons (e.g., erosion control, medicinal uses, food, horticultural values, etc.) underlying the decision by humans to intentionally move a species beyond its native range. In the present study, I referred to these intentional reasons as ‘obvious selection criteria’ which are determined by some plant functional traits. I argued that there are other selection criteria, apart from the obvious ones, that I termed ‘hidden or non-obvious criteria’. I defined hidden criteria as those that are not part of the criteria that inform the intentional selection by humans of a given non-native plant for introduction into a new range, but which play critical roles in the success of non-native plants in their introduced ranges. As such, hidden criteria may include phylogeny, nectar production, etc. Ref. [3] showed a phylogenetic pattern in the naturalized flora, thus implying that human selection criteria of non-native plants have a phylogenetic component. These studies [2,3] provide evidence that the understanding of obvious (e.g., horticultural and medicinal) or hidden criteria (e.g., phylogeny) subtending human selection of non-native species is key for predicting their outcomes (e.g., naturalization) or the mechanisms that provide an upper hand to non-native species in the competition for ecological dominance.



Various strategies through which non-native species are conferred competitive advantages over natives are widely reported [8,9]. For example, the ability to adjust their flowering phenology and thus their interactions with pollinators confer such advantages to non-native species. Non-native species tend to flower over longer periods compared to natives [5] or shift their flowering period to track a changing climate [10]. Non-native species are also reported to co-opt pollinators of native species [11], a strategy which will eventually lead, in the long run, to the decline of the population of native plant species [12]. This co-option is facilitated by the development of a suite of traits, e.g., large and durable floral displays, copious nectar, and pollen rewards [11], which represent key innovations promoting the fitness and invasion of non-native species. The fitness of alien plants into a new environment requires the development of key strategies to co-exist with native species [13], and a pre-requisite for such co-existence for some non-native plants is a successful competition over native species for pollinators [11,14].



Indeed, the introduction of non-native species into a new environment is disruptive to the established ecological networks, including alterations in the flow of nutrients and energy [15] and biotic interactions [9,16,17], resulting in the establishment of new selection pressures [18,19,20]. Flowers are one of plant’s organs actively used in the realization of biotic interactions, energy flow, and selection pressures (see [14]). One of the functional attributes of flowers is the production of nectar, suggesting that any adjustment to the flowering phenology would affect the nectar production. Consequently, we expect that non-native plants, flowering for an unusually longer period [5] or shifting their flowering phenology [10] to co-opt the pollinators of native plants [11], may eventually produce more nectar than native plants. The rationale for this expectation is that, given the ongoing unprecedented decline in insect pollinators worldwide and particularly in England [21], producing higher volume of nectar (than natives) may be a strategy to recruit and satisfy the needs of more pollinators (that are now becoming rare [10]), which then might eventually prefer high-nectar-producing non-native plants to natives. In support of this hypothesis, evidence exists showing that pollinators, e.g., hummingbirds which are obligate nectar feeders, have developed an ability to distinguish between high and low nectar-producing plants across the landscape [22,23]. This means that, in the scenario where non-native plants produce more nectar than native plants, hummingbird-pollinated non-native plants would be favored for pollination.



Unfortunately, most of the available data on nectar production are from natural systems [24,25,26], making it impossible to investigate whether nectar production is a part of non-obvious or hidden criteria that inform human selection of non-native species that are to be introduced into a new environment. Interestingly, data on nectar production in man-made systems such as urban greenspaces are now emerging [27,28]. Indeed, in the context of an ever-declining population of pollinators [21], urban greenspaces are increasingly appreciated as hotspots of pollinators diversity [29,30].



Urban greenspaces are public or private open spaces comprising all sorts of greenery, including parks, green roofs, woodlands, community gardens, lawns, sporting fields, ornamental plant arrangements, etc., which form an urban ecological system for a sustainable city [31,32,33]. Urban greenspaces are acknowledged as extremely beneficial to human health conditions [34,35] and therefore represent a study model of interest. Their salutogenic benefits to humans are diverse, ranging from low mortality and morbidity in the context of pandemics [35,36,37], increased mental wellbeing [37,38,39], and clean air [40]. The mechanisms underlying these health benefits may be linked to human direct usages of greenspaces [34]. For example, the exposure to greenspaces boosts the protective activities of natural killer cells [41], and they protect humans against infections [42]. Also, species composition of the urban greenspaces may also be critical in their effects on human health. For example, positive effects of urban greenspaces to humans have been linked to the presence of essential oil-producing plants [43,44]. Since urban greenspaces are man-made ecosystems—humans determine their species composition—understanding the selection criteria of species, e.g., functional traits, as well as the origins (native vs. non-native plants) of species to compose the urban greenspaces becomes a pre-requisite for a well-informed design of urban greenspaces that would be fully beneficial not only to the environments but also to human health conditions.



Another important function of urban greenspaces that is not well debated is their nectar production services, which is linked to the diversity of pollinators in urban areas. In a recent study, ref. [27] showed that, although urban greenspaces do not produce quantitatively more nectar than farmland and nature reserves, the origin of nectar supply in greenspaces is more diverse, driven mostly by non-native plants. Specifically, compared with other systems, urban gardens account for 85% of urban plant nectar supply [27], but it remains unclear whether nectar supply can be detected as ‘hidden or non-obvious’ criteria underlying human selection of non-native plants.



In the present study, the aim was to determine non-obvious criteria informing the selection of non-native plants by humans. To this end, we compared native and non-native plants from different angles, expecting to determine those non-obvious criteria. Specifically, we first investigated if there are significant differences between natives and non-natives in terms of functional traits. Then, we asked the following question: do plant functional traits (life-forms, origins, and floral traits) predict nectar production? Finally, we tested if phylogeny predicts nectar production in both native and non-native plants. These three questions provide opportunities for comparative analysis between native and non-natives, allowing to identify the suite of criteria that inform human selection of non-native plants to be included in urban greenspaces. Identifying such criteria may shed light on human contribution to the selection of the functional traits that predispose non-native species to naturalization and eventually to invasion.




2. Results


First, we investigated if there are significant differences between natives and non-natives in terms of functional traits. We found no such differences (life-forms: χ2 = 1.88, df = 2, p = 0.39; floral structures: χ2 = 3.29, df = 11, p = 0.98).



Second, we asked the following question: do plant functional traits (life-forms, origins, and floral traits) predict nectar production? Fitting a phylogenetic ANOVA, we found no such evidence, irrespective of how nectar production was measured. For example, plant origins do not correlate with nectar production measured either as Nectar_mass_SD (Holm–Bonferroni corrected p = 0.797), Sugar_per_FU_ug (Holm–Bonferroni corrected p = 0.60), or Nectar_mass_mean (Holm–Bonferroni corrected p = 0.89). Also, plant life-forms do not predict nectar production, Nectar_mass_SD (p = 0.826), Sugar_per_FU_ug (p = 0.569), and Nectar_mass_mean (p = 0.856), and neither do floral structures, Nectar_mass_SD (p = 0.658), Sugar_per_FU_ug (p = 0.078), and Nectar_mass_mean (p = 0.771).



Finally, we tested if phylogeny predicts nectar production. We found evidence supporting this, but only for Nectar_mass_SD and Nectar_conc_mean (Figure 1) whether all species (natives + non-natives) are combined (Nectar_mass_SD: K = 0.22, p = 0.003; Nectar_conc_mean: K = 0.18, p = 0.03; Table 1) or considered separately: non-native only (Nectar_mass_SD: K = 0.22 p = 0.004; Nectar_conc_mean: K = 0.18, p = 0.03; Table S1) or native only (Nectar_conc_mean: K = 1.06, p = 0.04, Table S2).




3. Discussion


The attraction of pollinating insects by plants depends on certain functional traits including floral traits, suggesting that if non-native species lure or co-opt the pollinators of native species [11,13], the flowers of non-native plants may be structurally or functionally different from those of native plants. We would therefore expect floral traits to help distinguish between native and non-native. We found no significant differences between native and non-natives in terms of functional traits such that life-forms, and floral structures do not predict species origin, that is, cannot be used to differentiate between native and non-native plants in urban greenspaces (floral trait similarity). This finding has several implications. The floral trait similarity between non-native and native plant species implies that both species may be sharing similar pollinators (flower visitor overlap; [45]). One consequence of such visitor overlap is an interspecific pollen transfer between native and non-native plants and vice versa [46]. This pollen transfer may lead to reproductive failure due to incompatibility of pollens with ovaries ([47]; but see [48]), and native plants are reported to be the most negatively affected by such reproductive failures, ultimately leading to the decline in the long term of the native plant populations (see [49]).



Another consequence of floral trait similarity between non-native and natives is strong competition of both species for pollinators (competitive exclusion principle), which may eventually lead to native plant species losing pollinators to non-natives (see [11,12,13,14]). However, such dramatic expectation, i.e., loss of pollinators, was not observed in the study of Ref. [45], but they did report a stronger competition. In the context of the ongoing decline of pollinators populations [21], which is putting the survival of native plants at risk, increasing opportunities for pollinators of native plants to be shared with non-natives may further heighten this risk. Instead, introducing into urban greenspaces non-native plants that do not share similar floral traits with natives, that is, who would not be competing strongly with native plants for pollinators [45], is most preferrable as this would be an opportunity for an increased diversity of pollinators in the urban areas.



Furthermore, the absence of significant differences in floral structures between native and non-native plants is likely driven by humans, that is, humans may select and introduce non-native species that preferentially exhibit a suite of traits that are similar to those of the native species. If that is the case, then this would be evidence of non-random selection of non-native plants (see nonrandom hypothesis; [2]). Such non-random selection of plants by humans for the services they provide is widely proven for native species (e.g., [50]), but not so for non-natives (except in a handful studies; [2,51,52]). However, most of those studies demonstrated a nonrandom introduction of non-native species for medicinal purposes. The present study provides additional evidence that the nonrandom selection of non-native species could actually be based on floral traits (indirectly on nectar production services), which is indicative of an indirect human mediation of plant–insect interactions as well as an indirect human mediation of native–non-native plant interactions.



Why does the identification of services for which humans select and introduce non-natives plants into a new environment matter? One of the reasons is that services are linked to the invasion ability of non-native plants, and this is based on the following rationale. Functional traits are linked to the services that plants provide and at the same time correlate with the invasion status of species [5]. Therefore, we should expect services to also correlate with the invasion outcome of non-native plants [52]. Such relationships between services and invasion have been tested and supported, but indirectly [5,11]. Furthermore, we should also expect non-native plants providing multiple services to be strong candidates for multiple independent introductions in various quantities into new environments [53,54,55]. Such non-native species are more predisposed to invasion as predicted in the propagule pressure theory [53]. The question then is the following: is nectar production a good candidate for services informing human selection of non-native plants? Although we have evidence of pollinators distinguishing plants that produce more nectar from those producing low quantity of nectar [22,23,24], the contribution of nectar production to species invasion is not yet debated in the invasion biology discourse. The first step taken to initiate such a debate is to determine if selection of non-native plants to introduce is also driven by humans’ direct or indirect preference of nectar production services that these plants provide. In a recent study, Yessoufou and Ambani [52] demonstrated that non-native woody plants providing either medicinal, food or fuel services to humans are more likely to be naturalized in South Africa. How about nectar production?



Evidence of interspecific variations in the quantity of nectar production is well established [27,28,56,57], ranging from 0.1–10 µL (for standing crops) to >650 µL (for columnar cacti and agaves; e.g., [56]). This interspecific variation is interpreted as adaptive strategy of flowering plants to pollinators [24]. For example, adaptive evolution or co-evolution has been invoked between flowers and pollination by hummingbirds, leading to the production of nectar of specific sugar concentrations [58]. Such adaptive measures imply that closely related plant species share specific pollinators, similar competitive ability for pollinators, food preferences, etc. [59]. As such, we would expect a phylogenetic signal in interspecific nectar production in flowering plants. In an early study, Ornelas et al. [60] tested whether phylogeny and flowers’ traits (e.g., flower size) correlate with interspecific variations in nectar production of hummingbird-visited plants. They demonstrated a significant phylogenetic signal in nectar volume and its sugar concentration. They further demonstrated evidence of adaptive measures between nectar and sugar productions with corolla length [60]. In the present study, we found no evidence of functional traits predicting nectar production, irrespective of how nectar production was measured. Specifically, we found that neither plant origins, plant life-forms, nor floral structures predict any of the metrics of nectar production. If any of the plant functional traits does not correlate with nectar production, this means that the criteria used by humans to select horticultural plants for urban greenspaces are similar across all plants, and this similarity drives similar nectar production. If that is the case, we should then expect a significant phylogenetic signal in interspecific nectar production.



Unlike Ornelas et al.’s [60] study, our analysis failed to detect a significant phylogenetic signal in interspecific variation in nectar production. However, we found evidence of phylogenetic signal in the intraspecific variation in mass of nectar sugar per flower (Nectar_mass_SD) and in the mean sugar concentration of nectar per flower (Nectar_conc_mean) whether all species (natives + non-natives) are combined, or only non-native plants are considered separately. For native plants, the signal was found only in Nectar_conc_mean. Nectar_mass_SD is indicative of the intraspecific variation in mass of nectar sugar per flower, and as such, the phylogenetic signal that we found in Nectar_mass_SD suggests that closely related species share similar intraspecific variation in mass of nectar sugar per flower but this evolutionarily shared intraspecific variation in mass of nectar sugar per flower is found only for non-native plants. This signal may mean two things. First, it means strong adaptations of flowering plants to pollinators in terms of nectar mass sugar production. Second, this is also a strong evidence of nonrandom selection of the non-natives by humans that they introduce into their urban greenspaces. However, the mean sugar concentration of nectar per flower is too evolutionarily shared, both within closely related non-native plants as well as within close native plants. Nectar characteristics (production and concentration) were reported to show high inheritability [61,62], and this is supported by our finding of significant phylogenetic signal (see also [25,26]). These nectar characteristics are known to correlate with floral traits [60,63,64] and are under strong pollinator-mediated selection [65].



In invasion biology, the question of what predisposes non-native plants to naturalization and invasion is a widely investigated question. Some of these investigations report that some functional traits (e.g., phenology, height, seed production, etc.) provide an upper hand to non-native species in terms of competitive ability, thus predisposing them to naturalization and invasion [5]. These traits are the same traits that are linked to the services and goods that humans are after, resulting in selection of non-native species that they introduced into a new environment [2,3]. This means that if traits of interests linked to the services non-native plants provide to human can be identified, one can predict what may predispose non-natives to naturalization and invasion [2,3]. However, while some of these traits are obvious because they are intentionally selected by humans, others are hidden, that is, are not part of the initial set of traits humans are after (e.g., phylogenetic relatedness, nectar production, etc.). Those hidden traits, e.g., phylogeny, play an important role in driving naturalization and invasion (see Darwin Naturalization Hypothesis; [5]). Our aim was to determine non-obvious criteria informing at least indirectly the selection of non-native plants by humans. The findings indicate that none of the functional traits considered are unique to non-natives, and none of them predicts nectar production of native and non-native plants. However, phylogenetically close species share similar intraspecific variation in mass of nectar sugar per flower, but this is true only for non-native plants, thus revealing human hidden selection criteria of non-native plant selection for urban greenspaces. Altogether, our results indicate that the phylogenetic patterns of intraspecific variation in mass of nectar sugar per flower is the major criterion distinguishing non-natives from native plants in urban greenspaces in Southern England. We therefore suggest that such intraspecific variation is potentially one of the functional traits predisposing non-native species to naturalization and invasion in England.



Overall, by showing that some aspects of nectar production distinguish native plants from non-native plants introduced into urban gardens, this study first pointed to potential roles that nectar production played in human selection of non-native plants but also suggest that nectar production services may be a potential criterion for multiple introductions in different numbers of non-natives. As predicted in the propagule theory, such non-natives may eventually become naturalized and invasive in their recipient environment. This hypothesis warrants to be tested to eventually clarify the potential role of nectar production in invasion biology. What we already know is that at country [52] or at global scale [3], non-natives providing multiple or unique economic services are more likely to naturalized in their introduced environments. The present study suggests that differences in patterns of nectar production not only influence human selection criteria of non-native species that can be selected and introduced into urban greenspaces but also could be, pending further investigations, good candidates for ecological services predisposing non-natives to naturalization and invasion in recipient environments.




4. Materials and Methods


4.1. Study Area


Ref. [28] collected and published the data analyzed in the present study in Southern England in 2018–2019 in Ashley Down allotment, Brackenwood Plant and Garden Centre, Didcot town, Royal Horticultural Society Garden Wisley, Speldhurst village, University of Bristol Botanic Garden, University of Bristol Halls of Residence, and University of Bristol Royal Fort Gardens, UK. Specifically, the data were collected in public and private gardens, allotments, garden centers, hedges, and road verges as well as flower meadows in urban greenspaces such as ornamental borders and shrubberies, lawns, paths, and hard standings (see further details in [28]).




4.2. Data Collection


Data analyzed in the present study were retrieved from ref. [28] and comprised 225 flowering plants sampled between 2018 and 2019 in Southern England’s urban greenspaces.



First, we retrieved the taxonomic details of the plants, including species and families but also their origins (native or non-native to British Isles), as well as their functional traits, e.g., life-forms (shrub, herb or climber), and floral traits (single flower, single capitulum, secondary umbel, single raceme, single thyrse, single compound cyme, single cyme, single corymb, single branch of capitula, and part of panicle). Second, we retrieved data on nectar production by 225 flowering plants from ref. [28] that sampled plants at two to three locations. Prior to nectar measurement, ref. [28] prevented insects’ interactions with the flowers by mesh bags for 24 h and then measured nectar either directly from flowers (102 taxa) or indirectly (123 taxa) by rinsing nectaries with distilled water. Nectar measurements include the daily mean mass of nectar sugar per flower (Nectar_mass_mean), the mean sugar concentration of nectar per flower (Nectar_conc_mean), the mass of nectar sugar per floral unit (Sugar_per_FU_ug), and the standard deviation of the mean mass (Nectar_mass_SD). Nectar_mass_SD captures the intraspecific variations in mass of nectar sugar. However, sugar concentrations were measured only in the scenario of direct measurement because of the dilution involved in the scenario of indirect measurements. All the measurements were conducted, on an average, on 18 flowers per taxon (range: 10–52). For the purpose of representativeness, flowers of different ages and sexes and across different positions on the plants and in different positions in the inflorescence were selected [25]. Collected data are presented in Table S3.



Overall, the data analyzed include 225 plant taxa in 158 genera and 55 families. Within this dataset, 157 plants are herbaceous, 63 are shrubs, and 5 are woody climbers, whereas 14 are native to UK and 211 are non-natives (see further details in [28]), showing the higher preference of humans towards non-natives than natives in their urban greenspaces.




4.3. Phylogenetic Tree of All the Species


I reconstructed the phylogenetic tree of all the 225 species (File S1) as implemented in the R package ‘V.PhyloMaker’ [66]. First, a species list was constructed arranged by species, genus, and family names as recommended in [66]. Then, the phylogenetic tree was reconstructed using the R function ‘phylo.maker’ using the mega-tree ‘GBOTB.extended.tre’, which is the combination of updated phylogenetic trees of previous studies [67,68].




4.4. Data Analysis


All analyses were run in R version 4.3.1 [69] (see File S2). First, I tested if native plants were functionally (life-forms, floral traits) different from non-natives introduced into the urban greenspaces. This test was conducted using chi-square test. Second, I investigated whether plant functional traits (life-forms, origins, and floral traits) predict nectar production. This was performed by fitting a phylogenetic ANOVA (R function phylANOVA) in library Phytools [70] to correct for the non-independence of trait values due to species shared ancestry. This approach used a combination of phylogenetic independent contrasts (PICs; [71]), and a simulation-based phylogenetic ANOVA [72] leading to Holm–Bonferroni corrected p values. Finally, to test if phylogeny predicts nectar production, we used the Blomberg K test [73] implemented in the R package Picante 1.2 [74]. Data analyzed for phylogenetic signal test are presented in Table S4.
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Figure 1. Illustrations of phylogenetic signal in nectar production. A repeat of the same color along a phylogeny for several clades means a repetition of same value of nectar production, implying phylogenetic signal. Nectar_mass_mean = daily mean mass of nectar sugar per flower; Nectar_conc_mean = the mean sugar concentration of nectar per flower; Nectar_conc_SD = standard deviation of the mean sugar concentration (intraspecific variation); Sugar_per_FU_ug = mass of nectar sugar per floral unit; and Nectar_mass_SD = standard deviation of the mean mass (intraspecific variation). 
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Table 1. Coefficients of the Blomberg K test of phylogenetic signal in nectar production based on all species (natives + non-natives). * = marginal significance, ** significance.






Table 1. Coefficients of the Blomberg K test of phylogenetic signal in nectar production based on all species (natives + non-natives). * = marginal significance, ** significance.





	Nectar Production
	K
	PIC.var.obs.
	PIC var.rnd.mean
	p-Value
	PIC.var.Z





	Nectar_mass_mean
	0.178063154
	143,425.8953
	443,998.8927
	0.062
	−0.384427948



	Nectar_mass_SD
	0.223061818
	41,689.07254
	193,459.6056
	0.003 **
	−0.55471627



	Nectar_conc_mean
	0.179022884
	9.094378937
	14.9308214
	0.039 *
	−1.421055868



	Nectar_conc_SD
	0.130033662
	1.489374074
	1.749948461
	0.417
	−0.352449477



	Sugar_per_FU_ug
	0.110024302
	640,764.1636
	1,389,605.143
	0.276
	−0.39843441
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