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Gene flow between populations can help maintain genetic diversity and prevent inbreeding, which is especially important for small, fragmented habitats. Many plant species rely on pollinators to move pollen between populations. In urban areas, insufficient pollinator services may result in limited gene flow, which can have negative consequences such as genetic drift and inbreeding depression. Furthermore, restored populations that are established with few founders of low genetic diversity may have limited long-term population persistence. Here, we tested the hypotheses that populations of a self-compatible forb established on urban green roofs from nursery stock are genetically depauperate and that limited gene (pollen) flow between populations will result in increased inbreeding. We compared the neutral genetic diversity of Penstemon hirsutus, using nine microsatellite loci, between three green roof populations established from nursery stock and three natural populations. We also established ten experimental populations on green roofs and measured rates of outcrossing and inbreeding and identified the movement of pollen within and between roofs using a paternity analysis. We found that neutral genetic diversity of populations established from nursery stock was lower than that of natural populations, although the level of inbreeding was also lower on the green roofs. In our experimental populations, we found that the rates of outcrossing and inbreeding varied between the roof populations. Our results suggest that inbreeding may be correlated with cover of co-flowering species but not with any of the other measured site properties. The location of likely pollen donors suggested that on average, 75% of pollen was derived from plants within the population (including self) and 25% came from plants on different roofs. Our results document realized pollen movement within and between green roofs, demonstrating that these habitats provide important connectivity in a fragmented environment.
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INTRODUCTION

Green spaces are increasingly valued for their role in providing habitat for the conservation of native plants and wildlife in urban and suburban areas (Goddard et al., 2009; Kowarik, 2011). These spaces encompass a range of habitat types and composition, including parks, gardens, vacant lots and constructed green roofs (Given, 1994; Dunn and Heneghan, 2011; Müller et al., 2013). The resultant heterogeneous environment may provide unique opportunities to support biodiversity (Miller and Hobbs, 2002), including providing refuge for rare species (Ives et al., 2016), but can also impose challenges not faced in natural ecosystems, leading to increased extinction (Williams et al., 2005). The extent to which urban green spaces can contribute to the conservation of biodiversity is only beginning to be assessed.

Habitat fragmentation dominates the urban ecosystem and contributes to population isolation. While many plant species naturally occur in heterogeneous landscapes, the intervening matrix in urban areas may make urban populations more isolated than they would be in the wild (Frankham et al., 2002; Johnson et al., 2015; Hejkal et al., 2017). For plant species in particular, seed and pollen dispersal may be inhibited or limited in ways that can suppress important life history events (i.e., reproduction, mating dynamics, recruitment) and thus long-term population persistence (Given, 1994; Handel et al., 2013; Dubois and Cheptou, 2017). Ecological circumstances, such as a variation in pollination services, can influence reproductive assurance (i.e., increase selfing rates; Kalisz et al., 2004). For example, isolated patches of Crepis sancta in urban areas experience lower pollinator visitation rates than do populations in rural areas (Andrieu et al., 2009). Such differences can contribute to high rates of inbreeding and increasing population differentiation when compared to those in naturally-fragmented habitats or larger, more continuous populations (Breed et al., 2012, 2015). Furthermore, constructed urban populations like managed parks and gardens are commonly established using nursery-sourced plants that may be genetically depauperate compared to natural populations (Fant et al., 2008; Basey et al., 2015). Lower standing genetic diversity of the pollen donors can directly affect progeny fitness (Breed et al., 2015). The combined effects of increased isolation and limited genetic diversity may restrict the ability of urban plant populations to respond to environmental change and to limit their contribution to larger-scale (metapopulation) dynamics required for long-term persistence and survival (Reed and Frankham, 2003; Frankham, 2005; Van Rossum, 2009). While long-distance gene flow is important for maintaining genetic diversity in small populations (Ashley, 2010; Breed et al., 2011; Van Rossum and Triest, 2012), few studies have investigated the extent to which pollen and seed dispersal maintains genetic connectivity of plant populations in cities (La Point et al., 2015).

While theory predicts that one migrant per generation is enough to maintain diversity and counteract the negative effects of genetic drift (Wright, 1932; Lowe and Allendorf, 2010), highly managed populations, like those in urban areas, may require higher migration rates (Mills and Allendorf, 1996) and benefit from genetic rescue (Whiteley et al., 2015; Hendrick and Garcia-Dorado, 2016) if they have low standing genetic diversity. The ability to self-fertilize can ameliorate the effects of pollinator and pollen limitation in the short-term but inbreeding can create long-term challenges to population persistence if fitness is reduced (i.e., inbreeding depression; Frankham et al., 2002; Keller and Waller, 2002). Due to their spatial isolation (both vertical and horizontal), infrequent distribution, and occurrence in densely urbanized areas, green roof systems are an ideal setting for assessing the ability of urban ecosystems to achieve larger biodiversity conservation goals. Green roof populations may be especially susceptible to the negative effects of small population size, especially if they are established with nursery stock of low genetic diversity (Lundholm, 2015). In addition, outcrossing may be limited if pollinator abundance is low and movement (gene flow) between green roofs is infrequent (Colla et al., 2009; MacIvor and Lundholm, 2011; Tonietto et al., 2011; Ksiazek et al., 2012). For these reasons, self-compatible plant species may experience higher selfing rates in cities (Kalisz et al., 2004) and lower fitness on green roofs (Ksiazek et al., 2012) compared to those in natural areas. Conversely, if there is evidence of gene flow between green roof populations, this would suggest that small habitat patches may contribute to larger urban metapopulations and mitigate the detrimental outcomes associated with limited dispersal. Here, we test the following hypotheses using the self-compatible forb, Penstemon hirsutus: (1) Plant populations established on green roofs using nursery-stock are genetically depauperate compared to natural populations, and (2) Pollen movement is restricted in green roof populations, resulting in high selfing, restricted outcrossing events, and higher pollen flow within than between populations. We used nine microsatellite markers to compare genetic diversity metrics of three planted green roof populations in Chicago, IL and Glencoe, IL USA with those of three natural populations in the region (Putman and Carbone, 2014). We then established ten experimental populations on green roofs and used paternity assignment to assess outcrossing rates and patterns of gene flow within and between urban green roofs.

MATERIALS AND METHODS

Study System

Penstemon hirsutus (L.) Willd (Scrophulariaceae) is a perennial forb native to the naturally-fragmented, dry, and rocky limestone grasslands of eastern North America (Clements, 1995; USDA, NRCS, 2006). It is occasionally used in urban and suburban plantings and is one of a handful of native species that can survive on green roofs in the Midwestern United States (Sutton et al., 2012). Mature P. hirsutus seeds lack specialized structures for dispersal (Clements, 1995), making pollen dispersal the primary mechanism of between-population gene flow. Penstemon hirsutus has a mixed mating system that includes xenogamy, geitonogamy and autogamy (Clements et al., 1999). Although P. hirsutus is self-compatible, it primarily relies on small solitary bees (Hoplitis and Ceratina species) for pollination (Crosswhite and Crosswhite, 1966). Both Hoplitis and Ceratina have been found in prairies within the study region (Tonietto et al., 2011) and Ceratina occur within the Chicago city limits (Tonietto et al., 2011; Lowenstein et al., 2014). Bee species of similar size and body shape that may also provide pollination services to P. hirsutus are present in Chicago (Lowenstein et al., 2014) and on green roofs specifically (Tonietto et al., 2011; Ksiazek et al., 2014).

Genetic Diversity of Green Roof vs. Natural Populations

Leaf tissue from 30 P. hirsutus individuals (Hale et al., 2012) from each of three green roofs and three natural populations (six populations and 180 individuals total) was collected, dried with silica gel, and stored at 2–5°C for subsequent genetic analysis. Green roof populations were located on the Quinlan Life Science Building on the campus of Loyola University and two subpopulations at the Rice Conservation Science Center at the Chicago Botanic Garden (all located in Cook County, Illinois, USA: Table 1). Each green roof population had an estimated size of between 50 and 100 individuals and each was established using plant material from different commercial nurseries. The natural populations were remnants located at the Midewin National Tallgrass Prairie and in two subpopulations at the Lockport Prairie Nature Preserve (all located in Will County, Illinois, USA: Table 1). Natural populations of P. hirsutus were small (<50 individuals) and no other patches of the species occurred within 1 km. Penstemon hirsutus has a high coefficient of conservatism (C = 9/10) in the Chicago region (Wilhelm and Rericha, 2017) and Will County, Illinois is urbanized and located at the western limit of P. hirsutus' range (Clements et al., 1998; USDA, NRCS, 2006; iNaturalist.org, 2019). Therefore, the natural populations observed in our study are likely smaller and more isolated than they would be elsewhere within North America.


Table 1. Geographic coordinates for populations used in this study.
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Assessing Gene Flow Within and Between Green Roofs

We established 10 populations of P. hirsutus on green roofs of the Loyola University campus in Chicago, IL, USA during the summer of 2014 (Table 1, Figure 1) using bare root stock from Prairie Moon Nursery®. These plants served as the parental generation and were the only flowering individuals within the vicinity of the study that could have contributed to the pollen pool. Each of the ten populations consisted of five potted individuals grown in a greenhouse until the initiation of flowering. Pots were randomly selected using a number generator and spaced 2.5 m from a central individual and 5 m from others in the same repeated pattern like the 5 side of a die, centered on the vegetated portion of each green roof. Leaf tissue was collected from all parental plants, dried with silica gel, and stored at 2–5°C for DNA extraction and subsequent analyses. Potted plants remained on the green roofs until flowering was complete (6 weeks) and then were moved to an outdoor greenhouse and were covered with mesh exclusion bags (Delnet® Pollinator Bags, Delstar Technologies, Inc.; 0.5 mm diameter pore size) to prevent fruit and seed predation and to retain seeds as fruits matured. The following estimates of reproductive output were recorded for each of the 50 experimental plants: fruit to flower ratio, and mean fruit length (mm), mean fruit weight (g), and seed to ovule ratio for seven fruits per plant.
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FIGURE 1. The 10 green roof sites used for the gene flow experiment were located in Chicago, IL USA (A) within a 0.12 km area on the western shore of Lake Michigan (B). Site numbers indicate the degree of proximity to all other sites, with site number 1 having the shortest mean distance to all other sites and site number 10 having the largest mean distance.



Offspring resulting from successful pollination events were genotyped to assess within- vs. between-roof gene flow. Seeds were removed from four fruits per individual, washed in a 10% bleach solution and double rinsed in deionized water before being plated on 0.75% agar plates and placed into cold dark stratification for 10 weeks at 2°C. Following cold stratification, seeds were germinated in a growth chamber set to a diurnal schedule of 10°C/12 h day, 2°C/12 h night for 4 weeks and then 17°C/13 h day, 3°C 11 h night for an additional 4 weeks with 40% relative humidity. We harvested four germinated seedlings per fruit and stored them at −80°C for subsequent DNA extraction and analysis.

We recorded biotic and abiotic characteristics of the 10 experimental green roof sites that may influence pollinator attractiveness and pollen movement: percent cover of flowering and non-flowering vegetation, co-flowering species diversity (during the study period once in June and again in July 2014), roof height (m), vegetated area of the roof (m2), latitude, and longitude. All green roof sites were located within a 0.12 km radius in a high-density urban environment, which lacked other populations of P. hirsutus (Figure 1). The mean distance between each population and the nine others was calculated from the center of each population. The distance between the center points of the experimental populations on all roofs was used to calculate the mean distance to all other sites. The next nearest large green space in the vicinity was an urban golf course ~3.5 km away, so additional pollen resources for the effective pollinators were most likely only available from small private gardens and street-side plantings.

DNA Extraction, Microsatellite Screening, and Genotyping

We extracted genomic DNA from ~1 cm2 of dried leaf tissue (or entire seedlings, in the case of the offspring generation) using a modified cetyltrimethylammonium bromide (CTAB) procedure (Doyle and Doyle, 1987). DNA quantity and quality were verified (Nanodrop 2000, ThermoScientific, USA). We tested a total of 46 primer pairs; 26 developed for Penstemon rostiflorus by Kramer and Fant (2007) and 20 developed for the Penstemon genus by Dockter et al. (2013). Nine of the 46 tested microsatellite markers that amplified reliably and were polymorphic in P. hirsutus were used for genotyping [Pen02, Pen03, Pen04, Pen06, Pen07, and Pen23 from Kramer and Fant (2007) and PS25, PS32, and PS53 from Dockter et al. (2013)]. The primer pair PS32 amplified two separate regions that did not appear to be linked and were counted as separate loci in the analyses. PCR reactions (10 μl) amplified DNA fragments using 5 μl 2x MyTaq Mix (Bioline, Taunton, MA, USA), 2.25 μl DNA-free H2O, 2 μl genomic DNA, 0.25 μl 2x bovine serum albumin (BSA Thermo Fisher Scientific, Waltham, MA, USA), 0.25 μl of each direct-labeled forward primer (WellRed D2, D3, or D4 fluorescent dye; Sigma-Aldrich Co. LLC St. Louis MO, USA), and 0.25 μl of each reverse primer. Initial denaturation was set at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, annealing for 30 s and 72°C for 2 min, and ending with a 10 min extension at 72°C. The following annealing temperatures were used: 48.8°C for Pen03, Pen04, and PS53, 53°C for Pen02, Pen06, and PS25 and 58.7°C for Pen07, Pen23, and PS32. PCR products were quantified using a CEQ 8000 Genetic Analysis System version 9.0 (Beckman Coulter, Brea CA, USA) with GenomeLab™ 600 (for PS25, PS32, and PS53) and GenomeLab™ 400 internal DNA size standards (for all remaining loci). We manually verified all fragment lengths and reran ~2% of the samples to ensure a low genotyping error rate. We excluded all samples that lacked fragment data at more than two loci.

Data Analyses

We first tested for the presence of null alleles in the full data set (natural and green roof maternal and offspring populations) using MicroChecker (Van Oosterhout et al., 2004). We conducted a STRUCTURE (v. 2.3.4) analysis using a LOCPRIOR model set to a burn-in of 10,000 with 10,000 iterations at K = 6 to confirm that the number of loci and number of alleles per loci were sufficient to detect genetic differentiation between the natural and green roof populations (Supplementary Information). We then used GenAlEx version 6.41 (Peakall and Smouse, 2006, 2012) to determine the population differentiation (FST) of the natural and established green roof populations and to estimate the following population genetic parameters: number of alleles (A), expected heterozygosity (HE), and inbreeding coefficient (FIS). We used FSTAT version 2.9.3 (Goudet, 2001) to estimate allelic richness (AR) per population corrected for sample size. We performed one-way ANOVAs to test for a significant effect of site type (natural prairie vs. green roof) on genetic diversity, measured as AR, HE, and FIS.

To compare genetic diversity between the green roof maternal and offspring populations, we took the mean of each diversity metric (FIS, AR, and HE) of each maternal individual's measured offspring and subtracted that from the diversity metric for the maternal individual. We used backward selection of generalized linear models (GLMs) to look for effects of site properties (vegetation and co-flowering cover, co-flowering species diversity, roof height and area, latitude, longitude, and mean distance to other sites) on the HE, AR and FIS of the offspring. We confirmed the best models from the GLM model-fitting using linear mixed effects models (LMEs, R package “lme4”) with site as a fixed effect and by performing one-way ANOVAs on each site property x diversity metric combination. We also used backward GLM selection and performed one-way ANOVAs to test for the effects of genetic diversity on reproductive traits (fruit to flower ratio, fruit weight, fruit length, and seed to ovule ratio).

We used a maximum-likelihood method in CERVUS version 3.0.7 (Marshall et al., 1998) to identify the most likely father for each offspring. CERVUS uses the natural log of the likelihood-odds ratio (LOD) score for each possible father using either a relaxed (80%) or strict confidence interval (95%). The individual with the highest LOD score of the population is deemed the most likely father. When there were multiple potential fathers, we assigned paternity to the individual with the highest LOD score at the greatest confidence interval. If there were multiple candidate fathers with the same LOD score, we conservatively selected the individual that was geographically closest. For each population, we calculated mean pollen flow distance using the average of the distances to the other populations when pollen flow between roofs occurred. We used backward elimination of GLMs to determine significant effects of site characteristics on mean pollen flow distance and confirmed the results of this model-fitting with an ANOVA of LMEs (R package “lme4”). We then used one-way ANOVAs to test for any stand-alone effects of site characteristics on mean pollen flow distance and proportion of offspring per population that were a result of between-site pollen flow, within-site pollen flow, or self-pollination. Unless otherwise noted, all statistical analyses were performed in R, version 3.3.1 (R Development Core Team., 2016).

RESULTS

Genetic Diversity of Green Roof vs. Natural Populations

We amplified 94 alleles from 10 polymorphic loci from the three natural populations (mean 9 alleles per locus) and 95 alleles from the same loci in the three urban green roof populations (mean 10 alleles per locus). The number of alleles in our populations falls within the expected range of 7–13, as predicted by Kramer and Fant (2007). The mean number of alleles per locus per site was 6 in the natural populations and 5 in the green roof populations. The natural prairie populations of P. hirsutus were significantly higher in allelic richness (p = 0.001, R2 = 0.930, F = 67.721, 4) than the green roof populations, indicating greater genetic diversity (Table 2). Expected heterozygosity was also higher in the natural populations, although not significantly so (p = 0.381). However, the natural populations had significantly greater FIS values (p = 0.028, R2 = 0.672, F = 11.251, 4), indicating a higher incidence of inbreeding compared to green roof populations (Table 2). The average pairwise FST among green roof populations (0.193) was greater than the average pairwise FST among natural populations (0.084) and near the average calculated between green roof and natural populations (0.179).


Table 2. Genetic summary statistics for three natural prairie and three green roof populations: Number of individuals (N), allelic richness (AR), expected heterozygosity (HE), and mean inbreeding coefficient (FIS).
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Gene Flow Within and Between Green Roofs

Genetic diversity was low in the 10 experimental P. hirsutus populations established using nursery-stock, with only 34 alleles from 9 polymorphic loci in both the parental (mean 2 alleles per locus) and the offspring (mean 3 alleles per locus) generations. Both the average AR and HE were lower in the offspring generation than in the parental generation (Figure 2). The mean inbreeding coefficient remained close to zero for both generations, although the generational shift in FIS varied by experimental population, with roughly a third of populations showing an increase in inbreeding between parental and offspring generations, a third showing a decrease, and the remaining third showing no difference (Figure 2). Both the backward GLM selection (ΔAIC = 1.34) and the LME [X[image: image] = 4.09, p = 0.043] indicated that greater cover of co-flowering species had a significant positive correlation with lower inbreeding coefficients (FIS) in the offspring. Of all the site characteristics, only longitude had a significant effect on offspring AR [ΔAIC = 5.32; X[image: image] = 6.62, p = 0.010] and HE [ΔAIC = 3.62; X[image: image] = 4.90, p = 0.027]. The ANOVAs failed to detect a relationship between any of the site characteristics and the AR, HE, or FIS of offspring or a relationships between site effects and the difference in inbreeding between parental and offspring populations (Table 3).
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FIGURE 2. The difference in inbreeding (FIS) between offspring and parental generations varied by site and was not related to proximity to neighboring populations of P. hirsutus on 10 green roofs. Both average allelic richness (AR), and expected heterozygosity (HE) were lower in offspring than parental generations in all populations. Data for the populations are arranged by their relative degree of isolation compared to the other populations in the study. There were no significant linear relationships detected between the mean distance to other populations and FIS (p = 0.783), AR (p = 0.889), or HE (p = 0.443).




Table 3. The relationships between green roof characteristics and measured reproductive traits on the genetic diversity (FIS is inbreeding coefficient, AR is allelic richness, and HE is expected heterozygosity) of experimental populations of P. hirsutus.

[image: image]



We detected a significant negative relationship between rates of inbreeding and reproduction in the experimental populations (p = 0.005, R2 = 0.611, F = 15.131, 8), with higher FIS in the offspring associated with lower fruit-to-flower ratio in the parental generation (Table 3). We also found a significant negative relationship between fruit-to-flower ratio and the difference in inbreeding coefficients in the parental and offspring populations (p = 0.023, R2 = 0.433, F = 7.871, 8, Table 3, Figure 3). No other measures of reproductive output significantly differed with inbreeding coefficients of the offspring (Table 3), although we observed a trend of decreased seed set with increased rates of inbreeding (p = 0.069, R2 = 0.274, F = 4.3971, 8).
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FIGURE 3. Fruit-to-flower ratio in the maternal P. hirsutus populations decreased with the generational difference in FIS. Populations represented by points to the right of the vertical dashed line have more inbreeding in the offspring generation than in the parental generation while those to the left of the line experienced more inbreeding in the parental than the offspring generation. Error bars depict standard error of the mean.



The conservative estimates from the paternity analysis revealed that the primary pollen source for offspring was from selfing (Figure 4). For all offspring (N = 235), 48% were likely the result of self-pollination (± 16% sd), 27% had fathers from the same roof (± 14% sd), and 25% had fathers from a different roof (± 14% sd). Of the offspring that resulted from pollen flow between roofs, the mean distance was 126.7 ± 71.3 m sd, with a maximum pollen flow distance of 351 m. According to the GLM, LME, and ANOVAs, none of the site characteristics were significant predictors of mean pollen flow distance (Table 3). Additionally, site characteristics were not correlated to the relative proportion of offspring that resulted from between-roof, within-roof, or self-pollination events.
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FIGURE 4. The proportion of P. hirsutus offspring resulting from self-pollination (“selfing,” mean = 48% ± 16 sd), within-roof-pollination (mean = 27% ± 14 sd), and between-roof-pollination (25% ± 14 sd) on 10 green roofs. Populations are ordered from least to most isolated, according to the mean distance to all other roofs included in the study.



DISCUSSION

Our data support the hypotheses that P. hirsutus plants from nursery-stock are genetically depauperate compared to natural populations and that while between-roof gene flow occurs, plant populations on green roofs frequently experience selfing. To our knowledge, this is the first study to document gene (pollen) flow among green roof populations in urban habitats. About one-quarter of the offspring in our study resulted from pollen from a roof population an average of 127 m away. Our data suggest that gene flow between green roof populations is sufficient to avoid genetic differentiation and to overcome the negative effects of genetic drift (Mills and Allendorf, 1996; Lowe and Allendorf, 2010). Some pollinators may not be adversely affected by the urban environment and may be able to provide pollination services. Furthermore, our results are consistent with previous findings that distance is not the main factor explaining pollen movement (Ellstrand, 2014) and floral mating patterns (Ashley, 2010).

The lack of genetic diversity in the established green roof populations compared to the natural populations, together with the decreases in allelic richness and expected heterozygosity in green roof offspring compared to their parents, suggests that caution should be exercised when using commercially-propagated plant material for conservation purposes. Typically, highly diverse local plant material is necessary to best maintain genetic diversity and long-term population stability (McKay et al., 2005). On the other hand, some commercial sources of seed survive and have similar fitness levels in field conditions compared to plants from wild-collected seed (Gibbs et al., 2012). The fact that we found higher pairwise FST values between green roof populations than between natural populations suggests that urban populations established from different sources of nursery stock may have considerable genetic differentiation (Lowe and Allendorf, 2010); more so than one would find in the wild. Sufficient gene flow between urban populations may eventually lead to genetically robust metapopulations. However, long-term persistence could be impeded if increased inbreeding leads to reduced fitness (inbreeding depression) and if genetic drift leads to increased homozygosity (Booy et al., 2000; Spielman et al., 2004).

Many self-compatible insect-pollinated plant species like P. hirsutus are expected to show an increased propensity for self-pollination as a method of reproductive assurance (Johnson et al., 2015), which may be particularly relevant in urban areas that lack a diversity of pollinators. The urban environment provides unique challenges for plant and pollinator populations. As such, future studies are needed to determine the extent to which plant species rely on pollinators for reproduction, the consequences of mating events (increased inbreeding or outcrossing), how specific elements of the urban environment impact the diversity and abundance of various pollinator species, and how these factors combine to influence the likelihood of population persistence in an increasingly urbanized environment.

We found that nearly half of the offspring generation resulted from self-fertilization but also that about a quarter resulted from long-distance pollen movement. These results are consistent with expectations for small, fragmented populations within an inhospitable matrix (Hendrix and Kyhl, 2000; Trapnell and Hamrick, 2005; Evans et al., 2017). Small population sizes, such as those typically found in cities, can lead to longer and more pollinator foraging bouts within both individuals and populations, which can result in higher rates of geitonogamy and inbreeding (Severns, 2003). For example, Andrieu et al. (2009) observed fewer pollinator visits to Crepis sancta in small, urban compared to large, natural habitats but found that pollinators spent more time on each individual plant and within each urban patch. In addition, limited resources and lower densities, common features of many small populations, can promote between-population movement resulting in more long-distance pollen dispersal (Levin, 1979; Schmitt, 1983; Ison and Wagenius, 2014). The current study best supports the theory that pollinators maximize their time at individual plants but also indicates that long-distance pollen dispersal occurs between green roofs. In cities, pollinator foraging is often sufficient to maintain gene flow between fragmented patches. For example, the higher reproductive success of the forb Centaurea jacea in parks compared to semi-natural sites (Van Rossum, 2010) and the maintenance of pollen flow between urban populations of the perennial forb Viola pubescens (Culley et al., 2007) demonstrate that not only are pollinators capable of moving long distances through cities but that they might actually be suited to foraging in an urban matrix if floral and nesting resources are available.

Pollinators that move long distances have been documented to maintain population connectivity, limit inbreeding and reduce genetic differences among populations (Ehrlich and Raven, 1969; Lenormand, 2002). In urban habitats specifically, high pollinator visitation rates between patches (Parker, 1997; Verboven et al., 2014) may counteract the negative consequences of genetic drift. Although small, solitary Hoplitis and Ceratina bees have not been directly observed on green roofs in the study region to our knowledge (Tonietto et al., 2011; Ksiazek et al., 2014), P. hirsutus relies primarily on bees from these genera for pollination (Crosswhite and Crosswhite, 1966). Solitary bees of similar size are capable of foraging across the maximum observed distance between sites (351 m), although most Hoplitis and Ceratina individuals would be expected to forage <300 m from their nests in natural habitats (Gathmann and Tscharntke, 2002; Zurbuchen et al., 2010). Furthermore, foraging ranges of solitary bees may be reduced in cities compared to natural areas (Lopez-Uribe et al., 2008). Such evidence is supported by the mean distance between the outcrossed pollen donors and recipients observed in our current study (127 m). These results suggest that long-distance dispersal is occurring but the close proximity of patches is important for maintaining pollen flow between urban populations pollinated by small bees.

Although genetic diversity of a population tends to be positively correlated with overall fitness (Leimu et al., 2006), low genetic diversity itself does not necessarily impact population stability unless inbreeding depression results (Frankham, 2005). Self-compatible plant species like P. hirsutus benefit from reproductive assurance when pollinators are limited, but outcrossing with unrelated individuals can also provide the genetic material needed for populations to respond to environmental changes and persist in the long term (Nassar and Ramìrez, 2004). Many studies of both woody and herbaceous species have demonstrated increased fitness (such as greater seed size, fruit set, seedling size, survival rate, and seed production) when self-compatible individuals are outcrossed rather than self-pollinated (Kittelson and Maron, 2000; Vange, 2002; Vaughton and Ramsey, 2006; Frye and Neel, 2017). While the current study documented gene flow, we also identified lower reproductive output (reduced fruit to flower ratio) in populations that experienced high inbreeding. These results suggest either that there is inbreeding depression or pollinator limitation in P. hirsutus populations, which could lead to eventual population extinction.

While most common measures of pollinator attraction (i.e., the size of the vegetated area, and the proximity to the next nearest population) did not have a significant effect on inbreeding in this study, the large range in inbreeding coefficients that we observed between experimental offspring populations may be due to their small size and number. Although one-way analyses failed to demonstrate a significant relationship between site characteristics and inbreeding, the inverse correlation between percent cover of co-flowering species and FIS revealed by our two multi-variable analyses suggests that differences between sites may affect pollinator visitation. Alternatively, other unmeasured factors may explain the observed patterns of gene flow. The physical arrangement and architecture of buildings may have profound impacts on visitation rates if plant populations are not easily located by pollinators. For example, the two populations with the largest generational increase in inbreeding were each situated in a “courtyard” one story below the roof line so that the vegetated portion of the roof was at least four meters lower than the rest of the roof surface. To be attracted to a P. hirsutus plant at these sites, a bee would have to see the plant from directly above the population rather than from an angle and at a distance. Additionally, best-fit models predicted a correlation between longitude and AR and HE. In other words, green roof populations closest to the shore of Lake Michigan had offspring with lower genetic diversity, implying that a large landscape feature devoid of resources may have negative impacts on pollinator visitation. Such topographic and landscape-level factors are expected to lead to increased inbreeding over time; a prediction that needs to be tested more vigorously in subsequent experiments.

Our data suggest that populations of genetically-diverse native species can be created by using plants propagated from seeds collected from natural populations or by using plants from more than one nursery. Establishing plant populations with high genetic diversity has the potential to better support biodiversity far into the future (Lacy, 1987). In cities, more careful consideration of genetic diversity during ecosystem design could lead to increased urban restoration success, biodiversity support, and bolstering of long-term population persistence (Given, 1994; Bussell et al., 2006). Designing green roof habitats using targeted native plant species can, therefore, help meet the dual goals of creating self-sustaining, low maintenance green spaces, and enhancing urban conservation efforts (Ksiazek, 2014). For species that are self-compatible, inbreeding depression might be avoided by planting large populations to ensure that mating events are less likely to occur within or between closely-related individuals. In addition, establishing metapopulations, and supporting robust, and diverse pollinator communities may increase the likelihood of outcrossing within and between populations, thereby providing the genetic material needed to face future environmental change and avoid population extinction. Green roof managers can facilitate gene flow, which is particularly important for species that are self-incompatible, by providing resources for pollinators including plants that provide sufficient pollen and nectar throughout the foraging season and nesting materials (bare ground, twigs, etc.) that support resident bee populations. As modern cities continue to encroach upon natural habitat, the lines between urban and non-urban will become less defined. Managing for biodiversity, including genetic diversity, will allow all types of habitats to sustain a variety of species for generations to come.
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