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Urbanization is a strong driver of plant diversity and may have complex effects on developed ecosystems. Nevertheless, it remains unclear whether urban environments increase or decrease plant biodiversity compared with rural environments. Further, it is also unclear how non-native plant species contribute to spatial diversity patterns and ecosystem services. Better understanding these diversity drivers across gradients of urbanization has the potential to enhance native species conservation (e.g., targeted restoration activities), leading to positive feedbacks for broader promotion of biodiversity and societal benefits (e.g., links with native biodiversity and human health). In this study, we hypothesized that for plant species in unmanaged grasslands, urbanization would lead to declines in diversity at both small and medium scales. We established a network of remnant grassland sites across an urban to rural gradient in Los Angeles, CA, USA. Across this gradient we assessed patterns of alpha and beta diversity during the 2019 growing season. We found that local plant alpha diversity in remnant grasslands declined in urban landscapes (measured by surrounding percent development) due mostly to loss of native species. However, at intermediate scales across unmanaged parks and greenspaces, we saw increases in beta diversity at more urban locations. This was possibly due to the patchy dominance of different exotic species at urban locations; whereas, in rural locations non-native and native species were common across plots. Conservation is often informed by examinations of large scale, city-wide assessment of diversity, however, our results show that urban plant diversity, particularly native species, is affected at all spatial scales and beta-diversity can add important insights into how to manage urban ecosystems. Conservation that accounts for alpha and beta diversity may promote “virtuous cycle” frameworks where the promotion and protection of biodiversity simultaneously reduces the negative effects of invasion.
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Introduction

Urbanization is the most comprehensive form of land-use alteration, resulting in environments that are radically different from less developed areas (Shochat et al., 2006). According to some models, global urban land cover is set to increase by 78 to 171% by 2050 (Huang et al., 2019). Furthermore, cities are often created in biodiversity hotspots, resulting in profound losses of global vegetation land cover (Myers et al., 2000). A shift from natural to urban land cover can result in myriad changes including an increase in impervious surfaces (Stewart and Oke, 2012), reduced soil water absorption and increased flooding (Scalenghe and Marsan, 2018), increased irradiative heating (urban heat islands; Taha, 2017), increased habitat disturbance (Knapp et al., 2008), and changes in soil characteristics (Pickett et al., 2001; Kowarik, 2011).

Beyond the physical implications of urbanization, past work has indicated that urbanization can have strong biotic effects as well. In particular, urbanization may favor invasive exotic species over native species (McKinney, 2006, 2008; Wania et al., 2006; Avolio et al., 2019), but this effect is not consistent and depends on city-specific conditions (Kowarik, 2011). The mechanisms underlying the relationship between urbanization and exotic invasion are still unclear, in part due to many urban biodiversity studies being conducted in highly managed city parks and greenspaces with relatively few studies occurring in unmanaged, remnant urban locations (Avolio et al., 2019; Knight et al., 2021). Developing a better understanding of these mechanisms should be a conservation priority, as in remnant natural areas there can be a high proportion of plant cover by invasive, exotic species (Avolio et al., 2019). There remains a need for robust biodiversity assessments focused on remnant locations.

Here, we focus on three potential mechanisms for increases in exotic species in urban environments. First, exotic species introductions may be higher in urban areas (McKinney, 2006, 2008). Tait et al. (2005) found that in Adelaide, Australia plant species richness increased by 46% from 1836 to 2002 due to the introduction of exotic plant species outpacing extinctions. Second, urban development modifies natural habitats. This modification often results in the loss of native species with high habitat specialization (Knapp and Ingolf, 2009). Third, urban environments may be especially stressful with higher temperatures, increased drought, and widespread pollutants (Calfapietra and Pen, 2015; English and Wright, 2021). This may benefit certain invasive exotics that favor these conditions. For example, species that can exploit anthropogenic nitrogen deposition and tolerate higher thresholds of water stress (Valliere et al., 2017). Past work has shown that exotic Mediterranean grasses (primarily Avena barbata and several species of Bromus) in California may have become particularly invasive due to their ability to tolerate stress and disturbance (D’Antonio et al., 2007). The primary forces that led to these exotic species becoming dominant were better adaptations to drought, intensification of crop agriculture, and the intense year-round grazing pressure that occurred during the 1860s–1880s. Conversely, native species may be more closely adapted to historical conditions and/or less stressful conditions that more closely mirror those found in rural locations.

Exotic species invasions in urban environments are also correlated with both increased and decreased biodiversity. The effect of exotic species appears to depend on the level of urbanization, taxa, biodiversity metric considered (e.g., alpha vs. beta), and other local variables (McKinney, 2006; Schwarz et al., 2017). For example, a moderate level of urbanization (e.g., suburban neighborhoods) may increase the overall number of species (alpha diversity) because exotic species gains outpace native species losses. In fact, past work has shown that plant communities in the transition zone between the urban core and the city outskirts foster the highest levels of diversity (Zerbe et al., 2003). The level of disturbance in the urban core is too high for many plant species to grow (Hahs and McDonnell, 2006; McKinney, 2006) and the rural outskirts experience competitive exclusion from dominant, well-established native species (D’Antonio et al., 2007). Moderately urban areas act as a sort of Goldilocks zone where there is high enough disturbance to disrupt competitive exclusion by dominant species, but not enough disturbance to inhibit the growth of species. Moderately urbanized areas are also often suburban neighborhoods where introductions of exotic species are the highest (due to gardening and horticulture, Kowarik, 1995; McKinney, 2008). Additionally, these urban areas can have high heterogeneity between locations, fostering different plant assemblages at small scales (McKinney, 2008; Clarke et al., 2013). Consequently, we may see the highest levels of alpha diversity (the total number of species at a site) and beta diversity (species turnover between plots) in these suburban areas.

Alternatively, should dominant exotic species respond positively to urbanization, alpha and beta diversity decline with increasing urbanization. Specifically, if all levels of urbanization favor exotic species and these species tend to dominate and outcompete all others (exotic and native), this could drive both alpha and beta diversity down. For example, Southern California experiences unusually high levels of nitrogen deposition such that annual fluxes of nitric oxide (NO) from high-deposition chaparral and forested areas in the Los Angeles air basin are similar to those of fertilized croplands (Fenn et al., 2003). Valliere et al. (2017) found that in Southern California, higher nitrogen deposition reduced native plant cover and concomitantly increased cover and biomass of non-native annuals. For dominant exotic species that respond positively to these environmental changes, urbanization may increase the rate of invasion, and the invasive species may then outcompete remaining natives and/or less stress-adapted exotics.

While alpha diversity may increase or decrease with urbanization intensity, beta diversity is likely highest in suburban environments. Suburban environments support the highest habitat heterogeneity because novel urban habitats are interspersed with historical habitat remnants. The combination of habitat types may maintain or increase species richness of both exotic and native species (Pysek, 1993; Pickett et al., 2001). In addition to habitat heterogeneity, patchy local extinctions may drive variation in species composition in urban habitats (Niemelä, 1999; McKinney, 2002). Extinctions occur due to habitat degradation and destruction, causing species with poor dispersal ability to become isolated or have their habitat patch further decreased in size. Consequently, due to low integration between urban patches, there can be high variation in colonization and extinction at sites resulting in high urban beta diversity.

Typically, urban biodiversity studies are conducted on managed properties (Godefroid and Koedam, 2007; Walker et al., 2009; Avolio et al., 2019). This is standard experimental practice considering the constraints of most western cities: urban developers deconstruct landscapes and replace natural areas with tightly managed non-native vegetation to create lawns and other urban landscapes (Walker et al., 2009; Faeth et al., 2011). The result of this is that urban ecosystems often have very little unmanaged land where species recruitment can naturally occur. However, due to its unique geography, Los Angeles may be an exception. There are 886,443 acres of protected public lands in Los Angeles County, 34% of total County land (Gold et al., 2015). While the abundance of protected area varies with topography, there remains a significant amount of the Los Angeles region that does not have direct human management regimes applied to it and has never been developed. The management of these spaces should be of high concern, as invasion by Mediterranean grasses pose a threat to native species and ecosystems. For example, as of 2018, herbaceous cover represented roughly 31% of the Angeles National Forest (directly adjacent to the city of Los Angeles, CA, USA). This is a high-traffic forest that was historically dominated by native chaparral (Park et al., 2018). A large portion of this invasion is by species in three genera: Avena, Bromus, and Brassica. Species in each of these genera have been shown to reduce the diversity and abundance of native species. Some of these exotic species have a seed bank density an order of magnitude greater than native forbs and shrubs (Cox and Allen, 2008; Abella et al., 2011; Vallejo et al., 2012). Consequently, Los Angeles may be a novel system to examine and develop assessments for natural dynamics of biodiversity along an urban to rural gradient without confounding urbanization with management.

Better understanding the diversity dynamics between native and invasive species across urban gradients has the potential to highlight interventions that could enhance native species (e.g., targeted restoration activities), eventually leading to positive feedbacks for broader promotion of biodiversity and societal benefits (e.g., links with native biodiversity and human health; Dean et al., 2011; Morrison, 2016). While limited, there have been studies linking access to greenspace and access to biodiverse urban locations with the physical, mental, and social health of surrounding communities (Marselle et al., 2021). Given that large, unmanaged grasslands are uncommon in urban areas, the management of native species and biodiversity in these systems could provide novel benefits to the local non-human and human communities.

Here, we assess how exotic species, native species, and overall grassland plant diversity (both alpha and beta) change across an urban-to-rural gradient in Los Angeles, CA, USA. Specifically, we had two objectives: to investigate (a) how urbanization affects different plant diversity metrics and (b) differences in how native and exotic species respond to urbanization. To address these, we established a network of unmanaged grasslands distributed across the greater Los Angeles area. We used this network of grassland patches situated within open spaces across an urban to rural gradient to test the following hypotheses: (H1) native plant species decline and exotic species increase with increasing urbanization, (H2) alpha diversity (Shannon’s index) of plants peaks in moderately developed areas (due to introduction of exotic species outpacing the exclusion of natives) but declines in our most developed areas, and (H3) beta diversity of plants peaks in moderately developed areas due to novel urban conditions increasing the recruitment of novel exotic species in combination with the local extinction of native species.



Materials and methods


Study area

The study area encompassed the greater Los Angeles area, covering over 10,000 km2 ranging from the San Gabriel mountain range to the Santa Ana mountain range to the south, and the Los Angeles county barrier to the east (Figure 1A). All locations exist within a Mediterranean climate associated with moderately wet winters with cool temperatures and dry summers with high temperatures (Gómez et al., 2004). Precipitation during the growing season (November–April) from 1969 to 2018 averaged 614.68 mm and ranged between 167.64 and 1,513.84 mm (PRISM Climate Group, Oregon State University). Mean surface temperature over the same period was 6.9°C and ranged from 4.6 to 8.4°C.
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FIGURE 1
(A) Map of sampling sites across the greater Los Angeles region. Orange polygons depict quadrants, yellow squares depict sampling sites, and blue crosses depict 1 m × 1 m quadrats (only one site shown in figure). (B) Conceptual figure of our sampling design with colors corresponding to panel (A) where orange depicts quadrants, yellow depicts sampling sites, and blue depicts quadrats.




Site selection

Potential field locations were identified using ArcMap (Version 10.5) where we selected within a range of a 5–30% slope, ≤1,200 m elevation, ≥1,400 m2 patch size, and south-facing aspect within Los Angeles County, Orange County, and the western 1/3 of Riverside County. In order to sample across urbanization levels, we identified 16 quadrants throughout the greater Los Angeles region based on neighborhood boundaries. Each of these quadrants was classified based on percent impervious surfaces within the neighborhood polygon. This resulted in a range from rural or undeveloped areas with less than 20% impervious surface area, moderate levels of urbanization ranging from 20 to 50% impervious surface area, to “hardscape” areas with over 50% impervious surface cover. These “hardscaped” areas are highly fragmented and thus we do not have field sites with higher than 66% surrounding impervious surface.

We then randomly chose nine quadrants from the 16 identified: three quadrants were in rural areas, three were in suburban areas, and three were in urban areas. Within each of these quadrants, all green spaces larger than 100 square meters were identified, delineated using GIS, and three local sampling sites were randomly selected from these. Sampling sites were then ground-truthed to confirm that they were unmanaged and unmaintained grasslands. If a site was actively managed by the community or a designated land manager (e.g., mowing or native species planting), it was removed from the dataset and replaced with either a nearby site (first choice) or a newly randomly selected site (if a nearby site was unavailable). This resulted in a total of 27 locations. For each site we also measured elevation and distance to nearest coastline as two other drivers of community composition and diversity along our urban gradient.



Plant diversity survey

In April 2019, we determined species identity and quantified the abundance of all plant species at each of our sites. At each of the 27 locations, three 1 m× 1 m quadrats were selected (for a total of 81 plots across the gradient) using the generate random points tool for our site layer in ArcMaps. In each of these quadrats all plants in all taxa were identified to the species level (Supplementary Table 1). In order to estimate abundance, we visually determined percent cover of each individual species in the plot using a plot grid to increase the accuracy of our estimates. At each of the three plots within a location, we used our species abundance and evenness data to determine plot diversity using the Shannon diversity index (Shannon and Weaver, 1964). We also collected soil cores from a depth of 1 ft with a 1-inch diameter. Soil cores were stored in a freezer after collection and were sent to the UC Davis Analytical Lab in August 2021. Samples were analyzed for nitrogen content in the form of nitrate (NO3) and ammonium (NH4).



Data analysis

We used a model selection approach to assess the best-fitting model for what was driving alpha diversity (Supplementary Equation 1a) and ranked the candidate models with AIC to determine the best-fitting model. This model selection was conducted to account for other environmental factors that may affect the diversity in our plots. We fit linear mixed effects models that included continuous fixed effects of percent development (impervious surface area in a 2 km buffer around each site), elevation (Molina-Venegas et al., 2016), distance from coast (Stromberg et al., 2001), NO3, and NH4 (Valliere et al., 2017) for all of our 27 sites. We included these additional effects to account for other drivers of diversity in Mediterranean grasslands. Additionally, due to our nested design, we included site location nested within quadrant as a random effect given the spatial blocking of our study (plots at each site will have similar conditions to one another and sites located within the same quadrants of the city will have similar conditions; Table 1). Our sites are co-located along the rural to urban gradient because unmanaged grasslands are spatially clumped within this gradient. Because of this design, there is spatial autocorrelation in our sites that is inherently related to the gradient that we are examining. To control for this to the best of our ability, we added blocking variables for the site to the random effect structure of our model. This cannot completely control for spatial autocorrelation but does control for severe autocorrelation within sites. Since percent development and elevation were correlated variables (Supplementary Figure 1), we removed elevation from subsequent analyses while keeping percent development due to the nature of our hypotheses.


TABLE 1    Model selection for what abiotic factors best fit alpha diversity.
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To address our first hypothesis, we calculated Spearman’s correlation coefficient on total, native, and the three most common species (Table 2, and Supplementary Equation 1c) against the continuous measure of percent development around each site. These three species (A. barbata, B. diandrus, B. reubens) are invasive exotics known to be detrimental to local ecosystems and were the most abundant across our plots. We wanted to determine if development might be enabling their dominance. Additionally, we ran mixed-effects ANCOVAs using the same random effects structure as above to account for spatial blocking of our study design. We assessed the correlation between our three most dominant invasive species (above) and alpha and beta diversity in our plots.


TABLE 2    Three most common exotic species.
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To address our second and third hypotheses, we analyzed the effects of urbanization on species diversity and abundance, as well as the presence of native and exotic species. We assessed the effects of all fixed and random effects on alpha diversity (Shannon diversity index), beta diversity among the three quadrats at each site (betapart Package in R, version 1.5.1; Orme, 2012), number of native species, and number of exotic species.




Results


Effects of urban gradient

We found a total of 52 species across all grasslands. At each site there were 7.63 ± 2.66 total species, 6.67 ± 1.96 exotic species, and 1 ± 1.32 native species. Our best-fit model showed that the combination of percent development and NO3 best explained alpha diversity (Table 1 and Supplementary Equation 1b). This model was used in all subsequent analyses. We found that percent development had a negative effect on alpha diversity [F(1,12) = 7.24, p = 0.02] and a positive effect on beta diversity [F(1,12) = 4.50, p = 0.055] across our urban gradient (Figure 2).
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FIGURE 2
Percent development around a 2 km radius of field sites against alpha and beta diversity. (A) Plot showing alpha diversity where each data point represents Shannon’s diversity at one of the three quadrats at each site. As surrounding percent development increased, alpha diversity decreased [F(1,12) = 7.24, p = 0.020]. (B) Plot showing beta diversity where data points reflect beta diversity across each site. As percent development increased, beta diversity increased [F(1,12) = 4.50, p = 0.055].


The overall number of species in each quadrat was negatively affected by percent development [Figure 3A, F(1,12) = 6.05, p = 0.03]. Native species were negatively affected by percent development [Figure 3B, F(1,12) = 8.70, p = 0.012] whereas exotic species were not affected [Figure 3C, F(1,12) = 3.15, p = 0.10]. There were no other significant relationships between abiotic factors and community composition.
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FIGURE 3
The effect of number of overall species, native species, and most common exotics vs. percent development. (A) Percent development had an effect on the overall number of species at each quadrat [F(1,12) = 6.05, p = 0.030]. Spearman’s correlation coefficient showed this to be a weak negative effect (rs = –0.28, n = 81, p = 0.01]. (B) Percent development had an effect on native species [F(1,12) = 8.70, p = 0.012] which Spearman’s correlation coefficient found to be a moderately strong negative monotonic correlation (rs = –0.47, n = 81, p < 0.001). (C) Percent development did not have an effect on exotic species [F(1,12) = 3.15, p = 0.10].




Species-specific responses to urban gradient

The three most abundant species were all exotic annual grasses (Table 2). The next most abundant species was the exotic annual herb Brassica nigra which covered an average of 1.4% of all quadrats. Two exotic grasses (B. diandrus and B. reubens) were correlated with decreased alpha diversity of the plots (Supplementary Figure 2). None of the invasive exotic grasses were correlated with beta diversity.




Discussion

We found that plant diversity in unmanaged grasslands in Southern California was affected by urbanization. In addressing our first hypothesis concerning how native and exotic plant species respond to urbanization, consistent with previous literature (Avolio et al., 2019), we saw a reduction in native species with increasing levels of development. However, we did not see an increase in exotic species with increasing development in our unmanaged site network. Instead, we saw that exotic species were equally well represented in Southern Californian grasslands at both low and high levels of development. This resulted in an overall reduction in alpha diversity across our gradient as only native species were lost in the more urban sites with no new exotic species appearing in more urban sites, contrary to our expectations (H2). Lastly, our prediction that beta diversity would be highest in suburban areas was moderately supported; we found the highest levels of beta diversity in our most urban sites, though these sites were still more suburban than what past studies likely deemed the urban core (McKinney, 2008).

Contrary to previous studies of plant diversity across managed urban gradients (McKinney, 2008), we did not find that species diversity peaked in moderately developed areas. Comparing our most rural sites to our most urban, there was an average loss of 2.5 species at the site level constituting a 41.6% loss of diversity in our most urban plots. In contrast to other studies of managed urban greenspaces (Walker et al., 2009; La Sorte et al., 2014), remnant grasslands in our study did not appear to have any locally available horticultural species colonizing them (Supplementary Table 1). Additionally, our results differ from studies of urban plant biodiversity in coastal sage scrub communities that show remnant natural areas hosting a majority of native species compared to exotic invasive species (Avolio et al., 2019).

Unmanaged grassland communities across the Los Angeles area consequently appear to be an ecosystem particularly affected by exotic invasion and biotic homogenization. Consequently, Los Angeles offers a unique opportunity to assess the effect of urbanization on ecological assembly in an unmanaged context. Our sites were not specifically managed in any way. Instead, these grasslands are likely undergoing succession just like their rural counterparts, the only difference being the environmental gradients that result from urbanization (e.g., nitrogen, temperature, and habitat fragmentation). This may contribute to the homogenization of urban locations, as exotic species in California grasslands can be very successful at expanding into ranges where resource limitation is alleviated (e.g., urban areas that experience fertilizer runoff and increased nitrogen deposition; Bettez and Groffman, 2013; Eskelinen and Harrison, 2015). The success of exotic species under these urban conditions consequently leads to native species being limited to marginal habitats. Future restoration in these systems should prioritize soil recovery and revegetation to facilitate establishment of native plant species (Beltran et al., 2014). Additionally, this may be evidence of “extinction debt” common to urban areas where native species go locally extinct over long time periods due to disturbance (Hahs et al., 2009; du Toit et al., 2016). The effects of declining habitat connectivity in similar semi-natural grassland diversity have been realized after 50–100 years (Lindborg and Eriksson, 2004), similar to the surrounding landscape history of our field sites.

One other likely reason for the discrepancy between our results and previous studies is that our network of sites included locations with a maximum of 66% development. Thus, our study does not examine the true “urban core” the way past urban biodiversity surveys have (McKinney, 2008; Supplementary Figure 3). We are consequently not capturing truly hardscaped areas given that past studies have included sites up to 95% development (Yan et al., 2019). Furthermore, past surveys of urban diversity have often used qualitative metrics for developments and lack a quantitative measure of development around sites (Hope et al., 2008; Walker et al., 2009; Avolio et al., 2019). The differences in our results may result from differences in how urbanization levels are defined. Additionally, because our unmanaged grasslands are clumped along the rural to urban gradient, there is likely some spatial autocorrelation in our data that we are unable to address. We do not, however, believe that this spatial autocorrelation is likely to alter our results.

We found that beta diversity steadily increased with increasing urbanization across our gradient. This might be driven by patchy extinctions of subordinate species coupled with dominant exotics that dominate across different landscape settings. For example, our most urbanized site was California State University- Dominguez Hills located in the city of Carson. This site is on the campus of a highly developed public university and is surrounded by 65.4% development. At this location, we identified seven species, none of which were native species. However, each of the three plots at this site were dominated by a different exotic species and the subordinate species in this community differed from one quadrat to another, leading to greater beta diversity (Figure 4). Conversely our least developed site was the Santa Rosa Plateau Ecological Preserve in the city of Murrieta. The Santa Rosa Plateau is a preserved area surrounded by 0.2% development. We identified 12 species where 4 were native to the region. There was relatively high diversity in each plot, but also nearly identical species in each of the three quadrats.
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FIGURE 4
Pie charts showing the species distributions at each quadrat at two of our field sites. (A) Percent abundance of present species at our least developed site, the Santa Rosa Plateau Ecological Reserve. At these plots there was relatively high diversity, but nearly identical species in each of the three quadrats. (B) Percent abundance of present species at our most developed site, California State University- Dominguez Hills. At these plots there were no native species present, with different exotic species dominating quadrats.


While we did not survey the most highly developed areas (e.g., >66% impervious surfaces), our findings are consistent with research showing that moderately developed areas often foster higher levels of beta diversity (Rebele, 1994; La Sorte et al., 2014). Urban landscapes have a large variety of habitat types and ecological communities associated to each (Norton et al., 2016). Further, previous work has shown that rare native species can go locally extinct with urbanization (Kühn and Klotz, 2006) compared to exotic species that show lower levels of turnover (La Sorte et al., 2014). Across our urban gradient we may see an increase in beta diversity as we move from higher levels of species, namely native species, to more urban areas where these species become rare and are thus more likely to go locally extinct. Importantly, our results suggest that fine-scale surveys of beta diversity patterns are essential to our understanding of larger scale patterns of diversity and how to conserve regional diversity. Examinations of urban beta diversity have the potential to spatially inform conservation practices such as protected area selection and where corridor and dispersal facilitation could be beneficial (Socolar et al., 2016).

Future examinations of plant diversity could benefit from including more comprehensive biodiversity metrics not just limited to the inclusion of beta diversity. The inclusion of multiple metrics may allow for more comprehensive and interesting investigations into how different diversity metrics interact with one another. For example, assessments of functional diversity can provide unique insights into ecosystem stability as a supplement to phylogenetic diversity. This can be beneficial as phylogenetic diversity alone may be an imprecise proxy for assessing the functional diversity of urban plant communities (Lososová et al., 2016). In turn, the use of these approaches can aid land managers in supporting conservation efforts following “virtuous cycle” frameworks where the promotion and protection of biodiversity could simultaneously reduce the negative effects of invasion.

We believe the greater Los Angeles area would be an ideal location for these future studies given the unique and interwoven availability of this system. While managed grasslands in the form of yards and parks are more ubiquitous across many urban areas, large unmanaged urban grasslands remain novel. Promoting biodiversity in these areas should be a potential conservation priority given the unique potential they have to provide local communities with a generally inaccessible ecosystem type. Having native species more widely accessible to communities may in turn increase attention to preserving these species, creating a cycle where attention increases availability.



Conclusion

Across remnant grasslands in Los Angeles, our data show that alpha diversity is decreasing across a rural to urban gradient, driven by losses in native species. However, possibly due to stochastic local extinctions, beta diversity in our most urban sites was higher than nearby rural areas. While we can only speculate on the mechanism, native species were negatively affected along our development gradient while the number of exotic species remained constant. Future conservation at these urban locations should prioritize proven restoration efforts such as soil recovery and revegetation to promote native species. Transitioning into more developed areas across our gradient, exotic species were not introduced into these systems in higher proportions but rather those already present appeared to displace native species. We suggest that conservation efforts should utilize multiple biodiversity metrics, including beta diversity, to aid our understanding of how biodiversity patterns operate at different scales and supporting efforts that utilize “virtuous cycle” conservation frameworks.
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