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Abstract
Since 2007, more people in the world live in urban than in rural areas. The development of urban areas 
has encroached into natural forest ecosystems, consequently increasing the ecological importance of parks 
and fragmented forest remnants. However, a major concern is that urban activities have rendered urban 
forests susceptible to non-native species incursions, making them central entry sites where non-native 
plant species can establish and spread. We have little understanding of what urban factors contribute to 
this process. Here we use data collected by citizen scientists to determine the differential impacts of spatial 
and urban factors on non-native plant introductions in urban forests. Using a model city, we mapped 18 
urban forests within city limits, and identified all the native and non-native plants present at those sites. 
We then determined the relative contribution of spatial and socioeconomic variables on the richness and 
composition of native and non-native plant communities. We found that socioeconomic factors rather 
than spatial factors (e.g., urban forest area) were important modulators of overall or non-native species 
richness. Non-native species richness in urban forest fragments was primarily affected by residential lay-
out, recent construction events, and nearby roads. This demonstrates that the proliferation of non-native 
species is inherent to urban activities and we propose that future studies replicate our approach in different 
cities to broaden our understanding of the spatial and social factors that modulate invasive species move-
ment starting in urban areas.
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Introduction

Contemporary non-native species introductions and dispersal are intimately associated 
with human activity (Elton 2020) and, as we could expect, these species tend to be 
adapted to human-modified environments such as urban environments (van Kluenen 
et al. 2015). While preserving forest remnants within cities can be vastly beneficial 
(Alvey 2006), urban area expansion also reduces and fragments habitats, which can 
facilitate invasion by non-native species (Marzluff 2005; Catford et al. 2011).

The type of land use within the urban matrix represents a primary pathway for the 
introduction of non-native plants. For example, cities contain numerous individually 
managed gardens, as well as vacant unmanaged land, degraded sites and intensively 
managed parks where non-native species often abound. This increases the probability 
of their escape into urban forests (Andrén 1994), which in virtue of their disturbance, 
fragmentation and isolation from the original main forested area, offer, often times, 
suitable habitats for non-native species to establish and grow in abundance (Potgieter 
and Cadotte 2020). Consequently, urban forest planning and management practices 
should incorporate the unique attributes of urban forests and detach, to some degree, 
from practices specifically used in natural forests. However, a major challenge is that 
our understanding of invasion patterns in urban forests is lacking (Cadotte et al. 2017).

Urban forest fragments in a matrix of urbanization can, to a certain extent, be seen 
as akin to islands, where non-native species establishment may more readily occur due 
to their relative isolation and fragmentation (Davis and Glick 1978). In this context, 
we can formulate hypotheses to identity factors driving urban forest plant commun-
ity composition. These can include, for example, the species-area relationship, which 
would suggest that the size of an urban forest relates to species richness (MacArthur 
and Wilson 1963, 1967). In this context, large urban forests can conserve higher na-
tive species diversity than smaller ones (Honnay et al. 1999), thereby being relatively 
more resistant to non-native species introductions than smaller ones. Conversely, edge 
environments are more prone to non-native species establishment; as a consequence, 
small urban forests can host more non-native species than their larger counterparts. 
Indeed, smaller natural forest fragments have previously been shown to have higher 
levels of invasion (Ohlemüller et al. 2006).

Spatial arrangement (e.g., distance and connectivity) among urban forests can also 
play a role in the susceptibility of urban forests to non-native species introductions 
and consequent invasions. For example, it can by hypothesized that the degree of iso-
lation among urban forest fragments affects species richness with consequences for 
non-native plant richness (MacArthur and Wilson 1963, 1967; see Bastin and Thomas 
1999). If this is the case, conservation measures relating to urban forest fragments and 
biodiversity may be informed if a distance effect among urban forests is noticeable. 
Furthermore, the relatively small size and proximity of urban forests to areas of high 
human traffic and activity makes them vulnerable to edge effects (Murcia 1995), and 
non-native species incursions (Ohlemüller et al. 2006). Thus, native and non-native 
species composition of urban forests can be influenced by both spatial variables and 
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attributes associated with the surrounding urban matrix (Kupfer et al. 2006). For ex-
ample, non-native plant species can be abundantly brought into the urban matrix 
either intentionally (e.g., garden ornamentals, bird seeds) and unintentionally (e.g., 
via increased vectors and pathways), and thus exert a high propagule pressure on urban 
forests compared to native forest species that must traverse the urban matrix to reach 
the same forests (Nascimento et al. 2006). In fact, urban forests have more non-native 
species when located closer to the center of urban cores (Mack and Lonsdale 2001; 
Kowarik 2008). Additionally, native species within urban forests may experience great-
er rates of population declines the further apart they are from the nearest original and/
or unfragmented forest (Gascon et al. 1999). Whether this is the result of direct and 
indirect interactions with non-native species or results from reproductive isolation is 
unknown. As such, elucidating what urban forest features contribute to non-native 
species richness can contribute to answer this question.

One can hypothesize that the type of land use, and the socioeconomic urban layout 
can be predictors of non-native species richness in urban forests. Both species richness 
and propagule pressure from non-native species brought into the urban matrix can 
vary from one neighborhood to another (Aronson et al. 2015). For example, Fan et al. 
(2019) studied the effects of urban landscape variables on forest community structure 
in Illinois, and found that while industrial, commercial and transportation land use de-
creased the diversity and canopy cover of trees, residential land use had a positive effect 
on those variables. Therefore, land use must be considered when assessing the factors 
determining species composition and invasion patterns in urban forests. Certainly, the 
relative importance of spatial factors and urban matrix factors remains unclear.

A limitation of urban studies is associated with their inherent complex spatio-tem-
poral scales (Ohlemüller et al. 2006; Jenerette et al. 2016) and the high cost of training 
and deploying teams capable of conducting plant community census. A solution to this 
problem is the use of citizen science, which includes both a strong pedagogical com-
ponent locally, and simultaneously can produce valuable datasets for a variety of urban 
forests in a region (Fuccillo et al. 2015). Several studies that measured the accuracy of 
datasets collected using citizen science consistently indicate that citizen science is an ad-
equate tool for large-scale ecosystem surveys (Aceves-Bueno et al. 2015, 2017). Further-
more, a review by Dickenson et al. (2010) on the use of citizen science for data collection 
highlights the importance of combining data from separate citizen science programs to 
adequately monitor trends in ecology across large spatial and temporal scales.

The aim of this study is to investigate factors associated with non-native plant 
invasions patterns in urban forests, including spatial and land-use attributes of the 
urban matrix. We provide a citizen science method of data collection and an easily 
reproducible analysis pipeline to facilitate future studies. Using a template city, we test 
the hypothesis that urban forest size and relative isolation (i.e., distance to the nearest 
unfragmented natural forest) guide the incidence of non-native versus native plants 
species in urban forests. Alternatively, we hypothesize that characteristics of the urban 
matrix associated with layout and land-use could interfere with the distance and area 
effects. More specifically, we hypothesize that: (1) larger urban forests closer to the 
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nearest unfragmented forest have greater overall native and non-native species rich-
ness as compared to smaller and more distant urban forests, even when accounting for 
urban matrix characteristics such as population density and surrounding construction 
events through time; (2) larger urban forests have a smaller ratio of non-native to na-
tive species as compared to small ones, even when accounting for urban matrix char-
acteristics such as population density and surrounding construction events through 
time. Alternatively, urban matrix characteristics may be better predictors of non-native 
species composition in urban forests and; (3) urban forests that occur closer together 
show greater similarity in species composition than those farther apart.

Methods

Study area

The study area is the city of Sault Ste. Marie, Ontario, Canada. The city lies within the 
Algoma District bordering the eastern shore of Lake Superior. Sault Ste. Marie has a 
population of approximately 75,000 (Statistics Canada 2012). The city is part of the 
Ontario Shield Ecozone, which is characterized by having a large portion of exposed 
bedrock (Crins et al. 2009). Average daily temperatures during the summer months 
range from 15.5–17.6 °C with 888.7mm of mean annual precipitation. Located in the 
center of the Great Lakes-St. Lawrence forest region, the dominant forest types com-
prise a mixture of both deciduous and coniferous species. Abundant tree species include 
sugar maple (Acer saccharum), yellow birch (Betula alleghaniensis), eastern hemlock 
(Tsuga canadensis), white and red pine (Pinus strobus and P. resinosa), white and black 
spruce (Picea glauca and P. mariana), and balsam fir (Abies balsamea) (Wake 1997). The 
city of Sault Ste. Marie is surrounded by relatively undisturbed forested areas which are 
connected to the vast boreal forests of Canada (Power and Gillis 2006). For the purpose 
of testing our hypotheses, we consider this to be the 'unfragmented forested area'.

Urban forest study sites

We obtained the list of study sites by identifying areas zoned by the city of Sault Ste. 
Marie as parks and recreational areas. We only selected undeveloped and unmanaged 
forested areas for inclusion in this study and excluded all other heavily managed areas 
such as sports fields and golf courses. A total of 18 accessible urban forests were identi-
fied ranging in size, from 2,200 to 140,5480 m2 (Table 1, Figure 1). We included in 
our analysis a forest area that is connected to the unfragmented forest, fragment num-
ber 18 (Table 1, Figure 1), and considered it as a control for isolation by distance. We 
measured urbanization based on the minimum distance to a high traffic road (hence-
forth “distance to the closest road”), the percentage of land assigned as ‘commercial’ 
within a 250 m buffer of the urban forest (henceforth “commercial zoning”), the per-
centage of land assigned as rural within a 250 m buffer of the urban forest (henceforth 
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Table 1. Urban forest measurements in Sault Ste. Marie, Ontario. Site number refers to urban forest 
number of Figure 1.

Site number Area (m2) Perimeter (m) Distance from Forest (m)
1 2200 271 3480
2 10385 591 4572
3 4274 337 5664
4 6457 431 5299
5 10720 790 4018
6 11963 573 4870
7 11340 467 4284
8 15901 494 3925
9 14062 942 5829
10 17938 708 8496
11 34336 1491 5260
12 11588 616 4669
13 157632 1872 2291
14 315182 2800 1405
15 378112 3514 4196
16 596530 4330 145
17 1405480 6084 7877
18 1028248 5244 0

“rural zoning”), the percentage of land assigned as residential within a 250 m buffer of 
the urban forest (henceforth “residential zoning”), and the average year of construction 
within a 250 m buffer of the urban forest (henceforth “average building age”) for each 
urban forest. We obtained the Sault Ste. Marie zoning information from Sault Ste. 
Marie City Hall (Christopher Bean, GIS Coordinator).

Sampling design and data collection

We randomly distributed Modified-Whittaker sampling plots within each of the urban 
forest islands. The Modified-Whittaker sampling design detects greater species richness 
and is a more convenient sampling method than the Whittaker plot design (Ghorbani 
et al. 2011). It is a nested vegetation sampling design that allows sampling species rich-
ness at multiple scales and to plot species-area relationships. The design nests smaller 
sub-plots within one main 1000m2 (20 × 50 m) plot. Sub-plots consist of one 100 m2 
(5 × 20 m) plot placed within the centre of the main plot, two 10m2 (2 × 5 m) plots 
in opposite corners of the main plot, and ten 1m2 (0.5 × 2 m) plots placed around the 
border of the main plot (Stohlgren et al. 1995).

A team of 52 citizen scientists went to each of the pre-established plots in the 
urban forests between July 2 and August 9, 2013 and collected data that enabled the 
identification of all vascular plants present to species-level. In addition, the citizen sci-
entists counted and provided cover estimates within each of the 1m2 sub-plots for each 
species identified. Citizen scientists used general field knowledge as well as personal 
field guides to help identify each plant to species. For non-native species, we provided a 
booklet containing descriptions of the most common invasive plants in the area. Speci-
mens that could not be immediately identified to species were collected and tagged. 
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Figure 1. Map (i.e., WGS84 projection) of the 18 urban forests in Sault Ste. Marie, Ontario, Canada, in 
which this study is based. Both maps contain a representation of each urban forest, site 1 through 18, in 
green with a 250 m buffer beginning at the edge of the forested area and the unfragmented forest edge in 
red A the year of construction of all the plots with some development is indicated as a blue gradient B the 
population density of each neighborhood is indicated as a gray gradient.

We later identified these specimens with support from the scientists at the Northern 
Ontario Herbarium, and prepared them to be stored as part of the collection in the 
Algoma University Herbarium. Cover was estimated using the Braun-Blanquet cover-
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abundance scale (Wikum and Shanholtzer 1978). We then created cumulative plant 
species lists and cover estimates for each of the 10m2 and 100m2 sub-plots and for the 
main 1000m2 plot. We then assigned species a native or non-native status according to 
the PLANTS Database (USDA, NRCS 2018).

Geometry calculations

We calculated all geometry features in QGIS (QGIS Development Team 2019). Us-
ing Google Earth Pro satellite images, we produced polygons around the urban islands 
and identified the edge of the larger forest surrounding the city of Sault Ste. Marie 
(henceforth the “unfragmented” forest). All distances were calculated from a map pro-
jected with the coordinate reference system utm16N. We measured area (m2) and 
length (m) of the edge around (henceforth the perimeter) the urban forest polygons. 
Using the NNJoin pluggin version 3.1.2, we measured the distance between each 
urban forest from edge to edge and the shortest distance of each urban forest to the 
“unfragmented” forest line.

To quantify urban landscape use, we added the location of high traffic roads, the 
year of construction of each plot, and zoning information for plots to our map. We 
computed the distance between each urban forest and the closest high traffic road. The 
city zones include rural, environment/natural, mining, park, residential, and commer-
cial land use. To determine impacts of adjacent urban factors on urban forest composi-
tion, we used a 250 m buffer, which starts at the edge of each forest and ends 250 m 
within the urban matrix, around each urban forest. We calculated the percentage des-
ignated to each zone in the buffer area, and the average year of construction of plots in 
the buffer area (Table 1, Figure 1).

Statistical analysis

We used R version 3.5.1 (R Core Team 2018) to perform all statistical analyses. We 
produced two types of variables for our analyses. The first type of variables described 
spatial arrangement of the urban forests and included area, perimeter, and distance to 
the “unfragmented” forest. The second type of variables describe the urban landscape 
surrounding the urban forests and included the distance to the closest road, the com-
mercial zoning, the rural zoning, the residential zoning, and average building age. To 
avoid collinearity among predictor variables, we conducted pair-wise Pearson’s correla-
tion tests and kept all variables with a correlation coefficient below 0.7 and above -0.7 
(Dorman et al. 2013). When faced with choosing between two variables with a correla-
tion coefficient above 0.7 or below -0.7, we kept the variable that was most ecologically 
meaningful. Area and perimeter of urban forests were positively correlated (R = 0.96). 
We kept area in the final model because of the relevance of species-area relationship in 
ecology (e.g., Connor and McCoy 1979), which was central to our hypotheses. Rural 
zoning was negatively correlated to residential zoning and positively correlated with 
area. Again, because of the importance of area in our analysis, we chose to remove rural 
zoning and keep residential zoning as a variable in the final model.
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Since we did not have a priori hypotheses about which variables (i.e., spatial and 
socio-economic) could better explain species composition, we performed multi-model 
inference to rank candidate models using Akaike’s information criterion corrected for 
a large number of predictors (AICc). We used this technique to determine which in-
dependent variable could better explain the variance in species richness, non-native to 
native species ratio, non-native species richness, and native species richness. We tested 
all response variables for normality using the Shapiro-Wilks test. We nested all possible 
combinations of both the spatial and the urban landscape variables to produce a set 
of candidate models. To assess variable significance, we calculated the weighted model 
average of all candidate models within the 95% confidence set of models (sum of 
model weights > 0.95) (Burnham and Anderson 2004). We considered variables to be 
relevant when the confidence intervals of the variables in the averaged model did not 
overlap zero. The estimates of averaged models cannot reliably measure the effect size 
of a variable (Cade 2015). Instead, we reported the adjusted R-Squared of a model in-
cluding only the relevant variables and the variance explained by each variable through 
hierarchical partitioning using hier.part from the hier.part package (Nally and Walsh 
2004), which provides a reliable assessment of the strength of the correlation between 
the dependent and the independent variable (Chevan and Sutherland 1991). We also 
analyzed the data using ‘classical inference’, and found that in both analyses similar 
conclusions were supported by the results (Table 2).

To determine if spatial and landscape variables influenced species composition, 
we performed a redundancy analysis (rda) and partitioned the variance between spa-
tial and urban landscape variables. We used Hellinger transformed matrices of spe-
cies composition as the response variables of the rda with the function rda from the 
package VEGAN (Oksanen et al. 2018). We included area, area to perimeter ratio, 
distance to the “unfragmented” forest, distance to roads, all zoning components, and 
the average year of construction surrounding the urban forest as response variables. 
None of the variables had a variance inflation factor higher than 3. The significance of 
the redundancy analysis was tested using ordiR2step, from VEGAN, with 1000 permu-
tations. The significance of each axis and then each term was assessed similarly using 
anova.caa, from VEGAN. We repeated this analysis with only the non-native and the 
native species to see if the same patterns were found in all the groups.

To test for the relationship between the distance among urban forests and their simi-
larity in community assembly, we used the function mantel.correlog from the package 
VEGAN, with Pearson’s correlation coefficient and 1000 permutations. We provided the 
program with a distance matrix of the distance among the urban forests and a similarity 
matrix composed of species abundance for each urban forest. We calculated the break 
point between distance classes for the mantel correlogram using the Sturges equation. 
We repeated this analysis by replacing the similarity matrix with a matrix containing 
only the non-native species, and then only with the native species to see if different 
factors affected each group. Both the R script of the analysis and the dataframe of used 
variables are available as supplementary files (see Supple material 1: ‘analysis’ for R scrip 
with the analysis, and Supple material 2: ‘data_csv’ for the dataframe of used variables).
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Results

Hypothesis 1: Relationship between urban forest size, distance, and species 
richness

We found a total of 142 plant species across the urban forests surveyed. Of these spe-
cies, 36 were non-native and 106 were native. Each urban forest plot contained an 
average of 16.5 species (±7.64). On average, 24.19 % (±21.07) of plants in each plot 
were non-native, with an average of 4.33 non-native species (±3.61) and 12.17 native 
species (±5.25) per Whitaker plot. The most abundant species were Maianthemum 
canadense (present in 72.22% of plots), Rubus pubescens (38.89%), Fraxinus americana 
(33.33%), Rubus idaeus (44.44%) and Acer saccharum (38.89%). Of these, only Rubus 
idaeus is listed as non-native (see Supple material 3: ‘species data’).

A total of 64 candidate models were compared to find the best way to predict 
overall species richness from both spatial and landscape variables. Of the candidate 
models, 36 were kept as part of the confidence set of the average model, including the 
Null model (Table 2). The most parsimonious model (with the lowest AICc value) 
only included distance from the “unfragmented” forest (Estimate (E) = 0.0040) (Fig-
ure 2). However, when considering the confidence interval of the effect of distance to 
the “unfragmented” forest (Confidence interval (CI) = -0.0008, 0.0091), it could not 
explain species richness. The other variables, including the distance to the closest road 
(CI = -0.0019, 0.0061), commercial zoning (CI = -1.3975, 0.4731), residential zoning 
(CI = -0.0246, 0.0484), and average building age (CI = -0.0572, 1.6543), were also 
not considered as being meaningful by the confidence set model average.

Hypothesis 2: Relationship between urban forest size, distance, urban factors, 
and native and non-native species richness

We produced three separate groups of candidate models to test which variables affected 
the ratio of non-native to native species, as well as the non-native and native species, 
independently. Each response variable produced a total of 64 candidate models. When 

Table 2. List of the estimates for the most parsimonious model for each variable.

Variables AICc F- statistics*
Estimate Lower confidence 

interval
Upper confidence 

interval
Estimate P-value

Kept as part of the model predicting species richness
Distance from the “unfragmented” forest 0.004 -0.0008  0.0091 0.002 0.542
Kept as part of the model predicting the ratio of native to exotic species
Residential zoning 0.0036 0.0019 0.005 0.02 0.0001
Average year of construction 0.0077 0.0032 0.0125 0.02 0.239
Distance to the closest road 0 0 0.0001 0.0002 0.0029
Kept as part of the model predicting exotic species richness
Distance to the closest road 0.0014 0.0004 0.0026 0.002 0.01
Residential zoning 0.1743 0.0751 0.2665 0.17 0.007

* Additional information on the statistical methods is available as supplementary material (Supple material 4: F-statistics).
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Figure 2. Each graph represents the linear relationship between urban forest species richness and a variable 
while controlling for all other variables. Species richness was not related to the area of urban forests (A), 
and it was also not related to distance between the urban forest and the unfragmented forest (B).

analyzing the effect of spatial and urban landscape factors on the ratio of non-native 
to native species, seven models were kept as part of the confidence set of the average 
model. Area and distance to the unfragmented forested area were not included in the 
most parsimonious models (Figure 3A, B). The most parsimonious model included 
residential zoning (E = 0.0036), the average year of construction (E = 0.0077) (Fig-
ure 3C), and the distance to the closest road (E = 0.0000) (Figure 3D). The average 
model from the confidence interval set of models provided similar results; residential 
zoning (CI = 0.0019, 0.0050), average year of construction (CI = 0.0032, 0.0125), 
and distance to the closest road (CI = 0.0000, 0.0001) had confidence intervals that 
showed a positive effect on the non-native to native species ratio. In contrast, com-
mercial zoning (CI = -0.4368, 0.0572), area (CI = -0.0000, 0.0000), and distance 
from the “unfragmented” forest (CI = -0.0022, 0.0024) did not add to the predictive 
ability of the model. According to the R-squared adjusted, together, residential zoning, 
average year of construction, and distance to the closest road explained 69.35% of the 
variation in the non-native to native species ratio. When we assigned importance to the 
relevant variables through hierarchical partitioning, we found that residential zoning 
was the most important variable, with an importance level (I) of 56.48%. However, 
the distance to the closest road and the average building age were still moderately im-
portant (I = 21.88% and 21.63% respectively).

When analyzing the effect of spatial and urban landscape variables on non-native 
species alone, 18 models were kept as part of the confidence interval set for the model 
average. The most parsimonious model included a positive effect of the distance to 
the closest road (E = 0.0014) and residential zoning (E = 0.1743) on the number 
of non-native species. Similarly, only the distance to the closest road (CI = 0.0004, 
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Figure 3. Linear relationships between the proportion of non-native relative to native species in urban 
forests and each variable while controlling for variables in the other panels A the proportion of non-
native to native species was not related to the area of urban islands, calculated in meters squared B the 
proportion of non-native to native species was not related to distance between the urban island and the 
unfragmented forest, calculated in meters C the proportion of non-native to native species increased with 
newer constructions D the proportion of non-native to native species increased with distance from the 
closest road, calculated in meters.

0.0026) and residential zoning (CI = 0.0751, 0.2665) had confidence intervals that 
did not include zero in the model average. Despite the effect of the average year of 
construction (CI = -0.0662, 0.5207) on the non-native to native species ratio, it did 
not affect non-native species richness. Together, the distance to the closest road and 
residential zoning explained 49.43% of the variation in non-native species richness, 
and residential zoning (I = 72.11%) was more important than the distance to the clos-
est road (I = 27.89%). Commercial zoning (CI = -0.4368, 0.0572), area (CI = -0.0000, 
0.0000), and distance from the “unfragmented” forest (CI = -0.0022, 0.0024) did not 
add to the predictive ability of the model. When analyzing the effect of spatial and 
urban landscape variables on native species alone, 31 models were kept as part of the 
confidence interval set for the model average. The most parsimonious model was the 
null model. The model average had no variable with confidence intervals that did not 
cross zero. Despite the effect of residential zoning (CI = -0.2936, 0.2477), average year 
of construction (CI = -0.5293, 1.1767), and distance to the closest road (CI = -0.0018, 
0.0040) on the on the non-native to native species ratio, they did not affect native spe-
cies richness. Commercial zoning (CI = -1.0031, 0.4744), and the spatial variables area 
(CI = -0.0000, 0.0000) and distance from the “unfragmented” forest (CI = -0.0015, 
0.0066) were also not considered as meaningful.

We tested the effect of space and urbanization on the overall species composition, 
the non-native species composition, and the native species composition of the urban 
forests by partitioning the variance and through model selection of redundancy analy-
sis using permutation tests. The full model could not adequately describe the variance 
in species composition (F = 0.9821, P = 0.564). Instead, the model that best described 
the overall species composition was the null model. When only the native species were 
modeled, we found that none of the variables could explain the patterns of native spe-
cies composition. Similarly, non-native species composition was not modeled by the 
set of space and urbanization variables.
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Hypothesis 3: Relationship between proximity of urban forests and species 
composition

To determine if the proximity of the urban forests influenced their overall, non-native, 
or native species composition we performed mantel correlogram tests with distance 
classes calculated using Sturge’s equation. According to the mantel correlogram analy-
sis, distance could not predict overall species composition (r = 0.032, P = 0.372). How-
ever, urban forests that were in the first distance class, or, in other words, close together, 
were similar in species composition (P = 0.046) (Figure 4). When separated by native/
non-native status, there was a change in how distance between urban forests affected 
the similarity in community structure. We found that native species showed no signifi-
cant spatial correlation in structure (r = 0.001, P = 0.439) (Figure 4), but non-native 
species had a significant negative linear correlation (r = 0.313, P = 0.001). In fact, urban 
forests that were closer together were more likely to have similar non-native species (P = 
0.001) and those further apart were more likely to be composed by different non-native 
species (P = 0.006). However, the pattern breaks at the farthest distance class (Figure 4).

Figure 4. Mantel’s correlogram defaulting to Pearson’s correlation coefficient with 1000 permutations. 
We calculated the distance classes using Sturge’s equation. The correlation of distance between urban 
forests on the similarity in composition of species was tested in four distance classes. Points filled with 
white represent distances where species composition was not related to distance and solid points represent 
distances where species composition was related to distance. The purple line connecting circles is the rep-
resentation of the analysis for all the species. The blue line connecting triangles represent the analysis for 
native species. The red line joining squares represent the analysis for non-native species.
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Discussion

Our approach using a novel citizen science method of data collection and analysis 
pipeline enabled identifying whether spatial and/or land-use attributes of the urban 
matrix were associated with non-native plant occurrence patterns in urban forests. 
First, it is important to note that the native plants species recorded in our urban 
forests were consistent with those present in communities of the Great Lakes-St. 
Lawrence forests of Ontario. The most common native species found in the urban 
forests, namely Fraxinus americana, Acer saccharum, and Maianthemum canadense, 
are representatives of the core community of forests in the Great Lakes-St. Lawrence 
region according to Canada’s National Forest Inventory. Similarly, the dominant 
non-native invasive species reported by the citizen scientists in this study, includ-
ing Rubus idaeus and Alliaria petiolata, are consistent with reports for this area (e.g., 
Invasive Species Awareness Program – http://www.invadingspecies.com/). Second, 
we found that spatial variables did not adequately predict the overall species rich-
ness and composition of forest fragments. Both urban forest area and distance to 
the nearest unfragmented non-urban forest had no effect on plant species richness, 
suggesting that the urbanization does not always completely isolate the urban forest 
fragments within the city matrix.

The lack of spatial signal raises the hypotheses that: 1) compared to more dense-
ly populated cities, the type of urban development based on detached houses with 
gardens, which is typical of our model city, may contribute to buffer reproduc-
tive isolation among urban forests, and; 2) our urban forests are too recent for 
ecological effects to have emerged (<100 years). Consistent with this perspective, 
forest fragments that were adjacent to the relatively less disturbed non-urban for-
est adjacent to the city showed no sign of hosting more native species relative to 
the forest fragments imbedded within the city. In contrast, species composition 
among urban forests responded to residential land-use, construction events, and 
proximity of roads, suggesting that landscaping and residential planning could be 
main drivers of non-native species introductions and, eventually, invasion. When 
considering native and non-native species separately, the proportion of land zoned 
for residential use surrounding urban forest fragments, recent construction events, 
measured by the average age of infrastructures near the urban forests, and possi-
bly the distance between these forests and the closest road were factors correlated 
with an increase in non-native to native species ratio. Additionally, reductions in 
species composition similarity among urban forests with increasing distance from 
each other, particularly for non-native species, further indicates that these sites are 
unlikely to be completely isolated by the urban matrix around them and could be 
responding to local urbanization factors instead. As such, we conclude that spatial 
variables, at least in some cases, can be poor predictors of species community rich-
ness and non-native species community composition and, instead, we propose that 
emphasis should be placed on qualities of the urban matrix to determine urban 
forest non-native community composition.

http://www.invadingspecies.com/
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The urban matrix and urban forest communities

Our original intent was primarily focused on spatial rather than land use characteristics 
that meaningfully predict plant community richness and composition. However, the 
urban matrix variables clearly served to account for factors that, together, could have a 
larger effect on community composition than the size and spatial arrangement of urban 
forests. Consequently, we propose that, going forward, studies to predict non-native 
species community assembly in other urban centers should incorporate characteristics 
of the urban matrix that are important in urban forest design and management.

While we found compelling evidence that the species richness of urban forests was 
exclusively driven by parameters relating to the urban matrix, their effect was restricted 
to the richness of non-native species. These results are congruent with previous studies 
indicating that human activities (Davis 2009), and particularly the trade of non-native 
plants in urban areas (Reichard and White 2001; Tartaglia et al 2018), are a major vec-
tor for non-native species introductions. The observed increase in non-native species 
present in the forest fragments near residential areas reinforces the notion that urban 
forests are likely suitable habitats for these species to escape into (Tartaglia et al. 2018). 
Additionally, in these residential areas, construction events near urban forests, meas-
ured as the average construction year, is a factor positively correlated with non-native 
species richness. There is a well-established relationship between disturbance events 
and invasion in the literature (Marvier et al. 2004; Didham et al. 2007; Foxcroft et al. 
2011); as such, our results are unsurprising when we think of construction activities as 
a major potential source of non-native species. However, we found that as the distance 
from the main roads increased, so did the number of non-native species in forest frag-
ments. We were surprised by these results, as several previous studies have linked road 
use to non-native invasive species richness (Gelbard and Belnap 2003; Von Der Lippe 
and Kowarik 2007; Flory and Clay 2009). However, the most common non-native 
species present in our sites were Rubus idaeus and Alliaria petiolata, which are primarily 
dispersed by animals; perhaps distance from roads could be associated with greater ani-
mal dispersal. Additionally, the incongruence in our results and the literature could be 
an indicator of historical human development or land-use variables. Again, although 
these results are not the primary findings of this research, they indicate potentially 
important characteristics to consider as indicators of urbanization.

This study adds to the body of knowledge on the importance of considering so-
cio-economic factors when analyzing the diversity and species composition of urban 
landscapes (Hope et al. 2006; González-Moreno et al. 2013; Godefroid and Ricotta 
2018; Fan et al. 2019). In fact, ignoring qualities of the urban matrix has been flagged 
as a limitation of solely using spatial factors; for example, in island biogeography 
(Laurence 2008). Island Biogeography Theory does not consider the fundamental 
differences between the ocean, which is largely inhospitable to island species, and 
the urban matrix which has repeatedly been shown to host sustainable populations 
of herbaceous species in yards and empty lots (Johnson et al. 2018). Qualities of the 
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urban matrix itself can be used to determine patterns of species composition in urban 
forests. For example, the proportion of sealed surface in the urban matrix, associated 
with the degree of urbanization, can be used to predict patterns of species richness 
in urban forests (Malkinson et al. 2018). Our findings that residential land use (but 
not commercial use) is associated with an increase in non-native species emphasize 
the importance of considering variation within the urbanized landscape. Addition-
ally, taking into consideration the urban forest’s historical and geographic context 
when considering patterns of species community assembly is essential. Habitat loss 
and fragmentation tends to occur in non-random patterns because certain types of 
habitats, for example areas of low and constant elevation, are better suited to human 
activity. Thus, these areas are developed more quickly, which attracts further develop-
ment and loss of habitat, in turn increasing the rate of species loss (Seabloom et al. 
2002). As such, it is not completely surprising that overall species patterns cannot be 
predicted by area and distance relationships alone.

Application to other urban centers

This study constitutes a first step towards understanding how distance between urban 
forests and their area affects species composition and patterns of non-native plant inva-
sions. Even though in cities, such as the one used in this study, connectivity between 
urban forests and proximity to major uninhabited forests may determine the low pre-
dictive capacity of spatial attributes alone, that may not be the case in larger urbanized 
centers, particularly those where habitat fragmentation is high. We know from previ-
ous studies that patterns of species composition in urban forests are dependent on both 
anthropogenic and ecosystem factors at local and regional scales (Ohlemüller et al. 
2006; Jenerette et al. 2016). For example, the bioregional context of a city determines 
the overall species composition of urban forests as well as trends in non-native species 
composition. Urban forests in the northern regions of North America tend to have less 
non-native tree species compared to those in the southern regions of the continent, 
primarily due to the limitations imposed by minimum winter temperatures on trees 
selected by humans for landscaping purposes (Jenerette et al. 2016). In this context, 
this study indicates that northern cities, which are not as fragmented or surrounded by 
fragmented areas as southern cities, can be relatively more protected from biodiversity 
losses due to non-native plant species introductions. As such, the approach used here 
can serve as a template to determine larger scale patterns of species composition in 
future studies, at least across cities in Eastern North America. While this undertaking 
might require many additional resources and a high degree of coordination, we believe 
it can be highly effective in the context of invasive species prevention and monitor-
ing. We propose that future studies replicate our methods in other cities to ascertain 
whether our findings are widely applicable. Additionally, we strongly advocate the use 
of citizen science as a method of data collection to maximize resources and increase 
public awareness and knowledge of non-native plants in cities.
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