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Abstract
1.	 Residential yards are a significant component of urban socio-ecological systems; 

residential land covers 11% of the United States and is often the dominant land 
use within urban areas. Residential yards also play an important role in the sus-
tainability of urban socio-ecological systems, affecting biogeochemical cycles, 
water and the climate via individual- and household-level behaviours.

2.	 Spatial contagion has been observed in yard vegetation in several cities, poten-
tially due to social norms that compel neighbours to emulate or conform to spe-
cific aesthetic qualities or management regimes. Residents may feel obliged to 
mow their front yards or prune their trees, creating patterns of spatial autocor-
relation in residential neighbourhoods.

3.	 In this study, we examined the spatial autocorrelation of several yard vegetation 
characteristics in both front and backyards in Boston, MA, USA. Our study area 
included 1,027 Census block groups (sub-neighbourhood areas) and 175,576 
parcels with matched front-backyard pairings (n = 351,152 yards in total) across 
Boston's metropolitan area. We spatially defined ‘neighbours’ in five ways to bet-
ter account for the potentially variable nature of how conformity or contagion 
manifests in empirical terms. We anticipated front yards to have stronger spatial 
autocorrelation due to the more publicly visible nature of these green spaces.

4.	 We found positive and significant spatial autocorrelation in all measured vegeta-
tion variables, in both front and backyards. Unexpectedly, spatial autocorrelation 
tended to be higher in backyards for tree canopy variables but higher in front 
yards for turf grass cover. Among block groups, different socio-economic varia-
bles, such as median household income, predicted spatial autocorrelation of vege-
tation characteristics. Our results were sensitive to how neighbours were spatially 
defined.

5.	 Our results further underscore the importance of backyards as critical areas for 
sustaining an urban tree canopy, and show that spatial patterns vary across differ-
ent social groups. The importance of ‘neighbour’ definition indicates opportuni-
ties to think carefully about the mechanisms driving spatial autocorrelation and 
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1  | INTRODUC TION

For many urban residents, yards may be their primary exposure to 
nature (Goddard et al., 2013). Yards are the non-building portions of 
residential land. In the United States, about 11% of all land is residen-
tial (Theobald, 2014), and within urban areas, residential land is often 
the dominant land use (Avolio et  al.,  2020b; Loram et  al.,  2007). 
Research has demonstrated that social norms and peer pressures are 
important drivers of yard management decisions and action, driving 
the vegetative diversity and structure of yards (Carrico et al., 2012, 
2018; Fraser et al., 2013; Locke et al., 2018; Nassauer et al., 2009; 
Robbins, 2012; Visscher et al., 2016). The peer pressures to ‘fit in’ to 
a community and conform to a uniform, monoculture, mowed lawn 
can lead to intensive water and chemical use (Bormann et al., 2001; 
Hernke & Podein,  2011) and may have negative ecological conse-
quences such as wasting potable water and water contamination 
from chemical inputs. These environmental impacts may aggregate 
to continental-scale environmental impacts (Groffman et al., 2017; 
Odum,  1982). Therefore, the drivers and outcomes of residential 
land management need to be better understood.

Reference group behaviour theory asserts that membership-
seeking individuals adopt the behaviours, attitudes, standards and 
norms perceived as most desirable among the group they hope to 
join (Hyman, 1942; Merton & Kitt, 1950). This theory helps explain 
how social norms form via individuals seeking group acceptance. A 
complementary theory that may explain yard care is the focus the-
ory of normative conduct. Drawing on previous work (Cialdini et al., 
1990, 1991), Carrico et  al.  (2012, 5) explain that ‘individuals have 
been shown to conform both to what they perceive to be desirable as 
well as typical behaviour to maintain a positive self-image and to gar-
ner social approval or to avoid negative attention from those around 
them’. Social norms associated with reference group behaviour 
and/or focus theory of normative conduct may partially motivate 
neighbours to copy each other when managing their yards (Carrico 
et al., 2018; Harris et al., 2012, 2013; Julien & Zmyslony, 2001; Locke 
et al., 2018; Robbins, 2012). What constitutes the social reference 
group likely relates to the neighbourhood scale (Fraser et al., 2013; 
Grove et al., 2005; Nassauer et al., 2009; Visscher, Nassauer, Brown, 
et al., 2016).

Vegetation is the yard element most commonly managed through 
practices that include irrigation, fertilization, planting, pruning and 
mowing (Locke et al., 2019). Given strong social norms, nearby res-
idential yards may become increasingly similar to each other with 

respect to vegetation structure, leading to higher spatial autocor-
relation, or similarity of yard characteristics, among close yards. For 
example, yards with low levels of lawn cover may be near yards with 
similarly low levels of lawn cover, and parcels with abundant lawn 
cover would be near parcels with similarly abundant lawn cover. 
But some aspects of a yard are easier for residents to deliberately 
change than others. Moreover, when residents simply do nothing to 
modify yard vegetation (either actively choosing no management or 
via neglect), some yard vegetation types will change faster than oth-
ers. For example, turf cover can be removed, enhanced or extended 
each growing season. When viewed from above, the spatial extent 
of tree canopy changes much more slowly over time, and the full ex-
tent of the land cover types beneath the canopy is unknown. When 
examining the spatial autocorrelation of vegetation, it is therefore 
important to consider vegetation type.

Yard-to-yard similarity within neighbourhoods, caused by human 
intervention or lack thereof, has been described as social contagion 
(Turner et al., 2015), and has been observed in a number of human-
managed green spaces. For example, clustering of roadside gar-
dens in Ann Arbor, MI has been observed between 30 and 610 m 
concentric ring buffers (peaking at 91  m) and may be due to spa-
tial contagion (Hunter & Brown, 2012). A study of a single Montréal 
neighbourhood using Mantel multivariate correlograms found that 
vegetation and architectural styles in front yards were also highly 
spatially autocorrelated, which the authors highlighted as a poten-
tial example of mimicry (Zmyslony & Gagnon, 1998). When building 
materials, size and colour were similar, yards also had more similar 
vegetation characteristics (Zmyslony & Gagnon, 2000). The uptake 
patterns of green infrastructure in suburban Cleveland, OH, via ap-
parent clustering (Turner et al., 2015), and Washington, DC, shown 
with spatial permutation tests (Lim, 2017), are also suggestive of so-
cial contagion. We use the term ‘contagion’ to refer to these types of 
spatial patterns throughout the paper and note that, unlike ‘mimicry’, 
contagion does not imply intention.

When considering social contagion, the location of vegetation 
within yards and yard size may also be important. The desire to ‘fit 
in’ and comply with neighbourhood norms maybe stronger where 
it is more readily visible (in front yards) than in more private and 
less-visible backyards. Indeed evidence from arid Phoenix, AZ 
(Larsen & Harlan, 2006; Larson et al., 2009) and mesic Baltimore, 
MD (Locke et al., 2018) suggests motivation for management, ac-
tivities and vegetation-pertinent outcomes do vary by front and 
backyards. For example, among a sample of neighbourhoods in 

the scales at which patterns develop. The identification of these mechanisms will 
have important implications for scales of policy and implementation for urban and 
suburban greening.

K E Y W O R D S

Boston, residential yards, spatial autocorrelation, spatial contagion, urban ecology, urban 
forestry
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Baltimore City and County, front yards had greater floral diver-
sity, while backyards had more trees and greater tree diversity 
(Avolio et al., 2020b). In larger yards, mowing an entire yard can 
be less common, leaving more room for wooded areas (Visscher 
et al., 2014). The Zone of Care is the portion of a parcel frequently 
maintained and visible, such as flower beds or vegetable gardens 
(Nassauer et al., 2014). The type of vegetation and its location in 
the yard (e.g. front vs. backyard) and yard size are likely to affect 
the observed spatial patterns.

Appropriately spatializing reference group behaviour theory 
and social norms remains a significant methodological challenge in 
urban ecological research. Multiple factors complicate interpreta-
tion and comparisons of prior research on yard care, possible so-
cial contagion and front to backyard comparisons. First, studies 
have examined a variety of different outcomes based on different 
spatial analyses across plant species diversity (Avolio et  al.,  2020; 
Meléndez-Ackerman et al., 2014), roadside plantings and steward-
ship actions (Hunter & Brown, 2012), green infrastructure installa-
tions (Lim, 2017), vacant lot stewardship (Gobster et al., 2020) and 
exurban carbon storage (Nassauer et al., 2014; Visscher et al., 2014). 
Second, the influence of one neighbour on another could depend 
on the geographic distance between neighbours, whether yards 
abut, whether homes face each other across the street and/or 
whether they share a backyard. For example, the pattern of spatial 
autocorrelation of front yard landscaping across increasing distance 
classes has been shown to be similar on opposite sides of the street, 
and abutting front yards share 51% to 81% similarity (Zmyslony & 
Gagnon, 1998). There is not a clear way to operationalize a ‘neigh-
bour’ in a social sense, and studies have used different approaches 
(Minor et  al.,  2016; Zmyslony & Gagnon,  1998), such as creating 
spatial weights matrices based on distance, nearness and contiguity. 
The definition of ‘neighbour’ affects how we measure spatial auto-
correlation, and thus can influence the extent to which social conta-
gion appears. Finally, the above-mentioned studies of yard-to-yard 
similarity may benefit from additional observations representing 
another climate, under a range of urbanicity conditions to help re-
solve some ambiguities that have emerged among prior foundational 
research.

In this paper, we build upon previous empirical research de-
scribed above by examining spatial autocorrelation in both front 
and backyards and across neighbourhoods to examine patterns in 
vegetation cover across multiple scales. We do so to further test ref-
erence group behaviour theory and the focus theory of normative 
conduct in the context of vegetation structure on residential lands. 
We attempt to build on previous research in several ways. Remotely 
sensed data are used to examine both tree canopy and turf grass 
cover, which provides a standardized way of measuring and compar-
ing vegetation structure and its spatial autocorrelation across yards. 
The definition of neighbour is operationalized with five measures to 
better understand the explanatory power of different spatial rela-
tionships. Focusing on the Boston metropolitan region (MA, USA), 
and using alternative methods of measuring spatial autocorrelation 
of yard vegetation, we ask the following research questions: 

1.	 How does spatial autocorrelation of vegetation structure vary 
by front and backyards and vegetation type?

We expected to measure higher spatial autocorrelation in front 
yards when compared to backyards, because social norms associ-
ated with yard care appear to be stronger in front yards than back-
yards (Larsen & Harlan, 2006; Larson et al., 2009; Locke et al., 2018). 
We anticipated that spatial autocorrelation would extend beyond 
immediate, first-order neighbours to higher-order neighbours (e.g. a 
neighbour of a neighbour of your neighbour) because prior research 
has suggested high autocorrelation across neighbourhoods (Hunter 
& Brown, 2012; Lim, 2017; Zmyslony & Gagnon, 1998, 2000). We 
expected tree-based measures of vegetation to exhibit more spatial 
autocorrelation than turf, because trees are harder to change over 
time.

2.	 How does spatial autocorrelation differ across neighbourhoods 
composed of varied socio-economic and demographic 
populations?

We predicted that spatial autocorrelation would be similar across 
neighbourhoods with similar socio-economic characteristics—even if 
the neighbourhoods are not geographically proximate—and would be 
higher among social groups with more resources to enact social con-
tagion (Daniels & Kirkpatrick, 2006; Grove et al., 2005, 2014). Tree 
canopy cover has been shown to be greater in high-income and pre-
dominantly White communities (Gerrish & Watkins, 2018; Watkins 
& Gerrish,  2018). We anticipated block groups with larger parcels 
to be more heterogeneous owing to the Zone of Care (Nassauer 
et al., 2014) and therefore have lower spatial autocorrelation.

3.	 How does the definition and operationalization of a ‘neighbour’ 
affect patterns of spatial autocorrelation in yard vegetation?

Finally, we thought autocorrelation would be highest when 
measured with contiguity-based neighbours (i.e. yard polygons that 
share borders), because abutting yards can share overhanging tree 
canopy, and lowest with distance-based measures (i.e. Euclidean 
distances). This is because distance-based measures in a Cartesian 
space are agnostic to the street network and urban morphology, and 
may relate spatially close, but socially less-salient yards to influence 
social contagion. A goal of this research is to understand how differ-
ent operationalizations of spatial neighbours relate to the amount of 
observed spatial autocorrelation.

2  | METHODS

2.1 | Study area

This study focused on the Boston, MA, metropolitan region 
(42°21′29″N 71°03′49″W), an area of approximately 703  km2. 
The region has a humid continental climate (mean annual 
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temperature = 9.6℃; mean annual precipitation = 1,233 mm; PRISM 
Climate Group, 2015) and was historically covered with mesic 
forests. Forty-four per cent of the land area is residential (Ossola 
et  al.,  2019a), which is consistent with other urban areas in west-
ern countries such as Baltimore, MD (Avolio et al., 2020b), Chicago, 
IL (Lewis et  al.,  2019), Adelaide, (Australia; Ossola et  al.,  2021), 
Edinburgh (Scotland), Belfast (Northern Ireland), Cardiff (Wales) 
and Leicester and Oxford (England; Loram et al., 2007), and repre-
sents more than twice as much land area as parks and open spaces 
(18.43%; Ossola et al., 2019b). Backyards compose 14% of all urban 
land area and contain ~21% of all tree canopy cover; front yards 
cover ~8% of the area and have ~8% of the study area's tree canopy 
cover (Ossola et al., 2019b).

2.2 | Open data

Classified LiDAR point cloud data (year 2014) were obtained 
from the US Geological Survey (‘MA Post-Sandy CMPG 2013–14’, 
NPS = 0.7 m, vertical and horizontal accuracy = 0.05 m and 0.35 m 
respectively). High-resolution RGB-NIR imagery (1-m ground reso-
lution, year 2014) were obtained from the National Agriculture 
Imagery Program (NAIP, USDA). Residential parcel polygons, build-
ing footprints and road centreline data were downloaded from the 
open data portals of the Commonwealth of Massachusetts (2017) 
and the City of Boston (2017).

2.3 | Geospatial analyses

All front, corner and backyards contained in all residential parcels with 
a house were located and classified in ArcGIS Desktop 10.5 (ESRI) 
by using the workflow described in the study by Ossola et al. (2019a, 
2019b). Briefly, each house centroid was identified to fit an offset line 
perpendicular to the closest street centreline. Front and backyards 
were then located by splitting each parcel polygon with a dividing 
segment, perpendicular to the offset line, passing through the house 
centroid, and extending to the parcel's border. Yards were classified 
by attributing the front yard as the closest unit to the respective road 
centreline. Corner yards, which lack clear front/back sides, were as-
signed to all parcels located within 15 m from street intersections and 
were excluded from analyses. The workflow used to locate and clas-
sify yards exceeded 98% accuracy (Ossola et al., 2019a).

Vegetation maps detailing tree height, canopy volume and tree 
and grass covers were modelled and validated for their accuracy 
based on the LiDAR and RGB-NIR imagery as detailed in previous 
papers (Ossola et  al.,  2019a, 2019b). Briefly, tree canopy height 
was extracted from a canopy height model (1.5-m ground reso-
lution) interpolated from the LiDAR data in ArcGIS Desktop 10.5 
(ESRI). Tree and grass covers were modelled at 1.5-m resolution 
by using maximum likelihood supervised classification of ~100,000 
pixels manually attributed to one of three land cover classes (i.e. 
tree, grass and non-vegetated cover), and based on the tree canopy 

height map and the RGB-NIR imagery (Singh et  al.,  2012). The 
average vertical accuracy of the tree height data, as recorded by 
the LiDAR point cloud, is 5.3  cm. The accuracy of the grass and 
tree canopy cover classification is 91.7% and 98.9% respectively 
(Ossola & Hopton, 2018b). Canopy volume was calculated as the 
product of tree canopy cover and height within each pixel, assum-
ing this volume to be completely occupied by vegetation (Ossola 
& Hopton,  2018a, 2018b), which overestimates total volume. 
Because these remotely sensed data view the earth from above, 
and tree canopy overhangs turf, the turf estimates are plausibly 
underestimates (Akbari et al., 2003).

2.4 | Statistical analyses

2.4.1 | Yard and socio-economic variables

We operationalized the spatial autocorrelation of five vegetation 
metrics: (a) tree canopy cover as a percentage of yard area (m2/m2), 
(b) tree canopy volume (m3/m2), (c) average tree canopy height (m), 
(d) maximum tree canopy height (m) and (e) turf cover as a percent-
age of area (m2/m2). We used these measures of vegetation structure 
because prior research has identified these as important measures 
of vegetation structure for people through heat island reduction and 
storm water mitigation, and other species via habitat provision (in-
sects, birds, etc. Beninde et al., 2015; Ossola et al., 2015).

Census block groups were used to represent different sub-
neighbourhood areas, which is common in US Cities (Grove 
et  al.,  2014; Landry & Chakraborty,  2009; Locke & Grove,  2016). 
Census block groups are statistical divisions of Census tracts and 
are aggregates of blocks; blocks are the smallest US Census geogra-
phy and (in urban areas) usually bounded by roads on all sides. Block 
groups are similar to Dissemination Areas produced by Statistics 
Canada, which have been used for similar studies of urban tree 
canopy in Montreal, QC (Pham et al., 2012; Pham et al., 2012) and 
Toronto, ON (Conway & Bourne, 2013; Greene et al., 2018). They 
usually contain between 600 and 3,000 people (United States 
Census Bureau, n.d.).

We removed 217 Census block groups from our dataset because 
they did not have a representative sample of at least 50 residential 
parcels, leaving 1,027 Census block groups in the analyses. These 
block groups ranged in size from 0.03 km2 to 12.45 km2 (mean = 0.44, 
median  =  0.23, standard deviation  =  0.79). Within those block 
groups, analyses were restricted to one- (65.52%), two- (25.58%) 
and three-family homes (8.9%) to help ensure that a limited num-
ber of residents could have actual control over yard management, 
leaving 175,576 parcels (perfectly matched front-backyard pairs) or 
351,152 yards in total. Parcels ranged from 54.88 m2 to 86,788 m2 
in area, the average backyard was 368.36 m2, and the average front 
yard was 198.51 m2. Summary statistics for each of the five vegeta-
tion characteristics by front and backyard are provided in Table S1.

Socio-economic variables were measured at the block-group 
scale, as this is the smallest area at which most data are available. 
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Block group-level variables were accessed from the 2010 to 2014 5-
year American Community Survey (ACS) via the get_acs function in 
the tidycensus package (Walker, 2020) in R version 4.0.3 (2020-10-10). 
Like the Decennial Census, the ACS is also administered by the US 
Census Bureau, and collects socio-economic and demographic data 
about residents and households in the same geographic units. Unlike 
the Census, ACS data are collected monthly from a representative 
sample of US households. One-, three- and five-year aggregates of 
ACS data are released on an ongoing basis. For each block group, we 
extracted annual median household income, the percentage of the 
population identifying as White, and the percentage of housing units 
that are owner occupied. Income (Gerrish & Watkins, 2018) and race 
(Watkins & Gerrish, 2018) are among the best-studied correlates of 
urban tree canopy across neighbourhoods. Ownership was included 
as an indicator of control over yard care (Ossola et al., 2018). All data 
used in this paper and an *.Rmd file for replication are available via 
Locke et al., 2021.

2.4.2 | Spatial weights and spatial autocorrelation

All spatial autocorrelation analyses were conducted using R ver-
sion 4.0.3 (2020-10-10). Spatial autocorrelation, as measured with 
global Moran's I, was calculated for each metric (n = 5) among front 
yards, and then again for backyards using the spdep package's moran.
test function (Bivand et al., 2013; Bivand & Wong, 2018). Like cor-
relation measures such as Pearson's r and Spearman's ρ, Moran's I 
varies from −1 to 1 (Moran, 1950). Negative values indicate nega-
tive spatial autocorrelation, which means that nearby observations 
are significantly more different than would be expected by random 
chance. Positive values indicate positive spatial autocorrelation, with 
nearby observations that are more similar than would be expected 
by random chance. A value that is not significantly different from 
zero indicates spatial randomness, such that the value of an observa-
tion cannot be predicted based on its neighbours’ values. Also, like 
correlation coefficients, a p-value for each Moran's I is calculated 
assuming normality. Permutation tests can be conducted to assess 
significance but this is computationally intensive with large datasets 
such as ours.

The Moran's I test is sensitive to how neighbours are defined in 
a spatial weights matrix (Anselin, 2005). Spatial weights matrices de-
fine how the spatial location of observations are considered related 
to one another (Anselin, 2005). The weights matrix can be defined 
in several ways, and this reflects the conceptualization of spatial re-
lationships (Figure 1). In this study, we used five types of weights 
matrices. Neighbours, in the spatial weights sense, can be defined by 
a specified distance between observations (Anselin, 2005). For our 
first weights matrix, we used a 40-m distance threshold to define 
neighbours (Figure 1a). Minor et al.  (2016) found that similarity of 
front yards extended to around 67 m, and Hunter & Brown (2012) 
similarly found the greatest clustering of roadside gardens at 91 m. 
Forty metres ensures that these distance values would be captured 
in second- or third-order neighbours. This weights matrix is sensitive 

to parcel size, but the remaining weights matrices are not. For the 
second and third weights matrix, we defined neighbours by using a 
threshold number of nearest parcels, called K (Bivand et al., 2013). 
We used K = 3 and K = 6 so that each yard (of type front or back) was 
considered a neighbour to its three (Figure 1b) or six (Figure 1c) near-
est parcels. This means that yards’ neighbours depended on their 
configuration and proximity. In weights matrices 1–3, distances were 
computed using the yard centroids. In addition to these distance-
based measures, neighbours can be defined from polygon contiguity 
(Bivand et al., 2013). Rook contiguity occurs when a yard's polygon 
edge touches another yard's polygon edge (Figure 1d), while Queen 
contiguity occurs when a yard's edge or corner touches the edge 
or corner of another yard (Figure 1e). Contiguity-based approaches 
define abutters as neighbours. By using several definitions of spatial 
weights, the analyses guard against spurious findings due to how the 
weights matrix is defined a priori.

To examine the differences in spatial autocorrelation by front 
and backyard, global Moran's I was calculated for each of the five 
vegetation structure measures using five types of spatial weights 
matrices: distance (40  m), k-nearest (three and six) and contiguity 
(edges only, called ‘rook’, and edges or vertices, known as ‘queen’).

To examine the decay of spatial autocorrelation across space, 
spatial correlograms were calculated for front and backyards sep-
arately, for each of the five vegetation variables, using each of the 
five types of weights matrices described above. This was facili-
tated by the sp.correlogram function in the spdep package (Bivand 
et  al.,  2013). Spatial correlograms calculate Moran's I at different 
spatial lags (i.e. between immediate neighbours, between neigh-
bours’ neighbours, etc.). A first-order lag, or lag 1, would include 
each yard's neighbours’ neighbours’ values (Figure  1f). Moran's I 
was calculated for 20 lags.

Because autocorrelation may vary by yard size (Nassauer 
et al., 2014; Visscher et al., 2014), local Moran's I for each parcel was 
calculated using the localmoran function in the spdep package (Bivand 
et al., 2013). Unlike the Moran's I described above which provides 
one statistic for an entire study area, the local Moran's I provides 
a measure of autocorrelation for each observation (Anselin,  1995, 
1996). Then local Moran's I was correlated with yard size.

2.4.3 | Linking block group-specific autocorrelation 
to socio-economic conditions

To examine how autocorrelation covaries, or not, with neighbour-
hood socio-economic characteristics, global Moran's I was calcu-
lated again for front and backyards separately, for each block group 
(n = 1,027), using each of the five weights types, for all five variables. 
The result is 51,350 measures of Moran's I (2 yard types * 1,027 
block groups * 5 vegetation variables * 5 spatial weights matrices). 
For each block group, we characterized income, race, ownership and 
parcel size using data described above.

Five mixed effects regression models were fit, one for each 
vegetation variable (Equation 1), using lme4’s lmer function (Bates 
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et  al.,  2015). For each vegetation variable, spatial autocorrelation 
in each block group (the dependent variable) was regressed against 
yard type (front or back), the block group's median income, the in-
teraction between yard type and income, per cent White, per cent 
owner-occupied housing units and median parcel size, with the spa-
tial weights matrix included as a random intercept:

where Yij is Moran's I of a vegetation variable (tree canopy cover, tree 
canopy volume, average tree canopy height, maximum tree canopy 
height or turf cover) in block group i, using the spatial weights matrix 
j. �00 is the intercept and mean backyard value. �10 is the back/front 
categorical variable with front yard as the contrast (with back as the 

reference) in block group i, �01 is the coefficient for median household 
income (in $1,000s), �02 is the coefficient for per cent White, �03 is the 
owner-occupied housing coefficient, �04 is the median parcel size term 
and �11 is the yard type–income interaction term. The u0j term there-
fore represents the random effects per type of the spatial weights ma-
trix, and eij are the block group-level residuals. Analyses were carried 
out using R version 4.0.3 (2020-10-10) and sjPlot facilitated making 
tables from lmer objects (Lüdecke, 2018).

3  | RESULTS

At lag 0 (i.e. immediate neighbours), spatial autocorrelation was al-
ways positive and statistically significant for all five measures of veg-
etation structure, for front and backyards, and with all five weights 
matrices (Figure 2). At lag 0, Moran's I ranged from a low of 0.235 

(1)

Yij= �00+�10yardij+�01income0j+�02pctWhite0j

+�03pctOwn0j+�04medianParcelSize0j+�11yardij

× income0j+u0j+eij,

F I G U R E  1   Five types of spatial neighbours are used in this paper: A radial distance of 40 m (a), the three nearest neighbours (b), the six 
nearest neighbours (c), the polygons who share an edge, called ‘rook’ (d) and polygons who share either an edge or a vertex, called ‘queen’ 
(e). Dots represent example yards: one front yard and one backyard to demonstrate how different types of neighbourhood definitions 
are operationalized. Using the front yard from panel e as an example (f), yards have queen-based neighbours (lag = 0), which in turn have 
neighbours (lag = 1), which also have neighbours (lag = 2), and so on. Neighbours’ neighbours are higher order neighbours. Corner lots, 
whose front/back dichotomy is complicated, and non-residential-yards, are excluded 

distance (0 — 40 m)(a) (b) 3 nearest neighbours (c) 6 nearest neighbours

(d) contiguity (edge only)

Example yards
Neighbouring yardsYards

Back
Front

Back Excluded
Front

(e) contiguity (edge or corner) (f) 0th to 3rd - order neighbours
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(95% CI [0.232, 0.238]) for backyard turf with the K = 6 neighbours, 
to a high of 0.647 (95% CI [0.642, 0.651]) for backyard maximum tree 
height with neighbours defined by rook contiguity.

3.1 | Spatial autocorrelation of vegetation structure 
in front versus backyards and vegetation type

At lag 0, Moran's I was overall slightly higher in backyards 
(mean = 0.449, SD = 0.11) than that in front yards (mean = 0.420, 
SD = 0.09), and a paired t-test of Moran's I between front and back-
yards irrespective of vegetation variables and neighbour types 
showed higher autocorrelation in backyards (p = 0.033). Also at lag 
0, and per each vegetation variable, paired t-test showed no differ-
ences between front and back for tree canopy (p  =  0.97), greater 
autocorrelation in backyards for volume (p < 0.001), average height 
(p < 0.001), maximum height (p = 0.0012) and greater autocorrela-
tion in front yards for turf cover (p < 0.0001).

For distance-based weight matrices, spatial autocorrelation 
remained high and statistically significant for all 20 lags exam-
ined. Contiguity-based measures show a faster decay rate, with 

spatial autocorrelation within the realm of chance after 10 lags. 
Contiguity-based measures have fewer available neighbours at 
higher order lags, consequently the 95% confidence interval is 
larger.

The correlation between local Moran's I for vegetation in each 
yard and its yard area is greater for front yards than backyards, and 
the difference is greater for trees than turf, while varying by veg-
etation and weights matrix type (Figure S1). In other words, larger 
front yards have greater spatial autocorrelation than backyards. The 
correlation between backyard area and the spatial autocorrelation 
of per cent tree canopy cover was the lowest, and not always sig-
nificant; the backyard tree canopy cover autocorrelation appears 
relatively invariant with backyard area.

3.2 | Spatial autocorrelation and neighbourhood-
level social characteristics

When examining the spatial autocorrelation per block group, front 
yards had less spatial autocorrelation for all five vegetation struc-
ture variables; this was true at both the scale of individual yards 

F I G U R E  2   Spatial correlograms for remotely sensed vegetation characteristics by front and backyards (n = 351,152) using five different 
spatial weights definitions. Ribbon width shows the 95% confidence interval, which are very tight for non-contiguity-based definitions. 
Higher Moran's I values represent higher spatial autocorrelation of vegetation characteristics 
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and also at the block group scale. Median household income was 
negatively associated with the spatial autocorrelation of tree 
canopy cover and positively associated with the spatial autocor-
relation of maximum tree height and turf cover. The percentage 
of the population identifying as White in the US Census data had 
a positive statistically significant relationship with the spatial au-
tocorrelation of turf cover. The percentage of the housing units 
that are owner occupied was positively related to the spatial au-
tocorrelation of all of the vegetation structure variables except the 
percentage of tree canopy cover. Median parcel size was positively 
and significantly related to spatial autocorrelation of all vegetation 
measures. Finally, the interaction between income and yard type 

was always statistically significant (Figure 3). Spatial autocorrela-
tion of front yard vegetation is positively related to income, and 
was greater than backyard spatial autocorrelation in the highest 
income block groups. However, the relationship between income 
and spatial autocorrelation of backyard vegetation depends on the 
vegetation variable; at higher income levels, backyard autocorrela-
tion is lower (tree canopy cover), is greater (maximum tree canopy 
height) or does not vary at all (average tree canopy height, canopy 
volume and turf). The spatial weights matrix type accounts for 15% 
(turf) to 35% (maximum tree height) of the variation in Moran's I 
(Table 1). By construction, these block group-level correlates per-
tain to aggregates of households.

F I G U R E  3   Front yard autocorrelation 
always rises with higher incomes, while 
the slope of backyard autocorrelation 
is smaller (max height, turf), is invariant 
to income (average canopy height, tree 
volume) or slightly negative (% canopy 
cover)

Turf cover
(% of area)

Tree canopy height (m):
maximum per yard

Tree canopy volume
(m3/m2)

Tree canopy cover
(% of area)

Tree canopy height (m):
average per yard

0 100 200

0 100 200

0.0

0.2

0.4

0.0

0.2

0.4

0.0

0.2

0.4

Median Household Income (in $1,000s)
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Moran's I for:
Back yard
Front yard

Spatial autocorrelation of landcover
structure:

Model adjusts for yard & income
separately, their interaction, White
population (%), owner occupied
housing units (%), median parcel
size, and has random intercepts
for the type of spatial weights
used.
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4  | DISCUSSION

Urban residential land management is carried out in millions of house-
holds, with the cumulative environmental impacts potentially signifi-
cant even at the continental scale (Groffman et al., 2017; Odum, 1982). 
Yet less attention has been paid to spatial patterns across a large met-
ropolitan area. This paper investigated how the spatial autocorrelation 
of vegetation structure varies by front and backyards and across neigh-
bourhoods composed of different socio-economic groups. Importantly, 
the analyses incorporated different spatial weights matrices that rep-
resent different spatial definitions of a ‘neighbour’. We found strong 
patterns of positive spatial autocorrelation in all measured vegetation 
variables, in both front and backyards (Figure 2). Furthermore, these 
spatial patterns varied from one block group to another along with 
socio-economic variables such as income and home ownership. Finally, 
the spatial patterns we observed varied depending on how we opera-
tionalized ‘neighbours’, which suggests the need to better understand 
the choice of spatial weights in spatial analyses, and how residents may 
understand neighbours in a sociological sense. This work can inform 
attempts to influence resident planting behaviours on urban private 
land and complement public efforts to increase urban canopy cover 
and maximize ecosystem services such as landscape cooling and biodi-
versity conservation (Goddard et al., 2013; Ossola et al., 2021).

4.1 | Vegetation spatial autocorrelation across 
front and backyards and vegetation type

Contrary to our expectations, among immediate neighbours (i.e. lag 
0), spatial autocorrelation of tree volume and average and maximum 

canopy height was greater in backyards than that in front yards. 
Social theory (Carrico et al., 2012; Cialdini et al., 1990, 1991; Grove 
et al., 2006; Hyman, 1942; Locke et al., 2018; Merton & Kitt, 1950) and 
prior empirical findings (Avolio et al., 2020a; Larsen & Harlan, 2006; 
Larson et al., 2009; Locke et al., 2018) suggest pressures for con-
formity are greater in more-visible front yards. Paradoxically, greater 
spatial autocorrelation in backyards is reasonable: in our study 
system, backyards have abundant tree canopy that form large con-
tiguous patches that may partly explain the relative high autocor-
relation (Ossola et al., 2019b). Moreover, the quickest, easiest and 
perhaps least-expensive types of vegetation for residents to modify, 
in order to achieve neighbourhood conformity, would be turf grass 
and lawns in front yards. Indeed, there was greater spatial autocor-
relation in front yard turf cover, as compared to backyards, which 
is consistent with trying to achieve neighbourhood conformity and 
aesthetics of neatness in the most visible part of a home environ-
ment (Nassauer, 1988, 1995; Robbins, 2012; Visscher et al., 2016). 
In contrast to turf cover that can be more promptly modified once 
established, tree canopy is likely to increase more slowly, while being 
more challenging and expensive to remove. The contemporary dis-
tribution of urban tree canopy is a consequence of a blend of bio-
physical conditions and human decisions (Grove et al., 2018; Roman 
et al., 2018). It remains to be seen if legacy effects are stronger in 
backyards than front yards, and how legacy effects may interact 
with parcel or yard size. Yard size is a stronger correlate of spatial 
autocorrelation in front yards than backyards, and the relationships 
vary by vegetation and weights matrix type (Figure S1).

Positive spatial autocorrelation extended far beyond immediate, 
first-order neighbours for front and backyards and for all vegetation 
variables (Figure  2). Autocorrelation calculated based on distance 

TA B L E  1   Mixed effects regression models of Census Block Group-level vegetation structure spatial autocorrelation

Predictors

Tree Canopy Cover (% of area) Tree Canopy Volume (m3/m2) Tree Canopy Height (m): Average per yard Tree Canopy Height (m): Maximum per yard Turf Cover (% of area)

Est. std. Beta std. CI std. p Est. std. Beta std. CI std. p Est.
std. 
Beta std. CI std. p Est.

std. 
Beta std. CI std. p Est.

std. 
Beta std. CI std. p

Yij= �00+�10yardij+�01income0j+�02pctWhite0j

+�03pctOwn0j+�04medianParcelSize0j+�11yardij

× income0j+u0j+eij, : (Intercept) 0.26 0.10 −0.36 to 0.56 0.669 0.23 0.33 −0.11 to 0.77 0.142 0.24 0.36 −0.11 to 0.83 0.131 0.27 0.36 −0.12 to 0.84 0.144 0.12 0.07 −0.27 to 0.40 0.698

Yij
: Yard (Back as ref.) −0.09 −0.20 −0.23 to −0.17 <0.001 −0.16 −0.66 −0.69 to −0.63 <0.001 −0.15 −0.72 −0.75 to −0.69 <0.001 −0.15 −0.71 −0.74 to −0.69 <0.001 −0.04 −0.13 −0.17 to −0.10 <0.001

�00: Median Household Income 
($1,000s)

−0.00 −0.08 −0.11 to −0.06 <0.001 −0.00 −0.04 −0.07 to −0.02 0.001 −0.00 −0.05 −0.08 to −0.03 <0.001 0.00 0.03 0.01 to 0.05 0.011 −0.00 −0.01 −0.04 to 0.01 0.313

�10: White (% of population) 0.00 0.01 −0.00 to 0.03 0.143 −0.00 −0.00 −0.02 to 0.01 0.726 0.00 0.00 −0.01 to 0.02 0.612 0.00 0.01 −0.01 to 0.03 0.221 0.00 0.03 0.01 to 0.05 0.008
�01: Owner Occupied Housing (% of 

housing units)
0.00 0.01 −0.00 to 0.03 0.119 0.00 0.03 0.01 to 0.04 0.002 0.00 0.01 −0.00 to 0.03 0.073 0.00 0.02 0.00 to 0.03 0.018 0.00 0.02 −0.00 to 0.04 0.065

�02: Median Parcel Size (m^2) 0.00 0.06 0.04 to 0.08 <0.001 0.00 0.14 0.12 to 0.15 <0.001 0.00 0.14 0.12 to 0.15 <0.001 0.00 0.19 0.18 to 0.21 <0.001 0.00 0.16 0.14 to 0.18 <0.001
�03: Income-Yard interaction 0.00 0.23 0.20 to 0.27 <0.001 0.00 0.24 0.21 to 0.27 <0.001 0.00 0.20 0.17 to 0.23 <0.001 0.00 0.14 0.11 to 0.17 <0.001 0.00 0.10 0.07 to 0.14 <0.001

Random effects

σ2 0.01 0.01 0.01 0.01 0.01

τ00 0.00type 0.01type 0.01type 0.01type 0.00type

ICC 0.27 0.29 0.32 0.35 0.15

N 5type 5type 5type 5type 5type

Observations 10,270 10,270 10,270 10,270 10,240

Marginal R2/Conditional R2 0.030/0.289 0.153/0.394 0.160/0.431 0.189/0.471 0.042/0.182
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remained significant after 20 lags, whereas those calculated based 
on contiguity (i.e. queen and rook) started with greater autocorrela-
tion among immediate neighbours then sharply decline and became 
insignificant after about 10 lags. Tree canopy overhanging from 
abutting parcels may explain the highest autocorrelation measured 
with contiguity-based neighbours. Since we are unable to attribute 
canopies to their stems, ownership cannot be ascribed. This issue 
might be more pronounced on smaller parcels. If social contagion is 
creating spatial autocorrelation in vegetation structure, the set of 
yards that constitute neighbours in the social sense is likely larger 
than only the yards that share an edge (rook), or edge or vertex 
(queen). What composes the social reference group is likely more 
inclusive, and likely relates to the neighbourhood scale (Fraser 
et al., 2013; Grove et al., 2006; Nassauer et al., 2009).

4.2 | Vegetation structure autocorrelation among 
neighbourhoods with different socio-economic 
characteristics

The block group to block group (our approximation of sub-
neighbourhood areas) variation in tree-related autocorrelation 
varied by front and backyard, median household income, home 
ownership and parcel size. Block groups with larger median parcel 
size had greater spatial autocorrelation for all vegetation metrics 
(Table  1). Consistent with yard-scale findings, when aggregated 
to block groups, backyards had significantly greater spatial au-
tocorrelation than front yards, too. Significant yard (front vs. 
back)–income interactions (Table 1; Figure 3) show that backyard 

spatial autocorrelation is relatively invariant by median house-
hold income, but spatial autocorrelation for front yards is great-
est in higher income areas. Future analyses may explore additional 
cross-scalar interactions in greater depth as suggested by Roy 
Chowdhury et al. (2011) and Grove et al. (2005) and employed by 
Locke et al. (2016, 2019).

Different socio-economic characteristics predicted spatial au-
tocorrelation of different vegetation characteristics. We expected 
that autocorrelation would be higher in high income areas, but we 
observed the opposite for tree canopy cover and maximum tree 
height. However, turf cover autocorrelation was positively asso-
ciated with block group median household income. Furthermore, 
owner-occupied neighbourhoods generally had more spatial auto-
correlation. It is possible that renters are less interested or able to 
modify vegetation, irrespective of their neighbours. The associations 
with income and home ownership, and the significant income–yard 
interaction, are collectively consistent with the notion of finan-
cially investing in lawns to signal membership and conformity with 
a uniform, monoculture, lawn-dominant landscape among White 
Americans (Robbins,  2012). Our single measure of race (% White) 
was not associated with any of the tree canopy spatial autocorrela-
tion measures.

4.3 | Defining neighbours: Implications for theory, 
methods and practice

There is no clear process for studying spatial autocorrelation (or so-
cial contagion) of residential yards across spatial scales. The variety 

TA B L E  1   Mixed effects regression models of Census Block Group-level vegetation structure spatial autocorrelation

Predictors

Tree Canopy Cover (% of area) Tree Canopy Volume (m3/m2) Tree Canopy Height (m): Average per yard Tree Canopy Height (m): Maximum per yard Turf Cover (% of area)

Est. std. Beta std. CI std. p Est. std. Beta std. CI std. p Est.
std. 
Beta std. CI std. p Est.

std. 
Beta std. CI std. p Est.

std. 
Beta std. CI std. p

Yij= �00+�10yardij+�01income0j+�02pctWhite0j

+�03pctOwn0j+�04medianParcelSize0j+�11yardij

× income0j+u0j+eij, : (Intercept) 0.26 0.10 −0.36 to 0.56 0.669 0.23 0.33 −0.11 to 0.77 0.142 0.24 0.36 −0.11 to 0.83 0.131 0.27 0.36 −0.12 to 0.84 0.144 0.12 0.07 −0.27 to 0.40 0.698

Yij
: Yard (Back as ref.) −0.09 −0.20 −0.23 to −0.17 <0.001 −0.16 −0.66 −0.69 to −0.63 <0.001 −0.15 −0.72 −0.75 to −0.69 <0.001 −0.15 −0.71 −0.74 to −0.69 <0.001 −0.04 −0.13 −0.17 to −0.10 <0.001

�00: Median Household Income 
($1,000s)

−0.00 −0.08 −0.11 to −0.06 <0.001 −0.00 −0.04 −0.07 to −0.02 0.001 −0.00 −0.05 −0.08 to −0.03 <0.001 0.00 0.03 0.01 to 0.05 0.011 −0.00 −0.01 −0.04 to 0.01 0.313

�10: White (% of population) 0.00 0.01 −0.00 to 0.03 0.143 −0.00 −0.00 −0.02 to 0.01 0.726 0.00 0.00 −0.01 to 0.02 0.612 0.00 0.01 −0.01 to 0.03 0.221 0.00 0.03 0.01 to 0.05 0.008
�01: Owner Occupied Housing (% of 

housing units)
0.00 0.01 −0.00 to 0.03 0.119 0.00 0.03 0.01 to 0.04 0.002 0.00 0.01 −0.00 to 0.03 0.073 0.00 0.02 0.00 to 0.03 0.018 0.00 0.02 −0.00 to 0.04 0.065

�02: Median Parcel Size (m^2) 0.00 0.06 0.04 to 0.08 <0.001 0.00 0.14 0.12 to 0.15 <0.001 0.00 0.14 0.12 to 0.15 <0.001 0.00 0.19 0.18 to 0.21 <0.001 0.00 0.16 0.14 to 0.18 <0.001
�03: Income-Yard interaction 0.00 0.23 0.20 to 0.27 <0.001 0.00 0.24 0.21 to 0.27 <0.001 0.00 0.20 0.17 to 0.23 <0.001 0.00 0.14 0.11 to 0.17 <0.001 0.00 0.10 0.07 to 0.14 <0.001

Random effects

σ2 0.01 0.01 0.01 0.01 0.01

τ00 0.00type 0.01type 0.01type 0.01type 0.00type

ICC 0.27 0.29 0.32 0.35 0.15

N 5type 5type 5type 5type 5type

Observations 10,270 10,270 10,270 10,270 10,240

Marginal R2/Conditional R2 0.030/0.289 0.153/0.394 0.160/0.431 0.189/0.471 0.042/0.182

 25758314, 2022, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/pan3.10254 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [30/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



98  |    People and Nature LOCKE et al.

of methodological approaches that prior research has used to opera-
tionalize neighbours in spatial analyses has challenged comparisons 
of yard care studies. For example, using multiple distances or dis-
tance thresholds reveals a distance decay (Hunter & Brown, 2012; 
Zmyslony & Gagnon, 1998), but Euclidean distances are agnostic to 
street networks and urban form. Nearest neighbours often include 
abutters and visible yards across the street, but also can include dis-
tant yards in sparsely populated areas and may artificially limit the 
number of relevant yards in denser areas. Contiguity-based meas-
ures include abutters, but ignore yards across the street.

Our study demonstrates that spatial autocorrelation patterns 
depend on how neighbours are defined. Overall, 15 to 35% of the 
variation in autocorrelation at the block group scale was explained 
by the chosen weights type (Table 1). Similar variation was observed 
at the yard scale (Figure 2). Despite the lack of comparability among 
prior methods, future research may continue investigating how to 
best match what defines a neighbour in spatial analyses with what 
constitutes a neighbour in a social sense. Considering multiple 
conceptualizations—and even disciplinary approaches—of spatial 
neighbours will be important (Small & Adler,  2019) in subsequent 
analyses, because results are sensitive to how neighbours are defined. 
Relatively straightforward measures of distance, proximity, coloca-
tion and adjacency may not adequately capture the complexity of the 
social context of interest (Small & Adler, 2019). Neighbour definition 
is important and challenging, and invites further refinement that in-
cludes the dynamic nature of neighbours, as well as the interconnect-
edness and strength of social ties formed among residents.

Rather than defining one set or type of spatial neighbours for 
all households, neighbour definitions could also vary by geographic 
region or even household type. These methodological developments 
could allow for more refined testing of a spatialized reference group 
behaviour theory as it applies to residential landscapes. Ego-centric 
neighbours once only theorized (Hägerstrand, 1982) are increasingly 
possible with mobile GPS units (Kwan, 2013) and big data like cell 
phone- and social media-derived locations (Sampson & Levy, 2020; 
Wang et al., 2018). Individual behaviour tracked with these technol-
ogies can derive travel routes to and from home, work and places 
of recreation to derive person-specific neighbourhood definitions 
that are needed to refine future assessment of spatial autocorrela-
tion patterns. Residents’ personal and online social networks may 
also shape the reference group that in turn shapes yard care activi-
ties and outcomes like vegetation structure and its autocorrelative 
patterns. Finally, there could be interactions between population 
density, urban form and the conceptualization of neighbour. Future 
research can better operationalize the lived experience relevant for 
these kinds of questions.

4.4 | Limitations and future research

In this study, we used remotely sensed data to measure vegetation 
structure from a top-down perspective because they are consistent, 

spatially explicit and cover the entire area of interest. However, a 
limitation of this dataset is that shrubs and grasses under the tree 
canopy were undetected. If researchers and practitioners have ques-
tions about species, their conditions and their socio-ecological traits, 
alternatives to pixels will be needed. Additionally, if one wants to 
know if plants were intentionally planted or are the result of natural 
regeneration or inaction, then social surveys and resident interviews 
could complement and validate our approach. Analyses were limited 
to one-, two- and three-family homes, but intra-household motiva-
tions and decisions warrant further investigation. Another area of fu-
ture research may include the spatial arrangement and configuration 
of yard vegetation. For example, does a yard have many small trees 
or one large tree with equal area? Both would lead to the same per-
centage cover value and therefore exhibit the same degree of spa-
tial autocorrelation, even though the distribution and management 
could be very different, particularly when considering the identity 
and characteristics of species (e.g. aesthetic traits, etc.). Future re-
search may use more detailed socio-ecological measures to examine 
spatial autocorrelation more directly, and how this might affect taxa 
other than plants.

An open question is the extent to which spatial autocorrela-
tion in yards is caused by intentional mimicry between neighbours 
rather than decisions made by developers, planners, underlying 
environmental constraints and/or other drivers. To some extent, 
this question may be addressed by examining changes in spatial 
autocorrelation over time. In particular, there could be a ‘found-
er's effect’ whereby developers or prior residents plant trees but 
later move their residence (Ossola et  al.,  2018). Residents often 
fit into neighbourhoods by maintaining the landscape established 
by the developers (Harris et al., 2012). Do people who are able to 
move chose to move to neighbourhoods with particular vegeta-
tion structure and pattern, or do they move for other reasons and 
then create the landscape conditions they prefer after they have 
arrived? Additionally, home owners' associations influence yard 
care outcomes via their covenants, codes and restrictions (Fraser 
et al., 2013; Larson & Brumand, 2014; Turner & Ibes, 2011). If res-
idents are mimicking their neighbours, we might expect to see an 
increase in spatial autocorrelation over time. Social bonds take time 
to form, and mimicry may be higher in certain social contexts than 
others. Similarly, as vegetation naturally grows over time, a better 
understanding of vegetation growth and interplay with mimicry are 
needed. Longitudinal data are required to address these questions.

Finally, it remains to be seen how our findings may or may not 
apply to other common types of green spaces in urban landscapes, 
and other countries and regions. This paper examined residential 
yards because they are a dominant land use, but future research 
could apply similar methods to examine allotment gardens, for-
ested patches, parks and institutional campuses. Because auto-
correlation is widespread, additional research may more closely 
investigate mimicry more directly, and examine the causes and 
consequences of yard care on residential socio-ecological systems 
over time.
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5  | CONCLUSIONS

Residential yards are an important component of urban landscapes, 
and locally may represent residents’ primary or only exposure to na-
ture. Our study suggests that nearby yards are more similar to each 
other than would be expected by chance, producing patterns of 
positive spatial autocorrelation in all measured vegetation variables. 
Different types of vegetation, such as grasses, are easier to modify 
than others, while vegetation, such as trees and shrubs, with their dif-
ferent growth rates can influence how autocorrelation materializes at 
a specific point in time. The results underscored the importance of 
backyards as critical areas for sustaining an urban tree canopy as pri-
vate land where tree vegetation is maintained. Furthermore, we found 
that different ways of operationalizing neighbours influenced the 
degree of spatial autocorrelation we observed. The spatial autocor-
relation of residential vegetation structure may be purposefully or in-
advertently influenced via social norms by neighbours, though spatial 
patterns from parcels to neighbourhoods are complex and likely re-
lated to socio-economic factors as well as yard and vegetation types. 
Understanding how spatial patterns materialize across scales can pro-
vide important insights on how to further urban greening by enriching 
current urban forestry strategies and plans with actions targeted at 
increasing structure and cover of private residential vegetation.

In complex modern urban socio-ecological systems, a broader 
focus on the private realm and the inclusion of residents through so-
cial mechanisms can significantly advance knowledge of how habitat 
is created, biodiversity is protected and landscapes are cooled during 
extreme heat. Future research could clarify how residential vegetation 
changes over time—from parcel to landscape—and how it is affected by 
changes in people's preferences and norms. It is necessary to further 
test our findings in other cities characterized by different environmen-
tal (e.g. climate), social and historical drivers. The use of big data and 
integrated analyses is needed to provide robust explanations on the 
possible mechanisms and processes underpinning complex and varied 
relationships between people and nature across residential forests. By 
better measuring and understanding autocorrelation, spatial contagion 
and ultimately social mimicry mechanisms, we can devise more effec-
tive planning and management actions to decisively increase vegetation 
cover and structure across private landscapes. We see the inclusion of 
the overlooked role of people and residents in urban greening as the 
ultimate tool to create greener cities and towns in the future.
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