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ARTICLE INFO ABSTRACT

Keywords: Several organizations run wildlife-gardening programs designed to mitigate the biodiversity loss and disconnect
Community science between humans and wildlife that commonly accompanies urbanization. The National Audubon Society runs the
Hummingbird Plants for Birds and the Humminbirds at Home programs that, like others, recommend homeowners to establish
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diverse assemblages of native plants with supplemental feeders. Here, we use plant and hummingbird data from
the Hummingbirds at Home program to determine whether common wildlife-gardening recommendations
correlate with intended outcomes. Our results showed that, after statistically controlling for several variables
related to observer effort and geography, the relative occurrence and relative frequency of hummingbird
sightings during patch surveys was positively related to the (1) presence of hummingbird feeders in a patch, (2)
number of nectar-provisioning flowering-plant taxa in a patch, (3) degree to which nectar-provisioning flow-
ering-plants in a patch were endemic to the conterminous USA, and (4) lack of impervious surface (a common
proxy for urban development) in the surrounding landscape. These results support previous studies that showed
how recommendations from wildlife-gardening programs associate with intended outcomes, but do so across an

exceptionally broad, national extent that varies enormously in physical and biological geography.

1. Introduction

Urbanization is a defining characteristic of the Anthropocene
(Biermann et al., 2016). For the first time in history, more than half of
the human population lives in an urban setting (Grimm et al., 2008).
Habitat changes associated with urbanization are contributing to dra-
matic changes in the distribution and abundance of biodiversity
(McDonald, Kareiva, & Forman, 2008; McKinney, 2008). The dis-
connection of people from nature that accompanies urbanization is
leading to an extinction of human experiences with nature (Miller,
2005; Soga & Gaston, 2016). Subsequently, disconnected individuals
are expected to be less likely to conserve natural resources, leading to a
further divergence between humans and nature (Cannon, 1999; Dunn,
Gavin, Sanchez, & Solomon, 2006).

Given the magnitude and potential negative impacts of urbanization
on biodiversity and human experience, there is increasing interest in
making urban areas more wildlife-friendly. Residential yards comprise
a sizable fraction of urban areas (Cannon, 1999; Goddard, Dougill, &
Benton, 2010; Goddard, Ikin, & Lerman, 2017), accounting for over
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30% of some urban landscapes (Belaire, Whelan, & Minor, 2014).
Creating wildlife-friendly habitat in residential yards has the potential
to temper biodiversity loss and increase interactions between humans
and wildlife (Goddard et al., 2010, 2013). Several programs have been
developed by non-governmental conservation organizations to en-
courage homeowners to participate in wildlife-friendly gardening
(Goddard et al., 2017). For example, the Xerces Society for Invertebrate
Conservation (XSIC, https://xerces.org/guidelines/), Royal Society for
the Protection of Birds (RSPB, http://www.rspb.org.uk/hfw/), National
Wildlife Federation (NWF, http://www.nwf.org/backyard/), and Na-
tional Audubon  Society (NAS,  https://www.audubon.org/
plantsforbirds/) all conduct programs that provide extensive re-
sources to homeowners interested in gardening in ways that benefit
invertebrate and vertebrate wildlife communities.

Wildlife-gardening programs have several recommendations in
common. First, many programs recommend establishing diverse plant
assemblages, under assumptions that diverse assemblages will have
varied biophysical tolerances and phenologies, and thus provide diverse
resources to wildlife throughout the year (e.g., Evans, Newson, &
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Gaston, 2009; Hiilsmann, Von Wehrden, Klein, & Leonhardt, 2015;
Paker, Yom-Tov, Alon-Mozes, & Barnea, 2014; Salisbury et al., 2015).
Second, many programs recommend establishment of native plant as-
semblages, under assumptions that native plants are adapted to local
climatic conditions, and that native plants are preferred resources for
herbivorous and nectarivorous invertebrates that comprise important
links in local food webs (Burghardt, Tallamy, & Gregory Shriver, 2009;
Narango, Tallamy, & Marra, 2017; Paker et al., 2014). Third, in addi-
tion to establishing plants, programs commonly encourage adding
supplemental resources such as bird feeders, water features, and nesting
substrate, under assumptions that these features will both support
wildlife and provide a focal point for human-wildlife interactions (e.g.,
Daniels & Kirkpatrick, 2006; Evans et al., 2009; Fuller, Warren,
Armsworth, Barbosa, & Gaston, 2008). While wildlife-gardening pro-
grams tend to be focused on the characteristics of individual habitat
patches, there is growing recognition that the neighborhood-scale size
and arrangement of patches is also an important determinant of urban
habitat quality (Belaire et al., 2014; Evans et al., 2009; Hostetler &
Holling, 2000), and some programs encourage homeowners to engage
their neighbors in wildlife gardening to expand the spatial grain and
extent of wildlife resources (e.g., https://www.audubon.org/
plantsforbirds/).

Efforts by organizations to promote wildlife gardening frequently
co-occur with community science efforts to monitor wildlife distribu-
tion and abundance (Goddard et al., 2010, 2017). For example, XSIC
helps run Bumblebee Watch, RSPB conducts the Big Garden Bird Watch,
and NAS runs the Hummingbirds at Home (HAH) program. These
community science monitoring programs yield data with the potential
to evaluate the effectiveness of wildlife-gardening recommendations
(Goddard et al., 2010). The HAH program, in particular, was begun by
NAS in 2013 (https://www.audubon.org/content/hummingbirds-
home/). The program encourages hummingbird enthusiasts across the
continental USA to (1) provide wildlife resources, such as diverse as-
semblages of native plants and supplemental nectar feeders, to attract
hummingbirds to their yards and (2) monitor hummingbird visitation.

In this observational study, we use existing gradients in data from
the HAH program to ask, specifically, whether the occurrence or fre-
quency of hummingbird sightings in residential yards are related to (1)
supplemental feeding, (2) the number of nectar-provisioning flowering-
plant taxa, (3) the proportion of nectar-provisioning flowering-plant
taxa that are endemic to the USA, or (4) the proportion of a neigh-
borhood that is covered by concrete, asphalt, and other impervious
surfaces. The study aimed to assess associations between common
wildlife-gardening recommendations and hummingbird sightings at an
exceptionally broad, national scale and, by doing so, improve our un-
derstanding of the importance and generality of wildlife-gardening re-
commendations for supporting wildlife and increasing human-wildlife
interactions in urban landscapes.

2. Methods
2.1. Data collection

Participation in HAH is facilitated by software that runs on smart
phones, tablets, laptops, and desktop computers. The HAH software
offers three different protocols for recording observations of plants and
hummingbirds. The single-sighting protocol is a simple protocol used to
report incidental sightings of hummingbirds. For the nectar-watch
protocol, an observer focuses on a single nectar source, recording all
visitors to that single source over a timed period. The patch-survey
protocol is the source of the hummingbird and plant data used in this
analysis, and is structured as follows.

First, a user defines a patch or area to survey. Given that the HAH
program is partly oriented toward residential homeowners, and based
on anecdotal observations of known participants, it appears that pat-
ches mostly comprised residential yards and gardens. We have no way
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to know the exact proportions of residential yards, versus home gar-
dens, versus public park gardens. Defining a patch involves giving it a
name, assigning it spatial coordinates (usually done using the location
services built into a mobile device), and estimating the area of the patch
to be monitored. The user can then identify the plant and hummingbird
species monitored during the survey, and note the presence of a hum-
mingbird feeder. All nectar-provisioning flowering-plant taxa (here-
after, called plants) are recorded, regardless of hummingbird use. Plants
that are not nectar sources are not recorded (e.g., wind-pollinated tree
species). Plant identifications are aided by location-specific lists and
images provided by the software. Plants are usually identified to spe-
cies, but sometimes are identified to genus. We use the term taxon in
this study to describe both genus and species-level groupings. When a
generic and species identification are both reported during the same
survey (e.g., Salvia spp. and Salvia splendens), we considered them to be
different plant taxa. Note that we were not able to evaluate the accu-
racy of plant species identifications by community scientists partici-
pating in the program, but expect that estimates of plant morphospecies
richness derived from these data will be positively correlated with
taxonomic species richness (Oliver & Beattie, 1996; Derraik, Early,
Closs, & Dickinson, 2010).

Once a patch survey is set up, the user starts a survey timer and
records hummingbird visits to each plant taxon. On many occasions, the
user opts to provide a count of hummingbird sightings per plant taxon.
Users are instructed to record each hummingbird sighting as a new
observation, as it is usually not possible to identify individual birds.
Given this situation, multiple observations of hummingbirds do not
necessarily indicate multiple individuals or reflect local population size.
We stress that, when we discuss relative occurrence and relative fre-
quency in this manuscript, readers must interpret these metrics as the
occurrence and frequency of hummingbird sightings. Estimating true
hummingbird occupancy or abundance is not possible using the HAH
patch survey protocol. Indeed, quantifying true occupancy and abun-
dance requires highly-structured sampling protocols (Kery & Schaub,
2011), which would be an enormous undertaking at a national scale.

Upon survey completion, observations are submitted through the
HAH application to a centralized relational database. The hummingbird
and plant data used in this analysis were extracted from this database,
from surveys conducted in the conterminous USA between 1 January
2013 and 31 December 2018. Given that data were entered into the
database using software that controls input values, patch survey data
were relatively clean, with few misspellings, missing values, or extreme
values. In addition to hummingbird and plant data, the software forced
all records to include location and effort information used during this
study. Unfortunately, it was not possible to identify the observer asso-
ciated with a given patch survey, so this information could not be used
during statistical analysis. The data were a combination of isolated
patch surveys conducted only one time at a given location (40%), and a
series of patch surveys collected over multiple days or years at a given
location (60%). A small fraction (9%) of observations were from the
same location during the same day. We dealt with the lack of ob-
servational independence due to repeated measures at the same loca-
tion during statistical analysis.

2.2. Statistical analysis

The goal of this analysis was to explore factors associated with the
relative occurrence and relative frequency of hummingbird sightings
during HAH patch surveys. These two dependent variables undoubtedly
are driven by many methodological, geographical, and biological fac-
tors. In this analysis, we explored 12 possible factors using a Bayesian
generalized linear mixed model (GLMM), analyzed using the R-INLA
package (Rue et al., 2017) for R statistical computing software (Core,
2016). A GLMM was employed because it accommodates response
variables that are not normally distributed and allows fixed effects,
random smooth effects, and random spatial effects (Blangiardo &
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Cameletti, 2015). The structure of the GLMM used in this study can be
summarized with the following formula, where variables are grouped
by common attributes:

f(Hummingbirds) ~ (Year + Day) + (Latitude + Long-
itude + Distance + Site) + (Duration + Area) + (Feeder pre-
sence + Plant richness + Proportion endemic + Impervious surface).

The f(Hummingbird) term on the left side of the GLMM equation
represented either the expected relative occurrence of hummingbird
sightings on the logit scale (as for logistic regression) or the expected
relative count of hummingbird sightings on the natural-log scale (as for
Poisson regression). Given the difficulty of identifying hummingbirds in
flight to species, our analysis of occurrence and frequency did not in-
corporate information on hummingbird species. All hummingbird spe-
cies, sexes, and ages were pooled for this analysis.

The first set of terms on the right side of the GLMM equation ac-
counted for variation in hummingbird relative occurrence and relative
frequency that might be attributable to changing conditions for plants
and hummingbirds across years and across days of the year. The Year
term was a zero-centered, normally-distributed, random intercept per
observation year, and Day was a smooth random effect of observation
day of the year, modeled as a second-order random walk with normally-
distributed residuals (Wang, Ryan, & Faraway, 2018). Both Year and
Day terms were assigned penalized complexity priors for dispersion
with a prior SD = 1 and an exceedance probability of 0.01 (Simpson,
Rue, Riebler, Martins, & Sgrbye, 2017). Flexible random effects were
selected to model Year and Day effects instead of fixed effects because
we wished to account for these variables while avoiding numerous
additional fixed-effect parameters that were not directly related to our
research questions.

The second set of terms on the right side of the GLMM equation
accounted for spatial variation in hummingbird relative occurrence and
relative frequency that might be attributable to variable conditions for
plants and hummingbirds across the continent, regions, and locales.
Here, Latitude and Longitude were fixed effects to accommodate con-
tinental gradients in hummingbird sightings due to biogeographic fac-
tors. Distance was a geostatistical random effect to model spatial
structure in the dependent variables across neighboring survey sites.
Site was a random intercept per patch location that accounted for un-
explained variation at the local level, and allowed for repeated ob-
servations from a single site. The fixed effects were assigned vague
normal priors, with a mean = 0 and an SD = 1000, so that prior dis-
tributions had minimal impact on posterior distributions and parameter
inference. The geostatistical spatial effect had a Matérn structure
(Blangiardo & Cameletti, 2015) and was given a penalized complexity
prior with an SD = 1 and an exceedance probability of 0.01 (Krainski
et al., 2018). The Site effect was a zero-centered, normally-distributed,
random intercept, as described above for Year.

The third set of terms on the right side of the GLMM equation ac-
counted for the effects of variable observer effort on measures of
hummingbird relative occurrence and relative frequency. Duration
(min) was a smooth random effect of survey duration and Area (m?
was a smooth random effect of survey area. The smooth Duration and
Area effects were modeled with a second-order random walk, specified
as described above for Day. Flexible random effects were selected to
model effort-related variation instead of fixed effects because we
wished to account for these variables while avoiding numerous addi-
tional fixed-effect parameters that were not directly related to our re-
search questions. Note that survey area reported by observers could
have reflected all or a portion of a discrete landscape patch. The patch
survey data did not include sufficient information to differentiate be-
tween these two different interpretations of this variable; incidentally,
both survey area and patch size are expected to have a positive effect on
occurrence and relative frequency (Cotton, 2007).
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Finally, the fourth set of terms on the right side of the GLMM
equation were the focal fixed effects, added to evaluate associations
between hummingbird relative occurrence and relative frequency and
the four habitat characteristics commonly promoted by wildlife-gar-
dening programs. Feeder presence was a dichotomous fixed effect of the
presence or absence of a hummingbird feeder. Plant richness was a
fixed effect for the number of nectar-provisioning flowering-plant taxa
observed. Proportion endemic was a fixed effect of the continuous
proportion that represented the degree to which nectar-provisioning
flowering-plant taxa were endemic to the conterminous USA.
Impervious surface was a fixed effect of a continuous proportion that
represented the fraction of area within 1 km of a patch survey that was
covered by impervious surface (e.g., buildings, roads, and parking lots;
Arnold & Gibbons, 1996). These four fixed effects were parameterized
as described above for Latitude. We determined if a plant taxon was
endemic to the conterminous USA using the Plants Database (https://
plants.sc.egov.usda.gov/), maintained by the Natural Resources Con-
servation Service of the US Department of Agriculture (USDA; https://
plants.sc.egov.usda.gov/java/). The proportion of impervious surface
within 1 km of a surveyed patch was computed with a Geographic In-
formation System (GIS) using the Urban Imperviousness product from
the 2016 National Land Cover Database (NLCD), provided by the Multi-
Resolution Land Characteristics Consortium (https://www.mrlc.gov/).
These habitat variables were modeled as fixed effects because they were
considered focal variables for which we wanted to infer about the
general direction and size of effects. Initial analyses explored the pos-
sibility of interacting effects of these four variables. We found negli-
gible, non-crossover interactions that did not confound main effects and
contributed little to model fit, and thus did not consider them further.

We computed Spearman correlation coefficients between pairs of
independent variables and found that coefficients fell between —0.16
and 0.42, suggesting that multicollinearity was not a serious problem
during model analysis. All variables were centered on the mean and
scaled by standard deviations before analysis to aid computation and
interpretation of parameter estimates, and to attain standardized beta
coefficients that allowed us to compare the relative magnitude of con-
tinuous fixed effects (Schielzeth, 2010). The magnitudes of effects were
also judged using predictions from the models, illustrated in the figures.
The probabilities associated with parameter values were assessed using
marginal posterior distributions from the GLMM. We derived our con-
clusions from analysis results of the full model, as model variables were
not strongly correlated and because variable selection methods for
complex hierarchical models are still an active and disputed area of
research (Hooten & Hobbs, 2015).

3. Results

In total, there were 4081 patch surveys reported from 744 unique
locations across the conterminous USA (Fig. 1) from 2013 through 2018
(Fig. S1A). Hummingbirds were observed during 78% of these patch
surveys and were not observed during 22% of these surveys. There was
a subset of 2767 patch surveys where hummingbird frequency was also
recorded. During these observations, median hummingbird frequency
was 3 individuals (minimum = 1, maximum = 116). The total number
of nectar-provisioning flowering-plant taxa recorded was 350. Of these
taxa, 64% were endemic to the conterminous USA, 29% were in-
troduced, and 7% were generic taxa where geographic origins could not
be determined. Table S1 lists the 46 plant taxa that were observed
during 100 or more patch surveys, along with raw proportions of patch
surveys where hummingbirds visited each plant taxon. We consider
these proportions as very rough estimates of hummingbird use because
they could be confounded by several contextual variables shown to
affect hummingbird visitation, as described in the modeling results,
below.

Across the 4081 patch surveys, median observation day of the year
was 211 (approximately 30 July; Fig. S1B), observation duration was
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Fig. 1. Map of 4081 patch surveys conducted at 744 locations between 2013 and 2018 by volunteers with the National Audubon Society Hummingbirds at Home
program. Location points are partially transparent to help illustrate where they are most concentrated.

20 min (Fig. S1C), and observation area was 93 m? (Fig. S1D). A
hummingbird feeder was present during 80% and not present during
20% of the patch surveys (Fig. S1E). Median plant richness was 2 taxa
(Fig. S1F), median proportion of endemic plant taxa was 0.33 (Fig.
S1G), and median proportion of the neighborhood with impervious
surface was 0.29 (Fig. STH).

Regarding GLMM results, the relative occurrence of hummingbird
sightings varied across years (Table 1, Table S2, Fig. S2A), peaked
during the summer (Fig. S2B), and increased with the duration of an
observation (Table 1, Table S2, Fig. S2C). Relative occurrence varied
considerably by site (Table 1, Table S2), decreased with latitude
(Table 1, Table S2), did not clearly relate to longitude (Table 1, Table
S2), and exhibited moderate spatial structure with a range of 0.34° la-
titude or longitude, or approximately 40 km (Table 1, Table S2).

After statistically accounting for effort and geography, relative oc-
currence of hummingbird sightings increased with the presence of a
hummingbird feeder (Table 1, Table S2, Fig. 2A) and increased with the
number of plant taxa in a patch (Table 1, Table S2, Fig. 2B). The
magnitude of the feeder effect was stronger than that of plant richness,
but both appeared biologically meaningful (Table 1, Fig. 2). The

Table 1

Characteristics (posterior medians with lower and upper 95% credible limits) of
the relative occurrence and relative frequency models, including standardized
coefficients of fixed effects, the standardized distance associated with the spa-
tial range, and the standard deviations associated with random effects. Effect
definitions are given in the text.

Model Relative occurrence model Relative frequency model
characteristic
Median LCL UCL Median LCL UCL
Feeder presence 1.77 1.41 2.15 0.41 0.31 0.51
Plant richness 0.24 0.07 0.40 0.09 0.07 0.12
Proportion 0.12 —0.03 0.27 0.09 0.05 0.13
endemic
Impervious -0.07 -0.35 0.19 -0.20 —-0.30 -0.11
surface
Latitude -0.25 —0.48 —0.03 -0.12 -0.23  0.00
Longitude —-0.26 —-0.53 0.01 -0.35 —0.50 —-0.20
Spatial range for  0.64 0.09 6.27 1.45 0.40 5.48
Distance
SD for Distance 0.14 0.01 0.70 0.46 0.27 0.73
SD for Site 2.43 2.07 2.87 0.70 0.63 0.77
SD for Year 0.31 0.14 0.67 0.10 0.05 0.29
SD for Day 0.65 0.31 1.24 0.51 0.33 0.82
SD for Duration  0.20 0.04 0.70 0.39 0.21 0.74
SD for Area 0.13 0.02 0.61 0.07 0.01 0.38

relative occurrence of sightings was not clearly related to the propor-
tion of plants that were endemic to the conterminous USA or the pro-
portion of a neighborhood covered by impervious surface (Table 1,
Table S2).

The relative frequency of hummingbird sightings also varied across
years (Table 1, Table S2, Fig. S1E), peaked during the summer (Fig.
S1F), and increased with the duration of an observation (Table 1, Table
S2, Fig. S1G). Relative frequency varied considerably by site (Table 1,
Table S2) but did not vary strongly by latitude (Table 1, Table S2).
There was a longitudinal gradient (Table 1, Table S2) and strong spatial
structure in relative frequency, with a range of approximate 1.45° la-
titude or longitude, or approximately 160 km (Table 1, Table S2).

After statistically accounting for effort and geography, relative fre-
quency of hummingbird sightings increased with the presence of a
hummingbird feeder (Table 1, Table S2, Fig. 3A), increased with the
number of plant taxa in a patch (Table 1, Table S2, Fig. 3B), increased
with the proportion of plants that were endemic to the conterminous
USA (Table 1, Table S2, Fig. 3C), and decreased with the proportion of a
neighborhood covered by impervious surface (Table 1, Table S2,
Fig. 3D). Of those four effects, the effect of feeders was strongest, the
effect of impervious surface was intermediate, and the effects of plant
richness and endemism were weakest (Table 1, Table S2, Fig. 3).

4. Discussion

Across the conterminous USA, the likelihood of residential hum-
mingbird sightings depends on many factors. After statistically con-
trolling for several factors related to effort and geography, we found
that the relative occurrence of hummingbird sightings increased with
the presence of hummingbird feeders and the number of nectar-provi-
sioning flowering-plant taxa in a patch. Given hummingbird occur-
rence, the relative frequency of hummingbird sightings increased with
the presence of hummingbird feeders, the number of nectar-provi-
sioning flowering-plant taxa in a patch, the proportion of nectar-pro-
visioning flowering-plant taxa that were endemic to the conterminous
USA, and the lack of impervious surface within 1 km of a patch.

The garden characteristics associated with hummingbird relative
occurrence and frequency mirrored common recommendations of
wildlife-gardening programs: to establish large patches of diverse, en-
demic plants, and encourage neighboring homeowners to do the same.
Results from this study provide correlative evidence that these re-
commendations will indeed bring intended benefits, such as increased
prevalence of wildlife and increased human-wildlife interactions. These
recommendations stem from considerable prior research on urban
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Fig. 2. Select predictors of hummingbird relative occurrence. Plots showing the effects, with 95% credible intervals, of (A) hummingbird feeders and (B) the number
of nectar-provisioning flowering-plant taxa in a patch on the expected probability of seeing a hummingbird during an otherwise average patch survey.

biodiversity (Burghardt et al., 2009; Daniels & Kirkpatrick, 2006; Fuller
et al., 2008; Lerman & Warren, 2011), much of which has occurred at
similar spatial grains (i.e., yards) but much smaller spatial extents (i.e.,
cities). Our results add to existing evidence, but do so for an ex-
ceptionally large spatial extent (i.e., national). Adding to existing evi-
dence is not trivial given that, in some cases, generalized wildlife-gar-
dening recommendations have proven ineffective (Gaston, Smith,
Thompson, & Warren, 2005). Contributing evidence across a national
extent has value because many wildlife-gardening programs are

administered at national scales (Goddard et al., 2010), and because it is
not given that simple recommendations can be effective across large
extents that encompass numerous, diverse biomes (Paker et al., 2014).

Conclusions from this study are based on the relative occurrence
and relative frequency of hummingbird sightings. It is possible that the
relative occurrence of sightings is proportional to the true occupancy of
hummingbirds near a survey patch. However true occupancy can only
be estimated after estimating detection probability, which was not
possible using data from the HAH patch survey protocol. Similarly, it is
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Fig. 3. Select predictors of hummingbird relative frequency. Plots showing the effects, with 95% credible intervals, of (A) hummingbird feeders, (B) the number of
nectar-provisioning flowering-plant taxa in a patch, (C) the proportion of nectar-provisioning flowering-plant taxa that are endemic to the conterminous USA, and (D)
the proportion of the neighborhood (within 1 km of a patch) that is covered in impervious surfaces such as concrete or asphalt, on the expected number of

hummingbirds observed during an otherwise average patch survey.
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possible that relative frequency of sightings is somewhat correlated
with local hummingbird abundance. Unfortunately, the strength of that
correlation is not known. Since this study did not measure detection
probabilities, estimates of true abundance are not possible. However,
we note that several other studies have established links between pro-
viding supplemental resources and increased wildlife productivity,
survivorship, occurrence, and abundance (Cox & Gaston, 2018; Greig,
Wood, & Bonter, 2017). Supplemental resources in this case could
comprise sugar water and nectar provided by feeders and diverse as-
semblages of nectar-provisioning flowering plants, but also could in-
clude herbivorous and nectarivorous arthropods that are critical com-
ponents of hummingbird diets (Remsen, Stiles, & Scott, 1986) and could
occur at higher biomasses in diverse plant communities dominated by
native plants (Zuefle, Brown, & Tallamy, 2008; Bezemer, Harvey, &
Cronin, 2014).

Other limitations on inference from this study, besides those con-
cerning detection probabilities, relate to the data originating from a
large community science program. While community science datasets
allow novel scientific investigations, often at unprecedented spatial and
temporal scales, they also may include heterogeneity and bias related to
variable observer characteristics and effort (Dickinson, Zuckerberg, &
Bonter, 2010). Specific to this study, we were not able to evaluate the
accuracy of plant species identification, although we expect that the
morphospecies richness estimates by volunteers were proportional to
taxonomic richness and were useful for understanding differences in
habitat characteristics (e.g., Oliver & Beattie, 1996; Derraik et al.,
2010). Second, it was not clear to what extent observers recorded true
patch area versus the area of a patch observed. While both character-
istics are expected to positively correlate with hummingbird occurrence
and relative frequency (Cotton, 2007), interpretation of this parameter
remains somewhat ambiguous. Third, hummingbird surveys by com-
munity scientists varied considerably in terms of the area surveyed and
the amount of time spent surveying. We were able to account for much
of this heterogeneity by including effort variables in the statistical
model, a common approach when analyzing community science data
(Dickinson et al., 2010). Finally, this study used hummingbird ob-
servations by community scientists across existing gradients in garden
characteristics as a means to evaluate wildlife-gardening re-
commendations. Observations were opportunistic and garden treat-
ments were not randomly assigned in advance, as might be done in
smaller-scaled, controlled experiments. Thus inference is based on
correlation, which does not necessarily indicate causation (Altman &
Krzywinski, 2015).

While links between garden characteristics and true hummingbird
occupancy and abundance are tenuous, there is little doubt about the
link between garden characteristics and human-wildlife interactions
demonstrated in this study. Observers in gardens that supplied nectar
feeders, had diverse assemblages of endemic plants, and resided in
greener neighborhoods, were more likely to interact with humming-
birds. These observers were a self-selected group, presumably with an
active interest in wildlife, who volunteered to participate in a wildlife
monitoring program. We expect that the higher rate of wildlife inter-
actions enjoyed by participants in hummingbird-favorable environ-
ments could spill over to neighbors, who might not otherwise seek
wildlife interactions. The potential to increase human-wildlife interac-
tions is a fundamental motivation for wildlife-gardening programs.
Increased human-wildlife interactions have been shown to have posi-
tive effects on residents’ perceptions of relaxation and happiness
(Belaire, Westphal, Whelan, & Minor, 2015; Cox & Gaston, 2016; Curtin
& Fox, 2014; Jones, 2011; Soulsbury & White, 2016), with logical im-
plications for physical health (Schneider et al., 2005; Sirois & Burg,
2003; Veenhoven, 2008). Further, it is often suggested that people with
connections to wildlife are more likely to value, provide for, and vote
for wildlife conservation, creating a positive feedback loop that accel-
erates wildlife conservation activities more broadly (Cox & Gaston,
2018; Dunn et al., 2006; Shaw, Miller, & Wescott, 2013).
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