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Abstract: Global insect pollinator declines have prompted habitat restoration efforts, including pollinatorfriendly gardening. Gardens can provide nectar and pollen for adult insects and offer reproductive resources,
such as nesting sites and caterpillar host plants. We conducted a review and meta-analysis to examine
how decisions made by gardeners on plant selection and garden maintenance influence pollinator survival,
abundance, and diversity. We also considered characteristics of surrounding landscapes and the impacts of
pollinator natural enemies. Our results indicated that pollinators responded positively to high plant species
diversity, woody vegetation, garden size, and sun exposure and negatively to the separation of garden habitats
from natural sites. Within-garden features more strongly influenced pollinators than surrounding landscape
factors. Growing interest in gardening for pollinators highlights the need to better understand how gardens
contribute to pollinator conservation and how some garden characteristics can enhance the attractiveness and
usefulness of gardens to pollinators. Further studies examining pollinator reproduction, resource acquisition,
and natural enemies in gardens and comparing gardens with other restoration efforts and to natural habitats
are needed to increase the value of human-made habitats for pollinators.
Keywords: bee, butterfly, conservation, disease, habitat restoration, predators
Siembra jardines para dar soporte a los insectos polinizadores

Resumen: La declinación mundial de insectos polinizadores ha dado pie a esfuerzos de restauración,
incluyendo la jardinerı́a amigable con los polinizadores. Los jardines pueden proporcionar néctar y polen
para los insectos adultos y también pueden ofrecer recursos reproductivos, como sitios de anidación y plantas
hospederas para las orugas. Realizamos una revisión y un meta-análisis para examinar cómo las decisiones
que toman los jardineros relacionadas a la selección de plantas y el mantenimiento del jardı́n influyen se la
supervivencia, abundancia y diversidad de los polinizadores. También consideramos las caracterı́sticas de los
paisajes vecinos y los impactos de los enemigos naturales de los polinizadores. Nuestros resultados indicaron
que los polinizadores respondieron positivamente a la alta diversidad de especies de plantas, la vegetación
leñosa, el tamaño del jardı́n y la exposición al sol, mientras que respondieron negativamente a la separación
entre los jardines y los sitios naturales. Las caracterı́sticas intrı́nsecas de los jardines tuvieron una mayor
influencia sobre los polinizadores que los factores del paisaje vecino. El creciente interés por la jardinerı́a
para polinizadores resalta la necesidad de entender como los jardines contribuyen a la conservación y
como algunas caracterı́sticas de los jardines pueden incrementar lo útil y atractivo de los jardines para los
polinizadores. Se requieren estudios más profundos que examinen la reproducción de los polinizadores, la
adquisición de recursos y los enemigos naturales en los jardines, y también que comparen a los jardines con
otros esfuerzos de restauración y con los hábitats naturales para incrementar el valor de los hábitats para
polinizadores creados por humanos.
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Introduction
Widespread pollinator declines are caused by multiple
factors, including pesticides, disease, and habitat loss that
reduces the availability of flowers, nesting sites, and egglaying opportunities for pollinators (Goulson et al. 2015).
As humans continue to modify natural landscapes, habitat
restoration has become increasingly important for recovering pollinator populations (Menz et al. 2011) and has
been implemented in a variety of landscapes, including
agricultural zones, roadsides, and urban gardens. Indeed,
planting floral resources, such as hedgerows, crop margins, and right-of-ways, can increase the abundance and
diversity of bees, butterflies, and pollinating flies (Hannon & Sisk 2009; Pywell et al. 2011; Wojcik & Buchmann
2012). A habitat restoration strategy that has received
less scientific attention involves planting gardens for insect pollinators. Gardens are patches of human-managed
habitats, where a variety of plant species are intentionally
planted, typically on private property and in public green
spaces, such as parks in urban and suburban landscapes.
Although gardens tend to be created for aesthetic display,
these areas can support substantial biodiversity (Owen
2010; Speak et al. 2015; Threlfall et al. 2017). Interest in
the benefits gardens may offer wildlife has prompted a
recent surge of studies into how these habitats influence
pollinator abundance, diversity, and survival. Synthesizing this research is crucial to predicting the importance
of gardens for insect pollinator conservation.
The number of guides for pollinator gardening has
increased since the 1980s (Supporting Information),
and wildlife conservation organizations (e.g., National
Wildlife Federation) with specific gardening-for-wildlife
initiatives provide plant lists and gardening recommendations online to the public. The number of books on how
to garden for pollinators (e.g., Mader et al. 2011) and
websites continues to increase alongside public concern
for pollinators. Existing guides encourage gardeners to
provide abundant and diverse plant species that offer
nectar and pollen (Black et al. 2016; Frey & LeBuhn
2016). Reproductive resources, such as caterpillar host
plants and ’bee hotels’, are encouraged to provide egglaying sites for butterflies, moths, bees, and wasps (Mader
et al. 2011). Gardeners also face maintenance decisions
regarding weed removal, pests, pruning, fertilizing, and
watering to sustain ecologically useful and aesthetically
pleasing gardens (Black et al. 2016).
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Because gardens can offer many resources (Fig. 1), they
are often assumed to benefit insect pollinators. Although
garden habitats can support a high diversity of pollinators (Matteson et al. 2008; Owen 2010), gardens may not
generate the same outcomes as observed in larger-scale
restoration efforts, in part owing to differences in plant
composition, habitat complexity, management, spatial
scale, and impacts of surrounding landscapes (e.g., Winfree et al. 2011; Kennedy et al. 2013; Threlfall et al. 2017).
Moreover, pollinator interactions with natural enemies,
such as predators and pathogens, could be affected by
gardens in ways that limit future pollinator recruitment
(Goulson et al. 2015; Satterfield et al. 2015). Understanding the circumstances under which gardens are beneficial
or detrimental to pollinators is crucial for maximizing the
conservation potential of these habitats.
We reviewed how garden features influence pollinator
diversity, abundance, and survival and identify underlying ecological mechanisms that may contribute to different outcomes. We began by synthesizing information
on how local garden traits and landscape-scale factors
may benefit or harm insect pollinators utilizing gardens.
We then conducted a meta-analysis of empirical studies
characterizing pollinator abundance, diversity, presence,
or visitation associated with local garden features (including plant selection and garden management practices)
and landscape-scale factors (including urbanization and
distance to natural habitats). We also identified needs for
future research, including studies on pollinator mortality
in gardens and estimates of garden effects on pollinator
reproduction to determine the conditions under which
gardens simply attract pollinators versus contribute positively to their fitness.

Mechanisms by which Garden Characteristics
Inﬂuence Pollinator Populations
Plant Selection
Gardeners are faced with an array of choices when creating a garden. Decisions on how many and which plant
species to choose can be guided by books and websites
on gardening for pollinators (e.g., www.pollinator.org/
guides.htm). However, these resources typically provide
genus-level recommendations based on personal
observations rather than on comprehensive data
(Garbuzov & Ratnieks 2014). Although forbs, such as
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asters (Asteraceae), represent the bulk of plants on
pollinator garden lists, woody vegetation, including tree
and shrub species, are also recommended to provide
nectar, pollen, shelter, and shade (Black et al. 2016).
In addition to plants that provide nectar and pollen,
other plants provide food for the caterpillar stages of
Lepidoptera (i.e., host plants), and some plants serve
both functions. Caterpillar host plants in gardens can
boost local population size (Passiflora spp.) (Fleming
et al. 2005), although their presence does not necessarily increase fecundity. For example, Levy and Connor (2004) found that pipevine swallowtails (Battus
philenor) using host plants in gardens have higher egg
mortality compared with those at natural sites, although
they did not examine factors responsible for mortality
differences.
Citing adaptations to local conditions, native plants
(i.e., species that evolved with soils, climate, fauna, and
other flora in a given region) are often considered a better
choice for gardens than exotic species (i.e., not native to
the continent on which they are now found) and are
thought to be preferred by pollinators (e.g., Mader et al.
2011), in part because exotic plants may not produce
the olfactory or visual cues needed by native insects or
because they may not be as palatable as native plants (Corbet et al. 2001; Keane & Crawley 2002; Novotny & Basset
2005). Yet, in a garden setting, if exotic plants provide
the same key resources as native plants, both types could
be used by pollinators. Many exotic plants in gardens can
maintain flowers and foliage significantly longer than native counterparts. These shifts in resource availability can
alter pollinator community composition, plant–pollinator
networks, foraging behavior (Gotlieb et al. 2011), and the
timing of pollinator reproduction (Satterfield et al. 2015).
Studies comparing pollinator abundance and diversity in
gardens with native versus exotic plants show mixed results, and the debate concerning the relative benefits of
native and exotic plants in gardens continues, motivating
the need for future studies examining the impacts of plant
choice on insect pollinators.
Garden Management Practices to Maintain Aesthetic Appeal
Gardeners undertake numerous maintenance practices,
including weeding, mulching, and cleaning their gardens
(Clayton 2007; Goddard et al. 2013), and at times apply chemicals, mainly fertilizers and pesticides (Robbins
et al. 2001), all of which can influence insect pollinators.
Weeding creates aesthetic appeal but tends to lower habitat utility for pollinators. Weeds, or any undesired plants
not intentionally planted, such as dandelions (Taraxacum spp.), can serve as foraging resources for pollinators (Larson et al. 2014; MacIvor et al. 2014) or as host
plants (e.g., milkweed [Asclepias spp.] for monarchs).
Removal of unwanted vegetation and application of weed
suppressing barriers, such as mulch, increase aesthetics,
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but decrease the complexity and structural diversity of
the area, potentially reducing the attractiveness and use
by pollinators. Mulching serves to retain soil moisture,
yet might block ground-nesting species, such as plasterer,
mining, and andrenid bees from accessing bare ground
for nest excavation and building (Cane 2015; Fortel et al.
2016). More complex gardens can offer a greater diversity
of substrates for nesting or for hiding from predators (see
“Natural Enemies” below). Simultaneously, weeding and
mulching likely reduce competition for resources and allow remaining plants to invest more resources in growth
and reproduction (Johnson 1971), potentially increasing
nectar and pollen of cultivated plants. Studies in agroecosystems suggest that a diversity of beneficial weeds
enhances pollinator populations (Nicholls & Altieri 2013;
Landis 2017), but how weeding affects the abundance
and diversity of pollinators in gardens has seldom been
studied.
Clearing practices, such as pruning and removal of
dead vegetation, may also affect pollinators by unintentionally removing certain life stages. Nonmobile stages,
including eggs and pupae or adults overwintering on
dead vegetation, are most vulnerable during clearing
events. Such practices may decrease pollinator abundance, as has been documented in other area types (e.g.,
lower butterfly abundance on mowed fields [Dover et al.
2011]). The timing of weeding, clearing, and mulching
is important, as evidenced by recommendations to delay
the clearing of dead vegetation until later in the growing season, allowing for the emergence of cavity-nesting
pollinators and emergence of overwintering butterflies
(Black et al. 2016).
Many pollinator habitat guides also recommend leaving
brush piles, snags, or stumps in gardens to serve as natural
nesting resources for cavity-nesting pollinators, and these
features can also be used by other wildlife, such as birds,
rodents, and reptiles as foraging and reproductive sites
(Mader et al. 2011). Features such as brush piles often run
counter to the aesthetic inclinations of gardeners who
prefer well-groomed sites cleared of dead vegetation with
mulch or other substrates covering the ground. Some
gardeners provide artificial nests (e.g., bee hotels; Fig. 1)
that can be used by cavity-nesting pollinators, including
carpenter, leaf-cutting, and mason bees (Fortel et al. 2016;
MacIvor 2017). One study indicated that artificial nests
increased local population sizes of some species (Gruber
et al. 2011). Other research suggests that artificial nests
are rarely used by the targeted species (Fussell & Corbet
1992; MacIvor & Packer 2015), and their use depends on
nest design and sun exposure (Gaston et al. 2005).
Insect pollinators can be exposed to pesticides in gardens (Botı́as et al. 2017). Ornamental plants sold at garden centers can be treated with systemic insecticides,
such as neonicotinoids, which are then expressed by
plant tissues (Lentola et al. 2017). Gardeners might also
intentionally apply insecticides to eliminate plant pests
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Figure 1. Gardening for pollinators books
and guides encourage the planting of (1) a
variety of colorful flowering species that
provide nectar and pollen for adults
throughout the growing season and (2) host
plants for caterpillars, such as (2a) milkweed
for monarchs. Pollinator gardeners also
include structural elements, such as (3)
artificial nest boxes for (3a) cavity-nesting
bees and wasps and (4) a brush pile for
overwintering, shelter from harsh weather,
or nesting. (5) Bare soil patches allow
ground-nesting pollinators to form
belowground habitats. The surrounding
landscape, which may include (6) natural
forest, (7) crops, and (8) residential and
urban areas, can also influence the diversity
and abundance of pollinator visitors to a
garden. Artwork by R. L. Atkins.
(e.g., aphids) or house pests (e.g., cockroaches) near the
boundary of structures. Drift from chemicals applied for
tick control, mosquito spraying, and other applications
can occur from nearby areas (Ginsberg et al. 2017). The
negative effects of pesticides on pollinators in agriculture are well documented (Desneux et al. 2007), and
the amounts of chemicals used in residential areas can
be similar to those found in proximity to agriculture
(Kolpin et al. 1998), suggesting the impact on garden
pollinators may be significant, depending on the timing
and frequency of the pollinators’ garden use.

Importance of Surrounding Habitats
Gardens are a part of a larger mosaic, and surrounding
areas can influence the diversity and abundance of visiting pollinators. Clusters of gardens may support higher
biodiversity (Vergnes et al. 2012; Braaker et al. 2014),
and connected gardens (i.e., within dispersal distance of
pollinators) can increase the diversity of pollinators in
a community (Hanski et al. 1995; Goddard et al. 2010).
Gardens can also be located near vacant lots, reserves, or
remnants of forest (Rudd et al. 2002), and some butterflies
can use even corridors of low-quality habitat for interpatch movement (Haddad & Tewksbury 2005). Habitat
connectivity allows additional species of pollinators to
utilize gardens, particularly dietary specialists and those
that require multiple habitat types to complete life cycles
(Westrich 1996; Wray & Elle 2015). For example, while
gardens can offer host plants, such as dill (Apiaceae)
for black swallowtails (Papilio polyxenes), adults also
require other locations for displaying to attract mates
(Lederhouse 1982).
Urban landscapes can harbor diverse communities of
wild insect pollinators (Hall et al. 2017), although urbanization generally decreases pollinator diversity and
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abundance (Bates et al. 2011; Tonietto et al. 2011). Compared with rural areas, urban pollinators tend to represent
generalist, highly mobile, stress-tolerant species (Fetridge
et al. 2008; Bergerot et al. 2010). The presence of environmental contaminants and the mortality associated
with roads (e.g., car strikes; Harrison & Winfree 2015)
can harm some pollinators in urban gardens. Urbanized
areas also tend to be dominated by exotic plants (Lowenstein & Minor 2016), which can decrease some pollinator
species. Although little is known about insect movement
in urban environments (LaPoint et al. 2015), features,
such as buildings, have been shown to disrupt the movements of bumble bees (Jha et al. 2013).
Agricultural fields surrounding gardens have mixed effects on pollinators. Proximity to crop fields pollinated by
managed honeybees can promote disease in wild pollinators, and exposure to agrochemicals can negatively affect
pollinator survival and health (Desneux et al. 2007). Seasonal mass flowering events of crops might provide additional forage and boost pollinator populations. Indeed,
the number of bee brood cells was higher in artificial
nests in gardens next to rapeseed fields compared to gardens located in other landscapes (Pereira-Peixoto et al.
2014), suggesting that the reproduction was augmented
by increased foraging resources.

Impacts of Natural Enemies
Gardens can attract pollinator natural enemies, including predators, parasitoids, and parasites. Otoshi et al.
(2015) found that the density and richness of spiders,
all of which are predators, increased with the abundance
and diversity of ornamental plants in gardens. Maintenance activities, such as weeding, may decrease habitat
complexity and structural diversity, which could expose
pollinators to greater predation risk if more complex
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habitats offer more hiding sites from predators (Karban
et al. 2013; Grof-Tisza et al. 2015). Yet, ecological theory
suggests that complex habitats can also increase predation risk (Langellotto & Denno 2004). Indeed, predatory
heteropteran bugs (i.e., true bugs) are more common in
gardens, parks, and gulf courses with greater vegetation
volume (Mata et al. 2017). Further work is needed to
examine the role of habitat complexity in predator–prey
relationships in a garden setting.
Pathogens, parasitoids, brood parasites, and kleptoparasites can affect pollinator fitness in gardens. Gardens
frequented by managed honeybees (Apis mellifera) or
bumblebees (Bombus spp.) can pose pathogen spillover
risks to wild pollinators because managed pollinators
tend to harbor high levels of infectious diseases (Murray
et al. 2013; Fürst et al. 2014). Some generalist pathogens
of bees (e.g., Nosema spp.) can spread between multiple pollinator species indirectly via flowers (McArt et al.
2014), such that shared foraging sites can become disease
hotspots. Moreover, when densities of insect pollinators
are high in gardens, mortality risk from parasitoids might
be elevated. For instance, buff-tailed bumblebees (Bombus terrestris) had higher parasitoid nest infestation in
gardens where bee densities were higher (Goulson et al.
2002). Garden isolation from other pollinator habitats can
lead to crowding and elevated parasitism. The number of
parasitized brood cells in artificial nest boxes increases
as the abundance of cavity-nesting pollinators increases,
and the strongest parasitism occurs in gardens isolated
from similar sites (Pereira-Peixoto et al. 2016). This may
occur if both pollinators and their natural enemies are
aggregated into few available habitat patches, although
artificial nest boxes in general might present an easy target for parasitoids. Finally, studies of monarch butterflies
and a protozoan parasite (Ophryocystis elektroscirrha)
suggest that gardens can increase the exposure to infection when exotic host plants extend the phenology
of breeding activity and parasite transmission (Satterfield
et al. 2015).

Meta-analysis of Garden Characteristics Effects
on Pollinators
Past work indicates that garden design, maintenance, and
surrounding habitats can influence pollinator visitation,
diversity, abundance, and demography. We conducted a
meta-analysis of prior studies to address the following
questions: Does the selection of native plants, higher
plant diversity, and greater floral abundance increase
pollinator abundance and diversity? Are certain garden
management practices, such as mulching and chemical
use, particularly detrimental to pollinators in gardens?
What landscape factors are associated with positive and
negative effects on pollinators in gardens? Is natural
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enemy pressure similar in gardens versus natural habitats? We compiled sufficient data to test 4 factors related to plant selection: native versus non-native plantings
(e.g., proportion of garden covered by native plants),
flower abundance (e.g., proportion of flowering plants),
plant species diversity (e.g., plant species richness), and
woody vegetation (e.g., shrub and tree presence). We
tested 3 garden management factors: use of chemical
biocides (e.g., fungicides and pesticides), habitat diversity (e.g., index of the variety of features, such as a pond
present in garden), and the proportion of mulch cover.
We examined 2 other garden traits commonly measured
in studies of pollinator gardens: garden size (e.g., area)
and sun exposure (e.g., light availability measured using
a photometer). We examined 6 landscape-level factors:
urbanization metrics (e.g., proportion impervious surface
within 1000 m radius), green space (e.g., proportion
green space within 500 m of a garden), distances to
agricultural fields, and distances to water bodies, coast,
and forest. Because relatively few studies quantified natural enemies in gardens, we were unable to test factors
associated with enemy risk.

Data Collection and Statistical Approach
We searched for published studies in ISI Web of Science
and Google Scholar. We focused our search on articles
published between January 1920 and November 2017.
We used the following search string: (pollinator∗ OR
pollinat∗ OR butterfly OR bee) OR (“pollinator conservation”) AND (garden∗ OR gardening) NOT: (“honeybee” OR “honey bee” OR “common garden”) to narrow
the search to pertinent studies. The final data set included
studies from 2004 to 2017. We also searched bibliographies of recent papers, which added 5 studies to our data
set.
We included studies examining relationships between
garden attributes and measures of pollinator abundance,
diversity, presence, or visitation. Studies were included
if at least 3 replicate sampling sites were examined (to
allow for estimation of sampling variance [Moher et al.
2009]). From each study, we recorded the type of test
statistic (e.g., F, z, χ 2 ), test statistic value, sample size,
and directionality (positive or negative) of the relationship between garden attributes and pollinators. Next, we
followed Rosenthal and DiMatteo (2001) to convert the
test statistics into correlation-based r between garden attributes and pollinator measures. When the value of test
statistic was not reported, we followed Bentz et al. (2016)
and used the reported p value and sample size to calculate
r. We assigned negative values to effect sizes for which
the garden attributes significantly decreased pollinators
(Viechtbauer 2010). The directional r effect sizes were
converted into Fisher’s Z with R package metafor (Bonett
2007) to stabilize the variance (Borenstein et al. 2009).
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We recorded pollinator species, family, and order examined in each study. We recorded the pollinator measure tested (e.g., abundance) and the garden attribute
tested against each measure. Attributes for which we
gathered fewer than 3 lines of data across all studies were
later excluded. Additional details on criteria for study inclusion and descriptive analyses are given in Supporting
Information. The resulting data set included 178 records
from 24 studies testing relationships between garden attributes and pollinator measures.
Correlates of Pollinator Measures in Gardens
We examined the direction and strength of pollinator
responses to within-garden characteristics and external
landscape factors. The within-garden features included
4 factors related to plant selection: flower abundance,
plant species diversity, native versus non-native planting,
and woody vegetation; 3 garden management-related factors: chemical use, habitat diversity, and mulch cover;
and 2 other traits: garden size and sun exposure. We
examined 6 landscape-level factors based on the habitats
surrounding gardens: urbanization metrics, green space,
and distances to agricultural fields, water bodies, coast,
and forest. A full description of the attributes and their
assignments, along with example studies, is provided in
Supporting Information.
We fit random-effects models (REMs) with observation,
study, and pollinator family as random effects (Konstantopoulos 2011). Attribute type (within vs. external factor)
was a fixed factor. The random effect of observation was
nested within a published study to account for unit-level
heterogeneity and study pseudoreplication because most
studies (21 of 24) contained >1 effect size. We fit REMs
with restricted maximum likelihood to obtain unbiased
estimates of variance components (Higgins & Thompson
2002; Nakagawa & Santos 2012).
We examined the degree to which particular features
predicted variation in effect sizes. We built separate univariate mixed-effects models (MEMs) for plant selection,
garden management, other traits, and the landscape factors, with the same random effects as REMs. We performed post hoc comparisons to test whether coefficients differed significantly from zero, while adjusting for
the potentially inflated false-discovery rate (Benjamini &
Hochberg 1995; Hothorn et al. 2017). We repeated the
above analyses on data without the 5 studies added from
bibliographies of recent papers and found similar results
(Supporting Information).
Meta-analysis Results
Of the 178 pollinator–garden interactions identified,
data were primarily from Lepidoptera and Hymenoptera
(Fig. 2). Most studies measured effects on pollinators
based on overall abundance or diversity; fewer studies
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Figure 2. Distribution of data across pollinator
taxonomic groups and garden features used in a
meta-analysis of studies on the effects of garden
characteristics on insect pollinators (size of circles and
numbers indicate the number of unique
pollinator–garden attribute interactions examined).
Multiple is any combination of 1 or more insect
pollinator orders. Garden feature categories include
plant selection, which relates to the choice of plants in
a garden (e.g., native versus non-native plants);
garden management, which are features and practices
to maintain the garden and its aesthetic appeal (e.g.,
chemical use); other traits include features commonly
examined in pollinator garden studies (e.g., garden
size); landscape factors refer to attributes of garden’s
surrounding landscape (e.g., degree of urbanization).

measured presence or other responses (Supporting
Information). Most of the studies included in the
meta-analysis were recent (published in the last 5 years),
and the diversity of pollinator types examined increased
over time (Fig. 3). The best studied garden attributes
were size, native versus non-native plants, and flower
abundance (Fig. 4).
The REM for the entire data set showed significant
heterogeneity in pollinator effects across all studies and
attributes (I2 = 0.99; QM = 4139.65, df = 177, p < 0.001)
(Fig. 4). Within-garden features had overall stronger
effect sizes than landscape-level attributes (z = 6.39,
p < 0.001). Univariate MEM analyses of plant-selection
features tested separately indicated that pollinators
responded positively to flower abundance, plant
diversity, and woody vegetation metrics (Fig. 4a). The
MEM analyses of garden management showed that
pollinators were not influenced significantly by chemical
use, habitat diversity, or mulch cover (Fig. 4b). Garden
size and sun exposure positively influenced pollinators
(Fig. 4c). Post hoc comparisons showed that only plant
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Figure 3. Number of studies in a meta-analysis of the
effects of garden characteristics on insect pollinators
by year of publication and pollinator guild (multiple,
>1 pollinator guild).
diversity (z = 6.66, p < 0.001), woody vegetation metrics
(z = 3.24, p = 0.004), garden size (z = 5.37, p < 0.001),
and sun exposure (z = 2.63, p = 0.02) had effect sizes
that were significantly different from zero, although
flower abundance was nearly significant (z = 2.30,
p = 0.06). Univariate MEMs of landscape factors showed
that greater distances to agricultural fields and coastal
zones negatively influenced pollinators (Fig. 4d). Post
hoc comparisons showed that effect sizes for distance
to field and coast showed marginal difference from zero
(p ࣘ 0.1).

Discussion
Pollinator gardens are growing in popularity and can be
important conservation tools for a diversity of pollinators that have declined in recent decades (Goulson et al.
2015; Thomas 2016). Simultaneously, a need remains for
scientifically informed recommendations for elements of
garden design and best practices to ensure that gardens
contribute positively to pollinator abundance, reproduction, and survival. Our review and meta-analysis showed
that relationships between garden attributes and pollinators vary widely. A handful of garden features, especially plant diversity, woody vegetation, and garden size,
were consistently associated with positive effects on pollinators. Greater plant diversity species and floral traits
could better attract and support diverse assemblages of
pollinators (Ghazoul 2006). Higher plant diversity is also
expected to extend the resource phenology needed to
support numerous pollinators in gardens. Woody plants
in gardens, such as shrubs and trees, may result in a
higher quality habitat for insect pollinators by providing
additional food, shade, and shelter from strong winds.
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This finding reinforces recommendations for gardens and
other pollinator restoration efforts to plant species-rich
floral mixtures and to include shrubs and trees (Winfree
2010; Havens & Vitt 2016).
Our results pointed to multiple maintenance strategies
that may affect the utility of gardens for pollinators, yet
information was only available for a subset of these strategies for the meta-analysis, and none showed consistent
significant effects on pollinators. Indeed, many withingarden characteristics identified in the review showed
weak or no relationships based on the meta-analysis.
Much like our review, which pointed to both positive
and negative consequences of exotic plants for pollinators, the meta-analysis showed no consistent directional
association between native versus non-native plants and
pollinators, perhaps because in some cases exotic plants
can adequately substitute for resources provided by native plants (Severns & Warren 2008; Majewska et al.
2018). For example, Salisbury et al. (2015) compared
flying insect visitors to experimental plots and concluded
that gardens containing mostly native plant species, but
also some exotic plants, could provide optimal resources
for pollinating insects by extending the flowering season. Majewska et al. (2018) found that the diversity
and abundance of butterflies visiting experimental gardens was similar for assemblages of native versus exotic plant species. Similarly, in terms of chemical use,
it seems likely that both positive and negative relationships exist and may produce stronger net relationships if
parsed out at finer scales. For example, slug treatments
and fungicides may improve the quality and health of
treated plants, allowing for greater investment in flowers
(Muratet & Fontaine 2015), and thereby attract more pollinators, which could nonetheless experience sublethal
effects of the chemicals. Exposure to some pesticides
can negatively impact pollinators (e.g., Desneux et al.
2007), and we caution against conclusions of no effects
of garden chemical use on pollinator survival or health.
Multiple studies showed that landscapes surrounding
pollinator habitats can predict species diversity and
composition. In support of this idea, our meta-analysis
suggested that proximity to areas representing a source
of specialist pollinators or with additional foraging and
reproductive resources, such as pastures, may enhance
pollinator communities found in gardens. Specifically,
our results showed that pollinators respond negatively
to increasing distances of gardens from agricultural fields
and coastline; however, this was examined only for
moths (Lepidoptera) and the effect was not statistically
significant. Similarly, our results indicate that proximity
to habitats unsuitable for pollinators, such as highly
urbanized landscapes, may decrease pollinator use of gardens, presumably owing to limited habitats and resources
(Tonietto et al. 2011; Wray & Elle 2015). Landscape-level
factors showed weaker associations with pollinators than
within-garden attributes, suggesting that patch-scale
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Figure 4. Distribution of Fisher’s Z effect sizes for observed relationships between 4 garden attributes and effects
on pollinators (top) and summary of effect sizes based on features tested (beneath each forest plot): (a) plant
selection, (b) garden management, (c) other commonly examined traits, and (d) landscape factors (for description
of each category see Methods and Supporting Information) (vertical lines, 95% CI for effect sizes of pollinator–
garden attribute interactions; CIs above horizontal dashed line, garden attributes positively influenced pollinators;
CIs below horizontal dashed line, negative effects on pollinators; subset of data, n, number of pollinator–garden
attribute interactions corresponding to each level; significance: ∗ , p < 0.05; ∗∗ , p < 0.01; ∗∗∗ , p < 0.001).
garden features play a key role in determining the
abundance and diversity of pollinators visiting gardens.
Several factors, including natural enemies and artificial
nest boxes, could not be included in our meta-analysis
due to the small number of studies that examined these
topics. This represents a crucial gap where future work
is needed (Table 1). Multiple types of resources can
be used for pollinators for nesting and reproduction.
Some of these, such as caterpillar host plants, may be
easy to monitor, whereas others, such as natural ground
nests, may be difficult to monitor, possibly accounting
for lack of information on the topic. Importantly, as artificial nests for cavity-nesting pollinators become more
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popular, this could present an opportunity to ask how
augmentation of nest sites by gardeners might benefit
reproductive success of cavity-nesting pollinators. Similarly, studies of predation on pollinators in gardens are
needed. Direct visual observations of predation are challenging because most pollinators (and their predators)
are relatively small in size and highly mobile. Focusing on predation and parasitism of nonmobile immature stages in artificial structures or hosts plants represents a more practical approach that would yield insights
into the effect of gardens on pollinator population biology (Table 1). This information is critical for evaluating
gardens’ relative contribution to pollinator population
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Table 1. Outstanding research questions on how gardens and speciﬁc garden attributes might inﬂuence insect pollinator diversity, abundance, and
health.
Question

Research need

Are measures of pollinator diversity and
population biology similar in gardens
relative to natural habitats?

intensive monitoring of multiple life stages in replicate gardens and
natural sites
comparison of pollinator fecundity, survival, predation, and parasitism
in gardens versus natural sites
longitudinal assessments in gardens and natural sites to quantify
seasonal and longer term effects

What garden design elements or management
practices result in garden habitats acting as
sources, sinks, or ecological traps for
pollinators?

experimental manipulations of garden features (e.g., native versus
exotic plants, nesting resources) and practices (e.g., weeding,
fertilizer, and pesticide use) to quantify pollinator responses across
multiple life stages in terms of survival, reproduction, predation, and
parasitism
assessment of pollinator survival and natural enemy pressure in gardens
with and without specific features or practices and examination of the
relative importance of predation versus parasitism as causes of
pollinator mortality in gardens

What are the effects of the habitats
surrounding gardens on pollinators?

examination of pollinator fecundity, survival, predation, and parasitism
in gardens surrounded by agricultural, urban and natural habitats

biology, their role in pollinator restoration, and to inform
best gardening practices that maximize the benefit of
gardens for pollinators.
As human-dominated landscapes continue to expand,
gardens may aid in mitigating the negative effects of
habitat loss for wild insect pollinators, their associated
organisms, and other fauna (e.g., birds, bats, and small
mammals). However, gardens are much more complex
than generally assumed and subject to widely variable
aesthetic preferences and management practices. Our
review and meta-analysis underscore the need to understand which garden traits attract insect pollinators and
under what circumstances gardens support pollinator
conservation and act as population sources, versus conditions under which gardens may act as sinks. Despite
the popularity of pollinator-friendly gardening, work examining pollinator population dynamics in response to
gardens (and garden traits) lags behind the proliferation of books and online resources currently available.
Further work is needed to develop an evidenced-based
approach to evaluate the consequences of garden characteristics and educate gardeners about their importance.
Ultimately, more studies comparing pollinator population health and ecology in gardens versus natural pollinator habitats will improve current understanding of
the role gardens play in supporting diverse and healthy
pollinator populations.
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