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The increasing urban sprawl has contributed to the extensive fragmentation and
reduction of natural habitat worldwide. Urbanization has a range of adverse effects on
ecosystem functioning, including the disruption of plant dispersal processes across the
landscape. Urban fragmentation can alter the distance and directionality of dispersal,
leading to disrupted gene flow among populations. The dispersal processes of plants
that rely on animal-mediated dispersal (zoochory) may be disproportionately affected
by urbanization, as many animals avoid urban areas or restrict their movements
within urban habitats. This could alter the efficiency of animal dispersal vectors and
modify seed movements across urban habitats. While recent studies suggest that seed
dispersal networks can be complex and dynamic even in highly managed green areas
with relatively low biodiversity, zoochory in urban environments remains understudied.
We synthesize the existing literature on zoochory in urban environments and place
the findings in the context of ecosystem dynamics. We assess the ecological and
evolutionary consequences for seed dispersal, following urbanization, by considering
how zoochory is affected by specific features of urban environments. These include the
complexity of habitats with varying continuity; high disturbance and intense management;
a high proportion of alien species combined with low natural biodiversity; animal
behavioral adjustments in different urban settings; and rapid evolutionary change due
to urbanization. We conclude that (1) urbanization can disrupt and alter zoochory
processes; and (2) successful zoochory can, in turn, alleviate or worsen the challenges
to ecosystem dynamics originating from increased urbanization. The dynamic urban
seed dispersal networks are emerging as useful models for the adaptability of seed
dispersal communities. Their study can also shed light on eco-evolutionary processes
under anthropogenic selective pressures, including species interactions. Finally, urban
zoochory processes are critical to the functioning of urban ecosystems and as such,
constitute an important ecosystem service with management implications. We propose
directions for further research into urban zoochory processes to ensure the maintenance
of ecosystem dynamics as urbanization continues.

Keywords: urban seed dispersal, anthropogenic disturbance, animal behavior, local adaptation, altered
communities, urban evolution, urbanization, urban animal communities
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INTRODUCTION

Anthropogenic disturbance (see Glossary) is becoming the norm
for most of the world’s flora and fauna. Already half of the
terrestrial surface has been altered by humans (Vitousek et al.,
2008; Hooke and Martin-Duque, 2012). A major ongoing
trend is increasing urbanization among human populations,
with cities around the world growing in number and size
(Grimm et al, 2008). The urban environment is a unique
ecosystem characterized by fragmentation, patchiness, various
forms and degrees of disturbance, and alien species (Rebele,
1994). The accompanying changes in community assemblages
and increased selective pressures can have pivotal effects on
mutualisms, such as animal-mediated seed dispersal, a key
process in maintaining ecosystem dynamics and biodiversity
(Richardson et al, 2000). To characterize and predict the
consequences of urbanization on seed dispersal, it is necessary
to examine the broad effects of urbanization on plant and
animal communities and their interactions. We attempt to
do so by focusing on the effects of three specific features
of the urban environment: fragmented habitat mosaic, altered
community composition, and the associated adaptations of
urban populations.

Evidence from natural environments indicates that
seed dispersal by animals (i.e., zoochory) is influenced by
anthropogenic disturbances, such as habitat fragmentation,
habitat loss and hunting. For example, a decline in animal
disperser abundance can alter seed removal rates (Markl et al.,
2012), and human activity and fragmentation can lead to changes
in disperser movement patterns (Fernandez-Juricic and Telleria,
2000; Ciuti et al., 2012; Leblond et al., 2013; Preisler et al.,
2013; Cote et al.,, 2017; Emer et al., 2018; Gaynor et al., 2018).
Such changes, in turn, influence seed dispersal patterns and
scale (Westcott and Graham, 2000). In urban environments,
disrupted seed dispersal may result in interrupted gene flow, and
the isolation of small populations of zoochorous plants (Harris
et al., 2016; Johnson and Munshi-South, 2017; Schilthuizen,
2018), with cascading consequences for the functioning of
the ecosystem.

The types of anthropogenic disturbance in natural habitats
(fragmentation, patchiness, and habitat degradation) are
partially shared with urban environments. However, some
disturbances are specific to urban environments. For example,
as opposed to logging and hunting, urban disturbance includes
direct management and arrangement of vegetation, and
severe structural disturbance created by urban infrastructure.
Thus, while many of the general effects of disturbance
and fragmentation are expected to be similar between
urban habitats and disturbed natural environments, the
dispersal outcomes also depend on the distinct features of
urban environments.

In the complex, fragmented, urban habitat mosaic,
ecologically different green patches with their various taxa
are exposed to each other in ways that would not occur in
nature (Lepczyk et al,, 2017). Urban communities typically
differ from the surrounding natural habitats in species
richness and abundance, community assemblages and species

interactions (Rebele, 1994; Kowarik, 1995; Rolando et al.,
1997; McKinney, 2006, 2008; Markl et al., 2012; Fontuarbel
et al, 2015). While native species richness declines (Liang
et al., 2008; McKinney, 2008; Faeth et al., 2011; Young et al.,
2016), many alien species are introduced and interact with
local communities (Rebele, 1994; Alberti et al., 2017). These
patterns are characteristic enough that urban ecosystems are
more similar to each other than to their surrounding natural
landscapes (McKinney, 2006). Strong selective pressures
generated by the same urban features frequently lead to
rapid behavioral, phenotypic (Alberti et al., 2017) and genetic
changes (Cheptou et al., 2008; Smith and Bernatchez, 2008;
Harris et al, 2016; Gorton et al., 2018) in animal and plant
species, reinforcing the unique ecosystem profile of urban
environments. Seed dispersal has been indicated as a critical
factor in driving assembly patterns of urban plant communities
(Johnson et al, 2018), and is integral in connecting urban
green habitats with one another and with the surrounding
landscape (Culley et al, 2007). Seed dispersal by humans
has been examined in detail (Wichmann et al., 2009; Auffret,
2011; Bullock et al,, 2018) especially in urban habitats (von
der Lippe and Kowarik, 2008, 2012; von der Lippe et al,
2013), however, animal seed dispersal in urban environments
remains understudied.

To evaluate the overall effects of urbanization on zoochory,
we synthesize the empirical research on urban zoochory
and place the findings in the context of similar processes
observed in natural and rural, human-altered environments. We
discuss the ecological and evolutionary consequences for seed
dispersal following urbanization by considering how zoochory is
affected by three defining characteristics of urban environments:
(1) a landscape mosaic characterized by habitat complexity,
disturbance and fragmentation, (2) an altered plant and animal
community composition; and (3) genetic and phenotypic
adjustments of plants and animals to the urban environment. We
then identify knowledge gaps in the study of urban zoochory.
Finally, we propose ways in which knowledge of urban zoochory
processes can be used in urban planning and as models for
universal zoochory processes.

SEED DISPERSAL IN THE URBAN MOSAIC

Nearly all urban areas are landscape mosaics containing patches
of vegetation arranged with varying degrees of connectedness
in a highly fragmented matrix of built environment. Patches
of vegetation include a wide range of highly diverse habitat
types with a diverse level of disturbance, ranging from
nearly pristine urban forests to managed garden flowerbeds
and including cracks in the walls of buildings (Francis and
Chadwick, 2013). The habitat patches are connected within the
urban matrix by corridors, such as railway networks, ravines,
and small green areas acting as stepping stones. Together,
diverse vegetation patches, corridors and the matrix of built
environment form the urban mosaic (sensu the patch-corridor-
matrix model; Forman, 1995). The consequences of the mosaic
on the success of seed dispersal by animals are 2-fold: first, a
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TABLE 1 | Effects of habitat complexity on urban zoochory and vice versa.

Aspect of zoochory Type of Animal focus Plant focus City Country Region References
affected by altered zoochory? sizeP (continent®)
urban habitat
Altered dispersal E Birds (various) Phoradendron affine L Brazil (SA) TR Kiyoshi Maruyama
pattern/increased distance etal, 2012
Colonization/regeneration of E Birds (various) Various XL USA (NA) TE Robinson and Handel,
disturbed habitat 2000
Disrupted dispersal S Birds (Garrulus glandarius), — Quercus chenii XL China (AS) TE Niu et al., 2018
across barrier (road) terrestrial mammals
(Niviventer confucianus)
Effective E Terrestrial mammals (Vulpes  Various XL Belgium (EU) TE
removal/transportation of vulpes)
viable seeds of multiple
species
S BIRDS (Garrulus glandarius), Quercus chenii XL China (AS) TE Niu et al., 2018
terrestrial mammals
(Niviventer confucianus)
Effective E Birds (Turdus spp.) Various S Brazil (SA) TR Gasperin and Pizo,
removal/transportation of 2009
viable seeds of multiple
species in discontinuous
habitat
E, S Bats (Cynopterus brachiolis) Various XL Malaysia (AS) TR Tan et al., 2000
Maintaining connectivity in Terrestrial mammals (Vulpes  Various S Spain (EU) TE Cancio et al., 2017
discontinuous habitat vulpes)
E Birds (various) Cabralea canjerana L Brazil (SA) TR Pizo, 1997
Birds (Garrulus glandarius) ~ Quercus robur and L Sweden (EU) TE Hougner et al., 2006
Quercus petrea
S Birds (Garrulus glandarius) ~ Quercus robur and L Sweden (EU) TE Lundberg et al., 2008
Quercus petrea
S Terrestrial mammals (Sciurus Quercus rubra S USA (NA) TE Steele et al., 2011
carolinensis)
Maintaining seed assumed: Unknown Ferocactus wislizeni L USA (NA) TE Ness et al., 2016

removal/dispersal in E, S
fragmented habitat

aType of zoochory: E, endozoochory; M, myrmecochory; S, synzoochory.

bCity size: S, small urban area (population = 50,000-200,000); M, medium urban area (population = 200,000-500,000); L, metropolitan area (population = 0.5-1.5 million); XL, large

metropolitan area (population >1.5 million) (OECD, 2018).
¢Continent: AU, Australia, EU, Europe; NA, North America; SA, South America.

higher diversity of habitats may increase the diversity of seed
dispersers (Melles et al., 2003; Ossola et al, 2015). Second,
the movement of seed dispersers within the matrix depends
on the resource distribution among patches (Dunning et al.,
1992) and their connectivity (Taylor et al., 1993). Empirical
evidence on the effects of the urban mosaic on zoochory
processes is summarized in Tables 1, 2 (see also sections Urban
Communities and Species Interactions, and Adaptations of
Animals to Urbanization and Consequences to Zoochory). In this
section, we first describe how the features of the discontinuous
habitat mosaic may disrupt seed disperser movements and
further restrict seed movement between habitat patches. Then,
we discuss evidence of the contrary, i.e., how animal dispersers
may increase the connectivity of plant populations despite
habitat discontinuity.

Urban Disturbance and Fragmentation May
Disrupt Seed Movement by Animal

Dispersers

Empirical studies have found evidence that habitat degeneration,
disturbance and fragmentation alter the seed movements of
zoochorous plants. The changes appear to operate through
shifts in the disperser community and behavior, with edge
preference or avoidance playing a potentially important role
(e.g., Levey et al, 2008; Warren et al, 2015; see sections
Urban Communities, and Species Interactions and Adaptations
of Animals to Urbanization and Consequences to Zoochory). For
example, roads surrounding a forest patch were found to act as
a movement barrier for scatter hoarders, effectively constraining
seed movements to the fragment (Niu et al., 2018). This concurs
with findings from non-urban (Asensio et al., 2017) and urban
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TABLE 2 | Effects of altered communities on urban zoochory.

Aspect of zoochory Type of Animal focus Plant focus City Country Region Reference
affected by altered zoochory? sizeP (continent®)
urban community
Effective E Birds (Corvus frugilegus) Various S/M Poland/Romania (EU) TE Kitowski et al., 2017
removal/transportation of
viable seeds of multiple
species
E Terrestrial mammals (Vulpes  Various SuU Spain (EU) TE Cancio et al., 2017
vulpes)
E Terrestrial mammals Various XL Brazil (SA) TR Céceres et al., 1999
(Didelphis albiventris)
Higher effectiveness of M Ants (various) Viola pubescens L Canada (NA) TE Thompson and
removal/transportation of MclLachlan, 2007
viable seeds by remaining
species in community
Homogenization of E Birds (Corvus frugilegus) Various S/M Poland (EU) TE Czarnecka et al., 2013
biodiversity
Replacement of primary E Terrestrial mammals Various XL Brazil (SA) TR Céceres et al., 1999
vector/change in (Didelphis albiventris)
zoochory type
Secondary disperser S Terrestrial mammals Astrocaryum XL Brazil (SA) TR Zucaratto and dos
effectively replaced primary (Dasyprocta leporina) aculeatissimum Santos Pires, 2015
vector/change in zoochory
type
Spread of alien plant E Terrestrial mammals (Vulpes  Various XL Belgium (EU) TE D’hondt, 2011
species vulpes)
E Birds (various) Various S Portugal (EU) TE Cruzetal., 2013
Ants (Linepithema humile) Acacia sophorae, A. XL Australia (AU) TE Rowles and O’Dowd,
retinodes, Polygala 2009
myrtifolia, Dipogon
lignosus
S Terrestrial mammals (Sciurus  Various XL Canada (NA) TE Thompson and

carolinensis)

Thompson, 1980

aType of zoochory: E, endozoochory; M, myrmecochory; S, synzoochory.

bCity size: S, small urban area (population = 50,000-200,000); M, medium urban area (population = 200,000-500,000); L, metropolitan area (population = 0.5-1.5 million); XL, large

metropolitan area (population >1.5 million) (OECD, 2018).
CContinent: AU, Australia; EU, Europe; NA, North America; SA, South America.

areas (Fey et al., 2016; Johnson et al., 2017) that roads restrict
animal movements enhancing the fragmentation and isolation of
urban green patches, and further delineating the habitat mosaic.
Smaller, more isolated, fragments tend to support fewer animal
disperser species and smaller population sizes in urban areas
(Srbek-Araujo et al., 2017), leading to lower fruit removal rates,
as found for cactus fruit removal rates by mammals (Ness et al.,
2016). If small, isolated fragments are avoided by animals, it is
also likely that seed influx into isolated fragments may decline,
eventually leading to local extirpation of certain plant species.

The Role of Seed Dispersers in Maintaining
the Integrity of the Urban Mosaic

Although animal dispersers are influenced by urban disturbance
and fragmentation, an increasing number of studies suggest
that dispersers play an important role in buffering the adverse
effects of habitat alteration by increasing the regeneration and
connectivity of urban green areas (Table 1).

Seed Dispersers Can Influence Habitat Regeneration
Animal dispersers play a key role in the regeneration of urban
degraded habitats (Robinson and Handel, 2000; Lundberg et al.,
2008) by influencing the influx rate of seeds from source areas.
For example, seed dispersal by jays is estimated to result in
the recruitment of more than 33,000 saplings per year in a
large urban park, representing a significant ecosystem service
and reducing the level of habitat disturbance within the urban
park (Hougner et al., 2006). Generally, however, it seems that
animal seed dispersers contribute to the influx of seeds into
disturbed areas mainly after regeneration has already started
through other dispersal means (wind dispersal, seed banks). This
was suggested by the finding that plants with predominantly
zoochorous traits were found in larger and older urban forest
fragments (Jesus et al, 2012) and older vacant lots (Knapp
et al., 2016; Neuenkamp et al., 2016; Johnson et al., 2018), while
anemochorous traits were predominant in smaller and recent
fragments (see section Effects of Urbanization on the Community
Composition of Plants for further details on plant community
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composition). Likely, as heterogeneity of a degenerated habitat
(e.g., cleared lots) increases, areas become more suitable for
animal movement, increasing the influx of animal-dispersed
seeds and the incidence of zoochorous plants recruited. This is
concordant with previous findings in tropical forest restoration
where heterogeneity of a habitat attracted seed dispersers to sites
in regeneration (Wunderle, 1997), and where tree density (Zapata
et al., 2014) and availability of perching sites (Gonzalez-Varo
etal., 2017a) increased visitation rates of disturbed areas.

Seed Dispersers May Maintain Habitat Connectivity
and Reduce Habitat Disturbance

In addition to regeneration, animal dispersers can help maintain
plant populations by facilitating seed exchange between habitat
patches. Potential animal habitat connectors in the complex
urban mosaic are either animals with differential habitat use
for their daily activities (Lundberg et al.,, 2008; Gasperin and
Pizo, 2009) or animals with long travel distances that can
move through disturbed habitats (Cancio et al., 2017); see also
section Consequences of Changes in Movement Patterns of
Urban Dispersers on Seed Movement. An example of increased
connectivity due to differential habitat use are urban thrushes,
which eat fruits predominantly in open areas of cities (e.g.,
gardens and streets) but use forests for nesting and shelter,
connecting these two differently disturbed green patches and
increasing seed influx from forests into cities (Gasperin and Pizo,
2012; Da Silveira et al., 2016). These birds were also found to
visit multiple forest fragments, showing these also play a role in
the functional connectivity between forest fragments. Similarly,
Eurasian Jays in Stockholm use different forest types for different
purposes (i.e., oak stands for feeding/caching; coniferous stands
for breeding), therefore coniferous forests in between oak stands
function as stepping stones, enhancing connectivity between
oak stands (Lundberg et al,, 2008). Red foxes, prevalent and
well-adapted in many urban areas, can move across disturbed
areas, which can increase connectivity when dispersing in
fragmented areas, as in the Mediterranean peninsula, where
red foxes are able to move through differently disturbed
areas, connecting remnants of the threatened keystone habitat.
However, connectivity was limited to fragments separated by
a distance smaller than the foxes territory (Cancio et al,
2017). Therefore, we can expect connectivity by animal
dispersers to be determined by the distance between urban
fragments relative to the animals’ movement ranges. Where
the distances between fragments and remnant seed sources
are beyond the usual seed dispersal distance of available
seed dispersers, wildlife corridors can enhance connectivity
(Beier and Noss, 1998; Chetkiewicz et al., 2006).

URBAN COMMUNITIES AND SPECIES
INTERACTIONS

Plant and animal communities in urban areas differ greatly
from natural environments. The expansion of impervious
surface in urban areas reduces habitable areas, while landscape
management structurally simplifies the vegetation within these.

A small number of habitable areas with simplified vegetation
supports fewer species, reducing species richness (McKinney,
2008). However, other factors present in urban areas can
instead increase species richness and population densities, such
as high habitat heterogeneity, high primary productivity and
food availability, and a high influx of alien species (Baker and
Harris, 2007; McKinney, 2008; Salek et al., 2015). Changes in
species richness and abundance may considerably influence the
ecosystem service provided by the local seed dispersal network.
Therefore, it is critical to examine changes in communities to
understand the effects of urbanization on the maintenance of
plant population connectivity and extinction risk in urban areas.
In this section, we describe how human activity within urban
areas affects plant and animal communities, and how changes
within these affect zoochory.

Effects of Urbanization on the Community

Composition of Plants

Plant species diversity increases with urbanization up to
intermediate levels of urbanization but decreases again at
very high levels of urbanization (at least in temperate
regions; McKinney, 2008). Furthermore, studies of urban plant
communities suggest a pattern of increasing proportions of
primarily animal-dispersed plants in more urbanized areas
(Knapp et al., 2008; Burton et al., 2009; Marco et al., 2010). The
general prevalence of plants depending on zoochory could be
partially explained by the finding that animal-dispersed plants
can have a lower risk of local extinction at more urbanized sites
(Williams et al., 2005). With a higher proportion of animal-
dispersed plants, animal seed dispersers play an important role
in maintaining or modifying plant communities in urban areas
(see section Effects of Altered Communities on Urban Seed
Dispersal). However, the pattern of increased presence of animal-
dispersed plants in urbanized areas is not universal (Thompson
and McCarthy, 2008). and fine-scale differences may exist in
the predominant type of zoochory present along the rural-urban
gradient. For example, Albrecht and Haider (2013) found a
high prevalence of synzoochorous plant species in urban areas
in contrast to a trend toward more myrmecochorous species
in the surrounding rural areas. Deciphering why these systems
differ from the general trend presents an interesting direction for
future research.

Urban communities also differ from the surrounding
environments through their higher proportion of alien plant
species (Kowarik, 1995; Kithn and Klotz, 2006). A large number
and abundance of alien plant species have been found in soil seed
banks in urban forests (Overdyck and Clarkson, 2012) and in
urban ornamental gardens (Marco et al., 2010; Reichard, 2010).
While most alien plant species are introduced intentionally
(e.g., in gardens), they spread unintentionally through urban
areas, primarily via zoochory (Padayachee et al., 2017). These
urban populations of alien plants (especially species dispersed
by birds Gosper et al., 2005; Gaggini et al., 2017; can then act
as seed sources for surrounding forests, leading to ecological
consequences beyond the urban habitat. The spread of alien
plant species to surrounding pristine environments can even be
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amplified by the interaction of multiple dispersers. In Poland, the
increase in abundance of rooks made the alien Eurasian walnuts
from human settlements available to natural forest dispersers,
Jays (Garrulus glandarius). The jays removed the high number
of acorns that rooks had cached in rural areas and further
distributed them into the surrounding forests (Lenda et al., 2018).
Therefore, understanding the complete dispersal network and
multi-phase dispersal in urban areas is key in managing the
expansion of zoochorous alien plant species.

Effects of Urbanization on the Community
Composition and Abundance of Animal

Dispersers

Seed disperser abundance and species richness are both affected
by urbanization through modification and reduction of available
habitats (Larsen et al., 2005; Collen et al., 2014; Dirzo et al., 2014;
Pimm et al., 2014); negative interactions with humans (Koch
and Barnosky, 2006; Tregidgo et al., 2017); human infrastructure
(Loss et al., 2015); and vehicles (Laurance et al., 2009). Animal
species richness tends to decline with increasing urbanization
level (McKinney, 2008) independently of the type of vegetation
present (Faeth et al., 2011). The total abundance of dispersers,
on the other hand, depends on the population dynamics of
each disperser species and the surrounding urban environment.
Population size can be strongly reduced in urban habitats as
seen for birds in an urban forest fragment, where only half
as many birds were present relative to pristine areas (Pizo,
1997). Disperser abundance may also be higher in urban areas if
disperser species or populations are especially successful, as seen
for opportunistic, urban-adapted species, such as Eastern gray
squirrels (Steele et al., 2011) and red foxes (Salek et al., 2015).
The number and species array of the animals that are available as
dispersers thus result from the composition of the urban animal
community and population processes of those species.

Effects of Altered Communities on Urban

Seed Dispersal

Empirical studies have found evidence of successful maintenance
of urban seed dispersal in spite of altered species composition.
However, we can expect a diverse array of effects on seed dispersal
after community alterations, depending on the composition of
the plant and animal communities, and the interactions between
them (Table 2).

Consequences of Defaunation and Functional
Replacement of Seed Dispersers on Zoochory

The effectiveness of zoochory is influenced by the local
abundance of animal individuals capable of dispersing seeds, as
well as the assemblage of disperser species. Disperser abundance
and assembly may affect the number of seeds dispersed, the
diversity of seed species dispersed, their specific deposition sites,
and whether they germinate. Defaunation combined with the
higher plant diversity in urban areas (McKinney, 2008) can
lead to a situation where a larger number of plant species is
dispersed by a smaller number of animal species, with potential
consequences in terms of competition between dispersers.

Defaunation will specifically influence disperser abundance,
with consequences for the number of seeds dispersed. However,
changes in population densities can also influence intra-
and inter-specific interactions between dispersers, ultimately
influencing the dispersers’ feeding and post-feeding behavior (see
section Behavioral Responses of Urban Dispersers to Humans
and Other Animals Have Consequences for Seed Dispersal).
These behaviors, in turn, result in altered seed dispersal
distances and patterns, as commonly happens in natural habitats
(McConkey and O’Farrill, 2016).

Following defaunation, functional replacement of lost animals
may occur, where a new species takes on the functional role
(e.g., as seed disperser) of a species lost from the area. When
the exclusive seed disperser is extirpated and not replaced
functionally by other species, then the recruitment of plant
species that rely on that disperser will completely subside. The
absence of animal-dispersed plant species from otherwise suitable
urban habitats (i.e., secondary urban forests) would suggest
such seed dispersal failure (Tsang and Corlett, 2005). The local
extinction of a seed disperser might be particularly disruptive in
fragmented landscapes (Rodriguez-Cabal et al., 2007), such as
urban areas, since animal species richness may be reduced and
fragment isolation may limit disperser replacement by animals
from other fragments. Nonetheless, very few plant-disperser
associations are strictly obligate (Richardson et al., 2000), hence
dynamic changes in dispersal networks rather than extinctions
are generally predicted.

The significance of the changes in the community assemblage
on dispersal effectiveness depends on the degree of functional
equivalence of the primary and novel species as dispersers. When
functional replacement is incomplete, i.e., seed dispersal by the
animals that take the place of a lost primary disperser differs from
the original dispersal service, the strongest effects on zoochory
may be seen. Such effects in urban environments are poorly
understood, but evidence from natural areas suggest community
changes can lead to differences in dispersal effectiveness (Schupp,
1993; Uriarte et al., 2011; Schupp et al., 2017). This is because
seed dispersal distance, removal rate, and seed processing
are all taxon-dependent, ultimately altering the total seed
shadow and recruitment success of dispersed plants (Martinez
et al., 2008). First, novel disperser species may have different
morphological characteristics than the primary disperser, such
as gape constraints (Pizo, 1997) or body size (Ness et al., 2004;
Carbone etal., 2005; Young et al., 2016), that limit their feeding or
movement ranges, ultimately influencing seed dispersal distance.
Second, disperser species consume different food resources
leading to differences in the seed rain they contribute to in terms
of species diversity and richness. For example, the recent higher
abundance of rooks in urban areas of Poland transport a high
number of seeds with low species diversity (primarily of weeds
and ruderal species), from rural areas to urban areas, contributing
to the homogenization of plant biodiversity in urban areas
(Czarnecka et al., 2013). Novel dispersers may also have different
feeding behavior. For example, novel dispersers in an urban forest
fragment differed from the primary disperser community by
feeding more on the forest ground but regurgitating seeds also
in urban areas. The consequences of this were that despite the
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loss of some seeds from the forest area, an influx of natural seed
species into urban green patches was created (Pizo, 1997). Third,
plant recruitment may depend on the disperser assemblage when
germination success differs among disperser species, such as for
urban mistletoes (Kiyoshi Maruyama et al., 2012). Germination
success may decline if seeds that are originally adapted to be
dispersed by other taxa are damaged by gut passage through
novel or secondary disperser species, such as bird- and lizard-
dispersed seeds when processed by mammals (Nogales et al.,
2005). Finally, the loss of a specific seed disperser species
may even increase seed dispersal effectiveness by relieving
interspecific resource competition, potentially allowing dispersal
by other, competitively weaker, urban species. When those
species are more efficient foragers, the loss of a primary disperser
may lead to increased seed removal rates (Thompson and
McLachlan, 2007; see also Mahandran et al., 2018). However, the
impact of such changes on plant recruitment success remains
poorly studied.

When the novel dispersers fully functionally replace
a lost local disperser, seed movements are unaffected.
For example, the loss of agoutis in an urban forest
fragment showed no effects on seed dispersal distance,
likely due to a fully functional replacement by other
rodents (Zucaratto and dos Santos Pires, 2015).

Consequences of Alien Animal Species on Native
Plant Dispersal Success

Introduced animal species necessarily lead to novel species
interactions, which may alter seed dispersal and recruitment
of native plant species by displacing native dispersers or by
predating on native seeds. Displacement of native dispersers has
been seen in the coastal shrub along Melbourne, Australia, by
the invasive argentine ants (Linepithema humile). These removed
fewer seeds of the native plant species Acacia retinoide and
buried seeds of another native plant Acacia sophorae closer to
the source plant, reducing seed dispersal distance (Rowles and
O’Dowd, 2009). Predation of native seeds by introduced animal
dispersers has been seen for mammals and ants. For example,
introduced mammals compromise the success of artificially
planted native seeds in regeneration procedures (Overdyck et al.,
2013). Similarly, introduced ant species that are common in
urban areas commonly act as predators of native seeds species,
leaving seeds unburied or consuming elaiosomes but discarding
seeds beneath the source (Ness et al., 2004). Therefore, the
outcome for the plant populations depends on how these
processes by alien animals compare to the functions of the native
dispersers, and the overall effects of the novel animal community
on seed dispersal and seed predation.

Consequences of Alien Plant Species on Urban
Dispersal Networks

Introduced plants may alter seed dispersal networks in urban
areas by competing with native plants for seed dispersal services.
The effects of alien competition with native plants for seed
dispersal services in urban areas will depend on the attractiveness
of their diaspores to seed dispersers (Aslan and Rejmanek, 2012;
see also section Consequences of Dietary Changes of Urban

Seed Dispersers on Seed Rain). For example, the invasive ant-
dispersed South African shrub Polygala myrtifolia outcompeted
native plant species for seed dispersal services by ants (Rowles
and O’Dowd, 2009). However, competition for seed dispersal
services may not necessarily result in negative outcomes for
native species if these benefit from the additional dispersers
brought into the area by the resources provided by alien plant
species (van Leeuwen, 2018).

Alien plant species can also have cascading effects on urban
seed dispersers by modifying the habitat. For example, weed
invasions may lead to alterations in the ant disperser community,
potentially changing the seed removal rates of both alien and
native species (Grimbacher and Hughes, 2002). The overall
effects of alien plant species on the ecosystem thus depend on
the direct competition with native species for dispersal services
and the indirect effects on local dispersers through modification
of the environment. However, their success in competition with
local species will influence their invasive potential within urban
areas and beyond.

ADAPTATIONS OF ANIMALS TO
URBANIZATION AND CONSEQUENCES TO
ZOOCHORY

There is increasing evidence that features of the urban
environment cause rapid evolutionary change in urban plants
and animals (Alberti et al., 2017; Rivkin et al., 2018). Selective
pressures in urban areas include human presence, the heat
island effect (Brans et al, 2017, 2018), changes in food
and material resources, higher toxin concentrations than in
natural environments (Johnson and Munshi-South, 2017), and
the already discussed habitat disturbance and fragmentation
(section Seed Dispersal in the Urban Mosaic). Furthermore,
changes in the community and the associated mutualistic species
interactions could also act as a selective pressure for species
within the network. Evolutionary change results from the
general effects of such selective pressures, combined with genetic
drift, reduced gene flow, and bottleneck effects due to small,
isolated populations (Alberti et al., 2017). Rapid adaptations,
as well as non-adaptive changes, lead to declining genetic
diversity within urban populations, while genetic differentiation
between urban populations increases (Johnson and Munshi-
South, 2017). The consequences for zoochory processes depend
on whether the plant and disperser coevolve in a way that
mutualistic relationships are retained. Nonetheless, even when
mutualistic relationships are retained, seed dispersal efficacy of
animals—dispersal distance, microhabitat of deposition sites, and
germination success—can all be affected when animals adjust
their behavioral, movement and dietary patterns in response
to urbanization.

Behavioral Responses of Urban Dispersers
to Humans and Other Animals Have

Consequences for Seed Dispersal
Urban vertebrates tend to express more bold and explorative
behaviors (Prosser et al., 2006; Martin and Réale, 2008; Evans
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et al,, 2010; Uchida et al., 2016), less vigilance (Chapman et al.,
2012), and even lower stress response to human proximity
(Sol et al, 2018; Weaver et al,, 2018) than conspecifics in
rural environments. Evidence from urban and rural blackbird
populations suggest changes in behavior could be genetically
determined and heritable, as genetic divergence was found for
a gene associated with harm avoidance (Mueller et al., 2013).
Despite such evidence of increased tolerance to human presence,
many studies have also observed increased avoidance-related
behaviors. Diurnal animals might become more active at night
(Gaynor et al, 2018) or animals might alter their movement
ranges (Tracey et al., 2013; Tucker et al, 2018) and feeding
patterns (Fernandez-Juricic and Telleria, 2000) when exposed to
human activity. Changes in intra- and inter-specific interactions,
and predation risk created by urbanization may change disperser
behavior, e.g. foraging behavior (McConkey and O’Farrill, 2016)
altering seed dispersal processes within the urban environments.

Intra- and interspecific competition can specifically influence
behaviors with consequences for seed dispersal effectiveness. For
example, the population density of flying foxes on small islands
in Tonga was positively associated with dispersal distances
due to changes in intra-specific competition (McConkey and
Drake, 2006). At low densities, the bats appear to feed in
situ and drop seeds under the parent tree, whereas at high
densities, to avoid aggressive interactions in the fruiting trees,
they transported the fruit to feed elsewhere, increasing seed
dispersal distances (Richards, 1990). A similar phenomenon was
also observed in three bat species of a suburban habitat in
India (Mahandran et al.,, 2018). The largest bat species, which
consumed overall more fruits, often consumed fruit in situ
leading to short seed dispersal distances, and when intraspecific
aggressions arose, they had longer seed dispersal distances.
Dispersal effectiveness by smaller bat species was also apparently
influenced by the avoidance of interspecific competition, as
they typically carried fruit away to a feeding roost at varying
distances from the parental tree. Another example of the effect of
interspecific interactions on seed dispersal patterns is peri-urban
eastern gray squirrels (Sciurus carolinensis), which modified their
choice of caching sites in response to the presence of potential
competitors (Steele et al., 2015).

Consequences of Changes in Movement
Patterns of Urban Dispersers on Seed

Movement
Urban areas have been associated with changes in average animal
movement distances, with potential consequences for seed
dispersal distances. Shorter movements are generally observed
in areas affected by humans, likely due to reduced habitat
availability or higher local food availability that reduces the
need to travel long distances to forage (Tucker et al., 2018).
However, the effect of urban areas on movement patterns varies
according to the scale of measurement, as urbanization affects
animal movement patterns on multiple scales within and beyond
urban areas.

At the scale of habitat patches, habitat preference and
avoidance of open areas may influence seed movement. For

example, preference for nesting in forest interiors by ants in
exurban areas, changed ant movement away from forest edges,
changing seed dispersal directionality and leading to a reduced
presence of ant-dispersed woodland herbs on forest edges
(Warren et al., 2015). Scatter hoarders had faster seed removal
rates and shorter dispersal distances along forest edges due to
edge avoidance (Niu et al., 2018). Seed movement at the scale
of habitat patches may be affected more at a higher urbanization
degree with stronger fragmentation, smaller fragment sizes and
greater edge proportion (see also section Seed Dispersal in the
Urban Mosaic).

At an inter-patch level, the discontinuity of suitable habitat
in the urban mosaic could also lead to increased seed dispersal
distances in species with home ranges larger than the typical
patch size. For example, reduced availability of foraging and
roosting areas increased the distance between core areas used by
mallards, resulting in longer-distance seed dispersal (Kleyheeg
et al., 2017). The study was not restricted to urban sites, but
the processes likely apply also to urban areas as mallards are
common inhabitants of urban parks. Dispersal between patches
may be facilitated by corridors with vegetation favoring disperser
movement. For example, the linear distribution of host trees of
bird-dispersed mistletoe Phoradendron affine, artificially planted
along roadsides, may change directionality of seed dispersers
(e.g., Euphonia chlorotica) and increase seed dispersal distance
as opposed to rural areas, where host trees were naturally
distributed in clumps (Kiyoshi Maruyama et al., 2012). Research
from agricultural areas shows the clearance of vegetation along
roads may also result in longer seed dispersal distances by ants
(Palfi et al., 2017). Therefore, management of vegetation along
roadsides may be key in managing urban seed dispersal.

Atalarger scale, some migratory urban birds showed a decline
in migratory tendencies (Partecke and Gwinner, 2007) and others
showed anticipation of migratory movements in urban areas due
to the heat island effect (Tryjanowski et al., 2013). As migration
is one of the mechanisms for long-distance dispersal, shifts in
migration could substantially influence the “long tail” of seed
shadows for dispersed plant species.

Consequences of Dietary Changes of

Urban Seed Dispersers on Seed Rain

The altered community structures, including the high abundance
of alien plant species, and the availability of anthropogenic food
items may induce shifts in the diets of urban dispersers, with
potential effects on the diversity and richness of seeds dispersed.
A preference for alien species has been observed in red foxes in
certain areas (Cancio et al., 2017); in gray squirrels dispersing
seeds at an urban cemetery (Thompson and Thompson, 1980);
and in the argentine ant (Linepithema humile), which preferred
seeds of the invasive South African shrub Polygala myrtifolia
(Rowles and O’Dowd, 2009). In this case, body size of ant
dispersers in relationship to diaspore size may be an important
determinant of their differential preference between diaspores
of native and alien plants (Gorb and Gorb, 1995). In fact, in
Sydney, Australia, invasive fruit species with similar seed size as
native species were removed by ants at a similar rate (Grimbacher
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and Hughes, 2002). Seeds of a large number of native and alien
species have been observed in the scats of urban canids, viverrids,
and mustelids (Tsang and Corlett, 2005; Corlett, 2011; D’hondt,
2011; Tsuji et al, 2011; Cancio et al., 2017), suggesting that
omnivorous predators are also important dispersers in urban
areas. A disperser preference for alien plants may also disrupt
the dispersal of some native species (Bermejo and Guitian,
2000; Lopez-Bao and Gonzélez-Varo, 2011; Rost et al., 2012), by
dispersing alien seeds instead of native seeds.

The abundance of food items from garbage in urban areas
and other artificial sources of food, such as bird feeders, can also
modify the diets of seed dispersers, in particular for opportunistic
frugivores, ultimately influencing seed rain in terms of species
richness and abundance. For example, regurgitated pellets of
urban rooks contained mostly seeds from fleshy fruits, thought
to result from higher consumption of garbage in urban areas,
since pellets of rural rooks contained mostly seeds from dry-
fruits (Kitowski et al., 2017). The diet of red foxes contained
more fruits and berries from anthropogenic sources (i.e., garbage
and orchards) in urban areas than in peri-urban areas (Contesse
et al., 2004) potentially influencing dispersed species richness
in different areas. Finally, evidence of a preference for bird
feeders can be seen by changes in beak morphology of an urban
population of finches in Tucson, USA, directionally selected
toward larger sizes as a result of the advantage provided by
bird feeders which contain larger and harder seeds than natural
seeds in the surrounding habitat (Badyaev et al., 2008). Bird
feeders may therefore potentially influence seed shadows created
by birds. When behavioral and morphological changes in animals
lead to a more frequent dispersal of some types of seeds at the
expense of others, it may, in turn, serve as a selective pressure for
the plants that rely on zoochory for their dispersal.

POTENTIAL EVOLUTIONARY CHANGES IN
PLANTS IN RESPONSE TO ALTERED SEED
DISPERSAL

Plant species might adapt to the novel dispersal challenges via
changes to their seed or fruit morphology or even phenology.
Diaspore characteristics, including dispersal mode, appears to
be a relatively flexible construct that represents a continuum
rather than a discrete trait, and as such, is amenable to relatively
rapid evolutionary change (Vander Wall and Longland, 2004;
Forget et al., 2005; Cheptou et al., 2008; Galetti et al., 2013). In
evidence of such processes, a gradual reduction in palm seed
size has been observed in fragmented tropical forests where
large-gaped frugivores have been lost (Galetti et al., 2013), and
similar changes may be predicted in urban areas where body
size of birds has been reduced (Battisti and Dodaro, 2016). We
are aware of no research demonstrating evolutionary responses
of urban plants to changes in animal-mediated dispersal. The
potential for rapid evolutionary change due to urbanization
has, however, been demonstrated in wind-dispersing plants.
Cheptou et al. (2008) found that seed size of holy hawkbeard
(Crepis sancta) evolved in urban areas to favor a morph
adapted to short-distance dispersal over a wind-dispersed morph

that disperses over longer distances. Later research suggested
the differentiation in the life history of the plant may be
due to higher isolation of subpopulations within the urban
environment (Dubois and Cheptou, 2017).

Other studies have identified relevant changes in plant
life history in urban areas, such as changes in fecundity,
growth rate and phenology (Brans et al., 2018). In common-
garden experiments, seeds of Virginia pepperweed (Lepidium
virginicum) from urban populations produced more seeds than
those collected from rural populations. Furthermore, plants from
urban populations were phenotypically and genetically more
homogenous than those from rural populations (Yakub and
Tiffin, 2017). More general evidence of the adaptive potential of
fecundity was demonstrated by Thompson and McCarthy (2008)
who found heavier seeds to predict higher success in native
plants within urban habitats. Interestingly, this relationship was
the opposite in non-native plants within urban habitats. Plant
phenology may also change (possibly due to the “heat island
effect”), as suggested by the accelerated germination time and
thus earlier flowering of urban common ragweed (Ambrosia
artemisiifolia) relative to rural conspecifics (Gorton et al., 2018).
The phenology and fecundity of certain species within urban
environments can alter resource availability and distribution for
seed dispersers, which in turn might influence the abundance
and effectiveness of those animals as dispersers. Together, these
findings suggest a strong potential for plants to adapt to
challenges posed by features of the urban environment, possibly
including adaptive responses to the changes in the communities
and behaviors of their dispersers.

DISCUSSION
The reviewed literature shows strong evidence of
interdependence between urban zoochory and broader

ecosystem dynamics. Given the predominance of animal-
dispersed plants in urban areas (Knapp et al., 2008; Burton et al.,
2009; Marco et al.,, 2010). zoochory is integral in sustaining
urban vegetation patches. As such, zoochory represents an
important ecosystem function in urban areas, but its success
relies on the adaptability and effectiveness of the animal
dispersers that themselves inhabit a disturbed, fragmented
environment. The literature we reviewed highlighted a range
of consequences, limitations, and side effects of the disperser
community composition and behavior on seed dispersal in
the urban mosaic, as well as their interdependence with the
surrounding environment (Figure 1):

1. Urbanization alters various aspects of zoochory (Figure 1,
black continuous arrows).

a. Fragmentation and degradation lead to changes in the
abundance, movement, and diets of dispersers, with
concurrent changes in inter-specific interactions and seed
predation All of these have consequent effects on seed
dispersal patterns (see sections Seed Dispersal in the Urban
Mosaic, and Adaptations of Animals to Urbanization and
Consequences to Zoochory).
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Altered communities
(defaunation, disperser abundance, plant and
animal species assemblage, alien species)

Urban habitat mosaic
(habitatloss, degradation, loss of
connectivity)

Altered species interactions
(functional replacement,
competition, seed predation)

cmmmmmmEmasssssEEn .
Altered disperser behavior |
(movement patterns, feeding %,
behaviors, dietary changes)

Urban zoochory
(seed removal rate, dispersal distance,
germination success, competition
among plants for dispersers)

Local adaptation
(genetic changes in plantsand animalsin
response to urban selective pressures)

FIGURE 1 | Interdependence between zoochory processes and the urban ecosystems. The urban effects of an altered habitat on zoochory may be direct (e.g., by
influencing the abundance of dispersers or their success) or mediated through changes in seed disperser behaviors and novel species interactions (black continuous
lines). In turn, seed dispersers shape urban vegetation within the mosaic, strengthening or weakening the processes within the urban habitat (black dashed lines).
Complex interactions exist between the urban plant and animal networks, disperser behaviors, and local adaptations of populations in the urban habitat mosaic (gray
continuous lines). Zoochory also has the potential to directly influence local adaptations if it acts as a selective pressure. Plant dispersal outcomes and ecosystem

dynamics are thus linked to zoochory processes in urban areas.

b. Dispersed plant communities and disperser communities
are altered through habitat loss, defaunation, and a high
presence of alien species. These changes influence the
abundance of individuals and assemblage of species
available to form mutualistic relationships and maintain
functioning dispersal networks. Presence of alien animal
species may also influence levels of seed predation,
influencing germination success. In addition, the
availability and potentially higher attractiveness of
alien plants to dispersers may increase the competition for
dispersal services between native and alien plants, leading
to further selective pressures for plant dispersal (see section
Urban Communities and Species Interactions).

. Strong  selective pressures and small, fractioned
populations, lead to urban evolution and phenotypic
adjustments in both dispersed plants and animal disperser
species. If such changes are adaptive, they can improve
the persistence of a species in the urban environment but
could disrupt pre-existing seed dispersal processes if the
plants and their dispersers do not co-adapt successfully
(Figure 1, gray arrows) (see sections Adaptations of
Animals to Urbanization and Consequences to Zoochory,
and Potential Evolutionary Changes in Plants in Response
to Altered Seed Dispersal).

2. Animal seed dispersal feeds back into the ecosystem
dynamics by shaping the urban environment (Figure 1, black
dashed arrows).

a. Animal seed dispersal in urban areas plays a fundamental
role in connecting habitat patches, contributing to the

regeneration of degraded habitats, and maintaining the
renewal of plant populations within green areas. These
may even sustain directional dispersal into suitable habitats
within the degraded and patchy urban mosaic (see section
Seed Dispersal in the Urban Mosaic).

. Zoochory can also be detrimental for local communities,
promoting the spread of potentially invasive alien species
through urban areas and even toward surrounding natural
habitats (see sections Urban Communities and Species
Interactions, and Adaptations of Animals to Urbanization
and Consequences to Zoochory).

Because of the complex interrelationships between urban plants,
dispersers, and their surrounding landscape, the molding
of urban dispersal networks and zoochory processes in
cities can vary among systems. However, research on urban
zoochory to date has focused on a fairly small number of
study systems (Tables1, 2). Most of the reviewed research
focused on seed dispersal by birds and terrestrial mammals
in big cities (>0.5 million inhabitants) in the temperate
region of the Northern Hemisphere, therefore potentially
representing relatively simple seed dispersal networks. Despite
the complexity of seed dispersal systems, the patterns of
interdependence between zoochory and ecosystem dynamics we
have discussed should apply across systems. The relative strength
and importance of the different associations may vary. The effects
of urbanization on seed dispersal depend on how the local
dispersers react to urbanization, but also on whether changes
in one dispersal interaction are compensated for or further
disrupted by other actors in the urban species community.
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Research into these complexities has only begun but presents
unsurpassed opportunities for better understanding fundamental
zoochory processes, examining changes in species interactions
in anthropogenically altered environments; and maintaining
essential urban ecosystem services on an increasingly urbanized
planet. Below, we will identify the current most significant gaps
in the research, propose actions to address these open questions,
and present evidence for the potential gains from investing in
systematic research on urban zoochory.

Future Directions

So far, empirical investigations of urban zoochory have primarily
been restricted to observational studies of seed dispersal
processes and seed removal experiments. While such studies
can provide a useful starting point, they alone cannot address
the more complex mechanisms operating in urban zoochory
networks. We identify some of the most pressing open
questions in the field and suggest approaches to proceed in
addressing them.

From Focusing on Single Interactions Toward
Understanding Networks

Understanding plant-animal seed dispersal interactions of
urban areas in a community context is necessary to draw
valid conclusions about evolutionary and ecological processes
(Vazquez et al,, 2009). However, future studies should move
beyond the examination of specific interactions between a small
number of plants and their dispersers and aim to examine
entire seed dispersal networks. So far, only one study has
comprehensively analyzed seed dispersal networks of birds in an
urban park (Cruz et al., 2013). Since different dispersers in the
network can affect overall seed dispersal effectiveness differently
according to their diet and movement patterns (Mello et al., 2011;
Correa et al,, 2016), analyzing seed dispersal networks can give a
sense of the robustness of the community. Also, seed dispersal
networks can describe seed dispersal connectivity within the
landscape mosaic better than single animal-plant interactions
given the versatility of seed dispersal interactions (Timoteo et al.,
2018). Network nestedness and modularity (i.e., number of
interactions and distribution of links), level of redundancy of
the links, and dietary specialization of dispersers can all provide
information on the resilience and robustness of the community
(Burgos et al., 2007; Bastolla et al., 2009; McConkey and Drake,
2015). In tropical seed dispersal networks, higher plant diversity
and lower fruit abundance (in fragmented landscapes) have been
related to less specialized seed dispersal networks (Schleuning
et al., 2012; Chama et al., 2013), and we would expect a similar
pattern in urban areas. Furthermore, urbanization could be
affecting the redundancy of interactions, by altering disperser
abundance and habitat use (Blendinger, 2017).

The study of seed dispersal networks in urban areas would
benefit from methods commonly used to track seed movements
in natural areas, such as genetic barcoding of disperser species
from fecal matter remaining on dispersed seeds (Gonzélez-Varo
et al., 2014), color-coding for identification of seeds in fecal
samples (Gonzdlez-Varo et al., 2017b), or maternal identification

of seed coats and seedlings through microsatellite genotyping
(Godoy and Jordano, 2001; Smouse et al., 2012).

From Urban Forests Toward Understanding
Connectivity Within Cities and Beyond

To complement the existing research, more information is
needed on the functional connection through seed dispersal
between urban areas and the surrounding natural areas, and
between different habitats within the urban mosaic. Urban areas
can be major barriers for plant dispersal at the landscape level,
disrupting gene flow from one side of an urban area to the other.
However, most studies to date have focused on seed dispersal
within urban forests, leaving out seed dispersal across the urban
matrix. Therefore, little is still known about the movement of
seeds and dispersers among the different habitats within the
urban mosaic, or about the magnitude of dispersal disruption
across the wider landscape due to urban barriers. Furthermore,
the proximity and quality of the surrounding environment
probably influence biodiversity within green urban patches, but
this possibility has yet to be examined. A better understanding
of seed flow between urban habitats and across urbanized areas
can inform management measures on how to better sustain
natural seed dispersal processes, to reduce the spread of invasive
species, or increase the regeneration rate of degraded areas and
vacant lots.

To analyze connectivity within and across cities, plant
movements and community changes across large distances
should be examined. A possible approach would be the
combined use of landscape genetics methods (Machon et al.,
2003; Manel and Holderegger, 2013; Miles et al., 2018) and
extensive observational or experimental approaches estimating
seed dispersal patterns (Kiyoshi Maruyama et al., 2012; Kleyheeg
et al., 2017). To analyze regeneration of degraded habitats,
useful approaches include examining spatio-temporal succession
or recolonization of severely degraded areas, such as vacant
lots (Johnson, 2015; Johnson et al., 2018) or of former
landfills (Robinson and Handel, 2000).

From Observing Urban Fragmentation Toward

Understanding Its Evolutionary Consequences

The consequences of isolation of populations within fragmented
urban landscapes on urban zoochory processes have barely
been examined. However, the extreme fragmentation of urban
habitats is one of the reasons to expect genetic changes in urban
populations, and thus also the potential for plant-disperser co-
adaptations. Further research on the effects of isolation in urban
communities is needed to understand whether urban movement
barriers can influence adaptation rates of plants, dispersers,
and plant-disperser co-adaptations. On one hand, isolation can
enhance the rate of local adaptation by disrupting gene flow,
and thus may also allow for more rapid co-adaptations of
plants and their short-distance dispersers. On the other hand,
isolated populations are more susceptible to local extirpation,
and any long-distance dispersal could even have negative effects
through outbreeding depression (Johnson and Munshi-South,
2017). Most of what we know so far in terms of local adaptation in
urban areas is for wind-dispersed species. Wind—dispersed plants
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with alternative dispersal morphs can show a tendency toward
one morph in fragmented urban environments vs. continuous
populations, leading to adaptation over generations (Cheptou
et al.,, 2008). Furthermore, in such dispersal mode, roads can
counteract isolation by acting as corridors for long dispersal
events (Kowarik and von der Lippe, 2011). We are not aware of
any studies demonstrating local adaptation to animal-mediated
dispersal due to urbanization, despite its high representation in
urban areas. If animal movement is restricted, local adaptation
should be enhanced (Arendt, 2015), as evidence shows limited
seed exchange can create high population substructure and
provide the opportunity for divergence through genetic drift
(Twyford et al., 2014). Furthermore, changes in inter-specific
competition between dispersers, created by urbanization, may
also promote rapid evolution (Hart et al., 2018). However, pollen
dispersal may compensate for gene flow restriction by seed
dispersal (Scheepens et al., 2012) and should not be overlooked
when estimating genetic connectivity.

Local adaptation has been successfully examined with
common-garden experiments (Kawecki and Ebert, 2004;
Cheptou et al., 2008) and landscape community genomics
(Hand et al., 2015). Prospective methods to analyze genetic
differentiation in isolated areas within cities include next-
generation genomic tools (Sork, 2016) combined with improved
statistical approaches examining spatial distributions (Safner
etal., 2011; Renner et al., 2016).

From Patterns of Seed Rain Toward Patterns of
Regeneration

Finally, animal-mediated seed dispersal dynamics
often conjectured from plant distributions or seed banks in
combination with the most likely primary dispersal mode of
the species present. However, the final location of most seeds
is a result of more than one dispersal mode or vector (Ozinga
et al., 2004). In the fine-scale mosaic of microhabitat suitability
of highly managed and disturbed sites, recruitment success
may be significantly influenced by the fine-scale movements
of seeds by invertebrates. So far, few studies have analyzed
microscale processes by invertebrates and of other secondary seed
dispersal vectors influencing recruitment success. In the seed
dispersal literature in general, and in urban areas in particular,
there is a pressing need to better account for seed fates and
the contribution of different dispersal vectors to recruitment
success (Vander Wall and Longland, 2004; Forget et al., 2005;
Himildinen et al., 2017). The estimation of seed dispersal
effectiveness (Schupp, 1993; Schupp et al, 2017) without
knowledge of plant recruitment is of limited use for predicting
plant distributions and evolutionary responses.

Models that incorporate all relevant aspects of the dispersal
process from seed removal to post-dispersal events across
different landscape features would be valuable for the analysis
of effective seed dispersal networks, by-passing shortcomings
of interpretations created by excluding recruitment success
(Kleyheeg et al., 2017). Recruitment success may also be included
into the study of seed dispersal networks by analyzing seedling
distribution (Donoso et al., 2016) or parentage analysis of
seedlings (Ismail et al., 2017).

were

Managing Urban Zoochory as an

Ecosystem Service

Given the integral role of seed dispersal in maintaining ecosystem
dynamics in cities and functional connectivity within and across
cities, understanding urban seed dispersal should become a
priority for urban management strategies. Connectivity between
urban green areas could be improved by retaining pockets
of natural vegetation (Lepczyk et al, 2017), developing a
greenway network of backyards habitats and planted boulevards
(Rudd et al, 2002), and creating wildlife corridors, such as
linear transportation structures, e.g., railroads (Penone et al,
2012), soft linear developments (Sudrez-Esteban et al., 2013),
forest-like environments (Da Silveira et al., 2016) and high
canopy areas (Gonzélez-Varo et al., 2017a). Minimally managed
parks that foster various stages of ecological progression,
permit animal movements and maintain long-distance dispersal,
could additionally help maintain diversity within the plant
communities. Even small protected areas within cities can
serve as seed sources of a large number of plant species for
surrounding areas (Dyderski et al., 2017). Studying the influence
of urbanization on seed dispersal networks of keystone native
species, such as the significant role of Eurasian jays in the
dispersal of oaks, and that of red foxes in the dispersal of Jujube
(Ziziphus lotus) (Lundberg et al., 2008; Cancio et al., 2017), would
be of particular interest in terms of the maintenance of remnant
vegetation. The manipulation of seed disperser movement
patterns (Gosper et al., 2005), for example by enhancing existing
infrastructures or improving habitat structural connectivity
(Beninde et al., 2015), could prove effective in achieving these
management goals.

Efforts to sustain seed dispersal networks are valuable not
only because they sustain ecosystems, but also because the
maintenance of ecosystem services, such as seed dispersal can
have substantial economic value. For example, the sustained
oak regeneration by Eurasian jays in Stockholm city has been
valued at $2,100-$9,400 per hectare annually, based on the
estimated cost of manually planting an equal number of oaks
(Hougner et al., 2006). Combined with the benefits of urban
biodiversity for human health and quality of life (Jackson, 2003;
Tzoulas et al., 2007), conserving urban seed dispersal networks
should be considered a key component in the planning of
sustainable cities and surrounding environments. The value of
sustaining functional ecosystems is critical to biodiversity and
human wellbeing, and its value increases in significance as
habitat alterations and climate change place pressure on diaspore
movement across the landscape.

Urban Dispersal Networks as a Model for

Seed Dispersal Dynamics

The complexity of urban communities and habitats, their
novel interspecific interactions and phenotypic changes of
plants and animals can lead to very dynamic seed dispersal
networks. Common characteristics of urban environments,
such as increased anthropogenic pressure, fragmentation
and edge effects, prevalence of invasive organisms, and
commonality of local extinctions, mirror some of the most
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widespread threats to ecosystems across landscapes (Sundriyal
and Sharma, 1996; Wright, 2005; Portugal et al., 2016; Grizzetti
et al., 2017). Therefore, urban development serves as an
exceptional, easily accessible, and replicated experiment
that can vyield important insights into eco-evolutionary
processes under such threats (McDonnell and Pickett, 1990;
Johnson and Munshi-South, 2017; Rivkin et al., 2018).

First, the highly variable urban environment, with its
“unnatural” species assemblages and altered communities, can
create novel dispersal interactions via replacement of lost
primary dispersers with functionally similar native or alien
species that are more tolerant of the urban environment
(Blendinger, 2017; section Effects of Altered Communities
on Urban Seed Dispersal). The study of such functional
replacements can provide ways to examine the evolution of
species interactions and the adaptability of communities to
changing environments.

Second, an improved understanding of seed dispersal
processes in fragmented and degraded urban settings could be
further used to understand the movement of zoochorous plants
across diverse landscapes under similar degradation conditions
at different spatial scales, for example under loss of natural
habitat or climate change. Such information can be used to
predict the range expansion of animal-dispersed plants, with
particular relevance for distribution modeling under climate
change scenarios.

Third, urbanization has been referred to as “the best
and largest-scale unintended evolution experiment” (Johnson
and Munshi-South, 2017) because of the rapid evolutionary
change observed in numerous organisms across thousands
of cities around the world. This replicated experiment offers
opportunities for large-scale, coordinated comparative studies.
Such goals might be accomplished by making use of unexplored
methods in zoochory research, such as standardization of data
collection protocols and citizen science. A promising example of
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GLOSSARY

Anemochory, anemochorous
Anthropogenic disturbance

Built environment

Diaspore
Ecosystem service
Ecosystem dynamics

Elaiosome

Endozoochory, endozoochorous

Exurban
Functional replacement

Heat island effect

Myrmecochory, myrmecochorous
Natural environment

Peri-urban

Seed shadow

Soil seed bank
Synzoochory, synzoochorous
Urbanization

Wind-mediated dispersal. Plants that are primarily dispersed by wind are referred to as anemochorous plants

Human impact on the environment, such as vegetation clearing, fragmentation through construction, human presence, or the
introduction of invasive species

Aspects of the surroundings that are built by humans, including all forms of buildings (housing, industrial, commercial) and
infrastructure that supports human activity (e.g., transportation networks)

The dispersing unit of a plant, consisting of the seed and associated tissues that facilitate dispersal, such as the elaiosome
Functions performed by ecosystems, that are beneficial for humans in some way

Ecosystem processes that change over time, such as plant regeneration and turnover, gene flow, resource abundance and
distribution

Nutrient-rich structure attached to a seed that attracts seed-dispersing animals. The tissues are typically oily and protein-rich and
attract ants

Seed dispersal through ingestion by animals, followed by regurgitation or defecation of viable seeds. Plants that are primarily
dispersed by animal ingestion and defecation are referred to as endozochorous plants

Commuter towns or neighborhoods located in the outskirts of cities, typically beyond the suburbs immediately connected to the city
Replacement of the ecosystem function of one species by another species in a way that maintains the ecosystem function

Urban areas form heat islands because heat is generated and trapped in the physical urban environment, making urban areas
warmer than the surrounding landscape

Ant-mediated dispersal
Ecological units without much human interference, considered natural systems.
Areas immediately surrounding urban areas, urban periphery

“the spatial pattern of seed distribution relative to parent trees and other conspecifics; it results from the process of seed dispersal
and represents the starting template for plant regeneration” (Jordano and Godoy, 2002)

The quantity of dormant but viable seeds found in the soil or substrate
Seed dispersal through deliberate transportation of seeds by animals, such as for the purpose of caching

The process of an area becoming urbanized, taking characteristics of a city, an inhabited place of greater size, population, or
importance than a town or village.
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