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Abstract: Plants differ widely in their ability to find tolerable climatic ranges through seed dispersal,
depending on their life-history traits and habitat characteristics. Following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, a systematic review on seed
dispersal mechanisms was conducted to elucidate plant seed movements amid changing environ-
ments. Here, the highest relative count of studies was found in Spain (16.47%), followed by Brazil
(14.12%), and the USA (14.12%). The megadiverse, hotspot countries (e.g., Philippines, Vietnam,
Myanmar, India, and Indonesia) and Africa (Tanzania, South Africa, Democratic Republic of the
Congo) have very low to no data about the reviewed topic. The effects of land use changes, habitat
degradation/disturbances, climate, and extreme weather conditions on seed dispersal mechanisms
and agents had the highest share of studies across topics and countries. Plant diversity and distri-
bution of anemochorous, endozoochorous, epizoochorous, hydrochorous, myrmecochorous, and
ornithochorous species are seriously affected by changing environments due to altered long-distance
seed dispersal. The fruit types commonly associated with endozoochory and ornithochory are species
with achene, capsule, drupe, fleshy, and nut fruits/seeds, whereas achene, capsule, samara/winged
seeds are associated with anemochory. The present review provides a summary of evidence on
how plants are affected by climate change as populations of dispersal vectors decline. Finally,
recommendations for further study were made based on the identified knowledge gaps.

Keywords: defaunation; habitat fragmentation; spore dispersal; propagule dispersal; PRISMA;
zoochory

1. Introduction

Climate change is contributing to the rapid range shift and loss of plants and animals
towards higher elevations as they keep up with elevated atmospheric CO2 concentrations, a
warming climate, and altered precipitation regimes [1,2]. Many species will have to relocate
as the climate warms to function and survive according to temperature and precipitation
ranges that they can tolerate. As plants are immobile, they are expected to differ widely in
their ability to find climatic ranges they can tolerate, depending on their traits and habitat
characteristics [3]. One way to explain how disperser species range shifts and track climate
change is by quantifying species dispersal ability based on dispersal-related traits (e.g.,
vectors, seed mass, seed/fruit types).

Seed dispersal, defined as the transport of seeds, spores, or propagules away from
the mother plant, is one of the key processes in ecology and biodiversity conservation.
Dispersion of seeds is the first spatial demographic process that can determine potential
range shifts [4]. It is also a critical factor driving plant ecological responses to global
environmental changes [5]. Environmental changes can disrupt the seed dispersal process,
and such a disruption might either increase or decrease dispersal distance depending on the
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dispersal mode of the species [6]. For example, anemochorous seeds (wind-dispersed) can
travel much further in open or disturbed landscapes than in dense or undisturbed forests
because of contrasting wind speed, direction, and intensity [7]. Thus, any type of severe
habitat disturbance will significantly alter the patterns in seed movement, recruitment, and
establishment of plant populations [8].

However, the literature on seed dispersal is focused on the dispersal syndrome hy-
pothesis (DSH) or co-adapted syndrome, which states that fruits and dispersal vectors co-
evolved (mutualistic interactions) influencing the foraging strategies of dispersers (e.g., [9]).
A large amount of information focuses on only one environmental change driver (e.g.,
habitat fragmentation) affecting the seed dispersal processes (e.g., [10]). Although there are
overwhelming theoretical studies on the enumeration or assessment of dispersal vectors of
a particular group of plants (e.g., [11–13]), information on how the dispersal mechanisms
of many plants evolve in a changing environment remains scarce. While studies on how
global environmental drivers and their interaction affect plant movement have consider-
ably received much attention [6,14], the mechanisms by which changing environmental
conditions affect seed transport between sites are still unclear because of contrasting re-
sults. These contrasting results are attributed to geographical locations, species life-history
traits, variability in seed dispersal-related traits, habitat structure, and complex mutualistic
interactions. The seed dispersal capacities of many species are also not known, which
limits our understanding of the seed dispersal disruption caused by global change drivers.
Moreover, studying how plant populations track their niche through seed dispersal in a
changing environment is also empirically difficult to study due to logistical and technical
challenges [15].

Consequently, a systematic review of the current state of the literature about seed
dispersal mechanisms in a changing environment was conducted to help us understand
how plants keep up with climate change as populations of dispersal vectors decline. The
obtained literature was summarized and analyzed to give insight into (1) the geograph-
ical distribution of studies about seed dispersal in a changing environment; (2) how the
changing environment affects seed dispersal; (3) whether changing environment reduces or
enhances plants dispersal abilities; (4) seed/fruit dispersal-related traits, and (5) research
directions. The present review is relevant to understanding plant seed movements in the
face of anthropogenic climate change.

2. Results

The literature search returned 10,651 articles from three databases (ScienceDirect,
PubMed, and Google Scholar) and direct search. After the selection process, only
118 peer-reviewed articles were left for further analysis. The present systematic review
found the highest number of studies in Spain (16.47%), followed by Brazil (14.12%), and the
USA (14.12%) (Figure 1). Australia, China, Israel, and the Netherlands had only 4.71–5.88%
relative count of studies. Most of the megadiverse countries in Asia (e.g., Philippines,
Vietnam, Myanmar, India, and Indonesia) and Africa (Tanzania, South Africa, Democratic
Republic of the Congo) have very low to no data about the reviewed topic.

The effects of land use changes, habitat degradation/disturbances, climate, and
weather on seed dispersal had the highest share of studies across topics and countries
(Figure 2). Under land use changes, the effects of urbanization, forest or grassland con-
version into agricultural lands, and any forms of natural landscape modifications on seed
dispersal mechanisms, were frequently studied. The topics identified under habitat degra-
dation/disturbance include human-induced habitat fragmentation, deforestation, runoff
and erosion, hunting/harvesting pressure, and defaunation. Topics such as seed dispersal
in heterogeneous environments and changing landscapes were also frequently studied.
Studies on the effects of climate change, rainfall and temperature gradients, and extreme
weather conditions on seed dispersal modes and agents for various groups of plants were
also common in many countries.
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Figure 2. Frequently studied topics about seed dispersal mechanisms in a changing environment
across countries.

Studies about the effects of topography (e.g., elevation gradient and slope), drought/
water stress, and air movement (e.g., speed and direction) ranked second in the relative
count of topics. Natural fires and floods and seed dispersal patterns had the lowest relative
count of studies across countries.

Results of the present systematic review revealed the most and least frequently studied
dispersal modes depending on fruit type (Table 1). Here, the endozoochory seed dispersal
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had the highest relative count (33.33%), followed by ornithochory (22.58%), and anemo-
chory (17.21%). The other identified dispersal modes that are affected by the changing
environment include hydrochory, myrmecochory, epizoochory, and autochory/ballochory,
with less than 10% relative count of studies.

Table 1. The identified most frequently studied dispersal strategies by fruit type in the reviewed studies.

Dispersal Mode Relative Count (%) Fruit Type Example Species

Anemochory 17.21 Achenes, capsule, winged
seeds/samara

Erigeron bonariensis, Pinus halepensis,
Swietenia humilis

Autochory/Ballochory 3.24 Dehiscent pod Pentaclethra macroloba

Endozoochory 33.33 Capsule, drupe, fleshy, nuts, Tristerix corymbosus, Ficus carica,
Duckeodendron cestroides

Epizoochory 6.45 Achenes, drupe, dry dehiscent,
fleshy, winged seeds/samara

Choerospondias axillaris, Carapa procera,
Heterosperma pinnatum

Hydrochory/ichthyochory 9.68 Buoyant seeds, drupe Lolium perenne, Trifolium repens, Iris
pseudocorus

Myrmecochory 7.53 Achenes, capsule, fleshy Eucalyptus tetrodonta, Hepatica nobilis,
Trillium undulatum

Ornithochory 22.58 Capsule, drupe, fleshy, nuts, Prunus avium, Quercus serrata, Olea europaea

In the reviewed studies, the commonly associated fruit types with endozoochory or
animal-mediated seed dispersal are species with achene, capsule, drupe, fleshy, and nut
fruits/seeds, such as those in Tristerix corymbosus, Ficus carica, Duckeodendron cestroides.
Ornithochorous (bird-dispersed) and endozoochorous species typically have the same fruit
types. Contrarily, fruits or seeds of wind-dispersed species (e.g., Erigeron bonariensis, Pinus
halepensis, Swietenia humilis) are generally achene, capsule, or samara/winged.

Table 2 shows the morpho-structural, biochemical, and molecular traits related to short
or long-distance seed dispersal modes of different plants. Depending on pericarp consis-
tency, fleshy fruits may be grouped into different types, such as berry, drupe, hesperidium,
pepo, and pome. Dry fruits consist of two major classifications, the dehiscent (capsule,
silique, follicle, and legume) which splits open when mature, and indehiscent (caryopsis,
nut/acorn, samara, achene), which do not split open at maturity. All the morpho-structural,
biochemical, and molecular traits allow efficient and effective seed dispersal depending on
dispersal vectors.

Table 2. Seed dispersal-related traits of fruit/seeds of different plants in a changing environment.

Fruit/Seed Types Examples Adaptive Traits in a Changing Environment
Morpho-Structural Traits Biochemical and Molecular Traits

Fleshy
Berry, drupe,
hesperidium,
pepo, pome

Soft pericarp, some have
tough rind for edibility and
long-distance seed dispersal;

size and color

Nutrient and water content of mature fleshy
fruit pulp for dietary requirements of

frugivorous seed dispersers [16–18]; sugar,
fat, and protein, antioxidants, minerals, and

vitamins [19,20]; pigments and volatile
compounds, cell wall modifications

(softening) [21]

Dehiscent dry fruits Capsule, silique,
follicle, legume

Dry with single or multiple
pod walls that facilitate fruit
opening for seed dispersal

Programmed cell death (PCD) of pericarps;
dead pericarps for long-term storage of
nucleases, proteases, and chitinases [22]

Indehiscent dry fruits Caryopsis, nut (acorn),
samara, achene

Hard, dry, and dead pericarps
for embryo protection and

long-distance dispersal

Concentration of glucosinolates (GSLs) in
seeds and pericarps that could explain
dispersal strategies and dormancy of

indehiscent fruits [23].

Overall, the seed dispersal modes as affected by the ever-changing environment are
summarized in Figure 3. Our systematic review revealed that significant changes in land
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uses, habitats, and environmental conditions, particularly climate and weather, may pose
serious threats to at least six groups of plants, namely anemochorous, endozoochorous,
epizoochorous, hydrochorous, myrmecochorous, and ornithohorous species. It was also
found that changes in the speed and direction of air, elevation, and slope could also affect
the dispersal of seeds depending on their fruit types of dispersal modes (e.g., anemochorous
species for changes in air movement). Natural disturbances, such as drought, fire, and
flood, and their interactions, also pose significant modifications in the manner how seeds
of a particular group of plants are dispersed in an area. For example, prolonged drought
and fire could engender a significant threat to hydrochorous and myrmecochorous plant
species, respectively.
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3. Discussion
3.1. Geographical Distribution of Studies on Seed Dispersal in a Changing Environment

Seed dispersal is critical for plant population recruitment, gene flow, long-term sur-
vival, and other ecological processes amid climate change [24,25]. This has recently raised
the priority of plant seed dispersal research in many countries. However, the present
systematic review found very little to no data on seed dispersal research in several megadi-
verse and hotspot countries, suggesting that the reviewed topic has hardly been studied in
many key biodiversity areas in the world. As global climate change is predicted to have
major effects on species’ distributions [25], seed dispersal research in megadiverse and
hotspot countries should be enhanced to promote high species diversity. This is because the
manner in how the seeds are dispersed from the mother plants determines the recruitment
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capacity, which is a prerequisite of plant community establishment and development [26].
Knowledge of seed dispersal can benefit the development of effective management and
conservation options for threatened species in megadiverse and hotspot countries. Seed
dispersal studies in these countries will help elucidate the temporal and spatial patterns
of plant movements as well as behavioral mechanisms of dispersal agents in plant com-
munities following global change. Field-based seed dispersal studies in megadiverse and
hotspot countries will also be able to assess currently important biotic dispersal vectors
for conservation as most plant species depend on animals and fungi to disperse their
seeds [27–29]. The overhunting of ecologically important vertebrates, for instance, can
cause vertebrate-mediated tree species to suffer from reduced seed dispersal [30] and
impoverished seedling communities in terms of diversity and seed size [31]. Many of the
hunted species are frugivores, which are major dispersers of tree and shrub seeds [32].

3.2. How Does Changing Environment Affect Seed Dispersal?

Here, land use changes, habitat degradation/disturbances, and climate and extreme
weather conditions have a significant influence on seed dispersal mechanisms of
various groups of plants across different ecosystems in temperate and tropical regions
(Figure 4) [33–36]. Previous studies have shown significant increases in dispersal trait
diversity and relative abundance of biotically dispersed seeds over time in vacant lots with
varying land use histories and non-urban grassland habitats [37–39]. Although it has been
suggested that seed dispersal is a significant driver of urban plant community assembly
patterns, urbanization has a severe influence on many native epizoochorous species acting
as dispersal agents of native plants [37,40]. While urban sites had three times more dis-
perser species when compared to natural habitats, dispersal success or germination rate
was significantly lower in urban sites, resulting in an overall negative effect on the seed
dispersal of Toxicodendron radicans (L.) Kuntze [40,41].

Increasing habitat fragmentation has shown direct and indirect effects on seed dis-
persal patterns, including the negative effect of connectivity on seed dispersal potential
and reduced dispersal abundance [42–44]. Habit degradation affects habitat quality and
heterogeneity; thus, it largely influences seed deposition due to reduced vegetation cover
and fruit supply for bird dispersers [45]. Habitat quality is positively associated with
seed dispersal distance, suggesting that the dispersal patterns can be predicted by habitat
characteristics [46]. In the tropics, the number and distributions of dispersed seeds were
all reduced in fragmented habitats, particularly for large animal-mediated plants [47]. In
a fragmented subtropical rainforest, large-seeded plants are also vulnerable to limited
dispersal [48], and this is consistent with the findings found in hunted or selectively logged
forests [49]. A similar pattern was observed in a fragmented forest in Spain, such that
the likelihood of seed deposition decreased significantly because there were fewer areas
with trees for perches and fruit for bird dispersers [50]. Even in an arid and semi-arid
country, seed dispersal rates were significantly lower in disturbed forest habitats than in
undisturbed ones, and the result was also attributed to a reduced abundance of frugivores
or seed dispersers [51]. A study conducted in a disturbed habitat in the Mediterranean
Basin yielded a similar result, i.e., a reduction in habitat complexity negatively impacted
bird abundance due to altered fruit movement and simplification of the seed shadows [52].
Seed dispersal was also two-fold higher at the protected than at the unprotected sites, even
though both sites have been selectively logged in the past [53]. The authors attributed the
findings to changes in activity patterns, quantity, or population makeup of vertebrate seed
eaters between sites, which had been subjected to the unsustainable hunting of terrestrial
mammal dispersers.
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The fate of biodiversity will be heavily influenced by species’ ability to adapt to cli-
mate change, yet very little is known about how many species will disperse in a changing
environment [54]. A model showed only species with the highest climatic suitability and
dispersal capacity are expected to survive climate change [55]. Ever-changing climatic
patterns influence various ecological processes, including seed dispersal and animal popu-
lations acting as important seed dispersers [56–58]. A model revealed that various scenarios
for climate change predicted varying degrees of phenological mismatch between plants
and the birds that disperse seeds, leading to major declines in germination success [59]
and, thus, biodiversity outcomes [60]. Specifically, climate-change-induced defaunation
(decline in animal populations) has severely reduced long-distance dispersal (LDD) by
nearly half the number of seeds dispersed based on trait-based models [61]. In the Amazon
rainforest, a forecast study showed that seed dispersal might be hampered by climate
change due to niche mismatch and disruption of biotic interactions, even if defaunation
is controlled [62]. Mismatches between population niches and geographic distributions
are most pronounced in poorly dispersed and extremely persistent plant species subjected
to severe environmental change [63]. In terms of the effect of rainfall on seed dispersal
patterns, a study indicated that an increase in average annual rainfall in Brazil was related
to a gradual increase in the percentage of vertebrate-dispersed species, particularly berry
species [64]. A similar result was reported in China, i.e., mean annual precipitation had
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the greatest predictive contribution to the dispersal of woody fleshy-fruited species in wet,
warm, and stable environments [65]. It has also been reported that dispersal distances
by rain were facilitated by increasing slope and decreasing seed volume, indicating that
rainfall could be an important dispersal mode for small-seeded plants along an elevation
gradient [66]. In the Atlantic Forest, elevation and rainfall had no interacting effect on the
seed distribution of endozoochorous species, but a main effect of annual mean rainfall was
observed, particularly in moister areas [67]. Overall, the results presented above provide
evidence that global climate changes may negatively affect the seed dispersal patterns of
vertebrate-dispersed plants, thereby determining the future of biodiversity.

3.3. Will the Changing Environment Reduce or Enhance Plants’ Dispersal Abilities?

The impacts of climate change directly and indirectly affect seed dispersal by alter-
ing the biophysical environment (e.g., habitat quality, fruit availability, phenology) and
plant/seed traits by means of temperature, rainfall, wind speed, windstorms, etc. [68]. Ac-
cording to the results of the present review, at least six groups of plant species are seriously
impacted by changing environments (Figure 4). Specifically, increases in air temperature
can improve the long-distance seed dispersal of anemochorous species [69], and significant
changes in wind speed determine their dispersal rates [70]. An analytical model predicted
that seed dispersal and potential population spread rates of anemochorous species should
decrease with reductions in wind speed [71]. The authors further noted that dispersal of
the wind-dispersed seeds varied between native and non-native species. Approximately
500 species of anemochorous species widely distributed in Asian tropical forests gener-
ally have bract-winged samaras, whose long-distance dispersal is affected not only by
morphological traits (e.g., seed mass) but also by environmental factors [12,72]. Thus,
anemochorous species that rely on wind for long-distance seed dispersal may be vulnerable
to the impacts of climate change-driven changes in wind patterns.

Dispersal potential is one of the factors influencing the migration of plant species [73].
This highlights the significance of investigating vertebrate-mediated seed dispersal, which
is one of the most efficient modes of long-distance dispersal for many plant species [74].
Here, evidence shows that changing plant environments, particularly climate, can pose
serious threats to animal-dispersed trees (e.g., endozoochorous, epizoochorous, and ornitho-
chorous) due to dispersal limitations. Such limitations can be due to climate change-induced
reduction in populations of animal dispersers, particularly large-bodied and threatened
species, and changes in feeding habits [75,76]. Analysis shows that an average of 18% of
mammal, bird, and amphibian species have lost their natural range sizes due to global
changes [77]. In north-eastern Brazil, a low rainfall gradient had a significantly lower rate
of vertebrate-dispersed species than in a high rainfall gradient [64]. Low-rainfall areas are
not suitable habitats for large fleshy fruited species, which are preferred by frugivores [64],
and as a result, the diversity of endozoochorous tree species may drop [78]. Contrarily,
the richness of fleshy-fruited species was found to be greater in places with low soil water
content but at lower elevations than in higher-elevation sites [18]. The authors ascribed the
findings to high temperatures, which can improve plant water availability, and low evapo-
transpiration in low elevations, allowing for more water to be available to produce fleshy
fruits. Fleshy fruits with high water content are more attractive to animal dispersers [18].

Ornithochorous species also aid plant species in adapting to climate change through
long-distance seed dispersal, although bird migration to disperse seeds is potentially
limited to cooler latitudes [79]. The authors also found that migratory birds disperse seeds
in the wrong direction to help keep track of climate change. Specifically, mean annual
precipitation was found as a significant driver for bird species richness in arid and semiarid
regions [80]. Increasing precipitation and temperature patterns may result in declines in
birds due to the disruption of their habitat and food resource by flooding [81–83] and birds’
geographic ranges and migration phenology [84]. A study also reported that increasing
drought may negatively affect bird populations in the Bahamas due to annual variations
in rainfall and habitat quality [85]. Moreover, fruit-eating bird dispersers vary in terms
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of mobility, habitat requirements, food-foraging techniques, and digestive capacity, all
of which affect the quantity of seeds that may be dispersed [86]. Thus, climate change-
induced loss of birds could strongly influence the establishment or regeneration dynamics
of ornithochorous plant communities by curbing seed dispersal.

Hydrochory (seed dispersal by water), which is common in low-lying areas that are
frequently flooded, is one of the adaptations of plants in changing environments [87,88].
The current systematic review found that a substantial proportion of plant species use
water for dispersal or seed transport, which has also evolved to adapt to changing environ-
mental conditions (e.g., flood and drought). In a river valley in Germany, hydrochorous
dispersal processes were found to be beneficial in connecting fragmented populations
of water-mediated plants in regularly flooded riparian habitats [89]. Contrarily, some
hydrochorous seeds can be destroyed by fish (facultative ichthychory) in the seasonally
inundated floodplain forests of Amazonia instead of dispersing the seeds by water [90].
Although flooding events can be an important means for seed dispersal to floodplain habi-
tats, prolonged flooding can decrease seed viability, except for flood-tolerant hydrochorous
species [91]. Some seeds may also break their dormancy while still submerged in flood
water, resulting in risky underwater germination, and this can cause erratic germination
and establishment in the floodplains [90,92]. Overall, alterations in duration, intensity,
timing, and frequency of flooding or water level fluctuations can either disrupt or enhance
the dispersal patterns of hydrochorous plant species.

Ants are one of the dominant terrestrial organisms with high seed dispersal capacities
through myrmecochory, which also plays an important role in shaping plant communi-
ties. Climatic warming, however, alters ant–plant seed dispersal mutualism [93], thereby
affecting the abundance and diversity of myrmecochorous species (e.g., E. tetrodonta).
Myrmecochory seed dispersal, which involves ants collecting and transporting seeds
with elaiosomes (rich in lipids and proteins found in fleshy fruits that are attached to
the seeds), is a dominant dispersal mode in sclerophyll habitats [94]. These habitats are
generally dominated by plants adapted to long periods of dryness and heat, and thus,
can be prone to climate change-induced fire, which also influences ant abundance, for
example fire-altered seed dispersal distance in the Australian tropical savanna [95]. Thus,
climate-change-induced modifications in ant abundance, diversity, occurrence patterns,
and interspecific interactions will have a significant impact on the structure and functioning
of myrmecochorous plants [95,96], particularly in sclerophyll habitats.

3.4. Do Fruit Traits Control Long-Distance Seed Dispersal in a Changing Environment?

Seed dispersal responses to changing environmental conditions can be influenced
by plant traits, specifically fruit and seed morphological and biochemical characteristics.
Studies have suggested that traits such as fruit or seed size, color and odor influence
the way dispersers choose them as food [16], thereby shaping plant distribution. Here,
results revealed a large proportion of studies that mentioned achene, capsule, drupe,
fleshy, and nuts as fruit/seed types of many endozoochorous and ornithochorous plant
species. In a rainforest, the distribution patterns of Endiandra species revealed that large-
fruited species had lower geographical ranges than small-fruited species [97]. Such a
pattern was ascribed to the restricted presence of vertebrates that can ingest and disperse
larger fruits due to differences in the intensity of temporal climatic fluctuations [97,98].
Secondary metabolites, which are usually accumulated at high levels in fleshy fruits, are also
involved in the interaction of fleshy fruits with vertebrates, insects, and microorganisms
seed dispersers [99]. Moreover, fleshy fruits are more colorful, particularly those trees
and shrubs in forests, to attract dispersal agents and increase the chances of being seen by
potential seed dispersers [100,101]. This exemplifies the mutualistic relationship between
traits of fleshy fruits and their seed dispersers.

Mutualistic seed-dispersal relationships exist also between a range of nut-producing
plants and animals (e.g., rodents) that scatter their nuts in the soil [102]. However, concerns
have arisen about the ability of nut-bearing plants (e.g., oaks) to colonize new places or
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migrate in response to climate change due to their recognized dispersal constraint [103].
Rodents, which are one of the major dispersers of acorns (true nuts), generally do not prefer
or cross open spaces [104] typical of degraded and fragmented habitats. Moreover, a study
also showed sustained rodent population decline with climate warming [105].

Mature, dehiscent fruits, such as capsule, silique, follicle, and legume, have dead peri-
carp that is dry and hard, which helps in long-term storage of biologically active proteins,
nutritional elements (e.g., nitrate, potassium, and phosphorus), and other substances [22].
These substances may influence fruit/seed size, shape, texture, composition, and dehis-
cence property, which may indirectly influence the diversity of seed dispersal modes and
distribution. The morphological and physiological characteristics of seeds or spores play
important roles in determining the fate of seeds in unpredictable habitats [23]. Further,
the dehiscence characteristic may help plants escape extreme environmental conditions
through long-distance dispersal [106].

Indehiscent achenes are also dispersed by animals through adherence to the body of
the dispersers. Hence, different sizes and structures of achenes can influence their dispersal
over long distances. For example, the pappus geometry of achenes affects the aerodynamic
properties of the seeds and responses to turbulence and humidity, which influence seed
dispersal efficiency [107]. A study also found that the most successful colonizers, which
generally produce achene fruits and/or seeds with pappus appendages, seemed to prefer
warmer temperatures [108]. Moreover, dispersal rates of wind-dispersed achenes of Senecio
species varied significantly with changes in the site, surroundings, height, time of release,
direction, and achene type, indicating that distances of dispersal can be influenced by local
conditions of humidity, wind, and vegetation structure [109].

3.5. Future Perspectives

The effects of environmental changes were largely unrepresented in some seed disper-
sal vectors (myrmecochory, hydrochory and ichthyochory, epizochory, and entomochory),
which can be attributed to geographical, technical, and logistical constraints. For example,
there are fewer scientists specializing in ants or insects in general compared with other re-
search fields. Studying seed dispersal ecology (for example, forecasting dispersal processes)
is also difficult due to seed dispersal dependence, environmental heterogeneity, and inter-
dependent processes operating at various spatial and temporal scales [110]. More research
investments in megadiverse and hotspot countries are needed for a better understanding
of how plants can keep up with climate change, particularly the less-studied seed dispersal
vectors. There is still a need for investigations that advance interdisciplinary perspectives
and collaboration to study seed dispersal processes amid climate change. Integration of dis-
persal mechanisms of plant species in ecological studies would help us effectively predict
biodiversity responses to global changes. Improvement of seed dispersal studies can help
conservationists predict or prioritize areas and species for conservation [111]. Moreover,
integrative research on the interacting effects of various extrinsic (e.g., the interaction of cli-
mate, drought, and habitat fragmentation) and intrinsic factors on seed dispersal processes
across landscapes, plant growth forms, and taxa of dispersers is also promising. Significant
advances in modelling the effects of fruit types on the seed dispersal ability of species
should also be done to better understand a diverse array of dispersal strategies across taxa.
Finally, all the recommendations made will be crucial for the evidence-based conservation
of biodiversity and informed policy formulation amid changing environments.

4. Methodology
4.1. Literature Search and Data Sources

A systematic literature review (SLR) was performed from September to December
2022 to collect relevant literature on seed dispersal processes in a changing climate, and
included all records published between 1990 and 2022. Following the literature search
strategy typically utilized in biological science research, the SLR returned an initial total of
10,651 articles from ScienceDirect, PubMed, and Google Scholar search databases. These
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databases are among the most prominent peer-reviewed original article search engines,
and they are frequently cited in published SLR articles across disciplines [112]. Some articles
were retrieved by running a direct search on Google using the list of references/bibliography
of the downloaded papers using the keyword “dispersal” through the find text function
(Ctrl + F).

First, a search test was run to narrow the search keywords. The final search phrases
were constructed, with the most significant keywords in each set of search terms, namely
seed dispersal, spore dispersal, propagule dispersal, climate change, and changing climate
(Table 3). Boolean search operators (i.e., “AND” and “OR”) were typed in all uppercase
letters on the search tab of each database to exclude, broaden, or define the search results.
The AND Boolean operator was used to include both important keywords (for example,
“seed dispersal” AND “climate change”), while the OR operator was used to search for
records in each database that contained any of the terms separated by the operator (for
example “spore dispersal” OR “propagule dispersal”). Each keyword was enclosed by
quotation marks (“”) to find the precise phrase or word. The advanced search tool of each
database was employed by defining the keywords, publication year range, and article type.
Too specific phrases (e.g., the specific name of a country, dispersal types, fruit types, etc.)
were not included to minimize bias in the search terms.

Table 3. The search terms used, and the initial results returned in the ScienceDirect, PubMed, and
Google Scholar databases, as well as direct search.

Search Keywords ScienceDirect PubMed Google Scholar Direct Search Total

“seed dispersal” AND “climate change” 1675 135 1700 21 3531
“spore dispersal” OR “propagule

dispersal” AND “changing climate” 783 30 1110 10 1933

“plant spread” AND “climate” 280 931 3940 15 5151

4.2. Article Screening and Appraisal

The articles were assessed for inclusion in the review using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for article screening
and appraisal. The screening procedure is shown in Figure 5, along with the inclusion and
exclusion criteria. In this review, only one reviewer completed the screening to maintain
uniformity and avoid selection mistakes and biases. To ensure a comprehensive representa-
tion of the literature, the SLR included all quantitative, qualitative, and a combination of
the two methods that used either experimental, observational, or simulation approaches.
The titles, abstracts, and keywords were reviewed first to exclude anything unrelated. In
this step, search terms that did not appear in the paper’s title, abstract, or keywords were
removed. The papers needed to have an emphasis on seed dispersal processes in a changing
environment (e.g., climate, weather, habitat fragmentation, etc.). The SLR also excluded
grey literature and articles that were not peer-reviewed and not published within the time
frame specified. The papers were further filtered by removing articles that were not written
in English-language journals, were irrelevant, or were duplicated. Using the Mendeley
Reference Manager (version 2.72.0) and, in some cases, a pivot table in a Microsoft Excel
Spreadsheet, articles with the same publication year, title, and author were removed at this
stage. Based on an abstract skim reading, all publications that satisfied the initial set of
inclusion criteria were chosen for additional research and content review. The SLR excluded
articles that are not open access or have no free full texts. The databases provide links to
PDF files of the publications, and if none, they were looked up on other research websites
(e.g., ResearchGate). All abstracts were skim-read, and those with ambiguous conclusions
were eliminated. Articles were validated by scanning the main text and concentrating
primarily on the findings and methods portions of the publication. In this case, all papers
with ambiguous results or that did not include original research data and no detailed
explanation of the methods used were discarded.
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diagram of inclusion and exclusion of peer-reviewed studies on seed dispersal in a changing environ-
ment that was used for the present systematic review. The n denotes the number of articles identified
and included through a five-step selection process.

4.3. Data Extraction, Categorization, and Analysis

Using the extraction criteria listed in Table 4, data were extracted from each article and
encoded in Google Sheets. The year of publication was derived from the article’s page, and
the study location (country) was derived from each article’s “Study site description”. All
articles that had no information about the country were eliminated, and Google was used
to search the country for articles that only included names of places (e.g., names of perma-
nent plots). The research topic was principally generated from the keywords in the paper
title, and it was then separated into seven groups: (1) air movement, (2) climate and weather,
(3) drought/water stress, (4) fire, (5) flood, (6) land use and habitat degradation/disturbances,
and (7topography. The effects of wind speed, intensity, and direction on seed dispersal
patterns were the topics included in the first group. The second group focuses on the
effects of changing climatic patterns (air temperature and rainfall) and extreme weather
on seed dispersal. The sixth group is about the effects of land-use changes (e.g., grassland
conversion) and human-induced habitat degradation/disturbances (e.g., deforestation,
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defaunation). The dominant plant species and their fruit types were also compiled to better
explain their modes of dispersal. Most of the information on the dominant species and fruit
types was provided by the experimental plant description in the materials and methods
section of the article. For studies not directly mentioning the abiotic (e.g., water) and biotic
agents (animals), the fruit type of the identified experimental plant species was researched
using Google and other sources. Lastly, SigmaPlot version 10.1 was used to analyze and
make charts based on the extracted data.

Table 4. The criteria used for the extraction of information from the selected peer-reviewed original
articles published during the last three decades.

Extraction Criteria Information Considered and Justification

1. Publication year Between 1990 and 2022, to obtain enough studies about seed dispersal in a
changing environment.

2. Study site (country) Global, to map the geographical distribution of studies and the trends of in studies about the
reviewed topic.

3. Research topic Keywords in the title, to provide insights into the research trends in seed dispersal-changing
environment studies during the last three decades.

4. Experimental plant species The plant species mentioned as the experimental plant species in the paper, to validate the
dispersal modes of the species depending on their fruit types or plant traits.

5. Fruit types Fruit types of the experimental plant species, to validate whether the dispersal modes/vectors
match with fruit types.

6. Dispersal modes and vectors Any mentioned mechanism/agent of seed dispersal, to determine which among the dispersal
modes and vectors are well-studied.

4.4. Scope and Limitations

Only peer-reviewed, freely available publications written in English, at least indexed
in Scopus, and published between 1990 and 2022 were included in the present systematic
review. Other materials such as perspective papers, editorial notes, commentary, news
articles, brochures or technical manuals were not considered in the present systematic
review. The present SLR relies on the three most popular databases (i.e., ScienceDirect,
PubMed, and Google Scholar) for peer-reviewed original articles for the identification of
potentially eligible studies.

5. Conclusions

This systematic review summarizes the existing understanding of the projected effects
of changing environments on the complex processes of seed dispersal across regions.
Results revealed that global climate changes, by means of altering air temperature, rainfall,
wind speed, the biophysical environment (e.g., habitat quality, fruit availability) and
plant/seed traits, may negatively affect the seed dispersal patterns of vertebrate-dispersed
plants, thereby influencing the fate of local and global biodiversity. The six groups of
plants whose long-distance seed dispersal are seriously affected by changing environments
include anemochorous, endozoochorous, epizoochorous, hydrochorous, myrmecochorous,
and ornithochorous species. The present review also found that fruit/seed traits control
the fate of seed dispersal depending on environmental conditions. Overall, the findings of
the present systematic review provide a summary of evidence on how plants keep up with
climate change as populations of seed dispersers decline. However, increased research
investments in the less-studied seed dispersal vectors in megadiverse, hotspot countries are
recommended to enhance understanding of how plants would keep up with climate change.
Future research endeavors will also benefit significantly from investigations that advance
interdisciplinary perspectives and collaboration to study seed dispersal processes across
landscapes, plant growth forms, and taxa of dispersers amid climate change. Lastly, all the
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recommendations provided will be critical for evidence-based biodiversity conservation
and informed policy formation in changing ecosystems.

Author Contributions: Conceptualization, J.O.H. and W.Z.; methodology, J.O.H.; software, J.O.H.;
validation, J.O.H. and W.Z.; formal analysis, J.O.H. and M.N.; investigation, J.O.H.; resources, W.Z.;
data curation, J.O.H.; writing—original draft preparation, J.O.H.; writing—review and editing, J.O.H.,
M.N. and W.Z.; visualization, J.O.H.; supervision, W.Z.; funding acquisition, W.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All the data used are already reflected in the article. Other relevant
data may be available upon request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pecl, G.T.; Araújo, M.B.; Bell, J.D.; Blanchard, J.; Bonebrake, T.C.; Chen, I.-C.; Clark, T.D.; Colwell, R.K.; Danielsen, F.; Evengård,

B.; et al. Biodiversity redistribution under climate change: Impacts on ecosystems and human well-being. Science 2017, 355, 6332.
[CrossRef] [PubMed]

2. Lenoir, J.; Gégout, J.C.; Marquet, P.A.; de Ruffray, P.; Brisse, H. A significant upward shift in plant species optimum elevation
during the 20th century. Science 2008, 320, 1768–1771. [CrossRef] [PubMed]

3. Lenoir, J.; Bertrand, R.; Comte, L.; Bourgeaud, L.; Hattab, T.; Murienne, J.; Grenouillet, G. Species better track climate warming in
the oceans than on land. Nat. Ecol. Evol. 2020, 4, 1044–1059. [CrossRef] [PubMed]

4. Nathan, R.; Muller-Landau, H.C. Spatial patterns of seed dispersal, their determinants and consequences for recruitment. Trends
Ecol. Evol. 2000, 15, 278–285. [CrossRef] [PubMed]

5. Treep, J.; de Jager, M.; Bartumeus, F.; Soons, M.B. Seed dispersal as a search strategy: Dynamic and fragmented landscapes select
for multi-scale movement strategies in plants. Mov. Ecol. 2021, 9, 1–14. [CrossRef] [PubMed]

6. Donoso, I.; Fricke, E.C.; Hervías-Parejo, S.; Rogers, H.S.; Traveset, A. Drivers of ecological and evolutionary disruptions in the
Seed Dispersal Process: Research trends and Biases. Front. Ecol. Evol. 2022, 10, 794481. [CrossRef]

7. San-José, M.; Arroyo-Rodríguez, V.; Jordano, P.; Meave, J.A.; Martínez-Ramos, M. The scale of landscape effect on seed dispersal
depends on both response variables and landscape predictor. Landsc. Ecol. 2019, 34, 1069–1080. [CrossRef]

8. Traveset, A.; Rodríguez-Pérez, J. Seed dispersal. Encycl. Ecol. 2008, 3188–3194. [CrossRef]
9. Rojas, T.N.; Zampini, I.C.; Isla, M.I.; Blendinger, P.G. Fleshy fruit traits and seed dispersers: Which traits define syndromes? Ann.

Bot. 2021, 129, 831–838. [CrossRef] [PubMed]
10. Maciel, E.A.; Martins, V.F.; de Paula, M.D.; Huth, A.; Guilherme, F.A.G.; Fischer, R.; Giles, A.; Barbosa, R.I.; Cavassan, O.; Martins,

F.R. Defaunation and changes in climate and fire frequency have synergistic effects on aboveground biomass loss in the Brazilian
Savanna. Ecol. Model. 2021, 454, 109628. [CrossRef]

11. Smith, J.R.; Bagchi, R.; Ellens, J.; Kettle, C.J.; Burslem, D.F.; Maycock, C.R.; Khoo, E.; Ghazoul, J. Predicting dispersal of
auto-gyrating fruit in tropical trees: A case study from the Dipterocarpaceae. Ecol. Evol. 2015, 5, 1794–1801. [CrossRef]

12. Song, Y.-B.; Shen-Tu, X.-L.; Dong, M. Intraspecific variation of Samara dispersal traits in the endangered tropical tree Hopea
hainanensis (Dipterocarpaceae). Front. Plant Sci. 2020, 11, 599764. [CrossRef] [PubMed]

13. Valdesolo, T.; Del Vecchio, S.; Buffa, G. Patterns of seed dispersal in coastal dune plant communities. Sustainability 2022, 14, 10983.
[CrossRef]

14. Li, J.; Charles, L.S.; Yang, Z.; Du, G.; Fu, S.J.F.i.P.S. Differential mechanisms drive species loss under artificial shade and fertilization
in the alpine meadow of the Tibetan Plateau. Front. Plant Sci. 2022, 13, 63. [CrossRef] [PubMed]

15. Johnson, J.S.; Cantrell, R.S.; Cosner, C.; Hartig, F.; Hastings, A.; Rogers, H.S.; Schupp, E.W.; Shea, K.; Teller, B.J.; Yu, X.; et al. Rapid
changes in seed dispersal traits may modify plant responses to Global Change. AoB PLANTS 2019, 11, 20. [CrossRef] [PubMed]

16. Lei, B.; Cui, J.; Newman, C.; Buesching, C.D.; Xie, Z.; Macdonald, D.W.; Zhou, Y. Seed dispersers shape the pulp nutrients of
fleshy-fruited plants. Proc. R. Soc. B Biol. Sci. 2021, 288, 20210817. [CrossRef]

17. Janson, C.H. Adaptation of fruit morphology to dispersal agents in a Neotropical forest. Science 1983, 219, 187–189. [CrossRef]
18. Yu, S.; Katz, O.; Fang, W.; Li, D.; Sang, W.; Liu, C. Shift of fleshy fruited species along elevation: Temperature, canopy coverage,

phylogeny and origin. Sci. Rep. 2017, 7, 40417. [CrossRef]
19. Contreras-Calderón, J.; Calderón-Jaimes, L.; Guerra-Hernández, E.; García-Villanova, B. Antioxidant capacity, phenolic content

and vitamin C in pulp, Peel and seed from 24 exotic fruits from Colombia. Food Res. Int. 2011, 44, 2047–2053. [CrossRef]
20. Howe, H.F.; Estabrook, G.F. On intraspecific competition for avian dispersers in tropical trees. Am. Nat. 1977, 111, 817–832.

[CrossRef]
21. Gómez, M.D.; Vera-Sirera, F.; Pérez-Amador, M.A. Molecular programme of senescence in dry and fleshy fruits. J. Exp. Bot. 2013,

65, 4515–4526. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aai9214
http://www.ncbi.nlm.nih.gov/pubmed/28360268
http://doi.org/10.1126/science.1156831
http://www.ncbi.nlm.nih.gov/pubmed/18583610
http://doi.org/10.1038/s41559-020-1198-2
http://www.ncbi.nlm.nih.gov/pubmed/32451428
http://doi.org/10.1016/S0169-5347(00)01874-7
http://www.ncbi.nlm.nih.gov/pubmed/10856948
http://doi.org/10.1186/s40462-020-00239-1
http://www.ncbi.nlm.nih.gov/pubmed/33514441
http://doi.org/10.3389/fevo.2022.794481
http://doi.org/10.1007/s10980-019-00821-y
http://doi.org/10.1016/b978-008045405-4.00860-0
http://doi.org/10.1093/aob/mcab150
http://www.ncbi.nlm.nih.gov/pubmed/34918034
http://doi.org/10.1016/j.ecolmodel.2021.109628
http://doi.org/10.1002/ece3.1469
http://doi.org/10.3389/fpls.2020.599764
http://www.ncbi.nlm.nih.gov/pubmed/33281856
http://doi.org/10.3390/su141710983
http://doi.org/10.3389/fpls.2022.832473
http://www.ncbi.nlm.nih.gov/pubmed/35211142
http://doi.org/10.1093/aobpla/plz020
http://www.ncbi.nlm.nih.gov/pubmed/31198528
http://doi.org/10.1098/rspb.2021.0817
http://doi.org/10.1126/science.219.4581.187
http://doi.org/10.1038/srep40417
http://doi.org/10.1016/j.foodres.2010.11.003
http://doi.org/10.1086/283216
http://doi.org/10.1093/jxb/eru093
http://www.ncbi.nlm.nih.gov/pubmed/24874021


Plants 2023, 12, 1462 15 of 18

22. Godwin, J.; Raviv, B.; Grafi, G. Dead pericarps of dry fruits function as long-term storage for active hydrolytic enzymes and other
substances that affect germination and microbial growth. Plants 2017, 6, 64. [CrossRef] [PubMed]

23. Mohammed, S.; Bhattacharya, S.; Gesing, M.A.; Klupsch, K.; Theißen, G.; Mummenhoff, K.; Müller, C. Morphologically and
physiologically diverse fruits of two lepidium species differ in allocation of glucosinolates into immature and mature seed and
pericarp. PLoS ONE 2020, 15, 0227528. [CrossRef] [PubMed]

24. Damschen, E.I.; Baker, D.V.; Bohrer, G.; Nathan, R.; Orrock, J.L.; Turner, J.R.; Brudvig, L.A.; Haddad, N.M.; Levey, D.J.; Tewksbury,
J.J. How fragmentation and corridors affect wind dynamics and seed dispersal in open habitats. Proc. Natl. Acad. Sci. USA 2014,
111, 3484–3489. [CrossRef] [PubMed]

25. Renton, M.; Shackelford, N.; Standish, R.J. Habitat restoration will help some functional plant types persist under climate change
in fragmented landscapes. Glob. Change Biol. 2012, 18, 2057–2070. [CrossRef]

26. Rogers, H.S.; Cavazos, B.R.; Gawel, A.M.; Karnish, A.; Ray, C.A.; Rose, E.; Thierry, H.; Fricke, E.C. Frugivore gut passage increases
seed germination: An updated meta-analysis. bioRxiv 2021. [CrossRef]

27. Willson, M.F.; Whelan, C.J. Variation in postdispersal survival of vertebrate-dispersed seeds: Effects of density, habitat, location,
season, and species. Oikos 1990, 57, 191. [CrossRef]

28. Pan, C.; Yang, K.; Erhunmwunsee, F.; Li, Y.-X.; Liu, M.; Pan, S.; Yang, D.; Lu, G.; Ma, D.; Tian, J.J.F.C. Inhibitory effect of
cinnamaldehyde on Fusarium solani and its application in postharvest preservation of sweet potato. Food Chem. 2023, 408, 135213.
[CrossRef]

29. Liu, J.; Slik, F.; Coomes, D.A.; Corlett, R.T.; Wang, Y.; Wilson, M.; Hu, G.; Ding, P.; Yu, M. The distribution of plants and seed
dispersers in response to habitat fragmentation in an artificial island archipelago. J. Biogeogr. 2019, 46, 1152–1162. [CrossRef]

30. Brodie, J.F.; Helmy, O.E.; Brockelman, W.Y.; Maron, J.L. Bushmeat poaching reduces the seed dispersal and population growth
rate of a mammal-dispersed tree. Ecol. Appl. 2009, 19, 854–863. [CrossRef]

31. Donoso, I.; Schleuning, M.; García, D.; Fründ, J. Defaunation effects on plant recruitment depend on size matching and size
trade-offs in seed-dispersal networks. Proc. R. Soc. B Biol. Sci. 2017, 284, 20162664. [CrossRef] [PubMed]

32. Redford, K.H. The empty forest. BioScience 1992, 42, 412–422. [CrossRef]
33. Hamaoui-Laguel, L.; Vautard, R.; Liu, L.; Solmon, F.; Viovy, N.; Khvorostyanov, D.; Essl, F.; Chuine, I.; Colette, A.; Semenov, M.A.;

et al. Effects of climate change and seed dispersal on airborne ragweed pollen loads in Europe. Nat. Clim. Change 2015, 5, 766–771.
[CrossRef]

34. Koo, K.A.; Uk Park, S. The effect of interplays among climate change, land-use change, and dispersal capacity on plant
redistribution. Ecol. Indic. 2022, 142, 109192. [CrossRef]

35. Li, N.; Tang, N.; Ren, Y.; Wang, Z. Effects of forest ropeway construction on bird diversity and its seed dispersal mutualism for
endangered Taxus chinensis, Southeast China. Glob. Ecol. Conserv. 2022, 38, e02227. [CrossRef]

36. Nowak, L.; Schleuning, M.; Bender, I.M.; Böhning-Gaese, K.; Dehling, D.M.; Fritz, S.A.; Kissling, W.D.; Mueller, T.; Neuschulz,
E.L.; Pigot, A.L.; et al. Avian seed dispersal may be insufficient for plants to track future temperature change on Tropical
Mountains. Glob. Ecol. Biogeogr. 2022, 31, 848–860. [CrossRef]

37. Johnson, A.L.; Borowy, D.; Swan, C.M. Land use history and seed dispersal drive divergent plant community assembly patterns
in urban vacant lots. J. Appl. Ecol. 2017, 55, 451–460. [CrossRef]

38. Effects of fragmentation on grassland plant diversity depend on the habitat specialization of species. Biol. Conserv. 2022,
275, 109773. [CrossRef]

39. Neuenkamp, L.; Lewis, R.J.; Koorem, K.; Zobel, K.; Zobel, M. Changes in dispersal and light capturing traits explain post-
abandonment community change in semi-natural grasslands (ed Z. Botta-Dukát). J. Veg. Sci. 2016, 27, 1222–1232. [CrossRef]

40. Yang, K.; Geng, Q.; Luo, Y.; Xie, R.; Sun, T.; Wang, Z.; Qin, L.; Zhao, W.; Liu, M.; Li, Y.J.E.M. Dysfunction of FadA-cAMP signalling
decreases Aspergillus flavus resistance to antimicrobial natural preservative Perillaldehyde and AFB1 biosynthesis. Environ.
Microbiol. 2022, 24, 1590–1607. [CrossRef]

41. Stanley, A.; Arceo-Gómez, G. Urbanization increases seed dispersal interaction diversity but decreases dispersal success in
Toxicodendron radicans. Glob. Ecol. Conserv. 2020, 22, e01019. [CrossRef]

42. North, A.; Cornell, S.; Ovaskainen, O. Evolutionary responses of dispersal distance to landscape structure and habitat loss.
Evolution 2011, 65, 1739–1751. [CrossRef] [PubMed]

43. Dener, E.; Ovadia, O.; Shemesh, H.; Altman, A.; Chen, S.-C.; Giladi, I. Direct and indirect effects of fragmentation on seed
dispersal traits in a fragmented agricultural landscape. Agric. Ecosyst. Environ. 2021, 309, 107273. [CrossRef]

44. Travis, J.M.; Smith, H.S.; Ranwala, S.M. Towards a mechanistic understanding of dispersal evolution in plants: Conservation
implications. Divers. Distrib. 2010, 16, 690–702. [CrossRef]

45. Garcia, D.; Zamora, R.; Amico, G. Birds as suppliers of seed dispersal in temperate ecosystems: Conservation guidelines from
real-world landscapes. Conserv. Biol. 2010, 24, 1070–1079. [CrossRef]

46. LaRue, E.A.; Holland, J.D.; Emery, N.C. Environmental predictors of dispersal traits across a species’ geographic range. Ecology
2018, 99, 1857–1865. [CrossRef]

47. Cramer, J.M.; Mesquita, R.C.G.; Bruce Williamson, G. Forest fragmentation differentially affects seed dispersal of large and
small-seeded tropical trees. Biol. Conserv. 2007, 137, 415–423. [CrossRef]

48. Moran, C.; Catterall, C.P.; Kanowski, J. Reduced dispersal of native plant species as a consequence of the reduced abundance of
frugivore species in fragmented rainforest. Biol. Conserv. 2009, 142, 541–552. [CrossRef]

http://doi.org/10.3390/plants6040064
http://www.ncbi.nlm.nih.gov/pubmed/29257090
http://doi.org/10.1371/journal.pone.0227528
http://www.ncbi.nlm.nih.gov/pubmed/32841235
http://doi.org/10.1073/pnas.1308968111
http://www.ncbi.nlm.nih.gov/pubmed/24567398
http://doi.org/10.1111/j.1365-2486.2012.02677.x
http://doi.org/10.1101/2021.10.12.462022
http://doi.org/10.2307/3565939
http://doi.org/10.1016/j.foodchem.2022.135213
http://doi.org/10.1111/jbi.13568
http://doi.org/10.1890/08-0955.1
http://doi.org/10.1098/rspb.2016.2664
http://www.ncbi.nlm.nih.gov/pubmed/28566481
http://doi.org/10.2307/1311860
http://doi.org/10.1038/nclimate2652
http://doi.org/10.1016/j.ecolind.2022.109192
http://doi.org/10.1016/j.gecco.2022.e02227
http://doi.org/10.1111/geb.13456
http://doi.org/10.1111/1365-2664.12958
http://doi.org/10.1016/j.biocon.2022.109773
http://doi.org/10.1111/jvs.12449
http://doi.org/10.1111/1462-2920.15940
http://doi.org/10.1016/j.gecco.2020.e01019
http://doi.org/10.1111/j.1558-5646.2011.01254.x
http://www.ncbi.nlm.nih.gov/pubmed/21644960
http://doi.org/10.1016/j.agee.2020.107273
http://doi.org/10.1111/j.1472-4642.2010.00674.x
http://doi.org/10.1111/j.1523-1739.2009.01440.x
http://doi.org/10.1002/ecy.2402
http://doi.org/10.1016/j.biocon.2007.02.019
http://doi.org/10.1016/j.biocon.2008.11.006


Plants 2023, 12, 1462 16 of 18

49. Markl, J.S.; Schleuning, M.; Forget, P.M.; Jordano, P.; Lambert, J.E.; Traveset, A.; Wright, S.J.; Böhning-Gaese, K. Meta-analysis of
the effects of human disturbance on seed dispersal by animals. Conserv. Biol. 2012, 26, 1072–1081. [CrossRef]

50. Herrera, J.M.; Garcia. Effects of forest fragmentation on seed dispersal and seedling establishment in ornithochorous trees.
Conserv. Biol. 2010, 24, 1089–1098. [CrossRef]

51. Lehouck, V.; Spanhove, T.; Demeter, S.; Groot, N.E.; Lens, L. Complementary seed dispersal by three avian frugivores in a
fragmented Afromontane forest. J. Veg. Sci. 2009, 20, 1110–1120. [CrossRef]

52. Rey, P.J.; Alcántara, J.M. Effects of habitat alteration on the effectiveness of plant-avian seed dispersal mutualisms: Consequences
for plant regeneration. Perspect. Plant Ecol. Evol. Syst. 2014, 16, 21–31. [CrossRef]

53. Guariguata, M.R.; Adame, J.J.; Finegan, B. Seed removal and fate in two selectively logged lowland forests with constrasting
protection levels. Conserv. Biol. 2000, 14, 1046–1054. [CrossRef]

54. Mokany, K.; Prasad, S.; Westcott, D.A. Loss of frugivore seed dispersal services under climate change. Nat. Commun. 2014, 5, 4971.
[CrossRef]

55. Imbach, P.A.; Locatelli, B.; Molina, L.G.; Ciais, P.; Leadley, P.W. Climate change and plant dispersal along corridors in fragmented
landscapes of Mesoamerica. Ecol. Evol. 2013, 3, 2917–2932. [CrossRef]

56. Fontúrbel, F.E.; Lara, A.; Lobos, D.; Little, C. The cascade impacts of climate change could threaten key ecological interactions.
Ecosphere 2018, 9, 2485. [CrossRef]

57. Soons, M.B.; Groot, G.A.; Cuesta Ramirez, M.T.; Fraaije, R.G.; Verhoeven, J.T.; Jager, M. Directed dispersal by an abiotic vector:
Wetland plants disperse their seeds selectively to suitable sites along the hydrological gradient via water. Funct. Ecol. 2017,
31, 499–508. [CrossRef]

58. González-Varo, J.P.; López-Bao, J.V.; Guitián, J. Seed dispersers help plants to escape global warming. Oikos 2017, 126, 1600–1606.
[CrossRef]

59. Karsai, I.; Stanley, A.; Gomez, G.A. Population models reveal synergistic fitness effects of climate change and urbanization on
Poison ivy (Toxicodendron radicans) via disruption of seed dispersal interactions. Urban Ecosyst. 2022, 25, 1503–1514. [CrossRef]

60. Mokany, K.; Prasad, S.; Westcott, D.A. Impacts of climate change and management responses in tropical forests depend on
complex frugivore-mediated seed dispersal. Glob. Ecol. Biogeogr. 2015, 24, 685–694. [CrossRef]

61. Fricke, E.C.; Ordonez, A.; Rogers, H.S.; Svenning, J.-C. The effects of defaunation on plants’ capacity to track climate change.
Science 2022, 375, 210–214. [CrossRef] [PubMed]

62. Sales, L.; Culot, L.; Pires, M.M. Climate niche mismatch and the collapse of primate seed dispersal services in the Amazon. Biol.
Conserv. 2020, 247, 108628. [CrossRef]

63. Pagel, J.; Treurnicht, M.; Bond, W.J.; Kraaij, T.; Nottebrock, H.; Schutte-Vlok, A.L.; Tonnabel, J.; Esler, K.J.; Schurr, F.M. Mismatches
between demographic niches and geographic distributions are strongest in poorly dispersed and highly persistent plant species.
Proc. Natl. Acad. Sci. 2020, 117, 3663–3669. [CrossRef] [PubMed]

64. Tabarelli, M.; Vicente, A.; Barbosa, D.C.A. Variation of seed dispersal spectrum of woody plants across a rainfall gradient in
north-eastern Brazil. J. Arid Environ. 2003, 53, 197–210. [CrossRef]

65. Zhao, Y.; Cao, H.; Xu, W.; Chen, G.; Lian, J.; Du, Y.; Ma, K. Contributions of precipitation and temperature to the large scale
geographic distribution of fleshy-fruited plant species: Growth form matters. Sci. Rep. 2018, 8, 17017. [CrossRef] [PubMed]

66. Sarneel, J.M. Effects of experimental snowmelt and rain on dispersal of six plant species. Ecohydrology 2016, 9, 1464–1470.
[CrossRef]

67. Almeida-Neto, M.; Campassi, F.; Galetti, M.; Jordano, P.; Oliveira-Filho, A. Vertebrate dispersal syndromes along the Atlantic
Forest: Broad-scale patterns and macroecological correlates. Glob. Ecol. Biogeogr. 2008, 17, 503–513. [CrossRef]
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