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This article is part of the spectal issue “Quantifying mediated seed dispersal (zoochory) across its phases: from predispersal to post-
plant dispersal: New methods from multiple dispersal. In addition, we consider approaches to studying seed disperser behaviors
disciplines.” and plant traits, both of which influence all dispersal phases of animal-mediated
dispersal. Finally, we discuss how we can use quantitative and empirical approaches to
integrate across seed dispersal phases and address data gaps to improve our mecha-
nistic understanding of zoochory and its consequences for ecology and conservation.
To move towards generalization and predictability in seed dispersal ecology, we
recommend the development of standardized protocols that can be widely
implemented across systems with simultaneous and iterative development of theory
and quantitative models. As approaches in studying animal-mediated seed dispersal
continue to advance, exciting opportunities present themselves to increase our
understanding of seed dispersal ecology.
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ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

Dispersal of seeds is an essential part of reproduction for
seed plants and an important ecosystem function that
influences ecological and evolutionary dynamics with con-
sequences across levels of biological organization
(Beckman and Sullivan, 2023). Seed dispersal, the move-
ment of a seed away from a parent plant, is the sole
opportunity for many seed plants to escape distance- and
density-dependent mortality, take advantage of ephemeral
habitats across the landscape, get systematically deposited in
habitats suitable for successful establishment, and expand
their range (Howe and Smallwood, 1982; Beckman and
Sullivan, 2023). The majority of seed plants globally rely on
animals for the dispersal of their seeds (i.e., zoochory), and
the proportion of animal-dispersed plants increases towards
the equator with over 80% of animal-dispersed plants in
tropical rainforests (Jordano, 2000; Rogers et al., 2021b). A
variety of animals disperse seeds, including insects, mol-
lusks, earthworms, mammals, birds, reptiles, fish, and crabs
(Van der Pijl, 1982; Vittoz and Engler, 2007; Supplemental
Table 1 in Beckman and Sullivan, 2023). However, the
diversity of animal seed dispersers and their impacts on seed
dispersal processes and patterns are often poorly described
for most plant species (Rogers et al., 2019; Gonzalez-Varo
et al., 2024), hampering our ability to predict biodiversity
and ecosystem responses in an era of global change. Seed
disperser diversity, abundances, and movements are
declining due to anthropogenic drivers with negative con-
sequences for biodiversity and ecosystem function (Fricke
et al, 2025). Quantifying processes underlying zoochory
and the resulting patterns is important for a mechanistic
and predictive understanding of its relative importance for
plant fitness, population persistence and spread, metapo-
pulation and metacommunity dynamics, biodiversity across
multiple scales, ecosystem functions, and conservation
(Beckman et al., 2020a; Rogers et al., 2021b; Beckman and
Sullivan, 2023; Fricke et al., 2025).

Plants have a diversity of adaptations (i.e., dispersal syn-
dromes; Van der Pijl, 1982; Valenta and Nevo, 2020; Beckman
and Sullivan, 2023) that influence how, when, and where seeds
are dispersed by animals. Dispersal syndromes reflect the
mode of dispersal: ingestion and passage or regurgitation
(endozoochory), carrying externally (stomatochory), external
attachment (epizoochory), or movement by a seed-caching
animal  (synzoochory), ants (myrmechory), hornets
(vespicochory), bees (melittochory), dung beetles, or by a
carnivore that consumes prey that ingested seeds
(diploendozoochory). Often, a seed can be dispersed multiple
times sequentially or experience multiple modes of dispersal
before landing in its final location (Rogers et al, 2019).
Depending on the dispersal mode, plant adaptations may
include traits that affect their detectability by and attraction of
animals (e.g., color, scent, flavor), if and when diaspores are
removed by animals during the departure phase of seed dis-
persal (e.g., nutritional or medicinal rewards, shape of seed-
bearing organs and diaspores, appendage type and structure),
diaspore movement paths during the relocation phase (e.g.,
specialized metabolites, diaspore size), or how and where seeds

are deposited during the deposition phase (e.g., specialized
metabolites, appendage type and structure; Van der Pijl, 1982;
Vittoz and Engler, 2007; Siepielski and Benkman, 2008; Valenta
et al, 2017; Nelson and Whitehead, 2021; Beckman and
Sullivan, 2023). In actuality, a diversity of animals disperse seeds
of many plants that are not predicted by their dispersal syn-
dromes (Higgins et al., 2003; Howe, 2016; Green et al., 2022).

Plant traits interact with those of the animal seed dis-
perser, including the animal's sensory capacities, physiology,
dietary requirements, anatomy, foraging strategies, cognition
and social structures, and the external environment to
influence seed dispersal (Cortes and Uriarte, 2012). Together,
plant traits, animal traits, and external factors influence
whether, when, where, and how a diaspore is removed and,
once removed by an animal, influence when, where, and how
a diaspore is deposited, which ultimately affects the number
of diaspores dispersed and subsequent plant survival, growth,
and reproduction (Cortes and Uriarte, 2012). As zoochory is
complex, highly context-dependent, and occurs over multiple
spatial and temporal scales, it is challenging to study em-
pirically, computationally, and mathematically (Beckman
et al., 2020b). Researchers have developed many approaches
for studying individual components of the seed dispersal
process, but there is still a need to close the loop in our
understanding of the process of animal-mediated seed dis-
persal and its consequences for ecology, evolution, and
conservation (Wang and Smith, 2002), and to develop gen-
eralizable understandings of seed dispersal across systems.

Recent conceptual reviews on seed dispersal ecology
provide open questions and future research directions but
lack information on the range of methods available to con-
duct empirical research in seed dispersal ecology (e.g.,
Beckman et al., 2020a; Rogers et al., 2021b; Beckman and
Sullivan, 2023). Herein, we review quantitative and empirical
approaches and new technologies for studying seed dispersal.
We first introduce three key frameworks to holistically study
dispersal ecology and evolution (Figure 1) (Beckman and
Sullivan, 2023). Drawing on these frameworks, we then
review methodologies used to study processes at each phase
of animal-mediated seed dispersal—source, relocation, and
destination—as well as implications for the effectiveness of
seed dispersal in terms of quantity and quality (Table 1).
We then discuss methods to measure disperser behavior and
plant traits, both of which influence seed dispersal across its
phases. Finally, we discuss approaches that integrate across
the phases of animal-mediated seed dispersal and approaches
to address sparse data challenges common to the study of
animal-mediated seed dispersal.

THE STUDY OF ANIMAL-MEDIATED
SEED DISPERSAL

Several interdisciplinary, quantitative frameworks have
been developed to study dispersal: the generalized gravity
framework, the movement ecology paradigm, and the
seed dispersal effectiveness (SDE) framework (Figure 1)
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FIGURE 1 Interdisciplinary frameworks to study seed dispersal, integrating general spatial patterns and processes from the generalized gravity
framework, movement ecology paradigm, and seed dispersal effectiveness framework. Seed plants, or spermatophytes, produce seeds—ripened,
fertilized ovules comprising a testa, endosperm, and embryo—within seed-bearing organs during the predispersal phase. In angiosperms, seed-bearing
organs are fleshy or dry fruit (i.e., mature ovaries), where fleshy fruit have higher water content in the mesocarp compared to dry fruit. In
gymnosperms, these are cones or seeds on their own, and cones tend to be woody but can be fleshy. During the departure phase, animals remove
diaspores—the units of dispersal. Diaspores contain the seed and surrounding structures removed during departure, which may be the entire seed-
bearing organ or only a part of it. Following departure, diaspores are moved around the landscape by different animal vectors, carried internally or
externally, and can result in successful dispersal, seed predation, or neither. After relocation, seeds are deposited by animals away from a source tree in
varied microhabitats encompassing the seedscape—the environment surrounding a seed that influences later recruitment stages (Beckman and Rogers,
2013)—and are affected by postdispersal processes. Internal states, navigation capacity, motion capacity, and external factors of the diaspores and of
the animals influence the movement path of diaspores. Diaspore traits and animal behavior influence the quantity and quality of dispersal throughout

the phases of seed dispersal.

(Beckman and Sullivan, 2023). In its quantitative descrip-
tion of propagules moving between a source and destina-
tion, the generalized gravity framework explicitly considers
the different phases of dispersal: source processes (including
predispersal and departure processes), relocation processes,
and destination processes (including seed deposition and
postdispersal processes) (Jongejans et al., 2015). The
movement ecology paradigm considers the proximate and
ultimate mechanisms driving the movement of individuals
during the relocation phase and characterizes the internal
state (i.e., physiology or morphology of all organisms,
neurology of animals), motion capacity (i.e., traits related to
how organisms move), navigation capacity (i.e., traits
related to when and where to move, such as sensory ma-
chineries or memories of animals or visual or olfactory cues
of fruit), and external factors of an individual that influence
the movement path (Nathan et al., 2008). The movement
ecology paradigm is typically applied to animals but can be
applied to plants (Damschen et al., 2008). The SDE frame-
work connects these processes to predict the contribution of
a disperser group to the reproduction of a dispersed plant
group, quantified as the quantity component (i.e., number
of seeds dispersed) multiplied by the quality per capita

component (i.e., probability each dispersed seed produces a
new adult; Schupp, 1993; Schupp et al., 2010). In developing
a research question and designing a study, researchers can
simultaneously apply these frameworks to explicitly con-
sider processes across the phases of seed dispersal and
identify generalities as well as knowledge and data gaps
among systems (Jongejans et al., 2015; Burgess et al., 2016;
Beckman and Sullivan, 2023). Ultimately, the frameworks
utilized, methodological approaches employed, data col-
lected, and the focal spatial and temporal scale(s) will
depend on the research question (Table 1) (Bullock
et al., 2006). The study system (e.g., plant species, disperser
species, habitat, dispersal mode), available resources (e.g.,
equipment, materials, personnel, taxonomic knowledge),
and potential constraints (e.g., budget, time) will further
determine the methods used by the researcher.

SOURCE PROCESSES

Source processes can be separated into predispersal and
departure processes. The predispersal phase begins with
fertilization and ends with the maturation of seed-bearing
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TABLE 1

measure each process.

Summary of animal-mediated seed dispersal processes, what component(s) to measure for each process, and methods currently available to

Process What to measure How to measure
Source
Predispersal ~ Maturation of seed-bearing organs, diaspores, or seeds (on the » Observational approaches
plant and abscission of seed-bearing organs) ° Visual census on plants (transects, plots, or marked plants)
o Traps or transects beneath crown
° High-resolution imagery from satellites and unmanned aerial
vehicles
« Data collection by volunteer science networks
o Herbarium specimen assessment
« Ex situ monitoring of living plant collections
o Experimental approaches
o Abiotic factors (e.g., temperature, CO, concentrations, soil
moisture, light availability, and nutrient additions)
° Biotic factors (e.g., exclosures, pesticides, simulated herbivory)
Departure Diaspores departing from the plant itself or from underneath o Observational approaches
the crown (i.e., primary seed dispersal) or from temporary ° Direct monitoring (focal watches of seed dispersers visiting
settlement locations away from the plant during later phases plants, line transect surveys to monitor diaspore removal by
of dispersal (i.e., secondary or higher phases of seed dispersal) vectors, tracking and observing seed dispersers)
° Indirect monitoring via camera traps
° Seed traps or exclosures to quantify departure
o Interviews with local community members
» Molecular tools to identify seeds associated with animals
« Experimental approaches
° Animal foraging preference trials
o Seed adhesion experiments
o Artificial diaspores
Relocation
Seed movement from its point of departure to its destination o Lagrangian methods: Tracking seed movement
o Direct observation
o Mark and follow individual seeds (thread, magnets, PIT tags,
radio tags, fluorescence, isotopes)
« Eulerian methods: Patterns of seed rain
° Seed traps
° DNA markers to identify the source plant of dispersed seeds
« Quantitative models to predict seed movement (e.g., dispersal
kernels, individual-based models, mathematical models)
« Germination studies to assess quality
Destination
Deposition When, where, and how seeds are deposited in an environment o Observational approaches
° Direct observations
o Censusing, mapping, or collecting deposited seeds along
transects, seed traps, or from direct follows of animals
« Experimental approaches
° Feeding animals in captivity
o Detachment experiments
o Molecular tools to identify dispersers that deposit seeds (DNA
barcodes), assess relatedness among deposited seeds, and
determine species identities of deposited seeds
Postdispersal ~ Plant performance within the seedscape « Censuses of seed and seedling performance and other relevant

information (e.g., evidence of predation or fungal attack,
environmental factors)
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TABLE 1 (Continued)

Process What to measure

How to measure

All Behaviors of seed-dispersing animal vectors in space and time

All Diaspore traits

All Integration across phases

All Addressing sparse data

« Seed and seedling addition experiments

« Experimental approaches to isolate influence of abiotic and biotic
factors

« Behavioral coding

Traits rating

o Experimental manipulation (in situ and ex situ)

Neurophysiological studies of brain activity in situ

« Animal tracking (using GPS, geolocators, RFID technology) to
quantify home ranges/territories and movement patterns

« Sensors to measure kinematics, behavior, and physiology
« Remote sensing of environmental factors

Statistical movement models

« Observational approaches

« Experimental approaches
° Field
° Common garden
° Transplantation

o Molecular tools
« Network-based approaches

Process-based models

Statistical and machine learning models to simulate missing data

« Synthesize available data

Standardized data collection protocols

Note: PIT = passive integrated transponder; RFID = radio frequency identification.

organs and seeds. During the predispersal phase, availability
of limiting resources, such as light, water, and soil nutrients,
and biotic interactions, including natural enemies and
pollinators, affect the quantity, quality, and phenology of
seed-bearing organs and seed production with conse-
quences for SDE (Carvalheiro et al., 2021; Leal and
Koski, 2024). Departure processes occur during the primary
dispersal phase, when diaspores are initially removed from
on or under the plant by animals, or during later (e.g.,
secondary, tertiary) phases as diaspores are removed by
animals from temporary deposition sites. Studies of depar-
ture processes typically seek to measure the quantity com-
ponent of SDE through the number of dispersal events and
number of seeds removed per event and the quality com-
ponent of SDE as influenced by the handling and treatment
of the disperser.

Predispersal processes

Research questions commonly addressed at the predis-
persal phase relate to understanding phenological patterns

in the production of seed-bearing organs and factors
that determine their quantity and quality, for example,
assessing phenological mismatches between seed and
disperser availability (Sandor et al., 2021; Mendes
et al., 2023). The predispersal phase is critically important
to understanding the availability of diaspores, both in
terms of timing and quantity, to animal seed dispersers.
The most direct and systematic approaches to measuring
the phenology and abundance of seed-bearing organs involve
observational approaches to monitor the presence, develop-
ment, and ripeness of seed-bearing organs on individual
plants (Wheelwright, 1986; Chapman et al., 2005; Bush
et al., 2018). These traditional approaches have provided
valuable insights into maturation timing and abundance,
particularly for common species and at single sites
(Haggerty and Galloway, 2011; Datta and Rane, 2013;
Gallinat et al., 2020; Nufiez-Cruz et al., 2020). However,
emerging approaches in field observation technology, vol-
unteer science contributions, herbarium specimens, and
botanical gardens can broaden the taxonomic scope, spatial
extent, and temporal duration of seed maturation data.
Manipulative experiments or comparative, observational

85U80|7 SUOWIWIOD BAIEa.D 3|eot(dde aup Aq peusenob ke ssjole VO ‘8sn Jo Sajni Joj Afeiq1 8UlUO A8]1M UO (SUOIPUOD-PUB-SULBI WO A8 | 1M ATRIq Ul [UO//:SdNY) SUORIPUOD Pue swiB | 84} 885 *[9202/20/c2] Uo ARiqiTauliuo A1 ‘ABojoipAH ® AB0j003 104 811UsD MN AQ £400L €sde/Z00T 0T/10p/LI00" A3 1M AReiq 1 Buluo'sgndesay/sdny wouy papeojumod ‘0 ‘0S7089TZ



6 of 27 |

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

studies are also useful approaches for studying the factors
influencing production of seed-bearing organs and their
traits (e.g., Cuartas-Dominguez and Medel, 2010; Le Roncé
et al., 2020; Trunschke et al., 2020).

Observational approaches

Censusing seed-bearing organs developing on plants and
those captured by seed traps are the two main observational
approaches used to study predispersal processes (e.g.,
Benkman et al., 1984; Gonzélez-Varo et al., 2021). Obser-
vations of seed-bearing organs on plants, such as within the
canopy, are typically conducted along transects or in dis-
crete plots, with data collected on the density and devel-
opmental stages of seed-bearing organs and the proportion
of plants bearing mature seed-bearing organs (Garcia
et al.,, 2011; Denny et al., 2014). Phenological observations
can be made at the community level by monitoring all
reproductive seed-bearing plants either along a transect or
in a plot without tracking individual plants, or at the indi-
vidual level by monitoring marked plants; sampling at the
community level will provide information on overall avail-
ability of seed-bearing organs (e.g., Muhanguzi et al., 2003;
Camaratta et al, 2017; Bender et al., 2025), whereas
following marked plants is better for understanding
interindividual variation within a species and for studying
rare species (e.g., Franklin and Bach, 2006; Takahashi
et al,, 2011; Boyle and Bronstein, 2012; Dunham et al., 2018;
Datta et al,, 2025). For small crop sizes, all seed-bearing
organs on plants can be counted, but as crop size increases,
researchers can subsample within the plant to scale up
and estimate total number of seed-bearing organs for the
individual plant (e.g., Jordano and Schupp, 2000; Foest
et al., 2025). The phenology of seed-bearing organs can also
be recorded using ordinal scales that describe the absence,
onset, peak, and end of their availability (e.g., as four-point
scales; Fournier, 1974; Denny et al., 2014; Elmendorf
et al., 2016; Camaratta et al., 2017).

For taller plants, monitoring seed-bearing organs within
the canopy is more challenging. A promising approach for
directly monitoring abundance and phenology in the canopy
is to use machine learning models (e.g., random forest, neural
networks) to identify seed-bearing organs in high-resolution
imagery from satellites or unmanned aerial vehicles (e.g.,
Broadbent et al., 2024), as has been developed to study
flowers at the top of canopies (Dixon et al, 2021; Ma
et al., 2022; Lee et al., 2023; Miura et al., 2023) and fruit
production in orchards (Maheswari et al, 2021; Popescu
et al., 2023). Alternatively, seed traps (see Kollmann and
Goetze, 1998; Stevenson and Vargas, 2008 for seed trap
designs) have been used to estimate phenology and abun-
dances and to quantify the premature dropping and damage
of reproductive parts (Beckman and Muller-Landau, 2007;
Jackson et al., 2022). Researchers can use the number of
reproductive parts captured in seed traps to estimate abun-
dance for an individual, population, or community by, for

example, using an estimate of crown size (e.g., Howe and
Vande Kerckhove, 1981) or Bayesian approaches that
incorporate information on plant status and spatial location
(Clark et al., 2004). Seed traps, however, provide limited data
on phenology for species that do not abscise mature seed-
bearing organs (Tattoni et al., 2021; Wright et al., 2024a).

Monitoring the phenology of seed-bearing organs comes
with challenges. For example, assessing the maturity and
ripeness of seed-bearing organs is not straightforward, partic-
ularly when researchers work with many species at once.
Frequently used traits such as fruit size, color, and texture (e.g.,
Wichura et al., 2024) can be subjective, and assessing quanti-
tative metrics such as sugar content can be labor intensive,
with accuracy varying among species (White and Stiles, 1985).
In this issue, Nguyen et al. (2026) offer additional considera-
tions for measuring the physiology of fleshy fruit maturation.
In diverse ecosystems, such as tropical forests, animal behav-
iors such as feeding observations or scat contents have also
been used to infer fruit and seed maturation patterns for seeds
dispersed by animals, under the assumption that animals are
selecting ripe fruit (e.g., Kurek et al., 2024). Monitoring phe-
nology in tropical species is further complicated by the fact
that many tropical plants fruit for extended periods—or even
continuously—blurring the distinction between “fruiting” and
“not fruiting.” Consequently, often many individual plants
must be monitored over multiple years to discern consistent
fruiting patterns (Mendoza et al., 2017).

Volunteer science networks

In recent years, volunteer science networks focused on
phenology, such as Nature's Notebook in the United States
(https://www.usanpn.org/nn; Crimmins et al., 2022), Plant-
Watch in Canada (https://www.naturewatch.ca/; Beaubien
and Hamann, 2011), SeasonWatch in India (https://www.
seasonwatch.in/; Ramaswami et al, 2021), and Nature's
Calendar in the United Kingdom (https://naturescalendar.
woodlandtrust.org.uk/; Collinson and Sparks, 2008), have
significantly expanded the geographic scope of maturation
studies of seed-bearing organs, although these efforts remain
heavily concentrated in temperate ecosystems of the
Northern Hemisphere. These networks engage volunteers to
record plant development stages across extensive regions,
collectively generating millions of records (e.g., Crimmins
et al., 2022). Global platforms that host volunteer-contributed
photographs, such as the Macaulay Library at the Cornell Lab
of Ornithology and iNaturalist, also provide opportunities to
investigate patterns in plant phenology (Barve et al., 2020;
Iwanycki Ahlstrand et al, 2022; Rzanny et al, 2024)
and can be further used to leverage documented plant-animal
interactions, such as frugivores (i.e., an animal that consumes
fleshy fruit) feeding on diaspores, which can inform localized
assessments of diaspore availability (Diaz et al., 2024).

While these data increasingly document variation in
maturation times among individuals, species, and regions—
variation that is critical for exploring the mechanisms
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underlying animal-mediated seed dispersal—they also
introduce challenges associated with both non-expert
identification of species and ripeness and opportunistic
approaches to data collection. If an observer opportunisti-
cally identifies the presence of mature seed-bearing organs,
it can be difficult to identify whether this is the onset,
peak, or end of their availability for an individual. For
those managing volunteer networks, as well as for scientists
studying phenology, the development of species-specific
protocols for identifying the ripeness of particular
species (e.g., https://www.usanpn.org/nn/photoguide-list)
will improve the quality of the data collected. For com-
munity science data users, utilizing observations of plants
lacking seed-bearing organs before observations of plants
with mature seed-bearing organs offers a path forward for
addressing this challenge (see Crimmins et al., 2017).

Herbarium specimens

Current estimates suggest there are 396 million botanical
specimens in herbaria worldwide (Thiers, 2025), and these
records are increasingly being digitized (Soltis, 2017;
Pearson et al, 2020; Heleno et al, 2024). By analyzing
reproductive structures preserved on specimens, alongside
their collection dates and locations, researchers can identify
when plants produce seed (Gallinat et al., 2018; Lima
et al., 2021; Park et al., 2023) and record phenology (Willis
et al., 2017). The broad temporal coverage of herbarium-
derived data also enables researchers to explore how seed
maturation may be changing over time and in response to
changes in the environment (Willis et al., 2017; Gallinat
et al., 2018; Lima et al., 2021). Robust herbarium collections
from the Global South provide a particularly valuable
opportunity to fill major gaps in long-term fruiting phe-
nology data (Davis et al., 2022).

Herbarium specimens have some limitations, however.
Plants are not always collected with their seed-bearing
organs, as flowers are often easier to press and store.
Furthermore, pressed specimens magnify challenges asso-
ciated with identifying ripeness and phenological stage.
Developing criteria to assess ripeness becomes more dif-
ficult after plants have been pressed, dried, and stored
long-term and seed-bearing organs have undergone
changes (e.g., in color). It is often best to focus instead on
other characteristics such as size and the apparent texture
of seed-bearing organs when they were pressed (Gallinat
et al., 2018). Similar to volunteer observations, temporally
sporadic herbarium collections of seed-bearing plants can
make it difficult to assess the different phenological stages
of ripening, in such a way that can limit intraspecific
analyses over time and with environmental cues (Gallinat
et al, 2018; Park et al, 2023). However, specimens
can provide useful comparisons of seasonality across
plant species and within some species with short fruiting
seasons and abundant specimens. Researchers using her-
barium specimens should also be cognizant of geographic,

temporal, and taxonomic biases in preserved collections
(Daru et al., 2018).

Living collections

Botanical gardens offer opportunities to assess maturation
phenology and seed abundance data for multiple plant
species in shared settings (Krishnan and Novy, 2017;
Primack et al., 2021). Observations from botanical gardens
in North America, Asia, and Europe have been used to
describe fruiting phenology and related functional traits for
hundreds of plant species (Gallinat et al., 2018; Sporbert
et al,, 2022). While botanical gardens can be limited in the
number of individuals of each species and the environ-
mental gradients represented, they can leverage the value of
other resources. Volunteer science networks like Nature's
Notebook (Crimmins et al.,, 2022) mentioned above and
PhenObs (https://www.idiv.de/research/projects/phenobs/;
Nordt et al., 2021) specifically engage volunteers to monitor
plant phenology in botanical gardens. Many botanical
gardens also house herbaria that can be connected with
present-day observations to combine temporal and
taxonomic breadth (Primack et al., 2021).

Experimental approaches

Manipulative experiments increase our understanding of
the ecological interactions and mechanisms affecting
development, production, and quality of seed-bearing
organs in zoochorous plants. Manipulations of tempera-
ture, CO, concentrations, soil moisture, light availability,
and nutrient additions shed light on factors influencing
seed-bearing organs and plant traits relevant for dispersal by
animals (e.g., Bazzaz, 1990; Zhang et al., 2011). Long-term
nutrient experiments, such as the one established by Wright
et al. (2024b) in a Panamanian tropical forest, could be used
to investigate effects of resource availability on the quantity
and quality of seed-bearing organs produced, with impli-
cations for animal seed dispersers. Experimental approaches
to quantify the effects of vertebrates, insects, and microbial
organisms include the use of exclosures (e.g., Kurkjian
et al, 2017), pesticides (e.g., Beckman and Muller-
Landau, 2011), and simulated herbivory (e.g., Whitehead
and Poveda, 2011). For plants with larger growth forms,
these experiments can be conducted in the canopy (e.g.,
Nakagawa et al., 2005; Beckman and Muller-Landau, 2011;
Tiansawat et al., 2017) using cranes, walkways, and towers
(Stork et al., 1997; Lowman, 2009), which allow for long-
term canopy access but require substantial resources to es-
tablish and maintain, typically have a limited spatial extent,
and can result in non-independence of samples (Lowman
et al., 2012). Experiments offer more controlled settings to
isolate the effects of abiotic or biotic interactions at the
predispersal phase but tend to be limited in spatial and
temporal scales, especially for long-lived or large-stature
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plants. When designing an experiment, the potential for
unintended effects (e.g., nutrient addition with the use of
insecticides; Siemann et al., 2004) or additional challenges
in replicating natural conditions (e.g., replicating real
damage of insects with simulated herbivory; Waterman
et al., 2019) should be considered as much as possible.

Departure processes

A variety of observational and experimental approaches are
used to identify dispersers and their contributions to SDE at
the departure phase. Oftentimes single approaches, with
their own potential biases, are unable to holistically capture
the diversity, frequency, and functional outcomes of plant-
animal interactions, especially for uncommon interactions
(Gonzalez-Castro et al., 2022; Quintero et al., 2022). Syn-
thesizing data collected from different methodologies can
provide more complete characterizations (Quintero
et al, 2022). Many of these approaches focused on the
departure stage measure animal visitation and/or diaspore
removal without assessing seed fate following handling of
the diaspore; hence researchers should take care in inter-
preting the ecological function of the animal for the plant
(e.g., dispersal vs. predation) if previous studies of the an-
imal's function are unavailable. It should be noted that the
ecological function of an animal for a plant can vary among
individuals of an animal species (Zwolak, 2018; Zwolak and
Sih, 2020; Bartel and Orrock, 2022) or among individuals of
a plant species (Schupp et al., 2019).

Observational approaches

Observational approaches include directly observing animal
foraging or interactions with plants, using cameras to
indirectly observe visitors, indirectly measuring dispersal
using seed traps, and drawing on local ecological knowledge
of plant interactions with potential seed dispersers. Ade-
quately describing the full community of dispersers, their
contributions to SDE, and total seeds dispersed from indi-
vidual plants based on direct observations requires sub-
stantial field effort (Quintero et al., 2022). Animal foraging
can be directly observed through focal watches of seed-
bearing plants (e.g., Snow and Snow, 1971; Albrecht
et al., 2013; Sekar and Sukumar, 2015; Howe, 2024), transect
walks (e.g., Moegenburg and Levey, 2003; Galetti and
Pizo, 2013), and tracking and observing seed dispersers
(e.g., Chapman, 1989; Fischer et al., 1996; Wehncke
et al., 2004; Tonos et al., 2025; Wilcox and Tarwater, 2025).
Direct observations have strengthened our knowledge of
seed dispersal interactions (Forget and Wenny, 2005 and
references cited therein) but require a high sampling effort
and may provide an incomplete assessment of animal visi-
tation and diaspore removal rates (Monteza-Moreno
et al, 2022). In addition, directly observing foraging
behaviors of some animals can be challenging depending on

their size, motion capacity, typical behaviors, or environ-
mental context (e.g., presence of hunting, ruggedness of the
terrain, vegetational complexity of canopy and understory;
Forget and Wenny, 2005; Fell et al., 2023).

Imaging systems, including still, video, time-lapse, and
motion-triggered cameras, enable remote data collection of
animals visiting seed-bearing organs and removing diaspores
(e.g., Seufert et al,, 2010; Monteza-Moreno et al., 2022; Sé-
guigne et al., 2022; Villalva et al., 2024). The earliest use of
cameras for seed dispersal-related research was in the 1990s
and early 2000s, where researchers documented frugivory and
diaspore removal from the ground (e.g., Miura et al., 1997;
Beck and Terborgh, 2002; Jansen and den Ouden, 2004;
Kitamura et al, 2004) and canopy (e.g., Otani, 2001;
Jayasekara et al., 2003). Since then, advances in sensor sen-
sitivity, image resolution, battery life, and compact design
have made cameras a reliable tool for evaluating animal vis-
itation ranging from ants (Bologna et al., 2017) to elephants
(Sekar and Sukumar, 2015).

Cameras can be used to document when departure of
the diaspore occurs, which animal removes the diaspore,
and how each individual interacts with the diaspore
(e.g., Villalva et al., 2024). While the majority of studies
adopt a phytocentric approach by positioning cameras
toward diaspores, a few have employed a zoo-centric setup
by attaching cameras to animals to observe their foraging
choices (Rutz et al., 2007; Tezuka et al., 2022; Holcombe,
2024). Cameras can be used across all growth forms (herbs,
shrubs, climbers, trees), strata (ground to canopy), and
diaspore types (e.g., Moore et al., 2020; Coutant et al., 2022;
Campagnoli et al., 2025). Diaspores may be monitored while
still attached to the parent plant, after they have fallen to the
ground, or in an experimental setting (e.g., Jayasekara
et al., 2007; Selwyn et al., 2020; Silva et al., 2020; Landim
et al., 2025).

Cameras provide many benefits over alternative observa-
tional approaches such as focal watches. They offer continu-
ous monitoring (Séguigne et al., 2022), significantly increasing
the sample size and the likelihood of capturing rare events
(Brockelman et al., 2022; Villalva et al., 2024). Cameras pro-
vide a record of interactions that can be confirmed later and
can be deployed in otherwise inaccessible locations such
as treetops or cliff edges (e.g., Moore et al, 2021; Zhu
et al.,, 2022). Arboreal camera traps are expanding our un-
derstanding of canopy-level departure processes of diaspores,
helping to reduce the ground-level bias in many studies
(Rivas-Romero and Soto-Shoender, 2015). Cameras utilizing
infrared technology can record diaspore handling behavior by
nocturnal visitors without the disturbance of a light or flash.
Lastly, while reviewing images manually can be extremely
time consuming, artificial intelligence and standardized
workflows have improved the process (e.g., Villalva and
Jordano, 2025).

Monitoring interactions using camera traps also has
limitations. Each new study requires effort to select the right
camera, settings, and placement method, based on the
specific requirements of the study system, habitat, or focal
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plants (Randler and Kalb, 2018; Palencia et al., 2022). While
canopy access is possible, it typically requires tree climbing
skills and equipment, leading to a common bias towards
capturing only the lower portion of trees or selecting lower-
stature plants as focal species (Moore et al., 2021; Landim
et al., 2025). As at least one camera is needed for each plant
to monitor interactions and diaspore removal, sampling
effort for plants with one or a few seed-bearing organs may
be even more limited than for plants with larger crop sizes.
After successfully setting up the cameras, images may still
be plagued by poor visibility due to sun glare or rain and by
false positives because of wind moving the vegetation (Apps
and McNutt, 2018; Silva-Rodriguez et al., 2025). Cameras
may also attract or repel animals, affecting estimates of
removal rates (Meek et al., 2014). They are also prone to
theft or vandalism by people, increasing the overall cost of
the project (Meek et al., 2019). Furthermore, diaspore
removal can be difficult to count when animals obscure the
view, are far away, move quickly, or destroy the plant
(Campos et al., 2018). Even with these limitations, the use of
imaging systems over the past three decades has dramati-
cally increased observational data on animal movement of
diaspores (Trolliet et al., 2014; Meek et al., 2020).

Finally, seed traps, exclosures, and local knowledge
provide additional approaches for estimating diaspore
removal. For plants that produce seed-bearing organs with
parts that are not dispersed, seed traps positioned under
focal trees can be used to estimate seed removal by com-
paring total seeds collected to total production of seed-
bearing organs (e.g., Beckman and Muller-Landau, 2007).
Another approach is to census seed-bearing organs on
branches with and without exclosures (e.g., wire mesh:
Iwanycki Ahlstrand et al., 2022; bags: Willson and
Whelan, 1993); however, this introduces challenges by al-
tering the microenvironment around enclosed organs and
thereby potentially influencing abortion and abscission
rates. Interviews with local communities (including indig-
enous people) can offer complementary information on
seed dispersers drawing on local knowledge and provide a
rich source of information, especially in hyperdiverse
tropical ecosystems where repeated direct observations are
challenging (Ong et al., 2021; Durand-Bessart et al., 2024).
For example, Ong et al. (2021) identified 2063 frugivory
interactions using a combination of methods (i.e., inter-
views, field surveys, published records) in a hyperdiverse
rainforest of Peninsular Malaysia. Interviews with indige-
nous people alone identified the majority of these interac-
tions (97% based on one or more interviews, 85% based on
two or more interviews), while field surveys (i.e., feeding
signs observed on fruit, camera traps, fecal inspection) alone
identified 13% of the total frugivory interactions (Ong
et al., 2021). While information from local ecological
knowledge on frugivory interactions is fairly comprehen-
sive, there are several limitations to consider with this
approach, including the taxonomic resolution (i.e., ques-
tionnaires may deal with closely related animal or plant
species), lack of information on the frequency of frugivory

interactions, and the introduction of biases depending on
the culture and personality of the interviewee and based
on more complete knowledge for certain animal groups
(Ong et al,, 2021).

Molecular tools

Departure processes are often studied during the relocation
or deposition phase by identifying seeds found in animal gut
or fecal contents (e.g., mist-netted birds; Rumeu et al., 2023)
or that have been dropped after handling or regurgitation. To
overcome challenges of seed identification based on mor-
phology, molecular tools are increasingly used to aid in the
identification of seeds associated with frugivores (Galimberti
etal., 2016; Viana et al., 2016; Timoéteo et al., 2018; Gonzélez-
Varo et al,, 2021; Motta et al., 2026). DNA barcoding involves
amplifying short sections of DNA from specific genes and
matching information to reference libraries to identify single
seed species. DNA barcoding faces challenges in achieving
species-level identifications and often requires combining
multiple barcode regions (e.g., rbcL, matK, ITS) due to the
limited resolution of small gene regions, as well as incomplete
reference libraries (Ando et al, 2020; Espinosa Prieto
et al,, 2024). In fact, DNA barcoding has been used to help
morphological identification of seeds by short-listing plant
species at the genus or family level through sequence
matching with reference libraries and then checking seed
reference collections (Viana et al., 2016; Timoteo et al., 2018;
Gonzélez-Varo et al,, 2021).

DNA metabarcoding allows for the identification of
multiple plant taxa from fecal content rather than analyzing
the seeds individually, which offers a more cost-effective
approach to seed identification (Ando et al, 2020; Tang
et al., 2022). Metabarcoding mainly targets DNA of the fruit
pericarp from multiple plant species that have been consumed
and digested by frugivorous seed dispersers (Garcia
et al., 2024). However, DNA metabarcoding of fecal matter
could identify frugivory (or even folivory or other forms of
herbivory) without guarantee of animal-mediated seed dis-
persal (e.g., pulp pecking). Consequently, natural history
information is key to discerning between frugivores and seed
dispersers (Garcia et al., 2024), between direct and indirect
(e.g., accidental or secondary) plant consumption (Tercel
et al, 2021), and between consumption of the seed-bearing
organ and that of other parts of the plant such as pollen,
nectar, or leaves (Motta et al., 2026). DNA metabarcoding
faces the same challenges in achieving species-level identifi-
cations as those described above for DNA barcoding. Her-
barium and living collections can expand DNA reference
libraries, but these methods still require the integration of
morphological data, seed reference collections, and species
distribution records. We acknowledge that molecular research
capacity remains unevenly distributed globally, with particu-
larly strong financial and infrastructural barriers in the Global
South (here used to refer to low- and middle-income coun-
tries historically marginalized in global research systems;
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Zhang et al., 2023; Holcombe, 2024). More specifically, ref-
erence genomes remain scarce relative to species richness in
low-latitude regions (Global South), while whole-genome
sequencing efforts continue to focus disproportionately on
taxa from the Global North, thereby constraining the devel-
opment of studies that rely on available genetic data (Linck
and Cadena, 2024).

Experimental approaches

Experimental approaches to study departure processes vary by
the mode of seed dispersal. Departure will partly depend on
the composition, abundance, and food preferences of animals
visiting the plants or on factors that influence seed adhesion
to dispersers. Approaches can vary from release of real or
artificial diaspores in controlled environments to manipula-
tive, natural, or accidental experiments in natural settings.

Under the assumption of optimal foraging theory, seed
dispersers make complex foraging decisions based on their
judgements of food item values (e.g., Vander Wall, 2010;
Wang et al., 2016). From the animal perspective, accessible
diaspores with high nutritive value are the most prized and
should be chosen and subsequently removed from the
source plant faster and in higher numbers than diaspores
perceived to have lower value (e.g., Cousens et al., 2010).
Large diaspores are nutritively valuable but may also be
bulky and difficult to transport (Mufioz and Bonal, 2008;
Correa et al., 2015). Preference trials or choice experiments
in feeding ecology fall into two categories: binary choice
trials and cafeteria-style trials (i.e., more than two food
choices). Ideally, to measure animal preference, researchers
would employ a fully factorial design of paired offerings
(i.e., all possible pairs of offerings are presented and mon-
itored within the environment) that are replicated in space
and time. Binary choice experiments allow investigators to
discern true choices made by animals and to detect nuances
in selection for plant traits by dispersers that may be
obscured in multi-offering trials (Raffa et al, 2002;
Kuprewicz and Garcia-Robledo, 2019). However, deploying
many binary choice offerings in a full factorial design may
be logistically impractical; such studies require large
amounts of seeds and time, which may not be available.
Cafeteria-style experiments allow for many seeds with
varying traits to be offered to animals simultaneously in a
realistic multi-choice environment, greatly reducing repli-
cation efforts in the field or lab. The main drawback of
offering more than two choices in preference trials is that
true foraging choices made by animals may be obscured
(Raffa et al., 2002).

The presentation of diaspores to seed dispersers within
an experiment will depend on the organism and appropriate
habitat scale, for example, small plastic containers that allow
for removal on or in the litter by ants (Gorb and Gorb, 2003;
Garcia-Robledo and Kuprewicz, 2009) and consideration of
appropriate height for arboreal animals (e.g., Whitehead
et al., 2016). Disperser enclosures can be used for more

controlled environments (e.g., Trabelcy et al., 2022; Gelambi
and Whitehead, 2023). However, experiments with captive
vertebrates require building an appropriate environment
and specialized training in capturing and keeping wild an-
imals in captivity. In addition, captive animals (both
captive-born or wild-caught) often have different diets,
physiological systems, and behaviors than wild animals (e.g.,
Mason, 2010; Fischer and Romero, 2019; Turko et al., 2023),
which can affect results and inferences regarding seed dis-
persal processes.

To measure attachment of diaspores dispersed by
adhesion to animals, including humans (Wichmann
et al,, 2009), researchers have used laboratory and field ex-
periments. In the lab, fruits or diaspores are manually
brushed along different animal coats (Couvreur et al., 2004;
Will et al., 2007). In the field, mobile dummies (e.g., bicy-
cles, mammal dummies) or humans bearing materials with
different adhesion properties (e.g., fur or feather char-
acteristics, clothing types) move through vegetation
(Castillo-Flores and Calvo-Irabién, 2003; Mouissie
et al., 2005; Sato et al., 2023; Lukdcs et al., 2024). Studies of
diaspore adhesion should consider the interaction of dis-
perser and plant characteristics (Cousens et al., 2010; Sato
et al, 2023), including the height at which diaspores are
presented relative to that of the animal; diaspore ripeness,
which influences the amount of force required to detach;
and how diaspore size (e.g., mass, length), appendage type
(i.e., none, awns, bristles, hooks, viscid outgrowth), and
structure within appendage type are influenced by the
adhesion properties of the animal (Sorensen, 1986; Will
et al, 2007). As diaspores dispersed by adhesion may be
available for relatively longer time periods compared to
diaspores consumed by dispersers, researchers should also
consider censusing how the disperser assemblage and
resulting departure rates shift during the period of diaspore
availability (Sato et al,, 2023). Obviously, such artificial,
experimental approaches may not capture the range or
complexity of attachment processes, but they are useful for
understanding the potential roles of dispersal agents and
processes that might be difficult to capture in purely
observational studies.

Experimental approaches can consider the use of arti-
ficial diaspores to measure diaspore removal rates or test the
influence of fruit and diaspore traits on departure processes.
Artificial fruit or diaspores can be used to compare dispersal
rates between regions under a natural or accidental
experiment (Diamond, 1983; Galetti et al., 2003;
HilleRisLambers et al., 2013); to determine foraging pref-
erences in response to nutrients, specialized metabolites, or
morphology (e.g., Kuprewicz and Garcia-Robledo, 2019;
Gelambi and Whitehead, 2023); or to record visitors
through the marks they leave on the artificial diaspore (e.g.,
Alves-Costa and Lopes, 2001). A high degree of replication
and manipulation of specific seed traits are possible through
the use of artificial seeds. For example, Kuprewicz and
Garcia-Robledo (2019) used artificial diaspores made from
polymer clay and peanuts to tease apart the role of diaspore
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morphology and chemistry in the decisions of scatter-
hoarding rodents. Drawbacks of using artificial seeds in
experimental methods include the large amount of time
required to construct many artificial seeds and the time-
consuming necessity of running pilot studies to ensure that
animals treat artificial seeds like natural seeds.

RELOCATION PROCESSES

Relocation processes encompass the movement of a seed
from its initial location until its final destination. Relocation
processes affect the quality component of SDE depending
on the treatment of the seed by the disperser and by
influencing a seed's movement path and dispersal distances.
Relocation processes can result in both local and long-
distance dispersal. Long-distance dispersal is quantified as
dispersal outside of the geographic population, the genetic
neighborhood, or both, and has implications for meta-
population dynamics, range expansion, or gene flow
(Jordano, 2017). Quantifying the relocation of seeds by
animals is challenging. Ideally, the source plant from which
an animal removed a specific seed must be identified, the
movement of the seed must be tracked, and the deposition
site of the same seed must be located; moreover, when the
seed is dispersed sequentially by more than one disperser,
these measures must be repeated for each disperser until the
final destination is reached. We can measure relocation
processes by tracking the movement of individual seeds
(“Lagrangian” methods) or quantifying spatial patterns of
seed rain at specific locations (“Eulerian” methods) (Bullock
et al, 2006). The Lagrangian approach has advantages
for studying relocation processes because it can provide the
true set of dispersal distances and paths, compared to
the Eulerian approach, which offers a comprehensive look
at the seeds or seedlings landing within deposition sites and
hence tends to provide information on the combined result
of both relocation and destination processes.

Several challenges exist in measuring the outcome of
relocation processes. Different seeds in a population may be
dispersed by different dispersers, and an individual seed
may go through multiple dispersal steps by the same
disperser species (e.g., seeds stolen from caches by scatter-
hoarding rodents; Jansen et al, 2012) or by different
disperser species (e.g., when diaspores are dispersed by
frugivores and then secondarily dispersed by dung beetles,
scatter-hoarding rodents, or ants; Vander Wall and
Longland, 2004). Another critical challenge for measuring
relocation is that seeds are difficult to track when they move
outside the search area defined by the researcher (e.g., long-
distance dispersal of seeds by migratory birds; Viana
et al., 2016) or become undetectable in some other way (e.g.,
buried by scatter-hoarders, taken very high into tree cano-
pies). More fundamentally, seeds may die during relocation,
for example, due to predation by animal dispersal agents
(Vander Wall et al., 2005) or through other mortality fac-
tors. Because seeds may be lost or die during the relocation

processes, it is important not to treat the destination of
(successful) dispersers as an unbiased measure of relocation
processes. Finally, many of these methods often combine
relocation and destination processes, and estimates of seed
dispersal distances can vary depending on the method used
(e.g., direct observations, molecular methods, phenomeno-
logical modeling, and mechanistic modeling), as they inte-
grate different processes of seed dispersal (Gelmi-Candusso
et al.,, 2019).

During the study design phase, investigators should
consider these caveats of studying relocation processes and
potential limitations in inference for their focal system.
Bullock et al. (2006) discuss an iterative approach to
optimize study designs for tracking or trapping seeds and
minimize bias or errors using a combination of data
collection and simulation studies, although to our knowl-
edge this has never been implemented. Optimization and
integration of diverse methods can provide a deeper
understanding of the complicated, multi-faceted aspects of
relocation processes.

Tracking seed movement

For animals with short dispersal distances or that predict-
ably reuse transport routes, it may be possible to directly
track the distances that individual seeds are moved.
This approach is used often when tracking primates, where
researchers follow animals for the entire day, observing
frugivory and collecting fecal samples (e.g., Fuzessy
et al., 2022). However, as this is not possible for most spe-
cies, creative approaches to mark and relocate seeds are
often required (Forget and Wenny, 2005). These methods
vary according to diaspore size, dispersal mode, and the
relocation metrics of interest, for example, total displace-
ment, the movement path, or the proportion of seeds
moving in and out of a location. Following the movement of
individual seeds can be labor intensive, leading to low
sample size (Nathan et al., 2003; Bullock et al., 2006); typ-
ically provides information on relocation provided by one
disperser species rather than the assemblage; and is more
feasible for seeds dispersed by large-bodied and diurnal
dispersers (Rogers et al., 2019).

Marking methods include using thread tags (Forget, 1996;
Xiao et al., 2006; Kuprewicz, 2013), radio transmitters (Hirsch
et al, 2012a), magnets (Alverson and Diaz, 1989), fluorescent
materials (Levey and Sargent, 2000), isotopes (Carlo
et al., 2009), and seed mimics (Gonzéilez-Varo et al., 2013).
Drilling into the seed to attach threads or insert tags can be
used to relocate larger seeds, which are typically dispersed by
scatter-hoarding animals. Radio transmitters mounted on
or in seeds allow for quantifying long-distance dispersal
distances over short time spans (Pons and Pausas, 2007),
whereas thread tags are typically fastened to a seed for visual
searching (Forget and Wenny, 2005). Telemetric thread tags
that turn on/off with a magnet provide an intermediate
solution that combines the benefits of thread tags (minimal
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cache disturbance) with those of radio transmitters allowing
for longer-term monitoring (Hirsch et al., 2012a). Another
method includes passive integrated transponder (PIT) tags,
which have the benefit of being recoverable indefinitely
without influencing animal behavior and have minimal ef-
fects on seed and seedling fates for the tested plant species
(Suselbeek et al., 2013). Fluorescent microspheres or powder
applied to diaspores have a short half-life and therefore are
useful for diaspores with rapid removal rates (Levey and
Sargent, 2000). If applied to pulp, the fluorescent micro-
spheres are detectable in defecations that contain pulp.
Stable isotope enrichment relies on the fact that plants
sprayed with '°N-urea reliably produce isotopically en-
riched seeds and seedlings; the drawback is that only a few
plant sources can be enriched within a landscape (Carlo
et al., 2009). Color-coded artificial seed mimics embedded
in pulp and experimentally offered to animals in the field
can be used to measure seed dispersal distances, either
mediated by a group of frugivore species or by individual
species (Gonzalez-Varo et al., 2013).

Issues around the use of several of these marking
methods include the introduction of visual cues that can
influence disperser decisions, the necessity of disturbing the
cache to recover the seed (e.g., radio isotopes, internal tags),
the ability of animals to sever threads, and the addition of
increased weight to the diaspore. Marking methods that
require visually searching for diaspores are most profitable
if diaspores are deposited in specific habitats or over short
dispersal distances, such as dispersal directed to specific
deposition sites (Levey and Sargent, 2000; Gorb and
Gorb, 2003). Not all methods allow for identification of
individual seeds, and not all allow for the tracking of seeds
until germination or seedling establishment.

Spatial patterns of seed rain at specific
locations

To quantify spatial patterns of seed rain, researchers can
count, map, and collect seeds at specific locations following
deposition, typically using seed traps. If seed sources are
isolated from each other such that seed shadows are non-
overlapping, dispersal distances from the initial location to
deposition can be calculated for focal seed sources. How-
ever, with overlapping seed shadows, all potential seed
sources can be mapped and dispersal kernels (i.e., statistical
distributions of dispersal distances; Nathan et al., 2012) can
be fit using inverse modeling (e.g., Ribbens et al., 1994;
Nathan et al., 2012; Bullock et al., 2017; Nuiiez et al., 2018;
Marchand et al., 2020). Eulerian approaches can be used to
describe spatial patterns of seed rain at various phases of
relocation (e.g., primary, secondary, etc.) or across phases of
relocation, from initial departure to final location (i.e., total
dispersal kernel; Nathan, 2007; Rogers et al., 2019). For
example, seed traps elevated above the ground capture
dispersal by arboreal animals that typically act as primary
dispersers but not dispersal by terrestrial animals. Some

approaches can lead to ambiguities as to whether the final
destination has truly been recorded, leading to potential
biases. In such cases, data represent the number of seeds
that reach that minimum distance or location, rather than
total displacement, and the analysis needs to reflect that
(e.g., Bullock et al., 2011; Hirsch et al., 2012b).

To estimate seed dispersal distances, we can also use
DNA markers to identify the source plant of animal-
dispersed seeds sampled in seed traps or collected oppor-
tunistically from the ground along transects, beneath parent
plant crowns, or while following animals (Godoy and
Jordano, 2001; Pérez-Méndez et al., 2016; Gonzéalez-Varo
et al,, 2017). The target DNA markers rely on the fact that
the seed endocarp is maternal tissue and, thus, has the same
genotype as the mother (source) plant (Godoy and
Jordano, 2001). Hence, if an endocarp is present, one can
obtain genotype matchings with uncertainty statistics by
genotyping the endocarp and the leaves of potential source
plants (e.g., Galpern et al., 2012). This scenario makes it
possible to determine where the diaspores came from and,
thus, to uncover seed dispersal distances between maternal
plants and seed deposition sites (Jordano et al., 2007; Pérez-
Méndez et al., 2016; Gonzélez-Varo et al., 2017). As dis-
cussed above, this approach is limited by the high financial
and infrastructural requirements of molecular research.
Moreover, it requires careful selection of the study system,
as large plant populations demand genotyping many
potential maternal plants to achieve successful genotype
matches with the analyzed endocarps.

Predicting seed movement from models

Seed dispersal distances can be predicted using phenome-
nological or mechanistic models. One quasi-mechanistic
approach is to predict dispersal distances using equations
that describe the distance an animal moves (e.g., movement
speeds calculated from relocation data of the animal's daily
travel paths) and the time between diaspore departure and
deposition (e.g., gut retention times, detachment processes).
These are considered quasi-mechanistic as equations
describe the outcomes rather than the underlying mecha-
nisms of these processes (Cousens et al., 2010). Dispersal
distances can also be predicted from dispersal kernels,
which are typically phenomenological but can be mecha-
nistically derived. Details on widely used dispersal kernels
and fitting methods can be found in Nathan et al. (2012)
and Bullock et al. (2017). Process-based models, such as
individual-based models (e.g., Tonos et al., 2025) or math-
ematical models (e.g., Neubert and Parker, 2004; Neupane
and Powell, 2015), can predict the movement path and
dispersal distances of seeds by incorporating mechanisms
driving animal movement (e.g., navigation processes,
motion processes, internal state dynamics), processes of gut
transit or seed detachment, interactions between animal and
diaspore characteristics, and external factors (Cousens et al.,
2010; Cortes and Uriarte, 2012; Borah and Beckman 2022;
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Morales and Moran Lopez, 2022). If there is detailed
knowledge of the dispersal system, process-based models
can capture the probability of long-distance dispersal events
that are often missed in empirical approaches. Phenome-
nological models are useful for describing patterns (e.g.,
Bullock et al, 2017) and approximating more detailed
mechanistic models (Beckman et al., 2020b). On the other
hand, process-based models include mechanistic represen-
tations of processes rather than static relationships, which is
useful for predicting responses under environmental change
or in novel environments; however, process-based models
tend to require more empirical information and computa-
tional resources (Beckman et al., 2020b).

Quality of dispersal during relocation

Germination studies can provide information on the effect of
treatment during relocation processes on seed viability. The
most robust studies use per-seed germination rates from the
entire seed-bearing organ (simulating lack of dispersal),
typically whole fleshy fruit, as the baseline for comparison to
seeds that have been handled by animals (i.e., carried,
regurgitated, ingested and passed), as well as a manually
depulped treatment to separate the effects of flesh removal
from that of animal handling (Samuels and Levey, 2005;
Rogers et al,, 2021a). The use of feeding trials ensures that all
seeds for treatments of whole seed-bearing organs, those
handled by animals, and those manually depulped (for fleshy
seed-bearing organs) come from a similar pool at the start,
which is impossible in trials using seeds obtained via
opportunistic collection in the wild. Studies that characterize
the whole process—from an animal's initial interaction with
each plant species, to the immediate result of the interaction
(ingested, handled, or destroyed), and the subsequent
impacts on germination—can help generalize knowledge of
plant species’ dependence on animals, as well as the impor-
tance of diverse animal vectors, for seed dispersal (Gawel
et al, 2023). While it can be challenging to estimate the
number of seeds consumed by an animal, studies that
quantify both the number of seeds consumed and the
number of seeds that pass intact and then germinate make it
possible to estimate the proportion survival and determine
whether an animal falls closer to the seed predator or seed
disperser side of the spectrum (Schupp et al., 2010).
Germination trials have limitations. First, while using
captive animals can overcome obstacles associated with
studying animals in the wild, working with captive animals
has its own challenges as discussed above. Germination
results can depend on the experimental setting of the animal
as demonstrated by DeSisto et al. (2025), who compared the
germination of seeds ingested by captive and wild animals.
In addition, for some plant species, particularly those that
are large-seeded or less abundant, collecting adequate
sample sizes for germination treatments of seeds can be
logistically challenging. Finally, seeds of many tropical tree
species are recalcitrant, meaning they are sensitive to

desiccation and low temperatures, conditions that are typ-
ically used for long-term seed storage (Tweddle et al., 2003),
and lose viability in storage (Sautu et al., 2006; Waiboonya
et al., 2019). Sensitivity to desiccation is an important
consideration, especially for large-seeded species, as desic-
cation tolerance decreases with increasing seed size
(Pritchard et al., 2004; Daws et al., 2005; Daws et al., 2006).
As recalcitrant seeds typically cannot be stored long-term
and require germination soon after collection, this intro-
duces further constraints when working with diverse spe-
cies, especially in tropical forests without distinct fruiting
seasons. Seed storage is an active area of research in con-
servation (De Vitis et al., 2020; Walters and Pence, 2020;
Walters et al., 2025).

DESTINATION PROCESSES

Destination processes include both deposition and post-
dispersal processes. Deposition processes are determined by
animal behavior, physiology, and morphology of the dis-
perser; external factors, such as the surrounding vegetation;
and diaspore traits that influence where, when, and how
seeds are deposited. Deposition processes affect the quantity
of seeds dispersed to a seedscape and the quality of seed
dispersal due to treatment by the disperser during this phase
of dispersal (Gonzalez-Varo et al, 2019; Beckman and
Sullivan, 2023). Via deposition in the seedscape, dispersal
influences a variety of postdispersal processes, including
competition, mortality due to natural enemies, and suit-
ability of abiotic conditions for plant performance (Howe
and Smallwood, 1982; Beckman and Rogers, 2013; Beckman
and Sullivan, 2023).

Deposition processes

As noted earlier, approaches discussed under “Relocation
processes” often include deposition processes. Here, we
focus on approaches that aim to isolate and describe the
deposition processes. Determining which methods to use
for measuring when, where, and how seeds are deposited is
based on whether seeds are cached, defecated, regurgitated,
dropped, detached from an animal (in the case of epi-
zoochory), or other means.

Observational approaches

Direct observations of animals can detect the method of
seed deposition, which may vary within animal species and
depend on external factors. Some species may deposit seeds
in multiple ways—for example, duikers (Cephalophinae)
deposit seeds via defecation or regurgitation after ingestion
or via detachment following external adhesion (Dehaudt
et al., 2024). As the composition and spatial arrangement of
deposited seeds affect postdispersal processes via abiotic and
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biotic interactions (e.g., Janzen, 1970; Connell, 1971;
Loiselle, 1990), spatial patterns of seeds within and among
deposition sites can be quantified by mapping deposited
seeds along transects, seed traps, latrines, or from directly
tracking animals (e.g., Fragoso, 1997; Wehncke et al., 2004).
Furthermore, external factors can influence deposition
patterns as demonstrated in the study by Aukema and
Martinez del Rio (2002), where taller host tree heights with
mistletoes (Phoradendron californicum) had greater seed
deposition from the avian frugivore Phainopepla nitens.
While censusing or collecting deposited samples, additional
information can also be collected on disperser identity and
the microhabitat quality of deposition sites, important for
postdispersal processes (Quintero et al., 2022). As discussed
earlier (under “Departure processes”), directly observing
animals can be challenging. Finding and mapping seeds can
also present logistical challenges, for example, smaller seeds
are more difficult to find, or the disperser may deposit seeds
in inaccessible locations (e.g., tree canopies).

Experimental approaches

Experimental methods for understanding where, when, and
how seeds are deposited include captive feeding trials and
experimental adhesion studies. Experimentally feeding ani-
mals in captivity can help determine how diaspore traits,
disperser diets, and disperser traits and physiology influence
the method of deposition (e.g., Abraham et al, 2021;
Bracho-Estévanez et al., 2024). For seeds dispersed by
adhesion to animals, researchers have attached diaspores
varying in traits to animals, mobile dummies, animal coats,
or human attire to measure seed detachment probability
and how different adhesion properties (e.g., surface char-
acteristics, height of attachment, location on animal)
influence the rate of and force required for detachment in
laboratory and natural settings (e.g., Sorensen, 1986; Fischer
et al, 1996; Castillo-Flores and Calvo-Irabién, 2003;
Mouissie et al.,, 2005; Tackenberg et al., 2006; Wichmann
et al., 2009; Cousens et al., 2010). These approaches have the
added advantage that the data obtained can be used to fit
phenomenological models of the deposition process. For
example, Bullock et al. (2011) fitted exponential functions
for seed/fruit retention on or in animals, showing that
dropping rates decreased with time or distance, which
incidentally suggests that using mean retention times could
underestimate seed dispersal distances. Similarly, Bracho-
Estévanez et al. (2024) used gamma functions to describe
distributions of seed retention time in five passerine species,
showing that seed size was negatively related to retention
time. While using live animals better reflects natural con-
ditions, manipulations are not possible (e.g., of the sub-
strate) and, as discussed earlier, using captive animals
introduces distinct challenges. In addition, it is difficult to
manipulate conditions such as habitat structure that will
affect deposition processes as well as animal movement
(Nield et al., 2020).

Postdispersal processes

There are a variety of empirical and quantitative approaches to
elucidate postdispersal processes that influence the quality of
seed dispersal and consequences for higher levels of ecological
organization that will depend on a researcher's goals, research
questions, and logistics. Relevant methods for postdispersal
processes include censusing of seed and seedling performance
across different microhabitats, seed and seedling addition ex-
periments in microhabitats in which dispersers deposit seeds
and microhabitats that are avoided by dispersers, and more
targeted experimental approaches that identify the mecha-
nisms influencing seed and seedling performance, such as
manipulating abiotic factors (e.g., light and soil moisture) and
biotic factors (e.g., excluding natural enemies or mycorrhizae)
(Moore and Chapman, 1986; Gibson, 2015). We refer readers
to recent special issues (Beckman et al, 2020a) and reviews
(Rogers et al., 2021b; Beckman and Sullivan, 2023) for addi-
tional recommendations about research questions focused on
studying postdispersal processes.

QUANTIFYING DISPERSER
BEHAVIOR

The departure, relocation, and deposition processes of animal-
mediated seed dispersal are inherently dependent on the
internal states, motion capacity, and navigation capacity of
animal seed dispersers; their capacity for dispersing seeds; and
their response to external factors, such as the structure of the
habitat(s) through which they are moving and the spatial
distribution of resources and risks (Cortes and Uriarte, 2012;
Borah and Beckman, 2022). How to measure the internal states
(e.g., physiology, neurological) and traits (e.g., morphology,
physiology, behavior, sensory) associated with animal foraging
and movement and animal-mediated diaspore transport and
deposition will vary based on the animal, the mode of seed
dispersal, and the research question. Here, we focus on recent
advances in assessing animal behavior. Acknowledging the
complex roles animal behaviors play in seed dispersal is inte-
gral to understanding the mechanisms behind diaspore
removal; how far seeds are dispersed; and when, where, and
how seeds are deposited within and throughout landscapes.
Depending on the questions investigated, researchers may be
interested in studying the probability an animal encounters
and removes diaspores, seed dispersal distances, or the quality
and spatial distributions of seedscapes.

Traditionally, methods to quantify disperser behavior
have relied on collecting species-level behavioral averages
(Gosling, 2001; Hunter et al., 2022 and references therein).
However, social status and personalities, that is, systematic
variation in behavioral tendencies, of individual seed dis-
persers are increasingly found to affect seed dispersal pro-
cesses across its phases and outcomes for SDE, especially
regarding high-quality long-distance dispersal events,
which are rare but important (Zwolak, 2018; Zwolak and
Sih, 2020; Bartel and Orrock, 2022). For example, seed
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handling behaviors related to boldness have been found to
greatly influence the shapes of seed dispersal kernels, seed
fates, and potential for germination and establishment
(Brehm et al, 2019; Zwolak and Sih, 2020; Boone
et al., 2022; Brehm and Mortelliti, 2022). Relevant ap-
proaches to measure boldness, aggression, sociability,
activity, and exploratory tendency via behavioral coding
techniques, experimentation (in the field and lab), and traits
rating (i.e., rating personality traits of individuals based on a
numerical scale; Cheng et al., 2023) should be considered at
the study design phase (Bell, 2007; Sih et al., 2015; Cheng
et al,, 2023). Recent technological and analytical advances to
assess brain activity in the field allow researchers to conduct
neurophysiological studies on the effects of animal behavior
on dispersed seeds in situ (Sanguinetti-Scheck and Gal-
vez, 2024). We can apply the concept of “keystone in-
dividuals” (Modlmeier et al., 2014)—analogous to “keystone
species,” where the behavior of certain individual animals
exerts a relatively large effect on the overall performance of
a group (sensu Sih and Watters, 2005)—to understand the
nuanced mechanisms behind where, how, and why seeds
are moved by keystone individual animals within land-
scapes. Studies considering the effects of individual varia-
tion in behavior among seed dispersers are still nascent in
our field, with much to be explored, including in bird and
mammal systems, where most research connecting animal
personalities to seed dispersal has been conducted to date
(Howe, 1986; Modlmeier et al., 2014; Brehm et al., 2019;
Zwolak and Sih, 2020; Boone et al,, 2022; Brehm and
Mortelliti, 2022), as well as in other animal systems.
Movement behaviors that occur concomitantly with
physiological processes have long been understood to shape
seed dispersal distances (e.g., using radio-tagging and
mark-recapture techniques to track animal movements
among sites while fruits and seeds pass through digestive
systems) (Fell et al., 2023 and references therein). Recent
advancements in technology, including GPS, geolocators,
and radio frequency identification (RFID), enable high-
resolution tracking for a greater number of animal species
encompassing even very small body sizes, while comple-
mentary sensors provide additional information on kine-
matics, behavior, and physiology (Kays et al., 2015). Data
processing tools of animal relocation data and movement
models to identify patterns and infer potential drivers have
advanced rapidly alongside technological advances and
increasing access to big data (Getz, 2022; Nathan
et al., 2022; Kays et al,, 2023; Getz et al., 2024). In addition,
remote sensing can complement on-the-ground environ-
mental measurements for more fine-scaled study of the ef-
fects of environmental factors on animal behavior and the
resulting patterns of seed dispersal (Davies and Asner, 2014;
Russo et al., 2023; Russo et al., 2024). Applying emerging
methods in movement ecology allows researchers to
understand the mechanisms driving animal movement,
including personality-dependent movements and implica-
tions for individual space-use (e.g., home range, site fidelity,
and habitat selection) (Spiegel et al, 2017; Rumeu

et al., 2025), and connect emergent patterns of animal
movement to processes across the phases of seed dispersal
and SDE (Borah and Beckman, 2022).

DIASPORE TRAITS RELEVANT TO
DISPERSAL BY ANIMALS

Diaspore traits, such as the mode of presentation on (e.g.,
upward-pointing vs. hanging, individual vs. clustered) or off
the plant, morphology (size, shape, hardness), chemistry
(scent, palatability, nutrients), and visual presentation
(color), are considered internal states that influence the
navigation and movement capacities of diaspores
(Damschen et al., 2008; Beckman and Sullivan, 2023).
Diaspore traits are influenced by predispersal processes,
such as pollination (Leal and Koski, 2024) and nutrient
availability during development, and influence each phase
of the dispersal process: predispersal (e.g., Beckman and
Muller-Landau, 2011), departure (e.g., Muifioz et al., 2017),
relocation (e.g., Bracho-Estévanez et al., 2024), deposition
(e.g., Dehaudt et al., 2024), and postdispersal (Beckman and
Rogers, 2013). Diaspore traits affect selection by animals
(Valenta and Nevo, 2020) and play a major role in struc-
turing seed dispersal networks (Crestani et al., 2019; Wang
et al., 2024). Relating diaspore traits to the dispersal process
and its outcomes aids in generalization across systems,
facilitates understanding of plant populations and com-
munities, and highlights natural variation found in either
plants or animals (Aslan et al., 2019; Saatkamp et al., 2019).

Given the importance of functional traits in the seed
dispersal process, standardized methods are key to synthe-
size studies. For example, simple traits, such as size, can be
measured in a variety of ways, such as units of mass, vol-
ume, or surface area, that may differ based on the question
and objective of the research study. Therefore, in developing
a research project, a researcher should provide an oper-
ationalized definition of the functional trait relevant for the
research objectives (Valenta and Nevo, 2022) and choose an
appropriate method to measure the defined functional trait.
While more work needs to be done to operationalize
functional traits, several resources provide protocols for
standardized measurement of key traits relevant for dis-
persal, including a published handbook for plant functional
traits (Pérez-Harguindeguy et al., 2013) and a comprehen-
sive review focused on fleshy fruit dispersed by animals
(Nguyen et al., 2026).

While most studies measure variation among species, it is
increasingly acknowledged that there is a noteworthy degree of
intraspecific variation in diaspore traits, both within and
among individuals, that influences dispersal processes
(Herrera, 2017; Schupp et al., 2019; Nevo et al., 2022; Gelambi
and Whitehead, 2023) with consequences across levels of
biological organization (Snell et al., 2019). As such, studies
must consider the level of variation to focus on and the
implications of ignoring intraspecific variation (e.g., potential
for systematic bias) (Schupp et al, 2019; Snell et al., 2019).
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When comparing among plant species, there is value in both a
phylogenetically confined approach that focuses on a single
well-resolved lineage (e.g., Hodgkison et al.,, 2013) or on a
community of more far-related species that inhabit a common
habitat (e.g., Nevo et al.,, 2018).

When exploring diaspore-related trait variation, both
experimental and observational approaches can be used to
describe patterns at various levels of biological organization
and isolate drivers of observed variation. Field, common
garden, and reciprocal transplant experiments offer con-
trolled environments that help isolate factors driving vari-
ance in the trait of interest, for example, whether variability
arises from genetic variability or phenotypic plasticity
(Johnson et al., 2019). The collection of seed-bearing organs
from the wild allows for the quantification of trait variation
in natural conditions and is also more practical
when studying plant species with life histories that render
common garden experiments impractical.

After more than a century of research, the study of
diaspore traits is entering the age of big data: large datasets of
plant traits are becoming available and enabling large synthesis
projects (e.g., D* The Dispersal and Diaspore Database, Hintze
et al, 2013; TRY plant trait database, Kattge et al., 2020; The
LEDA Traitbase, Kleyer et al., 2008; Seed Information Data-
base, Society for Ecological Restoration et al., 2023; GIFT,
Weigelt et al., 2020). These databases have already been used
for broad-scale analyses of the evolution of fruit color (Onstein
et al., 2020; Sinnott-Armstrong et al., 2021), the prediction of
seed dispersal distances from traits (Tamme et al., 2014), and
plant investment in dispersal structures (Thomson et al., 2018).
As a caveat, these databases tend to rely on easy-to-measure
traits (e.g., size) or easy-to-deploy methods (e.g., qualitative
descriptions rather than empirical measurements of color),
tend to ignore intraspecific variation, and do not include more
complex traits like nutrient content or chemical profiles.
As such, there is vast potential for fully unlocking the
patterns driving or driven by fruit trait variation (Nguyen
et al., 2026).

APPROACHES INTEGRATING
ACROSS SEED DISPERSAL PHASES

A variety of approaches can be used to integrate informa-
tion across phases of animal-mediated seed dispersal to
advance our understanding of seed dispersal processes, seed
dispersal effectiveness, and consequences across levels of
biological organization depending on the availability of data
(Beckman et al., 2020b). Here, we discuss molecular tools,
network-based approaches, and process-based models.

Molecular tools
By applying molecular tools, researchers can gain insight into

seed dispersal processes from departure to deposition phases.
Molecular tools can help identify which animal species

removed diaspores and deposited seeds at distinct micro- and
macrohabitats (Gonzélez-Varo et al., 2019, 2023; Quintero
et al,, 2024). Targeting residual animal DNA on the surface of
seeds dispersed through endozoochory (Gonzalez-Varo
et al,, 2014), DNA barcoding analyses have proven ideal for
identifying bird and mammal species that dispersed seeds
sampled in seed traps, along transects, and through direct
searches (e.g., Schlautmann et al, 2021; Garcia-Rodriguez
et al., 2022; Gonzélez-Varo et al., 2022, 2023; Quintero
et al, 2024). These studies were conducted across diverse
ecosystems, including temperate lowland forests (e.g.,
Schlautmann et al, 2021; Garcia-Rodriguez et al, 2022;
Gonzalez-Varo et al,, 2022, 2023; Quintero et al., 2024), alpine
(montane) forests (Garcia-Rodriguez et al., 2022) and Medi-
terranean woodlands (Gonzalez-Varo et al., 2023; Quintero
et al., 2024) in Europe, and high-mountain xeric woodlands in
the Canary Islands (Gonzéilez-Varo et al., 2022). Under dry
conditions, DNA barcoding enabled successful identification
of dispersers even several weeks—and in some cases,
months—after seed deposition (Gonzilez-Varo et al,
2014, 2022). Such wide temporal windows offer the possibility
of rapid, single-day sampling of frugivore-dispersed seeds,
which can be valuable in locations where periodical fieldwork
is not feasible owing to accessibility or logistic constraints
(Gonzalez-Varo et al.,, 2022). Conversely, very wet conditions
seem to foster DNA contamination and degradation
(Gonzalez-Varo et al.,, 2014), which means that this approach
could be challenging in certain ecosystems. Importantly,
seeds can remain intact after DNA barcoding analysis, as
DNA extraction to identify animal seed dispersers targets
only the animal DNA present on seed surfaces. This allows
DNA barcoding analysis to be used in tandem with DNA
microsatellite genotyping of endocarps in individual seeds
to jointly identify disperser species, locate the source plant
(Gonzélez-Varo et al., 2017), and determine maternal con-
tributions to seed rain (Isla et al., 2024). The rationale for
the latter is that DNA microsatellite genotyping can deter-
mine how many individual plants contributed to the seed
rain at a particular location, as well as the degree of relat-
edness among dispersed seeds (Garcia and Grivet, 2011).

Network-based approaches

Network-based approaches offer a powerful and standard-
ized method to simplify complex patterns, quantify obser-
vations, and gain insight into how seed dispersal
interactions structure ecological communities (Carlo and
Yang, 2011). Seed dispersal interactions can be represented
and analyzed as a network graph, with species representing
nodes and interactions among species as the edges that link
them (Jordano, 1987; Bascompte and Jordano, 2007;
Delmas et al., 2019). By analyzing seed dispersal networks,
researchers can compare seed dispersal interactions across
space and time (Schleuning et al., 2016), characterize the
structure of and factors that shape the network (EkIof
et al,, 2013; Ong et al., 2021; Durand-Bessart et al., 2023), or
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analyze the relative role and contribution of individual
species in a given network (Pigot et al., 2016). The module
membership of species can provide insights as to which
other seed dispersers are likely to share the same fruit
resources and therefore the vulnerability of seed dispersal
networks to the loss of any given seed-dispersing species
(Rogers et al., 2021b). Network-based approaches are
increasingly combined with other analytical tools to study
the impacts of human activities on seed dispersal func-
tionality more broadly. For example, Donoso et al. (2020)
used counterfactual extinction simulations to evaluate the
relative impact of size-dependent frugivore interactions on
long-distance seed dispersal distance capacity of the
remaining seed disperser assemblage and the structural
integrity of networks. Interpretation of networks and
network-based metrics must be met with caution as they are
influenced by sampling and inherent biases in interpretation
(Dormann et al., 2007; Bliithgen and Staab, 2024). For ex-
ample, the interactions of a less abundant species may be
poorly sampled relative to those of a more abundant one,
and so abundant species may appear disproportionately
more generalized relative to a less abundant one. Most
networks to date are in actuality frugivory rather than seed
dispersal networks; they rely on interaction data based on
the quantity of seeds removed by frugivores at the departure
phase without assessing quality components of seed dis-
persal throughout dispersal phases. Future studies should
incorporate the functional outcomes of interactions to more
accurately describe seed dispersal networks (Simmons
et al., 2018; Gonzalez-Castro et al., 2022; Dattilo, 2025) and
examine shifts in dispersal outcomes as networks change in
response to global change (e.g., Borah and Beckman, 2025).

Process-based models

Finally, process-based models can help us integrate diverse
empirical information from technological advances, observa-
tions, and experiments to evaluate the importance of processes
operating at different spatiotemporal scales and at different
phases of seed dispersal (Jongejans et al, 2015; Beckman
et al., 2020b). These range from computational (e.g., Cousens
et al, 2010; Cortes and Uriarte, 2012; Morales and Mordn
Lopez, 2022) to analytical models (e.g., Levin et al., 2003;
Jongejans et al., 2008). Developing and analyzing process-
based models present challenges as incorporating realistic
dispersal processes occurring at multiple spatiotemporal scales
in heterogeneous environments and evaluating their influence
across levels of biological organization can be computationally
and mathematically intractable (Beckman et al, 2020D).
Individual-based models are one such tool that can be used. In
recent years, there have been advances in standardizing the
development, implementation, and analysis of individual-
based models to examine the emergent properties that arise
from the nonlinear dynamics of interacting individuals
(Grimm and Railsback, 2005, 2011; Grimm et al., 2006, 2020).
Analytical models can approximate the movement of

individual seeds by animals and be included as submodels in
individual-based models to allow simulation at higher levels of
biological organization or larger spatiotemporal scales
(Beckman et al.,, 2020b). Exciting future directions remain in
integrating empirical, mathematical, and statistical approaches
to incorporate departure, relocation, and deposition processes
and estimate dispersal kernels from all contributing dispersers
(ie., total dispersal kernel), as well as incorporating post-
dispersal processes (total effective dispersal kernel; Rogers
et al., 2019). Researchers can analyze these kernels to explore
the contributions of dispersers to plant spatial patterns or to
simulate the effects of dispersal disruption for conservation
and management (Rogers et al., 2019).

APPROACHES TO ADDRESS
SPARSE DATA

Despite decades of ecological studies, seed dispersal inter-
actions for many species, much less their outcomes for SDE,
are either incompletely known or remain unobserved;
however, increased availability of and access to ecological
data and quantitative advances offer opportunities to
generalize across systems and subsequently predict for
management and conservation purposes (Farley et al., 2018;
Nathan et al, 2022; Beckman and Sullivan, 2023). The
global development and consolidation of large biodiversity
trait (e.g., Kissling et al., 2019; Kattge et al., 2020; Tobias
et al., 2022) and interaction databases (e.g., Fricke and
Svenning, 2020; Lim et al., 2021; Liang et al., 2024) have
fueled the development of statistical and machine learning
models to simulate missing data, for example, to predict
interaction likelihoods between plants and dispersers, dis-
persal distances, or germination success using available data
on plant traits or trait associations between diaspores and
the frugivores that consume them (Tamme et al, 2014;
Fricke et al, 2022; Nunes Martinez and Mistretta
Pires, 2024). Such approaches can aid in predicting plant
responses to global change for many species when data tend
to be sparse (e.g., Fricke et al., 2022; Bogen, 2024).

There is potential to fill data gaps across the phases of
seed dispersal by synthesizing the growing availability and
accessibility of ecological data relevant for animal-mediated
seed dispersal (available data summarized in Beckman
et al., 2020b) and by developing standardized data collection
protocols that can be implemented globally across a network
of researchers. The development of standardized data collec-
tion protocols will depend on the research question and ob-
jectives, including which phases of dispersal are relevant;
available resources of the network of researchers; and the
benefits, limitations, and feasibility of collecting data from
observations or a coordinated distributed experiment (Fraser
et al,, 2013; Borer et al., 2014). To ensure comparability across
systems, metrics of dispersal can be standardized based on the
interdisciplinary frameworks to study dispersal—generalized
gravity framework, movement ecology paradigm, and SDE
framework—while methods to measure these metrics may be
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standardized at a lower level as methods may necessarily
vary by system details (e.g., dispersal mode, habitat, plant
stature). In addition, protocols can be developed for use
by volunteer science networks, more commonly used to
study plant phenology, to collect data across the phases of
the animal-mediated dispersal process. For example,
several recent studies have involved volunteers mon-
itoring the quantity of seed dispersal by frugivores (Bath-
Rosenfeld, 2019) or seed arrival and germination (Vega
et al., 2021), engaged elementary school children in ex-
periments of seed removal (Miczajka et al., 2015), or used
existing volunteer science platforms (i.e., Macauley
Library and iNaturalist) to characterize bird-plant
interaction networks (Diaz et al., 2024).

DISCUSSION

With advances in theory; empirical, quantitative, and
computational methods; and increased availability and
access to data, future research can continue to unravel the
complex, multi-faceted nature of animal-mediated seed
dispersal and provide novel insights regarding the mecha-
nisms underlying seed dispersal and its consequences. As
seed dispersal is the main opportunity for seed plants to
move locations, this is especially urgent under global change
(McConkey et al., 2012; Neuschulz et al., 2016; Rogers
et al, 2021b). Interdisciplinary frameworks to study seed
dispersal (generalized gravity framework, movement ecol-
ogy paradigm, SDE framework) will guide investigators to
design studies with the appropriate combination of pilot
studies, careful observation, thoughtful experimental design,
and quantitative models to discern the important processes
and consequences of seed dispersal. Of paramount impor-
tance in the study of zoochory is deeply understanding the
study system, the natural history of all study species (plants
and animals), and the appropriate temporal, spatial, and
taxonomic scale to address the research question. By
combining empirical information on the processes of seed
dispersal with quantitative models, we can integrate infor-
mation from disparate sources and from across the phases
of animal-mediated seed dispersal, leading to improved
predictions of seed movement in novel, changing environ-
ments. Developing standardized protocols that can be im-
plemented across the globe via coordinated studies or for
use in volunteer science networks while simultaneously and
iteratively advancing theory and quantitative models is a
necessary next step for generalizing across systems.

AUTHOR CONTRIBUTIONS

All authors contributed to writing the original draft and
revisions. Authors are listed alphabetically following N.G.B.
and E.K.K. N.G.B. conceived and led the paper and led
sections not mentioned in the following: predispersal pro-
cesses led by A.S.G., departure processes and animal per-
sonalities by E.K.K., camera traps by A.]. and H.S.R., quality
during relocation by H.S.R., network approaches and

statistical and machine learning models by J.Y.L., molecular
approaches by C.I.LM. and J.P.G.V., animal movement by
B.B., traits by O.N., and relocation processes by J.M.B. and
N.G.B. E.K.K. led development of Figure 1 and Table 1.

ACKNOWLEDGMENTS

We thank the Editor-in-Chief Briana Gross, Managing
Editor Beth Parada, and the Special Issue Editors Sally
Chambers, Irene Cobo-Simén, and Lauren Sullivan for this
opportunity and for organizing the special issue. We thank
two anonymous reviewers for their feedback. N.G.B. ac-
knowledges funding from the National Science Foundation
(DEB 2231761 and 1I0S 1953934). J.Y.L. is supported by a
National University of Singapore Startup grant and a
Ministry of Education Academic Research Fund Tier 1
grant (A-80000-35-00-00). J.P.G.V. is supported by the
grant CNS2022-136037 funded by the Spanish Ministry of
Science, Innovation and Universities (MICIU/AEI/
10.13039/501100011033). J.M.B. was funded under United
Kingdom Centre for Ecology and Hydrology National
Capability project 09220.

CONFLICT OF INTEREST STATEMENT

Noelle G. Beckman is a guest editor of this special issue of
Applications in Plant Sciences but took no part in the peer-
review and decision-making processes for this paper.

DATA AVAILABILITY STATEMENT
No original datasets were used in the preparation of this
review.

ORCID
Noelle G. Beckman
5822-0610

James M. Bullock
Amanda S. Gallinat
0397-6562

Juan P. Gonzdlez-Varo
1439-6475
Abir Jain

https://orcid.org/0000-0001-

https://orcid.org/0000-0003-0529-4020
https://orcid.org/0000-0003-

https://orcid.org/0000-0003-

https://orcid.org/0000-0002-6409-3352

Jun Ying Lim ©® https://orcid.org/0000-0001-7493-2159
Carina 1. Motta © https://orcid.org/0000-0001-7127-7638
Omer Nevo © https://orcid.org/0000-0003-3549-4509
Haldre S. Rogers © https://orcid.org/0000-0003-4763-5006

REFERENCES

Abraham, A. ], T. O. Prys-Jones, A. De Cuyper, C. Ridenour,
G. P. Hempson, T. Hocking, M. Clauss, et al. 2021. Improved esti-
mation of gut passage time considerably affects trait-based dispersal
models. Functional Ecology 35: 860-869.

Albrecht, J., D. G. Berens, N. Bliithgen, B. Jaroszewicz, N. Selva, and
N. Farwig. 2013. Logging and forest edges reduce redundancy in
plant-frugivore networks in an old-growth European forest. Journal
of Ecology 101: 990-999.

Alverson, W. S., and A. G. Diaz. 1989. Measurement of the dispersal of
large seeds and fruits with a magnetic locator. Biotropica 21: 61-63.

Alves-Costa, C. P, and A. V. Lopes. 2001. Using artificial fruits to evaluate
fruit selection by birds in the field. Biotropica 33: 713-717.

85U80|7 SUOWIWIOD BAIEa.D 3|eot(dde aup Aq peusenob ke ssjole VO ‘8sn Jo Sajni Joj Afeiq1 8UlUO A8]1M UO (SUOIPUOD-PUB-SULBI WO A8 | 1M ATRIq Ul [UO//:SdNY) SUORIPUOD Pue swiB | 84} 885 *[9202/20/c2] Uo ARiqiTauliuo A1 ‘ABojoipAH ® AB0j003 104 811UsD MN AQ £400L €sde/Z00T 0T/10p/LI00" A3 1M AReiq 1 Buluo'sgndesay/sdny wouy papeojumod ‘0 ‘0S7089TZ


https://orcid.org/0000-0001-5822-0610
https://orcid.org/0000-0001-5822-0610
https://orcid.org/0000-0003-0529-4020
https://orcid.org/0000-0003-0397-6562
https://orcid.org/0000-0003-0397-6562
https://orcid.org/0000-0003-1439-6475
https://orcid.org/0000-0003-1439-6475
https://orcid.org/0000-0002-6409-3352
https://orcid.org/0000-0001-7493-2159
https://orcid.org/0000-0001-7127-7638
https://orcid.org/0000-0003-3549-4509
https://orcid.org/0000-0003-4763-5006

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

| 19 of 27

Ando, H.,, H. Mukai, T. Komura, T. Dewi, M. Ando, and Y. Isagi. 2020.
Methodological trends and perspectives of animal dietary studies by
noninvasive fecal DNA metabarcoding. Environmental DNA 2: 391-406.

Apps, P. J., and J. W. McNutt. 2018. How camera traps work and how to
work them. African Journal of Ecology 56: 702-709.

Aslan, C. E, N. G. Beckman, H. S. Rogers, J. L. Bronstein, D. Zurell,
F. Hartig, K. Shea, et al. 2019. Employing plant functional groups to
advance seed dispersal ecology and conservation. AoB Plants 11:
plz006.

Aukema, J. E,, and C. Martinez del Rio. 2002. Where does a fruit-eating
bird deposit mistletoe seeds? Seed deposition patterns and an ex-
periment. Ecology 83: 3489-3496.

Bartel, S. L., and J. L. Orrock. 2022. The important role of animal social
status in vertebrate seed dispersal. Ecology Letters 25: 1094-1109.

Barve, V. V., L. Brenskelle, D. Li, B. J. Stucky, N. V. Barve, M. M. Hantak,
B. S. McLean, et al. 2020. Methods for broad-scale plant phenology
assessments using citizen scientists’ photographs. Applications in
Plant Sciences 8: e11315.

Bascompte, J., and P. Jordano. 2007. Plant-animal mutualistic networks:
The architecture of biodiversity. Annual Review of Ecology, Evolution,
and Systematics 38: 567-593.

Bath-Rosenfeld, R. J. 2019. Engaging citizen scientists to determine the
importance of non-agricultural fruiting trees for seed-dispersing
frugivores on working landscapes in southern Costa Rica. M.S.
Thesis, Northern Arizona University, Flagstaff, Arizona, USA.

Bazzaz, F. A. 1990. The response of natural ecosystems to the rising global
CO; levels. Annual Review of Ecology and Systematics 21: 167-196.

Beaubien, E. G., and A. Hamann. 2011. Plant phenology networks of cit-
izen scientists: Recommendations from two decades of experience in
Canada. International Journal of Biometeorology 55: 833-841.

Beck, H., and J. Terborgh. 2002. Groves versus isolates: How spatial
aggregation of Astrocaryum murumuru palms affects seed removal.
Journal of Tropical Ecology 18: 275-288.

Beckman, N. G., and H. C. Muller-Landau. 2007. Differential effects of
hunting on pre-dispersal seed predation and primary and second-
ary seed removal of two neotropical tree species. Biotropica 39:
328-339.

Beckman, N. G, and H. C. Muller-Landau. 2011. Linking fruit traits to
variation in predispersal vertebrate seed predation, insect seed pre-
dation, and pathogen attack. Ecology 92: 2131-2140.

Beckman, N. G., and H. S. Rogers. 2013. Consequences of seed dispersal for
plant recruitment in tropical forests: Interactions within the seeds-
cape. Biotropica 45: 666-681.

Beckman, N. G., and L. L. Sullivan. 2023. The causes and consequences of
seed dispersal. Annual Review of Ecology, Evolution, and Systematics
54: 403-427.

Beckman, N. G,, C. E. Aslan, and H. R. Rogers. 2020a. Introduction to the
special issue: The role of seed dispersal in plant populations: Per-
spectives and advances in a changing world. AoB Plants 12(2):
plaa010.

Beckman, N. G., C. E. Aslan, H. S. Rogers, O. Kogan, J. L. Bronstein,
J. M. Bullock, F. Hartig, et al. 2020b. Advancing an interdisciplinary
framework to study seed dispersal ecology. AoB Plants 12: plz048.

Bell, A. M. 2007. Animal personalities. Nature 447: 539-540.

Bender, I. M. A,, P. G. Blendinger, M. ]. Zelaya, and T. N. Rojas. 2025.
Temporal dynamics in functional fruit traits of native and invasive
fleshy fruited plants in subtropical Andean forests. Functional
Ecology. https://doi.org/10.1111/1365-2435.70018

Benkman, C. W., R. P. Balda, and C. C. Smith. 1984. Adaptations for seed
dispersal and the compromises due to seed predation in limber pine.
Ecology 65 65: 632-642.

Blitthgen, N., and M. Staab. 2024. A critical evaluation of network ap-
proaches for studying species interactions. Annual Review of Ecology,
Evolution, and Systematics 55: 65-88.

Bogen, S. C. 2024. Mathematical and statistical methods to harness limited
data in models for ecological space use under global change. Dis-
sertation Thesis, Utah State University, Logan, Utah, USA.

Bologna, A., E. Toffin, C. Detrain, and A. Campo. 2017. An automated
method for large-scale monitoring of seed dispersal by ants. Scientific
Reports 7: 40143.

Boone, S. R, A. M. Brehm, and A. Mortelliti. 2022. Seed predation and
dispersal by small mammals in a landscape of fear: Effects of per-
sonality, predation risk and land-use change. Oikos 2022(2). https://
doi.org/10.1111/0ik.08232

Borah, B., and N. G. Beckman. 2022. Studying seed dispersal through the lens
of movement ecology. Oikos 2022(2). https://doi.org/10.1111/0ik.08310

Borah, B, and N. G. Beckman. 2025. Interaction rewiring can buffer the
reduction of long-distance dispersal of seeds when large birds go
extinct: an allometric perspective. Oikos 2025: e10946.

Borer, E. T., W. S. Harpole, P. B. Adler, E. M. Lind, J. L. Orrock,
E. W. Seabloom, and M. D. Smith. 2014. Finding generality in ecol-
ogy: A model for globally distributed experiments. Methods in Ecology
and Evolution 5: 65-73.

Boyle, W. A, and J. L. Bronstein. 2012. Phenology of tropical understory trees:
Patterns and correlates. Revista de Biologia Tropical 60: 1415-1430.
Bracho-Estévanez, C. A., M. Cuadrado, I. Sdnchez, A. Onrubia, and
J. P. Gonzéilez-Varo. 2024. Plant traits determine seed retention times
in frugivorous birds: Implications for long-distance seed dispersal.

Functional Ecology 38: 2247-2260.

Brehm, A. M,, and A. Mortelliti. 2022. Small mammal personalities generate
context dependence in the seed dispersal mutualism. Proceedings of the
National Academy of Sciences, USA 119: €2113870119.

Brehm, A. M., A. Mortelliti, G. A. Maynard, and J. Zydlewski J. 2019. Land-
use change and the ecological consequences of personality in small
mammals. Ecology Letters 22: 1387-1395.

Broadbent, E. N.,, A. M. Almeyda Zambrano, G. Omans, B. Adler,
P. Alonso, D. Naylor, G. Chenevert, et al. 2024. The GatorEye
Uninhabited Flying Laboratory: Sensor fusion for 4D ecological
analysis through custom hardware and algorithm integration.
Website www.gatoreye.org [accessed 17 January 2025].

Brockelman, W. Y., K. R. McConkey, A. Nathalang, R. Somnnuk, J. Santon,
and U. Matmoon. 2022. Dispersal success of a specialized tropical tree
depends on complex interactions among diverse mammalian frugi-
vores. Global Ecology and Conservation 40: e02312.

Bullock, J. M., K. Shea, and O. Skarpaas. 2006. Measuring plant dispersal:
An introduction to field methods and experimental design. Plant
Ecology 186: 217-234.

Bullock, J. M., S. J. Galsworthy, P. Manzano, P. Poschlod, C. Eichberg,
K. Walker, and M. C. Wichmann. 2011. Process-based functions for
seed retention on animals: A test of improved descriptions of dis-
persal using multiple data sets. Oikos 120: 1201-1208.

Bullock, J. M., L. M. Gonzilez, R. Tamme, L. G6tzenberger, S. M. White,
M. Pirtel, and D. A. P. Hooftman. 2017. A synthesis of empirical
plant dispersal kernels. Journal of Ecology 105: 6-19.

Burgess, S. C., M. L. Baskett, R. K. Grosberg, S. G. Morgan, and
R. R. Strathmann. 2016. When is dispersal for dispersal? Unifying
marine and terrestrial perspectives. Biological Reviews 91: 867-882.

Bush, E. R, N. Bunnefeld, E. Dimoto, J.-T. Dikangadissi, K. Jeffery,
C. Tutin, L. White, et al. 2018. Towards effective monitoring of
tropical phenology: Maximizing returns and reducing uncertainty in
long-term studies. Biotropica 50: 455-464.

Camaratta, D., O. M. Chaves, and J. C. Bicca-Marques. 2017. Fruit availability
drives the distribution of a folivorous-frugivorous primate within a large
forest remnant. American Journal of Primatology 79: €22626.

Campagnoli, M., A. Christianini, and G. Peralta. 2025. Plant and frugivore
species characteristics drive frugivore contributions to seed dispersal
effectiveness in a hyperdiverse community. Functional Ecology 39:
238-253.

Campos, C. M., S. Velez, M. F. Miguel, S. Papt, and M. I. Cona. 2018.
Studying the quantity component of seed dispersal effectiveness from
exclosure treatments and camera trapping. Ecology and Evolution 8:
5470-5479.

Carlo, T. A,, and S. Yang. 2011. Network models of frugivory and seed
dispersal: Challenges and opportunities. Acta (Ecologica 37: 619-624.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ


https://doi.org/10.1111/1365-2435.70018
https://doi.org/10.1111/oik.08232
https://doi.org/10.1111/oik.08232
https://doi.org/10.1111/oik.08310
http://www.gatoreye.org

20 of 27 |

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

Carlo, T. A,, J. J. Tewksbury, and C. M. del Rio. 2009. A new method to
track seed dispersal and recruitment using '°N isotope enrichment.
Ecology 90: 3516-3525.

Carvalheiro, L. G., I. Bartomeus, O. Rollin, S. Timéteo, and C. F. Tinoco.
2021. The role of soils on pollination and seed dispersal. Philosophical
Transactions of the Royal Society B: Biological Sciences 376: 20200171.

Castillo-Flores, A. A., and L. M. Calvo-Irabién. 2003. Animal dispersal of
two secondary-vegetation herbs into the evergreen rain forest of
south-eastern Mexico. Journal of Tropical Ecology 19: 271-278.

Chapman, C. A. 1989. Primate seed dispersal: The fate of dispersed seeds.
Biotropica 21: 148-154.

Chapman, C. A,, L. . Chapman, T. T. Struhsaker, A. E. Zanne, C. J. Clark,
and J. R. Poulsen. 2005. A long-term evaluation of fruiting phenology:
Importance of climate change. Journal of Tropical Ecology 21: 31-45.

Cheng, J., H. He, M. Zhang, B. Gan, H. Niu, and H. Zhang. 2023. A review
to the methods of personality measurements in wild animals. Wildlife
Letters 1: 131-142.

Clark, J. S, S. LaDeau, and I Ibanez. 2004. Fecundity of trees and the
colonization-competition  hypothesis.  Ecological ~Monographs 74:
415-442.

Collinson, N., and T. Sparks. 2008. Phenology—Nature's Calendar: An
overview of results from the UK phenology network. Arboricultural
Journal 30: 271-278.

Connell, J. H. 1971. On the role of natural enemies in preventing com-
petitive exclusion in some marine animals and in rain forests. In P. J.
Den Boer and G. R. Gradwell [eds.], Dynamics of populations,
298-312. Center for Agricultural Publishing and Documentation,
Wageningen, the Netherlands.

Correa, S. B., J. K. Araujo, J. M. F. Penha, C. N. da Cunha, P. R. Stevenson,
and J. T. Anderson. 2015. Overfishing disrupts an ancient mutualism
between frugivorous fishes and plants in Neotropical wetlands.
Biological Conservation 191: 159-167.

Cortes, M., and M. Uriarte. 2012. Integrating frugivore behavior and ani-
mal movement: A review of the evidence and implication for scaling
seed dispersal. Biological Reviews 88: 255-272.

Cousens, R. D., J. Hill, K. French, and 1. D. Bishop. 2010. Towards better
prediction of seed dispersal by animals. Functional Ecology 24:
1163-1170.

Coutant, O., O. Boissier, M. Ducrettet, A. Albert-Daviaud, A. Bouiges,
C. M. Dracxler, F. Feer, et al. 2022. Roads disrupt frugivory and seed
removal in tropical animal-dispersed plants in French Guiana.
Frontiers in Ecology and Evolution 10: e805376.

Couvreur, M., B. Vandenberghe, K. Verheyen, and M. Hermy. 2004. An
experimental assessment of seed adhesivity on animal furs. Seed
Science Research 14: 147-159.

Crestani, A. C., M. A. R. Mello, and E. Cazetta. 2019. Interindividual
variations in plant and fruit traits affect the structure of a plant-
frugivore network. Acta (Ecologica 95: 120-127.

Crimmins, T. M., M. A. Crimmins, K. L. Gerst, A. H. Rosemartin, and
J. F. Weltzin. 2017. USA National Phenology Network's volunteer-
contributed observations yield predictive models of phenological
transitions. PLoS ONE 12: e0182919.

Crimmins, T., E. Denny, E. Posthumus, A. Rosemartin, R. Croll,
M. Montano, and H. Panci. 2022. Science and management ad-
vancements made possible by the USA National Phenology Network's
Nature's Notebook platform. BioScience 72: 908-920.

Cuartas-Dominguez, M., and R. Medel. 2010. Pollinator-mediated selection
and experimental manipulation of the flower phenotype in Chloraea
bletioides. Functional Ecology 24: 1219-1227.

Damschen, E. I, L. A. Brudvig, N. M. Haddad, D. J. Levey, J. L. Orrock, and
J. J. Tewksbury. 2008. The movement ecology and dynamics of plant
communities in fragmented landscapes. Proceedings of the National
Academy of Sciences, USA 105: 19078-19083.

Daru, B. H,, D. S. Park, R. B. Primack, C. G. Willis, D. S. Barrington,
T. J. S. Whitfeld, T. G. Seidler, et al. 2018. Widespread sampling
biases in herbaria revealed from large-scale digitization. New
Phytologist 217: 939-955.

Datta, A., and A. Rane. 2013. Phenology, seed dispersal and regeneration
patterns of Horsfieldia kingii, a rare wild nutmeg. Tropical
Conservation Science 6: 674-689.

Datta, A., S. Banerjee, R. Naniwadekar, K. Thapa, A. Rathore, K. Thapa,
T. Brah, et al. 2025. Patterns of leaf, flower, and fruit phenology and
environmental relationships in a seasonal tropical forest in the Indian
Eastern Himalaya. Biotropica 57: €70030.

Dattilo, W. 2025. Beyond the bites: Rethinking seed-dispersal networks in
plant-frugivore studies. Food Webs 42: e00384.

Davies, A. B., and G. P. Asner. 2014. Advances in animal ecology from 3D-
LiDAR ecosystem mapping. Trends in Ecology and Evolution 29:
681-691.

Davis, C. C, G. M. Lyra, D. S. Park, R. Asprino, R. Maruyama,
D. Torquato, B. I. Cook, et al. 2022. New directions in tropical
phenology. Trends in Ecology and Evolution 37: 683-693.

Daws, M. L, N. C. Garwood, and H. W. Pritchard. 2005. Traits of recal-
citrant seeds in a semi-deciduous tropical forest in Panama: Some
ecological implications. Functional Ecology 19: 874-885.

Daws, M. I, N. C. Garwood, and H. W. Pritchard. 2006. Prediction of
desiccation sensitivity in seeds of woody species: A probabilistic
model based on two seed traits and 104 species. Annals of Botany 97:
667-674.

De Vitis, M., F. R. Hay, J. B. Dickie, C. Trivedi, J. Choi, and R. Fiegener.
2020. Seed storage: Maintaining seed viability and vigor for restora-
tion use. Restoration Ecology 28: $249-S255.

Dehaudt, B., T. Bruce, V. Deblauwe, A. Ferraz, B. Gardner, T. G. B. Bibila,
M. LeBreton, et al. 2024. Divergent seed dispersal outcomes: Inter-
actions between seed, disperser, and forest traits. Ecology 105: e4409.

Delmas, E., M. Besson, M.-H. Brice, L. A. Burkle, G. V. Dalla Riva,
M.-]. Fortin, D. Gravel, et al. 2019. Analysing ecological networks of
species interactions. Biological Reviews 94: 16-36.

Denny, E. G, K. L. Gerst, A. J. Miller-Rushing, G. L. Tierney,
T. M. Crimmins, C. A. F. Enquist, P. Guertin, et al. 2014. Stan-
dardized phenology monitoring methods to track plant and animal
activity for science and resource management applications.
International Journal of Biometeorology 58: 591-601.

DeSisto, C. M. M., Z. Zandry, T. Feno, B. Zareiesafandabadi,
J. Randrianasy, J. Tiamanana, D. Randrianasolo, et al. 2025. Func-
tional traits and phylogenetic effects drive germination of lemur-
passed seeds. Ecology and Evolution 15: e70881.

Diamond, J. M. 1983. Laboratory, field and natural experiments. Nature
304: 586-587.

Diaz, A., R. Reynoso, J. J. Pelléon, N. Camarena, D. Tataje,
A. Quispe-Torres, J.-F. Montenegro, and L. Hein. 2024. Diet and
bird-plant interaction networks based on citizen science data in Lima,
Peru: Exotic and native species are important. Studies on Neotropical
Fauna and Environment 59: 1028-1043.

Dixon, D. J., J. N. Callow, J. M. A. Duncan, S. A. Setterfield, and N. Pauli.
2021. Satellite prediction of forest flowering phenology. Remote
Sensing of Environment 255: 112197.

Donoso, I, M. C. Sorensen, P. G. Blendinger, W. D. Kissling,
E. L. Neuschulz, T. Mueller, and M. Schleuning. 2020. Downsizing of
animal communities triggers stronger functional than structural
decay in seed-dispersal networks. Nature Communications 11: 1582.

Dormann, C. F,, J. M. McPherson, M. B. Aragjo, R. Bivand, J. Bolliger,
G. Carl, R. G. Davies, et al. 2007. Methods to account for spatial
autocorrelation in the analysis of species distributional data: A review.
Ecography 30: 609-628.

Dunham, A. E., O. H. Razafindratsima, P. Rakotonirina, and P. C. Wright.
2018. Fruiting phenology is linked to rainfall variability in a tropical
rain forest. Biotropica 50: 396-404.

Durand-Bessart, C., N. J. Cordeiro, C. A. Chapman, K. Abernethy,
P.-M. Forget, C. Fontaine, and F. Bretagnolle. 2023. Trait matching
and sampling effort shape the structure of the frugivory network in
Afrotropical forests. New Phytologist 237: 1446-1462.

Durand-Bessart, C., E. F. Akomo-Okoue, G. W. Ebang Ella, V. Porcher,
P. Y. Bitome Essono, F. Bretagnolle, and C. Fontaine. 2024. Local

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ



ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

21 of 27

people enhance our understanding of Afrotropical frugivory net-
works. Current Biology 34: 1541-1548.

Eklof, A., U. Jacob, J. Kopp, J. Bosch, R. Castro-Urgal, N. P. Chacoff,
B. Dalsgaard, et al. 2013. The dimensionality of ecological networks.
Ecology Letters 16: 577-583.

Elmendorf, S. C., K. D. Jones, B. I. Cook, J. M. Diez, C. A. F. Enquist,
R. A. Hufft, M. O. Jones, et al. 2016. The plant phenology monitoring
design for The National Ecological Observatory Network. Ecosphere
7: €01303.

Espinosa Prieto, A., L. Hardion, N. Debortoli, and J.-N. Beisel. 2024.
Finding the perfect pairs: A matchmaking of plant markers and
primers for multi-marker eDNA metabarcoding. Molecular Ecology
Resources 24: €13937.

Farley, S. S., A. Dawson, S. J. Goring, and J. W. Williams. 2018. Situating
ecology as a big-data science: Current advances, challenges, and
solutions. BioScience 68: 563-576.

Fell, A, T. Silva, A. B. Duthie, and D. Dent. 2023. A global systematic
review of frugivorous animal tracking studies and the estimation of
seed dispersal distances. Ecology and Evolution 13: e10638.

Fischer, C. P., and L. M. Romero. 2019. Chronic captivity stress in wild
animals is highly species-specific. Conservation Physiology 7: coz093.

Fischer, S. F., P. Poschlod, and B. Beinlich. 1996. Experimental studies on
the dispersal of plants and animals on sheep in calcareous grasslands.
Journal of Applied Ecology 33: 1206-1222.

Foest, J. J., M. Bogdziewicz, T. Caignard, M. Hadad, P. A. Thomas, and
A. Hacket-Pain. 2025. Comparing two ground-based seed count
methods and their effect on masting metrics. Forest Ecology and
Management 581: 122551.

Forget, P.-M. 1996. Removal of seeds of Carapa procera (Meliaceae) by
rodents and their fate in rainforest in French Guiana. Journal of
Tropical Ecology 12: 751-761.

Forget, P. M., and D. G. Wenny. 2005. How to elucidate seed fate? A review
of methods used to study seed removal and secondary seed dispersal.
In P. M. Forget, J. Lambert, P. E. Hulme, and S. Vander Wall [eds.],
Seed fate: Predation, dispersal and seedling establishment, 379-393.
CAB International, Wallingford, United Kingdom.

Fournier, L. 1974. Un método cuantitativo para la medicién de las car-
acteristicas fenoldgicas en drboles. Turrialba 24: 422-423.

Fragoso, J. M. V. 1997. Tapir-generated seed shadows: Scale-dependent
patchiness in the Amazon rain forest. Journal of Ecology 85: 519-529.

Franklin, D. C,, and C. S. Bach. 2006. Assessing intraspecific phenological
synchrony in zoochorous trees from the monsoon forests of northern
Australia. Journal of Tropical Ecology 22: 419-429.

Fraser, L. H.,, H. A. Henry, C. N. Carlyle, S. R. White, C. Beierkuhnlein,
J. F. Cahill Jr., B. B. Casper, et al. 2013. Coordinated distributed
experiments: An emerging tool for testing global hypotheses in
ecology and environmental science. Frontiers in Ecology and the
Environment 11: 147-155.

Fricke, E. C., and J.-C. Svenning. 2020. Accelerating homogenization of the
global plant-frugivore meta-network. Nature 585: 74-78.

Fricke, E. C., A. Ordonez, H. S. Rogers, and J.-C. Svenning. 2022. The
effects of defaunation on plants’ capacity to track climate change.
Science 375: 210-214.

Fricke, E. C., C. Bello, R. Chaplin-Kramer, D. H. Dent, K. J. Feeley,
M. Galetti, ]. P. Gonzalez-Varo, et al. 2025. Drivers and impacts of
global seed disperser decline. Nature Reviews Biodiversity 1: 386-400.

Fuzessy, L., G. Sobral, and L. Culot. 2022. Linking howler monkey ranging
and defecation patterns to primary and secondary seed dispersal.
American Journal of Primatology 84: €23354.

Galetti, M., and M. A. Pizo. 2013. Fruit eating by birds in a forest fragment
in southeastern Brazil. Revista Brasileira de Ornitologia 4(5): 9.
Galetti, M., C. P. Alves-Costa, and E. Cazetta. 2003. Effects of forest frag-
mentation, anthropogenic edges and fruit colour on the consumption of

ornithocoric fruits. Biological Conservation 111: 269-273.

Galimberti, A., S. Spinelli, A. Bruno, V. Mezzasalma, F. De Mattia,
P. Cortis, and M. Labra. 2016. Evaluating the efficacy of restoration
plantings through DNA barcoding of frugivorous bird diets.
Conservation Biology 30: 763-773.

Gallinat, A. S., L. Russo, E. K. Melaas, C. G. Willis, and R. B. Primack. 2018.
Herbarium specimens show patterns of fruiting phenology in native
and invasive plant species across New England. American Journal of
Botany 105: 31-41.

Gallinat, A. S., R. B. Primack, and T. L. Lloyd-Evans. 2020. Can invasive
species replace native species as a resource for birds under climate
change? A case study on bird-fruit interactions. Biological
Conservation 241: 108268.

Galpern, P., M. Manseau, P. Hettinga, K. Smith, and P. Wilson. 2012.
Allelematch: An R package for identifying unique multilocus geno-
types where genotyping error and missing data may be present.
Molecular Ecology Resources 12: 771-778.

Garcia, C., and D. Grivet. 2011. Molecular insights into seed dispersal
mutualisms driving plant population recruitment. Acta Oecologica 37:
632-640.

Garcia, D., R. Zamora, and G. C. Amico. 2011. The spatial scale of plant—
animal interactions: Effects of resource availability and habitat
structure. Ecological Monographs 81: 103-121.

Garcia, D., B. Rumeu, J. C. Illera, M. Mifnarro, G. Palomar, and
J. P. Gonzélez-Varo. 2024. Common birds combine pest control and
seed dispersal in apple orchards through a hybrid interaction net-
work. Agriculture, Ecosystems & Environment 365: 108927.

Garcia-Robledo, C., and E. K. Kuprewicz. 2009. Vertebrate fruit removal
and ant seed dispersal in the neotropical ginger Renealmia alpinia
(Zingiberaceae). Biotropica 41: 209-214.

Garcia-Rodriguez, A., J. Albrecht, N. Farwig, D. Frydryszak, A. Parres,
D. G. Schabo, and N. Selva. 2022. Functional complementarity of seed
dispersal services provided by birds and mammals in an alpine eco-
system. Journal of Ecology 110: 232-247.

Gawel, A. M., E. Fricke, A. Colton, and H. S. Rogers. 2023. Non-native
mammals are weak candidates to substitute ecological function of
native avian seed dispersers in an island ecosystem. Biotropica 55:
1148-1158.

Gelambi, M., and S. R. Whitehead. 2023. Multiscale variability in nutrients
and secondary metabolites in a bat-dispersed neotropical fruit.
Ecology and Evolution 13: e10453.

Gelmi-Candusso, T. A., R. Bialozyt, D. Slana, R. Zairate Gdmez,
E. W. Heymann, and K. Heer. 2019. Estimating seed dispersal dis-
tance: A comparison of methods using animal movement and plant
genetic data on two primate-dispersed Neotropical plant species.
Ecology and Evolution 9: 8965-8977.

Getz, W. M. 2022. A hierarchical path-segmentation movement ecology
framework. Ecological Processes 11: 56.

Getz, W. M., R. Salter, V. Sethi, S. Cain, O. Spiegel, and S. Toledo. 2024.
The statistical building blocks of animal movement simulations.
Movement Ecology 12: 67.

Gibson, D. J. 2015. Methods in comparative plant population ecology.
Oxford University Press, Oxford, United Kingdom.

Godoy, J., and P. Jordano. 2001. Seed dispersal by animals: Exact identi-
fication of source trees with endocarp DNA microsatellites. Molecular
Ecology 10: 2275-2283.

Gonzalez-Castro, A., T. Moran-Lopez, M. Nogales, and A. Traveset. 2022.
Changes in the structure of seed dispersal networks when including
interaction outcomes from both plant and animal perspectives. Oikos
2022(2). https://doi.org/10.1111/0ik.08315

Gonzalez-Varo, J. P., J. V. Lopez-Bao, and J. Guitian. 2013. Functional
diversity among seed dispersal kernels generated by carnivorous
mammals. Journal of Animal Ecology 82: 562-571.

Gonzalez-Varo, J. P, J. M. Arroyo, P. Jordano, and M. Gilbert. 2014. Who
dispersed the seeds? The use of DNA barcoding in frugivory and seed
dispersal studies. Methods in Ecology and Evolution 5: 806-814.

Gonzalez-Varo, J. P., C. S. Carvalho, J. M. Arroyo, and P. Jordano. 2017.
Unravelling seed dispersal through fragmented landscapes: Frugivore
species operate unevenly as mobile links. Molecular Ecology 26:
4309-4321.

Gonzdlez-Varo, J. P, J. M. Arroyo, and P. Jordano. 2019. The timing of
frugivore-mediated seed dispersal effectiveness. Molecular Ecology 28:
219-231.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ


https://doi.org/10.1111/oik.08315

22 of 27 |

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

Gonzélez-Varo, J. P., B. Rumeu, J. Albrecht, J. M. Arroyo, R. S. Bueno,
T. Burgos, L. P. da Silva, et al. 2021. Limited potential for bird
migration to disperse plants to cooler latitudes. Nature 595: 75-79.

Gonzélez-Varo, J. P., B. Rumeu, A. Traveset, and J. C. Illera. 2022. Iden-
tifying avian seed dispersers through DNA barcoding after rapid field
sampling. Ardeola 69: 279-290.

Gonzélez-Varo, J. P., J. Albrecht, J. M. Arroyo, R. S. Bueno, T. Burgos,
G. Escribano-Avila, N. Farwig, et al. 2023. Frugivore-mediated seed
dispersal in fragmented landscapes: Compositional and functional
turnover from forest to matrix. Proceedings of the National Academy
of Sciences, USA 120: €2302440120.

Gonzéilez-Varo, J. P, B. Rumeu, C. A.
L. Acevedo-Limén, C. Baltzinger, A. Lovas-Kiss, and A. J. Green.
2024. Overlooked seed-dispersal modes and underestimated dis-
tances. Global Ecology and Biogeography 33: e13835.

Gorb, E., and S. Gorb. 2003. Methods for studying myrmecochory. In Seed
dispersal by ants in a deciduous forest ecosystem: Mechanisms,
strategies, adaptations, 153-171. Springer Netherlands, Dordrecht,
the Netherlands.

Gosling, S. D. 2001. From mice to men: What can we learn about per-
sonality from animal research? Psychological Bulletin 127: 45-86.

Green, A. J., C. Baltzinger, and A. Lovas-Kiss. 2022. Plant dispersal syn-
dromes are unreliable, especially for predicting zoochory and long-
distance dispersal. Oikos 2022(2). https://doi.org/10.1111/0ik.08327

Grimm, V., and S. F. Railsback. 2005. Individual-based modeling and
ecology. Princeton University Press, Princeton, New Jersey, USA.

Grimm, V., and S. F. Railsback. 2011. Pattern-oriented modelling: A ‘multi-
scope’ for predictive systems ecology. Philosophical Transactions of
the Royal Society B: Biological Sciences 367: 298-310.

Grimm, V., U. Berger, F. Bastiansen, S. Eliassen, V. Ginot, J. Giske,
J. Goss-Custard, et al. 2006. A standard protocol for describing
individual-based and agent-based models. Ecological Modelling 198:
115-126.

Grimm, V., S. F. Railsback, C. E. Vincenot, U. Berger, C. Gallagher,
D. L. DeAngelis, B. Edmonds, et al. 2020. The ODD protocol for
describing agent-based and other simulation models: A second up-
date to improve clarity, replication, and structural realism. Journal of
Artificial Societies and Social Simulation 23: 7.

Haggerty, B. P., and L. F. Galloway. 2011. Response of individual com-
ponents of reproductive phenology to growing season length in a
monocarpic herb. Journal of Ecology 99: 242-253.

Heleno, R., J. M. Costa, F. Covelo, J. Santos, P. Lopes, A. C. Gouveia,
A. Matos, et al. 2024. O armario: Fruiting phenology data for 4,462
plant taxa in Portugal (1926-2013). Scientific Data 11: 669.

Herrera, C. M. 2017. The ecology of subindividual variability in plants:
Patterns, processes, and prospects. Web Ecology 17: 51-64.

Higgins, S. L, R. Nathan, and M. L. Cain. 2003. Are long-distance dispersal
events in plants usually caused by nonstandard means of dispersal?
Ecology 84: 1945-1956.

HilleRisLambers, J., A. K. Ettinger, K. R. Ford, D. C. Haak, M. Horwith,
B. E. Miner, H. S. Rogers, et al. 2013. Accidental experiments: Eco-
logical and evolutionary insights and opportunities derived from
global change. Oikos 122: 1649-1661.

Hintze, C., F. Heydel, C. Hoppe, S. Cunze, A. K6nig, and O. Tackenberg.
2013. D* The Dispersal and Diaspore Database: Baseline data and
statistics on seed dispersal. Perspectives in Plant Ecology, Evolution
and Systematics 15: 180-192.

Hirsch, B. T., R. Kays, and P. A. Jansen. 2012a. A telemetric thread tag for
tracking seed dispersal by scatter-hoarding rodents. Plant Ecology
213: 933-943.

Hirsch, B. T., M. D. Visser, R. Kays, and P. A. Jansen. 2012b. Quantifying
seed dispersal kernels from truncated seed-tracking data. Methods in
Ecology and Evolution 3: 595-602.

Hodgkison, R., M. Ayasse, C. Hiberlein, S. Schulz, A. Zubaid,
W. A. W. Mustapha, T. H. Kunz, et al. 2013. Fruit bats and bat fruits:
The evolution of fruit scent in relation to the foraging behaviour of
bats in the New and Old World tropics. Functional Ecology 27:
1075-1084.

Bracho-Estévanez,

Holcombe, B. E. 2024. A bear's eye view: Insight on American black bear
(Ursus americanus) hibernation and foraging ecology in Virginia's
Central Appalachian Mountains. Virginia Polytechnic Institute and
State University, Blacksburg, Virginia, USA.

Howe, H. F. 1986. Seed dispersal by fruit-eating birds and mammals. In D.
R. Murray [ed.], Seed dispersal, 123-190. Academic Press, Sydney,
Australia.

Howe, H. F. 2016. Making dispersal syndromes and networks useful in
tropical conservation and restoration. Global Ecology and Conservation
6: 152-178.

Howe, H. F. 2024. Insights into focal seed-dispersal systems on Barro
Colorado Island. In H. C. Muller-Landau and S. J. Wright [eds.], The
first 100 years of research on Barro Colorado Island: Plant and eco-
system science. Smithsonian Institution Scholarly Press, Washington,
D.C, USA.

Howe, H. F., and G. A. Vande Kerckhove. 1981. Removal of wild nutmeg
(Virola surinamensis) crops by birds. Ecology 62: 1093-1106.

Howe, H. F., and J. Smallwood. 1982. The ecology of seed dispersal. Annual
Review of Ecology and Systematics 13: 201-228.

Hunter Jr., M. L., S. R. Boone, A. M. Brehm, and A. Mortelliti. 2022.
Modulation of ecosystem services by animal personalities. Frontiers in
Ecology and the Environment 20: 58-63.

Isla, J., M. Jacome-Flores, C. Rigueiro, J. M. Arroyo, P. Jordano, and
C. Garcia C. 2024. Animal-mediated seed dispersal and the demo-
genetic configuration across plant colonization gradients. Journal of
Ecology 112: 1013-1025.

Iwanycki Ahlstrand, N., R. B. Primack, and A. P. Tottrup. 2022. A com-
parison of herbarium and citizen science phenology datasets for
detecting response of flowering time to climate change in Denmark.
International Journal of Biometeorology 66: 849-862.

Jackson, E. E., S. J. Wright, O. Calderén, J. M. Bullock, T. Oliver, and
S. Gripenberg. 2022. Pre-dispersal seed predation could help explain
premature fruit drop in a tropical forest. Journal of Ecology 110:
751-761.

Jansen, P. A, and J. den Ouden. 2004. Observing seed removal: Remote
video monitoring of seed selection, predation and dispersal. In P. M.
Forget, J. E. Lambert, P. E. Hulme, and S. B. Vander Wall [eds.], Seed
fate: Predation, dispersal and seedling establishment, 363-378. CABI
Publishing, Wallingford, United Kingdom.

Jansen, P. A., B. T. Hirsch, W.-J. Emsens, V. Zamora-Gutierrez,
M. Wikelski, and R. Kays. 2012. Thieving rodents as substitute dis-
persers of megafaunal seeds. Proceedings of the National Academy of
Sciences, USA 109: 12610-12615.

Janzen, D. H. 1970. Herbivores and the number of tree species in tropical
forests. American Naturalist 104: 501-527.

Jayasekara, P., S. Takatsuki, U. R. Weerasinghe, and S. Wijesundara. 2003.
Arboreal fruit visitors in a tropical forest in Sri Lanka. Mammal Study
28: 161-165.

Jayasekara, P., U. R. Weerasinghe, S. Wijesundara, and S. Takatsuki. 2007.
Identifying diurnal and nocturnal frugivores in the terrestrial and
arboreal layers of a tropical rain forest in Sri Lanka. Ecotropica 13:
7-15.

Johnson, J. S., R. S. Cantrell, C. Cosner, F. Hartig, A. Hastings, H. S. Rogers,
E. W. Schupp, et al. 2019. Rapid changes in seed dispersal traits may
modify plant responses to global change. AoB Plants 11: plz020.

Jongejans, E., O. Skarpaas, and K. Shea. 2008. Dispersal, demography
and spatial population models for conservation and control man-
agement. Perspectives in Plant Ecology, Evolution and Systematics 9:
153-170.

Jongejans, E., O. Skarpaas, M. J. Ferrari, E. S. Long, J. T. Dauer,
C. M. Schwarz, E. S. J. Rauschert, et al. 2015. A unifying gravity
framework for dispersal. Theoretical Ecology 8: 207-223.

Jordano, P. 1987. Patterns of mutualistic interactions in pollination and
seed dispersal: Connectance, dependence asymmetries, and
coevolution. The American Naturalist 129: 657-677.

Jordano, P. 2000. Fruits and frugivory. In M. Fenner [ed.], Seeds: The
ecology of regeneration in plant communities, 125-165. CABI Pub-
lishing, Wallingford, United Kingdom.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ


https://doi.org/10.1111/oik.08327

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

23 of 27

Jordano, P. 2017. What is long-distance dispersal? And a taxonomy of
dispersal events. Journal of Ecology 105: 75-84.

Jordano, P., and E. W. Schupp. 2000. Seed disperser effectiveness: The
quantity component and patterns of seed rain for Prunus mahaleb.
Ecological Monographs 70: 591-615.

Jordano, P., C. Garcia, J. A. Godoy, and J. L. Garcia-Castaino. 2007. Dif-
ferential contribution of frugivores to complex seed dispersal pat-
terns. Proceedings of the National Academy of Sciences, USA 104:
3278-3282.

Kattge, J., G. Bonisch, S. Diaz, S. Lavorel, I. C. Prentice, P. Leadley,
S. Tautenhahn, et al. 2020. TRY plant trait database - Enhanced
coverage and open access. Global Change Biology 26: 119-188.

Kays, R., M. C. Crofoot, W. Jetz, and M. Wikelski. 2015. Terrestrial animal
tracking as an eye on life and planet. Science 348: aaa2478.

Kays, R., B. Hirsch, D. Caillaud, R. Mares, S. Alavi, R. W. Havmeoller, and
M. Crofoot. 2023. Multi-scale movement syndromes for comparative
analyses of animal movement patterns. Movement Ecology 11: 61.

Kissling, W. D., H. Balslev, W. ]. Baker, J. Dransfield, B. Goldel, J. Y. Lim,
R. E. Onstein, et al. 2019. PalmTraits 1.0, a species-level functional
trait database of palms worldwide. Scientific Data 6: 178.

Kitamura, S., S. Suzuki, T. Yumoto, P. Poonswad, P. Chuailua,
K. Plongmai, N. Noma, et al. 2004. Dispersal of Aglaia spectabilis, a
large-seeded tree species in a moist evergreen forest in Thailand.
Journal of Tropical Ecology 20: 421-427.

Kleyer, M., R. M. Bekker, I. C. Knevel, J. P. Bakker, K. Thompson,
M. Sonnenschein, P. Poschlod, et al. 2008. The LEDA Traitbase: A
database of life-history traits of Northwest European flora. Journal of
Ecology 96: 1266-1274.

Kollmann, J., and D. Goetze. 1998. Notes on seed traps in terrestrial plant
communities. Flora 193: 31-40.

Krishnan, S., and A. Novy. 2017. The role of botanic gardens in the twenty-
first century. CABI Reviews 2016: 1-10.

Kuprewicz, E. K. 2013. Mammal abundances and seed traits control the
seed dispersal and predation roles of terrestrial mammals in a Costa
Rican forest. Biotropica 45: 333-342.

Kuprewicz, E. K., and C. Garcia-Robledo. 2019. Deciphering seed dispersal
decisions: Size, not tannin content, drives seed fate and survival in a
tropical forest. Ecosphere 10: €02551.

Kurek, P., B. Wiatrowska, L. Piechnik, and J. Holeksa. 2024. Phenological
gap in fruiting period and dispersal of seeds from alien fleshy-fruited
plants by medium-sized carnivores in temperate forests of Central
Europe. NeoBiota 93: 321-337.

Kurkjian, H. M., S. K. Carothers, and E. S. Jules. 2017. Seed predation has
the potential to drive a rare plant to extinction. Journal of Applied
Ecology 54: 862-871.

Landim, A. R,, J. Albrecht, J. Brito, S. Burneo, S. Erazo, F. L. Newell,
B. A. Tinoco, et al. 2025. Delayed recovery of seed-dispersal inter-
actions after deforestation. Current Biology 35: 4794-4802.

Le Roncé, I, M. Toigo, E. Dardevet, S. Venner, J.-M. Limousin, and
I. Chuine. 2020. Resource manipulation through experimental defo-
liation has legacy effects on allocation to reproductive and vegetative
organs in Quercus ilex. Annals of Botany 126: 1165-1179.

Leal, L. C,, and M. H. Koski. 2024. Linking pollen limitation and seed
dispersal effectiveness. Ecology Letters 27: e14347.

Lee, C. K. F, G. Song, H. C. Muller-Landau, S. Wu, S. J. Wright,
K. C. Cushman, R. F. Araujo, et al. 2023. Cost-effective and accurate
monitoring of flowering across multiple tropical tree species over
two years with a time series of high-resolution drone imagery and
deep learning. ISPRS Journal of Photogrammetry and Remote Sensing
201: 92-103.

Levey, D. J., and S. Sargent. 2000. A simple method for tracking vertebrate-
dispersed seeds. Ecology 81: 267-274.

Levin, S. A., H. C. Muller-Landau, R. Nathan, and J. Chave. 2003. The
ecology and evolution of seed dispersal: A theoretical perspective.
Annual Review of Ecology, Evolution, and Systematics 34: 575-604.

Liang, H., K. R. McConkey, and J. Y. Lim. 2024. From beak to fruit: An
Asian hornbill database for frugivory and seed dispersal research.
Global Ecology and Conservation 51: €02879.

Lim, J. Y., M. D. Wasserman, J. Veen, M.-L. Després-Einspenner, and
W. D. Kissling. 2021. Ecological and evolutionary significance of
primates’ most consumed plant families. Proceedings of the Royal
Society B: Biological Sciences 288: 20210737.

Lima, D. F,, J. H. F. Mello, I. T. Lopes, R. C. Forzza, R. Goldenberg, and
L. Freitas. 2021. Phenological responses to climate change based on a
hundred years of herbarium collections of tropical Melastomataceae.
PLoS ONE 16: €0251360.

Linck, E. B,, and C. D. Cadena. 2024. A latitudinal gradient of reference
genomes. Molecular Ecology 34: e17551.

Loiselle, B. A. 1990. Seeds in dropping of tropical fruit-eating birds:
Importance of considering seed composition. Oecologia 82: 494-500.

Lowman, M. D. 2009. Canopy research in the twenty-first century: A
review of arboreal ecology. Tropical Ecology 51: 125-136.

Lowman, M. D., T. D. Schowalter, and J. F. Franklin. 2012. Methods in forest
canopy research. University of California Press, Berkeley, California, USA.

Lukécs, K., A. Téth, R. Kiss, B. Dedk, Z. Rddai, K. Téth, A. Kelemen, et al.
2024. The ecological footprint of outdoor activities: Factors affecting
human-vectored seed dispersal on clothing. Science of the Total
Environment 906: 167675.

Ma, X, X. Zhu, Q. Xie, J. Jin, Y. Zhou, Y. Luo, Y. Liu, et al. 2022. Mon-
itoring nature's calendar from space: Emerging topics in land surface
phenology and associated opportunities for science applications.
Global Change Biology 28: 7186-7204.

Maheswari, P., P. Raja, O. E. Apolo-Apolo, and M. Pérez-Ruiz M. 2021.
Intelligent fruit yield estimation for orchards using deep learning
based semantic segmentation techniques—A review. Frontiers in
Plant Science 12: 684328.

Marchand, P., L. S. Comita, S. J. Wright, R. Condit, S. P. Hubbell, and
N. G. Beckman. 2020. Seed-to-seedling transitions exhibit distance-
dependent mortality but no strong spacing effects in a Neotropical
forest. Ecology 101: €02926.

Mason, G. J. 2010. Species differences in responses to captivity: Stress,
welfare and the comparative method. Trends in Ecology & Evolution
25: 713-721.

McConkey, K. R,, S. Prasad, R. T. Corlett, A. Campos-Arceiz, J. F. Brodie,
H. Rogers, and L. Santamaria. 2012. Seed dispersal in changing
landscapes. Biological Conservation 146: 1-13.

Meek, P. D., G.-A. Ballard, P. J. S. Fleming, M. Schaefer, W. Williams, and
G. Falzon. 2014. Camera traps can be heard and seen by animals.
PLoS ONE 9: e110832.

Meek, P. D., G. A. Ballard, J. Sparkes, M. Robinson, B. Nesbitt, and
P. J. S. Fleming. 2019. Camera trap theft and vandalism: Occur-
rence, cost, prevention and implications for wildlife research and
management. Remote Sensing in Ecology and Conservation 5:
160-168.

Meek, P. D., G. Ballard, G. Falzon, J. Williamson, H. Milne, R. Farrell,
J. Stover, et al. 2020. Camera trapping technology and related
advances: Into the new millennium. Australian Zoologist 40:
392-403.

Mendes, S. B., J. M. Olesen, S. Timéteo, and R. Heleno. 2023. Fruiting
phenology matters. Plants, People, Planet 5: 324-328.

Mendoza, I, C. A. Peres, and L. P. C. Morellato. 2017. Continental-scale
patterns and climatic drivers of fruiting phenology: A quantitative
Neotropical review. Global and Planetary Change 148: 227-241.

Miczajka, V. L., A.-M. Klein, and G. Pufal. 2015. Elementary school chil-
dren contribute to environmental research as citizen scientists. PLoS
ONE 10: e0143229.

Miura, S., M. Yasuda, and L. C. Ratnam. 1997. Who steals the fruit?
Monitoring frugivory of mammals in a tropical rain-forest. The
Malayan Nature Journal 50: 183-193.

Miura, T., Y. Tokumoto, N. Shin, K. K. Shimizu, R. A. S. Pungga, and
T. Ichie. 2023. Utility of commercial high-resolution satellite imagery
for monitoring general flowering in Sarawak, Borneo. Ecological
Research 38: 386-402.

Modlmeier, A. P., C. N. Keiser, J. V. Watters, A. Sih, and J. N. Pruitt. 2014.
The keystone individual concept: An ecological and evolutionary
overview. Animal Behaviour 89: 53-62.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ



24 of 27

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

Moegenburg, S. M., and D. J. Levey. 2003. Do frugivores respond to fruit
harvest? An experimental study of short-term responses. Ecology 84:
2600-2612.

Monteza-Moreno, C. M., L. Rodriguez-Castro, P. L. Castillo-Caballero,
E. Toribio, and K. Saltonstall. 2022. Arboreal camera trapping sheds
light on seed dispersal of the world's only epiphytic gymnosperm:
Zamia pseudoparasitica. Ecology and Evolution 12: e8769.

Moore, P. D, and S. B. Chapman. 1986. Methods in plant ecology.
Blackwell Scientific Publications, Oxford, United Kingdom.

Moore, J. F., W. E. Pine, F. Mulindahabi, P. Niyigaba, G. Gatorano,
M. K. Masozera, and L. Beaudrot. 2020. Comparison of species
richness and detection between line transects, ground camera traps,
and arboreal camera traps. Animal Conservation 23: 561-572.

Moore, J. F., K. Soanes, D. Balbuena, C. Beirne, M. Bowler, F. Carrasco-Rueda,
S. M. Cheyne, et al. 2021. The potential and practice of arboreal camera
trapping. Methods in Ecology and Evolution 12: 1768-1779.

Morales, J. M., and T. Moran Loépez. 2022. Mechanistic models of seed
dispersal by animals. Oikos 2022: e08328.

Motta, C. I, B. H. Saranholi, V. M. D. Godoy, and M. Corréa Cortes. 2026.
DNA metabarcoding reveals greater plant diversity than morpho-
logical seed analysis of bird feces. Applications in Plant Sciences 14(1):
€70021.

Mouissie, A. M., W. Lengkeek, and R. Van Diggelen. 2005. Estimating
adhesive seed-dispersal distances: Field experiments and correlated
random walks. Functional Ecology 19: 478-486.

Muhanguzi, H. D. R, J. Obua, H. Oryem-Origa, and O. R. Vetaas. 2003.
Tree fruiting phenology in Kalinzu Forest, Uganda. African Journal of
Ecology 41: 171-178.

Muiioz, A., and R. Bonal. 2008. Are you strong enough to carry that seed?
Seed size/body size ratios influence seed choices by rodents. Animal
Behaviour 76: 709-715.

Muinoz, M. C., H. M. Schaefer, K. B6hning-Gaese, and M. Schleuning.
2017. Importance of animal and plant traits for fruit removal
and seedling recruitment in a tropical forest. Oikos 126:
823-832.

Nakagawa, M., Y. Takeuchi, K. Tanaka, and N. Tohru. 2005. Predispersal
seed predation by insects vs. vertebrates in six dipterocarp species in
Sarawak, Malaysia. Biotropica 37: 389-396.

Nathan, R. 2007. Total dispersal kernels and the evaluation of diversity and
similarity in complex dispersal systems. In A. J. Dennis, E. W.
Schupp, R. J. Green, and D. A. Westcott [eds.], Seed dispersal: Theory
and its application in a changing world, 252-276. CAB International,
Wallingford, United Kingdom.

Nathan, R., G. Perry, J. T. Cronin, A. E. Strand, and M. L. Cain. 2003.
Methods for estimating long-distance dispersal. Oikos 103:
261-273.

Nathan, R., W. M. Getz, E. Revilla, M. Holyoak, R. Kadmon, D. Saltz, and
P. E. Smouse. 2008. A movement ecology paradigm for unifying
oragnismal movement research. Proceedings of the National Academy
of Sciences, USA 105: 19052-19059.

Nathan, R., E. Klein, J. J. Robledo-Arnuncio, and E. Revilla. 2012. Dispersal
kernels: A review. In J. Clobert, M. Baguette, T. G. Benton, and J. M.
Bullock [eds.], Dispersal ecology and evolution, 187-210. Oxford
University Press, Oxford, United Kingdom.

Nathan, R,, C. T. Monk, R. Arlinghaus, T. Adam, J. Alos, M. Assaf, H. Baktoft,
et al. 2022. Big-data approaches lead to an increased understanding of the
ecology of animal movement. Science 375: eabg1780.

Nelson, A. S., and S. R. Whitehead. 2021. Fruit secondary metabolites shape
seed dispersal effectiveness. Trends in Ecology & Evolution 36:
1113-1123.

Neubert, M. G., and I. M. Parker. 2004. Projecting rates of spread for
invasive species. Risk Analysis 24: 817-831.

Neupane, R., and J. Powell. 2015. Mathematical model of seed dispersal by
frugivorous birds and migration potential of pinyon and juniper in
Utah. Applied Mathematics 6: 1506-1523.

Neuschulz, E. L., T. Mueller, M. Schleuning, and K. Bohning-Gaese. 2016.
Pollination and seed dispersal are the most threatened processes of
plant regeneration. Scientific Reports 6: 29839.

Nevo, O., D. Razafimandimby, J. A. J. Jeffrey, S. Schulz, and M. Ayasse.
2018. Fruit scent as an evolved signal to primate seed dispersal.
Science Advances 4: eaat4871.

Nevo, O., K. Valenta, A. Helman, J. U. Ganzhorn, and M. Ayasse. 2022.
Fruit scent as an honest signal for fruit quality. BMC Ecology and
Evolution 22: 139.

Nguyen, L. M. N,, E. L. Chronopoulou, G. A. S. Escaliante, K. Valenta, and
O. Nevo. 2026. Unlocking fruit dimensions: Quantification of func-
tional traits driving plant-frugivore interactions. Applications in
Plant Sciences 14(1): €70036.

Nield, A. P., R. Nathan, N. J. Enright, P. G. Ladd, and G. L. W. Perry. 2020.
The spatial complexity of seed movement: Animal-generated seed
dispersal patterns in fragmented landscapes revealed by animal
movement models. Journal of Ecology 108: 687-701.

Nordt, B., I. Hensen, S. F. Bucher, M. Freiberg, R. B. Primack,
A.-D. Stevens, A. Bonn, et al. 2021. The PhenObs initiative: A stan-
dardised protocol for monitoring phenological responses to climate
change using herbaceous plant species in botanical gardens.
Functional Ecology 35: 821-834.

Nunes Martinez, A., and M. Mistretta Pires. 2024. Estimated missing in-
teractions change the structure and alter species roles in one of the
world's largest seed-dispersal networks. Oikos 2024: e10521.

Nuiez, C. L., J. S. Clark, C. J. Clark, and J. R. Poulsen. 2018. Low-intensity
logging and hunting have long-term effects on seed dispersal but not
fecundity in Afrotropical forests. AoB Plants 11: ply074.

Nuiiez-Cruz, A., J. A. Meave, and C. Bonfil. 2020. Reproductive phenology
and seed germination in eight tree species from a seasonally dry
tropical forest of Morelos, Mexico: Implications for community-
oriented restoration and conservation. Tropical Conservation Science
11: €1940082917749946.

Ong, L., A. Campos-Arceiz, V. P. W. Loke, P. b. Pura, C. M. T. b. Tunil,
H.S. A. L. Din, R. b. Angah, et al. 2021. Building ecological networks
with local ecological knowledge in hyper-diverse and logistically
challenging ecosystems. Methods in Ecology and Evolution 12:
2042-2053.

Onstein, R. E., D. N. Vink, J. Veen, C. D. Barratt, S. G. A. Flantua,
S. A. Wich, and W. D. Kissling. 2020. Palm fruit colours are linked to
the broad-scale distribution and diversification of primate colour
vision systems. Proceedings of the Royal Society B: Biological Sciences
287: 20192731.

Otani, T. 2001. Measuring fig foraging frequency of the Yakushima
macaque by using automatic cameras. Ecological Research 16: 49-54.

Palencia, P., ]. Vicente, R. C. Soriguer, and P. Acevedo. 2022. Towards a
best-practices guide for camera trapping: Assessing differences
among camera trap models and settings under field conditions.
Journal of Zoology 316: 197-208.

Park, D. S, G. M. Lyra, A. M. Ellison, R. K. B. Maruyama,
D. dos Reis Torquato, R. C. Asprino, B. I. Cook, et al. 2023. Her-
barium records provide reliable phenology estimates in the under-
studied tropics. Journal of Ecology 111: 327-337.

Pearson, K. D., G. Nelson, M. F. J. Aronson, P. Bonnet, L. Brenskelle,
C. C. Davis, E. G. Denny, et al. 2020. Machine learning using digitized
herbarium specimens to advance phenological research. BioScience
70: 610-620.

Pérez-Harguindeguy, N., S. Diaz, E. Garnier, S. Lavorel, H. Poorter,
P. Jaureguiberry, M. S. Bret-Harte, et al. 2013. New handbook for
standardised measurement of plant functional traits worldwide.
Australian Journal of Botany 61: 167-234.

Pérez-Méndez, N., P. Jordano, C. Garcia, and A. Valido. 2016. The sig-
natures of Anthropocene defaunation: Cascading effects of the seed
dispersal collapse. Scientific Reports 6: 24820.

Pigot, A. L., T. Bregman, C. Sheard, B. Daly, R. S. Etienne, and J. A. Tobias.
2016. Quantifying species contributions to ecosystem processes: A
global assessment of functional trait and phylogenetic metrics across
avian seed-dispersal networks. Proceedings of the Royal Society B:
Biological Sciences 283: 20161597.

Pons, J., and J. G. Pausas. 2007. Acorn dispersal estimated by radio-
tracking. Oecologia 153: 903-911.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ



ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

25 of 27

Popescu, D., L. Ichim, and F. Stoican. 2023. Orchard monitoring based on
unmanned aerial vehicles and image processing by artificial neural net-
works: A systematic review. Frontiers in Plant Science 14: €1237695.

Primack, R. B., E. R. Ellwood, A. S. Gallinat, and A. J. Miller-Rushing. 2021.
The growing and vital role of botanical gardens in climate change
research. New Phytologist 231: 917-932.

Pritchard, H. W., M. I. Daws, B. J. Fletcher, C. S. Gaméné, H. P. Msanga,
and W. Omondi. 2004. Ecological correlates of seed desiccation tol-
erance in tropical African dryland trees. American Journal of Botany
91: 863-870.

Quintero, E., J. Isla, and P. Jordano. 2022. Methodological overview and
data-merging approaches in the study of plant-frugivore interactions.
Oikos 2022: €08379.

Quintero, E., J. M. Arroyo, R. Dirzo, P. Jordano, and F. Rodriguez-Sanchez.
2024. Lasting effects of avian-frugivore interactions on seed dispersal
and seedling establishment. Journal of Ecology 112: 656-672.

Raffa, K. F,, N. P. Havill, and E. V. Nordheim. 2002. How many choices can
your test animal compare effectively? Evaluating a critical assumption
of behavioral preference tests. Oecologia 133: 422-429.

Ramaswami, G., S. Sidhu, and S. Quader. 2021. Using citizen science to
build baseline data on tropical tree phenology. Current Science 121:
1409-1416.

Randler, C., and N. Kalb. 2018. Distance and size matters: A comparison of
six wildlife camera traps and their usefulness for wild birds. Ecology
and Evolution 8: 7151-7163.

Ribbens, E., J. A. Silander, and S. W. Pacala. 1994. Seedling recruitment in
forests: Calibrating models to predict patterns of tree seedling dis-
persion. Ecology 75: 1794-1806.

Rivas-Romero, J. A., and J. R. Soto-Shoender. 2015. Filling in the gaps:
Evaluating the use of camera traps in the canopy to examine frugivore
visits to Oreopanax echinops in the highlands of Guatemala. The
Southwestern Naturalist 60: 366-370.

Rogers, H. S., N. G. Beckman, F. Hartig, J. S. Johnson, G. Pufal, K. Shea,
D. Zurell, et al. 2019. The total dispersal kernel: A review and future
directions. AoB Plants 11: plz042.

Rogers, H. S., B. R. Cavazos, A. M. Gawel, A. Karnish, C. A. Ray, E. Rose,
H. Thierry, et al. 2021a. Frugivore gut passage increases seed ger-
mination: An updated meta-analysis. bioRxiv 2021.2010.2012.462022
[Preprint]. Available at: https://doi.org/10.1101/2021.10.12.462022
[posted 13 October 2021; accessed 19 January 2026].

Rogers, H. S., I. Donoso, A. Traveset, and E. C. Fricke. 2021b. Cascading
impacts of seed disperser loss on plant communities and ecosystems.
Annual Review of Ecology, Evolution, and Systematics 52: 641-666.

Rumeu, B., J. P. Gonzélez-Varo, C. de Castro, A. Lopez-Orta, J. C. Illera,
M. Minarro, and D. Garcia. 2023. Increasing efficiency and reducing
bias in the sampling of seed-dispersal interactions based on mist-
netted birds. Oikos 2023: €09261.

Rumeu, B., J. C. Illera, M. Nogales, C. A. Bracho-Estévanez,
L. Acevedo-Limoén, R. Tarifa, and J. P. Gonzilez-Varo. 2025. Move-
ments and habitat use by ring ouzels in El Teide National Park:
Conservation implications for a relict plant-frugivore system. Global
Ecology and Conservation 62: e03704.

Russo, N. J., A. B. Davies, R. V. Blakey, E. M. Ordway, and T. B. Smith.
2023. Feedback loops between 3D vegetation structure and ecological
functions of animals. Ecology Letters 26: 1597-1613.

Russo, N. J., D. L. Nshom, A. Ferraz, N. Barbier, M. Wikelski,
M. J. Noonan, E. M. Ordway, et al. 2024. Three-dimensional vege-
tation structure drives patterns of seed dispersal by African hornbills.
Journal of Animal Ecology 93: 1935-1946.

Rutz, C., L. A. Bluff, A. A. S. Weir, and A. Kacelnik. 2007. Video cameras
on wild birds. Science 318: 765.

Rzanny, M., P. Midder, H. C. Wittich, D. Boho, and J. Wildchen. 2024.
Opportunistic plant observations reveal spatial and temporal gradi-
ents in phenology. npj Biodiversity 3: e5.

Saatkamp, A., A. Cochrane, L. Commander, L. K. Guja, B. Jimenez-Alfaro,
J. Larson, A. Nicotra, et al. 2019. A research agenda for seed-trait
functional ecology. New Phytologist 221: 1764-1775.

Samuels, I. A., and D. J. Levey. 2005. Effects of gut passage on seed ger-
mination: Do experiments answer the questions they ask? Functional
Ecology 19: 365-368.

Sandor, M. E.,, C. E. Aslan, L. Pejchar, and J. L. Bronstein. 2021. A
mechanistic framework for understanding the effects of climate
change on the link between flowering and fruiting phenology.
Frontiers in Ecology and Evolution 9: 752110.

Sanguinetti-Scheck, J. I, and D. Galvez. 2024. The agoutis: A future model
for ecologically relevant neuroscience and physiology in natura.
Ethology 130: e13514.

Sato, K., Y. Goto, and S. Koike. 2023. Seed attachment by epizoochory
depends on animal fur, body height, and plant phenology. Acta
Ecologica 119: 103914.

Sautu, A., J. M. Baskin, C. C. Baskin, and R. Condit. 2006. Studies on the
seed biology of 100 native species of trees in a seasonal moist tropical
forest, Panama, Central America. Forest Ecology and Management
234: 245-263.

Schlautmann, J., F. Rehling, J. Albrecht, B. Jaroszewicz, D. G. Schabo, and
N. Farwig. 2021. Observing frugivores or collecting scats: A method
comparison to construct quantitative seed dispersal networks. Oikos
130: 1359-1369.

Schleuning, M., J. Friind, O. Schweiger, E. Welk, J. Albrecht, M. Albrecht,
M. Beil, et al. 2016. Ecological networks are more sensitive to plant
than to animal extinction under climate change. Nature
Communications 7: 13965.

Schupp, E. W. 1993. Quantity, quality, and the effectiveness of seed dis-
persal by animals. Vegetatio 107/108: 15-29.

Schupp, E. W., P. Jordano, and J. Maria Gomez. 2010. Seed dispersal effec-
tiveness revisited: A conceptual review. New Phytologist 188: 333-353.

Schupp, E. W., R. Zwolak, L. R. Jones, R. S. Snell, N. G. Beckman, C. Aslan,
B. R. Cavazos, et al. 2019. Intrinsic and extrinsic drivers of intra-
specific variation in seed dispersal are diverse and pervasive. AoB
Plants 11: plz067.

Séguigne, M., O. Coutant, B. Bouton, L. Picart, E. Guilbert, and
P.-M. Forget. 2022. Arboreal camera trap reveals the frequent
occurrence of a frugivore-carnivore in neotropical nutmeg trees.
Scientific Reports 12: 7513.

Sekar, N., and R. Sukumar. 2015. The Asian elephant is amongst the top
three frugivores of two tree species with easily edible fruit. Journal of
Tropical Ecology 31: 385-394.

Selwyn, M., P. J. Garrote, A. R. Castilla, and J. M. Fedriani. 2020. Inter-
specific interactions among functionally diverse frugivores and their
outcomes for plant reproduction: A new approach based on camera-
trap data and tailored null models. PLoS ONE 15: €0240614.

Seufert, V., B. Linden, and F. Fischer. 2010. Revealing secondary seed removers:
Results from camera trapping. African Journal of Ecology 48: 914-922.

Siemann, E., W. Carson, W. Rogers, and W. Weisser. 2004. Reducing
herbivory using insecticides. In W. Weisser and E. Siemann [eds.],
Insects and ecosystem function. Springer, Berlin, Germany.

Siepielski, A. M., and C. W. Benkman. 2008. A seed predator drives the
evolution of a seed dispersal mutualism. Proceedings of the Royal
Society B: Biological Sciences 275: 1917-1925.

Sih, A., and J. V. Watters. 2005. The mix matters: Behavioural types and
group dynamics in water striders. Behaviour 142: 1417-1431.

Sih, A.,, K. J. Mathot, M. Moirén, P.-O. Montiglio, M. Wolf, and
N. J. Dingemanse. 2015. Animal personality and state-behaviour
feedbacks: A review and guide for empiricists. Trends in Ecology &
Evolution 30: 50-60.

Silva, W. R., C. P. Zaniratto, J. O. V. Ferreira, E. D. B. Rigacci,
J. E. Oliveira, M. E. F. Morandi, J. G. Killing, et al. 2020. Inducing
seed dispersal by generalist frugivores: A new technique to over-
come dispersal limitation in restoration. Journal of Applied Ecology
57: 2340-2348.

Silva-Rodriguez, E. A., E. 1. Cortés, V. Vasquez-Ibarra, N. Galvez,
J. Cusack, O. Ohrens, D. Moreira-Arce, et al. 2025. A protocol for
error prevention and quality control in camera trap datasets. Journal
of Applied Ecology 62: 773-782.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ


https://doi.org/10.1101/2021.10.12.462022

26 of 27 |

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

Simmons, B. I, W. J. Sutherland, L. V. Dicks, J. Albrecht, N. Farwig,
D. Garcia, P. Jordano, et al. 2018. Moving from frugivory to seed
dispersal: Incorporating the functional outcomes of interactions in
plant-frugivore networks. Journal of Animal Ecology 87: 995-1007.

Sinnott-Armstrong, M. A., M. ]. Donoghue, and W. Jetz. 2021. Dispersers
and environment drive global variation in fruit colour syndromes.
Ecology Letters 24: 1387-1399.

Snell, R. S,, N. G. Beckman, E. Fricke, B. A. Loiselle, C. S. Carvalho,
L. R. Jones, N. . Lichti, et al. 2019. Consequences of intraspecific
variation in seed dispersal for plant demography, communities,
evolution, and global change. AoB Plants 11: plz016.

Snow, B. K., and D. W. Snow. 1971. The feeding ecology of tanagers and
honeycreepers in Trinidad. The Auk 88: 291-322.

Society for Ecological Restoration, International Network for Seed Based
Restoration, and Royal Botanic Gardens Kew. 2023. Seed Information
Database (SID). Available from: https://ser-sid.org/ [accessed 19
January 2026].

Soltis, P. S. 2017. Digitization of herbaria enables novel research. American
Journal of Botany 104: 1281-1284.

Sorensen, A. E. 1986. Seed dispersal by adhesion. Annual Review of Ecology
and Systematics 17: 443-463.

Spiegel, O., S. T. Leu, C. M. Bull, and A. Sih. 2017. What's your move?
Movement as a link between personality and spatial dynamics in
animal populations. Ecology Letters 20: 3-18.

Sporbert, M., D. Jakubka, S. F. Bucher, I. Hensen, M. Freiberg, K. Heubach,
A. Konig, et al. 2022. Functional traits influence patterns in vegetative
and reproductive plant phenology — A multi-botanical garden study.
New Phytologist 235: 2199-2210.

Stevenson, P. R., and I. N. Vargas 2008. Sample size and appropriate design
of fruit and seed traps in tropical forests. Journal of Tropical Ecology
24: 95-105.

Stork, N., S. J. Wright, and S. Mulkey. 1997. Craning for a better view: The
Canopy Crane Network. Trends in Ecology & Evolution 12: 415-420.

Suselbeek, L., P. A. Jansen, H. H. T. Prins, and M. A. Steele. 2013. Tracking
rodent-dispersed large seeds with Passive Integrated Transponder
(PIT) tags. Methods in Ecology and Evolution 4: 513-519.

Tackenberg, O., C. Romermann, K. Thompson, and P. Poschlod. 2006.
What does diaspore morphology tell us about external animal dis-
persal? Evidence from standardized experiments measuring seed
retention on animal-coats. Basic and Applied Ecology 7: 45-58.

Takahashi, A., M. Shibata, and T. Shimada T. 2011. Variation in seed
production schedule among individual trees of a deciduous oak
species Quercus serrata: Its relation to seed characteristics. Plant
Ecology 212: 1527-1535.

Tamme, R., L. Gétzenberger, M. Zobel, J. M. Bullock, D. A. P. Hooftman,
A. Kaasik, and M. Pirtel. 2014. Predicting species’ maximum dis-
persal distances from simple plant traits. Ecology 95: 505-513.

Tang, K., Y. Wang, M. Wu, S. Wang, C. Fu, Z. Zhang, and Y. Fu. 2022.
Metabarcoding of fecal DNA reveals the broad and flexible diet of a
globally endangered bird. Current Zoology 69: 501-513.

Tattoni, C., F. Chianucci, M. Ciolli, C. Ferrara, L. Marchino, M. Zanni,
P. Zatelli, et al. 2021. A comparison of ground-based count methods
for quantifying seed production in temperate broadleaved tree spe-
cies. Annals of Forest Science 78: 11.

Tercel, M. P. T. G., W. O. C. Symondson, and J. P. Cuff. 2021. The problem
of omnivory: A synthesis on omnivory and DNA metabarcoding.
Molecular Ecology 30: 2199-2206.

Tezuka, S., M. Tanaka, T. Naganuma, K. Tochigi, A. Inagaki, H. Myojo,
K. Yamazaki, et al. 2022. Comparing information derived on food
habits of a terrestrial carnivore between animal-borne video systems
and fecal analyses methods. Journal of Mammalogy 104: 184-193.

Thiers, B. M. 2025. Index Herbariorum. Website http://sweetgum.nybg.
org/science/ih/ [accessed 19 January 2026].

Thomson, F. J., A. D. Letten, R. Tamme, W. Edwards, and A. T. Moles.
2018. Can dispersal investment explain why tall plant species achieve
longer dispersal distances than short plant species? New Phytologist
217: 407-415.

Tiansawat, P., N. G. Beckman, and J. W. Dalling. 2017. Pre-dispersal seed
predators and fungi differ in their effect on Luehea seemannii capsule
development, seed germination, and dormancy across two Panama-
nian forests. Biotropica 49: 871-880.

Timoéteo, S., M. Correia, S. Rodriguez-Echeverria, H. Freitas, and
R. Heleno. 2018. Multilayer networks reveal the spatial structure of
seed-dispersal interactions across the Great Rift landscapes. Nature
Communications 9: 140.

Tobias, J. A., C. Sheard, A. L. Pigot, A. J. M. Devenish, J. Yang, F. Sayol,
M. H. C. Neate-Clegg, et al. 2022. AVONET: Morphological, ecological
and geographical data for all birds. Ecology Letters 25: 581-597.

Tonos, J., L. R. Jones, O. Razafindratsima, and A. E. Dunham. 2025. For-
aging strategies by a frugivorous primate (Eulemur rubriventer) shape
spatial patterns of seed dispersal. Functional Ecology 39: 542-554.

Trabelcy, B., I. Izhaki, and Y. Gerchman. 2022. The survival contest of
endozoochory: Conflicting interests in a frugivorous avian-plant
mutualism. Journal of Ecology 110: 526-539.

Trolliet, F., C. Vermeulen, M. C. Huynen, and A. Hambuckers. 2014. Use
of camera traps for wildlife studies: A review. Biotechnologie,
Agronomie, Société et Environnement 18: 446-454.

Trunschke, J., N. Sletvold, and J. Agren. 2020. Manipulation of trait ex-
pression and pollination regime reveals the adaptive significance of
spur length. Evolution 74: 597-609.

Turko, A J., B. L. Firth, P. M. Craig, E. J. Eliason, G. D. Raby, and
B. G. Borowiec. 2023. Physiological differences between wild and
captive animals: A century-old dilemma. Journal of Experimental
Biology 226: jeb246037.

Tweddle, J. C., J. B. Dickie, C. C. Baskin, and J. M. Baskin. 2003. Ecological
aspects of seed desiccation sensitivity. Journal of Ecology 91: 294-304.

Valenta, K., and O. Nevo. 2020. The dispersal syndrome hypothesis: How
animals shaped fruit traits, and how they did not. Functional Ecology
34: 1158-1169.

Valenta, K., and O. Nevo. 2022. The illusiveness of seed dispersal syn-
dromes. A commentary on: Fleshy fruit traits and seed dispersers:
which traits define syndromes? Annals of Botany 129: vi-vii.

Valenta, K., O. Nevo, C. Martel, and C. A. Chapman. 2017. Plant attract-
ants: Integrating insights from pollination and seed dispersal ecology.
Evolutionary Ecology 31: 249-267.

Van der Pijl, L. 1982. Principles of dispersal in higher plants. Springer-
Verlag, Berlin, Germany.

Vander Wall, S. B. 2010. How plants manipulate the scatter-hoarding be-
haviour of seed-dispersing animals. Philosophical Transactions of the
Royal Society B: Biological Sciences 365: 989-997.

Vander Wall, S. B, and W. S. Longland. 2004. Diplochory: Are two seed
dispersers better than one? Trends in Ecology ¢ Evolution 19: 155-161.

Vander Wall, S. B., K. M. Kuhn, and M. J. Beck. 2005. Seed removal, seed
predation, and secondary dispersal. Ecology 86: 801-806.

Vega, K. A,, J. Schldpfer-Miller, and C. Kueffer. 2021. Discovering the wild
side of urban plants through public engagement. Plants, People,
Planet 3: 389-401.

Viana, D. S., L. Gangoso, W. Bouten, and ]. Figuerola. 2016. Overseas seed
dispersal by migratory birds. Proceedings of the Royal Society B:
Biological Sciences 283: 20152406.

Villalva, P., and P. Jordano. 2025. A machine learning application to
camera-traps: Robust species interactions datasets for analysis of
mutualistic networks. bioRxiv 2025.2003.2001.640990 [Preprint].
Available at: https://doi.org/10.1101/2025.03.01.640990 [posted 7
March 2025; accessed 19 January 2026].

Villalva, P., B. Arroyo-Correa, G. Calvo, P. Homet, J. Isla, I. Mendoza,
E. Moracho, et al. 2024. FRUGIVORY CAMTRAP: A dataset of plant—
animal interactions recorded with camera traps. Ecology 105: e4424.

Vittoz, P., and R. Engler. 2007. Seed dispersal distances: A typology
based on dispersal modes and plant traits. Botanica Helvetica 117:
109-124.

Waiboonya, P., E. T. Elliott, and P. Tiansawat. 2019. Seed storage behavior
of native forest tree species of northern Thailand. EnvironmentAsia
12: 104-111.

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ


https://ser-sid.org/
http://sweetgum.nybg.org/science/ih/
http://sweetgum.nybg.org/science/ih/
https://doi.org/10.1101/2025.03.01.640990

ANIMAL-MEDIATED SEED DISPERSAL: A REVIEW OF STUDY METHODS

27 of 27

Walters, C., and V. C. Pence. 2020. The unique role of seed banking and
cryobiotechnologies in plant conservation. Plants, People, Planet 3:
83-91.

Walters, C., L. M. Hill, K. D. Heineman, H. M. Tetreault, S. Ibrahim,
K. Markstein, C. Birker, et al. 2025. Assessing the viability of gene-
banked seeds from rare, wild plants native to the United States using
the D.E.A.D. paradigm. Applications in Plant Sciences €70035. https://
doi.org/10.1002/aps3.70035

Wang, B. C., and T. Smith. 2002. Closing the seed dispersal loop. Trends in
Ecology & Evolution 17: 379-385.

Wang, Z., Y. Zhang, D. Zhang, J. Li, and X. Yi. 2016. Nutritional and
defensive properties of Fagaceae nuts dispersed by animals: A mul-
tiple species study. European Journal of Forest Research 135: 911-917.

Wang, Z., W. Tai, X. Zhang, S. Liu, Y. Niu, W. Chen, and N. Li. 2024.
Importance of plant and fruit traits on the structure of bird seed
dispersal networks in different disturbed habitats. Integrative Zoology
19: 753-762.

Waterman, J. M., C. I. Cazzonelli, S. E. Hartley, and S. N. Johnson. 2019.
Simulated herbivory: The key to disentangling plant defence
responses. Trends in Ecology & Evolution 34: 447-458.

Wehncke, E. V., C. Valdez, and C. Dominguez. 2004. Seed dispersal and
defecation patterns of Cebus capucinus and Alouatta palliata: Con-
sequences for seed dispersal effectiveness. Journal of Tropical Ecology
20: 535-543.

Weigelt, P., C. Konig, and H. Kreft. 2020. GIFT - A Global Inventory of
Floras and Traits for macroecology and biogeography. Journal of
Biogeography 47: 16-43.

Wheelwright, N. T. 1986. A seven-year study of individual variation in fruit
production in tropical bird-dispersed tree species in the family
Lauraceae. In A. Estrada and T. H. Fleming [eds.], Frugivores and
seed dispersal, 19-35. Springer, Dordrecht, the Netherlands.

White, D. W., and E. W. Stiles. 1985. The use of refractometry to
estimate nutrient rewards in vertebrate-dispersed fruits. Ecology 66:
303-307.

Whitehead, S. R., and K. Poveda. 2011. Herbivore-induced changes in fruit-
frugivore interactions. Journal of Ecology 99: 964-969.

Whitehead, S. R, M. F. Obando, and M. D. Bowers. 2016. Chemical trade-
offs in seed dispersal: Defensive metabolites deter consumption by
mutualist bats. Oikos 125: 927-937.

Wichmann, M. C., M. J. Alexander, M. Soons, S. J. Galsworthy, L. Dunne,
R. Gould, C. Fairfax, et al. 2009. Human mediated dispersal of seeds
over long distances. Proceedings of the Royal Society B: Biological
Sciences 276: 523-532.

Wichura, M. A,, F. Koschnick, J. Jung, S. Bauer, and A. Wichura. 2024.
Phenological growth stages of highbush blueberries (Vaccinium spp.):
Codification and description according to the BBCH scale. Botany
102: 428-437.

Wilcox, R. C., and C. E. Tarwater. 2025. Foraging and social behavior in a
novel assemblage of birds on O'ahu, Hawai'i. The Wilson Journal of
Ornithology 137: 176-195.

Will, H., S. Maussner, and O. Tackenberg. 2007. Experimental studies of
diaspore attachment to animal coats: Predicting epizoochorous
dispersal potential. Oecologia 153: 331-339.

Willis, C. G., E. R. Ellwood, R. B. Primack, C. C. Davis, K. D. Pearson,
A. S. Gallinat, J. M. Yost, et al. 2017. Old plants, new tricks:
Phenological research using herbarium specimens. Trends in Ecology
& Evolution 32: 531-546.

Willson, M. F., and C. J. Whelan. 1993. Variation of dispersal phenology in
a bird-dispersed shrub, Cornus drummondii. Ecological Monographs
63: 151-172.

Wright, S. J., O. Calderén, A. Hernandez, and H. C. Muller-Landau. 2024a.
Flower and seed production, seedling dynamics, and tree life cycles.
In H. C. Muller-Landau and S. J. Wright [eds.], The first 100 years of
research on Barro Colorado Island: Plant and ecosystem science,
91-101. Smithsonian Institution Scholarly Press, Washington,
D.C., USA.

Wright, S. J., K. E. Harms, O. Herndndez, M. N. Garcia, and J. B. Yavitt.
2024b. A factorial nitrogen, phosphorous, and potassium addition
experiment conducted in a mature lowland tropical forest in the
Barro Colorado Nature Monument. In H. C. Muller-Landau and S. J.
Wright [eds.], The first 100 years of research on Barro Colorado
Island: Plant and ecosystem science, 539-547. Smithsonian Institu-
tion Scholarly Press, Washington, D.C., USA.

Xiao, Z., P. A. Jansen, and Z. Zhang. 2006. Using seed-tagging methods for
assessing post-dispersal seed fate in rodent-dispersed trees. Forest
Ecology and Management 223: 18-23.

Zhang, L., L. Yang, C. A. Chapman, C. A. Peres, T. M. Lee, and P.-F. Fan.
2023. Growing disparity in global conservation research capacity and
its impact on biodiversity conservation. One Earth 6: 147-157.

Zhang, R., E. Jongejans, and K. Shea. 2011. Warming increases the spread
of an invasive thistle. PLoS ONE 6: €21725.

Zhu, C., W. Li, T. Gregory, D. Wang, P. Ren, D. Zeng, Y. Kang, et al. 2022.
Arboreal camera trapping: A reliable tool to monitor plant-frugivore
interactions in the trees on large scales. Remote Sensing in Ecology and
Conservation 8: 92-104.

Zwolak, R. 2018. How intraspecific variation in seed-dispersing animals
matters for plants. Biological Reviews 93: 897-913.

Zwolak, R., and A. Sih. 2020. Animal personalities and seed dispersal:
A conceptual review. Functional Ecology 34: 1294-1310.

How to cite this article: Beckman, N. G,, E. K.
Kuprewicz, B. Borah, J. M. Bullock, A. S. Gallinat,
J. P. Gonzéilez-Varo, A. Jain, et al. 2026. Animal-
mediated seed dispersal: A review of study methods.
Applications in Plant Sciences 14(1): €70043.
https://doi.org/10.1002/aps3.70043

35UBD | SUOWILLOD BA[I81D) 3 jgedi|dde ayy Ag peusenob ale sajoile YO ‘8sn JO S3|nu J0) Afeuq1T auluQ A3]IA UO (SUOPUOD-PUe-SWLB)W0D S| 1M Alelq 1jeul[uo//:Sdny) suonipuoD pue sws | 8y 8ss *[9202/20/cz] uo Areldiauliuo A(im ‘ABojoipAH 79 ABo|003 Jo4 anusd YN Aq £¥00. €sde/z00T 0T/10p/wod s | 1M Aeld 1 puluo sgndesdy/:sdny wolj papeojumoq ‘0 ‘0Sr089TZ


https://doi.org/10.1002/aps3.70035
https://doi.org/10.1002/aps3.70035
https://doi.org/10.1002/aps3.70043

	Animal-mediated seed dispersal: A review of study methods
	THE STUDY OF ANIMAL-MEDIATED SEED DISPERSAL
	SOURCE PROCESSES
	Predispersal processes
	Observational approaches
	Volunteer science networks
	Herbarium specimens
	Living collections
	Experimental approaches

	Departure processes
	Observational approaches
	Molecular tools
	Experimental approaches


	RELOCATION PROCESSES
	Tracking seed movement
	Spatial patterns of seed rain at specific locations
	Predicting seed movement from models
	Quality of dispersal during relocation

	DESTINATION PROCESSES
	Deposition processes
	Observational approaches
	Experimental approaches

	Postdispersal processes

	QUANTIFYING DISPERSER BEHAVIOR
	DIASPORE TRAITS RELEVANT TO DISPERSAL BY ANIMALS
	APPROACHES INTEGRATING ACROSS SEED DISPERSAL PHASES
	Molecular tools
	Network-based approaches
	Process-based models

	APPROACHES TO ADDRESS SPARSE DATA
	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES




