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The dispersal of many large-seeded plants is thought to have been handicapped by the
extinction of megafauna in the late Pleistocene, and due to the ongoing defaunation of the
largest of the extant dispersers. Oversized fruits defined as “megafaunal” provide variable
amounts of flesh even though many of them cannot be ingested entirely, nor their seeds
defecated, by any extant vertebrate. This apparent mismatch lead to the hypothesis
of anachronisms involving extinct megafauna as dispersal-mediated selective agents
on fruit traits shaped through endozoochory. It has been suggested that free-ranging
livestock partially supply the dispersal functions previously provided by those globally
or regionally extinct species. However, there is little knowledge on the role of livestock
as a surrogate for megafauna dispersal agents relative to living wild dispersers. Here,
we focus on seed dispersal of six palm species (Attalea eichleri, Attalea barreirensis,
Attalea speciosa, Attalea princeps, Mauritia flexuosa, Acrocomia totai) with large fruits
that conform to the so-called “megafaunal syndrome”. Data on seed dispersal were
obtained by observations and camera trapping in the Cerrado, Pantanal and Amazonia
biomes in Bolivia and Brazil. Rich communities of wild seed dispersers differing among
palm species and study areas were recorded, including rodents, monkeys, canids, and
a wide variety of birds, especially parrots. Long-distance primary dispersal was mainly
conducted by parrots, while multiple species acted as short- and medium-distance
secondary dispersers. Among livestock, dispersal was limited to seeds of A. totai and A.
princeps moved by several species through stomatochory and endozoochory (mainly
regurgitation). These results show that the large seeds can be efficiently dispersed
externally by a wide array of present-day vertebrates of variable size but much smaller
than extinct megafauna and livestock. A knowledge gap of the natural history of these and
other plants with oversized fruits assumed to be maladapted for contemporary dispersal
may have been partially favored by neglecting some key disperser guilds (e.g., parrots)
and dispersal mechanisms (e.g., ectozoochory). The evaluation of historic and ongoing
defaunation of key external dispersers is advocated to understand the influence of actual
(rather than putative) dispersers on contemporary frugivore-plant mutualistic interactions.
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INTRODUCTION

Trade-offs between fruit size and seed dispersal ability have been
repeatedly highlighted as governing plant-frugivore mutualistic
interactions (Wheelwright, 1985; Lord, 2004, Bruun and
Poschlod, 2006; Burns, 2013). A number of extant plants show
fruit size, phenological patterns and other traits that have been
argued to better reflect adaptations to past than present-day
ecological conditions (Barlow, 2000). These “anachronisms” are
generally suggested to explain traits that are unexpected or not
understood based on their interactions with extant assemblages
of fruit-eating vertebrates (Janzen and Martin, 1982; Barlow,
2000). In particular, the megafaunal seed dispersal hypothesis
states that some extant plants show “overbuilt” fruits apparently
adapted for seed dispersal by very large mammals such as
elephant-like gomphotheres and giant ground sloths that went
extinct during the Pleistocene in the Neotropics (Janzen and
Martin, 1982). These “anachronistic” fruits were assumed to be
ecologically ineffective today because of the lack of present-
day seed dispersal mechanisms (Janzen and Martin, 1982).This
argument implies that the extinction of megafrugivores resulted
in marked shifts in the patterns of seed dispersal observed today
in extant plants with oversized fruits (Janzen and Martin, 1982;
Howe, 1985; Barlow, 2000), with important implications in the
ecology, evolution, and conservation of biodiversity. However,
this hypothesis has remained controversial given its vagueness,
the discrepancies in its assumptions and the limited or contrary
evidence for many of its predictions (Howe, 1985; Hunter, 1989).

A comparative study of Neotropical large-fruited plants
revisited and refined the megafaunal seed dispersal hypothesis,
introducing an operational definition and classification of
megafaunal fruits, like oversized fruits with fleshy pulp packaging
extremely large individual seeds or large numbers of moderately-
sized seeds (Guimarães et al., 2008). In using these criteria,
subsequent studies have adopted the conjecture that extinct
megafauna acted as legitimate past dispersers of many oversized
fruits (Onstein et al., 2018; van Zonneveld et al., 2018), while
others critically tested its assumptions given knowledge on the
effectiveness of smaller contemporary dispersal agents using
variable dispersal mechanisms (Jansen et al., 2012; Boone et al.,
2015; Baños-Villalba et al., 2017; Rebein et al., 2017; Carpenter
et al., 2018; McConkey et al., 2018). Multiple variably-sized
extant dispersers and abiotic factors have been recognized in
present-day dispersal interactions with “megafaunal plants,”
while assuming the existence of body-size trade-offs constraining
dispersal ability via fruit ingestion and seed defecation (Donatti
et al., 2007; Guimarães et al., 2008; Pires et al., 2018). Thus, the
main challenge facing the megafaunal hypothesis remains the
establishment of the disperser size that represents a functionally
pervasive trait for each plant species (Howe, 1985, 2016; Jansen
et al., 2012; Carpenter et al., 2018; McConkey et al., 2018),
without succumbing to the circular rationale that assumes that
large-sized vertebrates are major seed dispersers of large-fruited
plants (Burns, 2013; Chen and Moles, 2015; Sebastián-González,
2017). Therefore, since Howe’s (1985) critical review, the testing
of the megafaunal seed dispersal hypothesis continues to be
challenged by a general lack of knowledge on dispersers and

dispersal strategies of many large-fruited plants (Fleming and
Kress, 2013; Jordano, 2014).

Different fruit-exploiting and seed-dispersal mechanisms have
important implications for seed viability, dispersal distance
and recruitment (Howe and Smallwood, 1982). However, the
definition of megafaunal fruit restrictively uses criteria matching
African elephant-dispersed fruits, implying endozoochory as a
dispersal mechanism (Guimarães et al., 2008; Bunney et al.,
2017). Owing to their relatively large size, it has been suggested
that domestic livestock serve as contemporary substitutes of
extinct megafauna (Janzen, 1982; Janzen and Martin, 1982;
Guimarães et al., 2008). The intensive contemporary harvesting
of oversized fruits by large mammals, such as tapir and livestock
acting as endozoochorous dispersers, has been highlighted to
support this rationale (Janzen andMartin, 1982; Guimarães et al.,
2008). This conflicts with evidence indicating that seeds of many
of these fruits may not require gut passage to be efficiently
dispersed by multiple legitimate external dispersers (Dominy and
Duncan, 2005; Jansen et al., 2012; Blanco et al., 2018). Indeed,
external dispersal may be the major mechanism exploited by
large-fruited plants when a variable quantity of flesh is provided
to dispersers (Dominy and Duncan, 2005; Baños-Villalba et al.,
2017), and even when seed predators are the main dispersers
(Jansen et al., 2012; Tella et al., 2016a,b, 2019). In this context,
assessing the role of livestock as seed dispersers of oversized
fruits was proposed as a feasible approach to test the megafaunal
hypothesis (Janzen, 1982; Janzen and Martin, 1982; Howe, 1985).
To date, however, there is still little information on seed dispersal
by particular livestock species like cows, horses, sheep, goats, and
pigs, on their external or internal seed dispersal mechanisms, as
well as on their impact on seed germination and recruitment of
particular large-fruited plants (Janzen, 1982; Boone et al., 2015;
Baños-Villalba et al., 2017; Delibes et al., 2019). The ways in
which different livestock species exploit large fruits and disperse
their seeds can be especially informative for understanding their
current role in plant population dynamics, and to assess the
past role of extinct megafauna in the evolutionary ecology of
their presumed food plants. This includes the determination
of whether seeds are defecated (endozoochory), cleaned by
stripping the pulp from the fruit in the mouth and then ejected
(stomatochory), regurgitated after a variable period in the upper
digestive system (endozoochory) or dispersed by a combination
of these methods. This remains generally unknown for most
livestock-large fruit interactions (Delibes et al., 2019).

Among large-fruited plants providing abundant food for
multiple organisms, including human populations, palms
(Arecaceae) have been highlighted as a keystone group of
generally poor conservation status (Henderson, 2002; Smith,
2015). Information on the seed dispersal of large-fruited palms
is limited (Zona and Henderson, 1989; Eiserhardt et al., 2011;
Muñoz et al., 2019). In fact, previous studies attributed to extinct
megafauna the dispersal of palm species because of the lack of
essential natural history observations on the identity of current
seed dispersers. Moreover, one of the main conclusions of a
synthesis of palm-frugivore interactions published very recently
is that “massive knowledge gaps of interaction diversity remain in
the tropics” (Muñoz et al., 2019), which may be partially due to
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the recent regional and global declines and extinctions of many
of their main primary dispersers (de Andrade et al., 2015; Lanes
et al., 2016; Baños-Villalba et al., 2017).

Here, we focus on seed dispersal of six palm species (Attalea
barreirensis, Attalea eichleri, Attalea speciosa, Attalea princeps,
Mauritia flexuosa,Acrocomia totai) with large fruits that conform
to the so-called “megafaunal syndrome” (Guimarães et al.,
2008), and thus putatively anachronistic. We assessed whether
contemporary wild vertebrates exert the seed dispersal function
attributed to extinct megafauna in the past, and whether
the assumption of endozoochory of large seeds by extinct
megaherbivores can be supported by their presumed domestic
substitutes, as a model to investigate past and ongoing seed
dispersal strategies of these large-fruited plants. We hypothesized
that seeds of large-fruited palms are currently dispersed by
rich communities of wild vertebrates rather than by livestock
acting as megafauna substitutes. This predicts (a) that multiple
variable-sized contemporary fruit and seed consumers smaller
than extinct megafauna and livestock act as reliable primary
and secondary dispersers at variable distances using different
dispersal mechanisms, not only endozoochory. In addition, (b)
the largest among the extant potential dispersers, especially tapir,
should act as reliable dispersal agents of these plants. Finally, if
we assume that livestock act as disperser surrogates of extinct
megafauna, we predict (c) that large seeds of the study palms
are reliably dispersed by livestock using similar mechanisms
(endoozochory implying defecation) as those presumably used by
extinct megaherbivores.

MATERIALS AND METHODS

Study Areas and Palm Species
Fieldwork was conducted in six different study areas within
the Cerrado tropical dry forest, Pantanal and Amazonia
biomes, including transitional habitats with Beni savannas
and Chiquitano dry forest, according to the microhabitat
requirements of the studied palm species (Lorenzi et al., 1996).
Table 1 shows the details of the habitat and study periods in
each locality in the departments of Beni and Santa Cruz in
Bolivia, and the state of Piaui in Brazil (Figure 1). Sampling
dates corresponded to the fruiting periods of the study palms.
Given the long fructification periods of these palm species, which
also greatly varied between years and regions, we attempted to
cover several sampling periods in different areas to attain a more
general view of the dispersers’ communities.

The study areas within the Cerrado biome and their
transitional habitats with Amazonian forest and Chiquitano dry
forest are characterized by a heterogeneous savanna landscape
including grasslands, shrublands, gallery forests, and dry and
humid forests, with palm patches of variable size in locations
with suitable soil microclimate (Oliveira and Marquis, 2002; de
Carvalho and Mustin, 2017). The habitat in these areas shows
a variable degree of fragmentation and defaunation (especially
hunting pressure for bush meat and parrot poaching for the pet
trade) depending on its inclusion within protected areas, human
population density, nearness to inhabited nuclei, and their
influences on the frequency of fires and livestock density (Silva

et al., 2006; de Carvalho andMustin, 2017; Mistry et al., 2019; see
Table S1 for details). The study area within the Beni savannas are
characterized by wide areas of seasonal flooded grasslands dotted
with forest islands dominated by palms and semi-deciduous
groves used historically by indigenous human communities
(Langstroth and Riding, 2011; Hordijk et al., 2019). The study
area in San Matías, Ángel Sandoval (Bolivia) correspond to
a transition between the Bolivian Pantanal, with roughly 80%
of its floodplains submerged during the rainy season, and
the Chiquitano dry forest characterized by shrublands, gallery
forests, and dry forests (Power et al., 2016; de Carvalho and
Mustin, 2017). Extensive ranching in large properties (generally
>1,000 hectares) is the main livestock operation in these
areas. Free-range cattle and equids move through the territory
with temporal periods of grouping in corrals, while much less
abundant herds of sheep and goats are locked in corrals every
night to avoid predation. Pigs are restricted to the surroundings
of small communities and isolated houses. The sampling areas
where observations and camera trapping were conducted in
each study site covered between 130 hectares (Yotaú, Guarayos,
Bolivia) and about 15,000 hectares (San Matías, Ángel Sandoval,
Bolivia; Table S1).

Table 2 shows the characteristics of the studied palm species,
their fruits and seeds, which were obtained from the literature
(Lorenzi et al., 1996) and our own measurements. The fruits of
these palm species are categorized as “megafaunal fruits” Type
I, defined as fleshy fruits 4–10 cm in diameter with up to 5
large seeds (generally 2.0 cm diameter; Guimarães et al., 2008)
Although the mean size of fruit and seed of A. totai are smaller,
the ranges can reach the values considered to be “megafaunal
fruits” (Table 2).

Direct Observations on Wild Dispersers
and Dispersal Mechanisms
In each study area, we actively searched for frugivorous and
omnivorous wild vertebrates feeding on palm fruits. Table 1
shows the sampling effort, in days of observation, conducted by
a team of 2–4 persons for each palm species in each study area.
To increase the likelihood of encountering frugivorous dispersers
and observing dispersal events, surveys were conducted between
sunrise and midday and late in the afternoon by slowly driving
along unpaved and secondary roads crossing or parallel to
palm forests, or by walking in and around palm forests. Once
frugivorous vertebrates were located foraging on the palms,
observations were conducted with a telescope and binoculars to
record foraging behavior while avoiding disturbance. Specifically,
we focused on determining whether they moved the seed away
from the parent or dropped it beneath the parent canopy, or
secondarily after the seeds had been disseminated by primary
dispersers or by abiotic factors coupled with physical fruit
features (e.g., sphericity favoring rolling). We recorded whether
the dispersal event occurred internally by swallowing seeds
(endozoochory) or externally (ectozoochory) by transporting
them in the beak or mouth (stomatochory or synzoochory),
or by hand by monkeys, even when fruits were dropped
beneath the palms thus promoting secondary dispersal by
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TABLE 1 | Location, habitat, study periods, and sampling effort (number of days of observation, number of camera-trap days, and number of camera locations) for each
palm species in each study area.

Palm species Study site Habitat Study period (n observation days) camera-trap days

(n locations)

A. eichleri Sao Gonçalo da Gurguéia, Piaui,
Brazil

Cerrado May 2015 (4), October 2016 (14),
January 2017 (20)

83 (17)

A. barreirensis Sao Gonçalo da Gurguéia, Piaui,
Brazil

Cerrado May 2015 (4), October 2016 (14),
January 2017 (20)

73 (23)

A. speciosa San Ramón, Mamoré, Bolivia Cerrado-Amazonian
forest transition

October 2017 (6) 25 (7)

Yotaú, Guarayos, Bolivia Amazonian
forest-Chiquitano dry
forest transition

May–June 2018 (7) 354 (32)

A. princeps Loreto, Marbán, Bolivia Beni savanna June–October 2013 (70)a,
August–October 2016, 2017 (90)

107 (36)a

San Ramón, Mamoré, Bolivia Beni savanna August–October 2016, 2017 (25) –

M. flexuosa Sao Gonçalo da Gurguéia, Piaui,
Brazil

Cerrado May 2015 (4), October 2016 (14),
January 2017 (20)

126 (26)

Exaltación de la Santa Cruz,
Yacuma, Bolivia

Cerrado October 2017 (10) 65 (16)

A. totai San Ramón, Mamoré, Bolivia Cerrado-Amazonian
forest transition

August–October 2016, 2017 (31) 38 (9)

Exaltación de la Santa Cruz,
Yacuma, Bolivia

Cerrado October 2017 (10) 70 (17)

San Matías, Ángel Sandoval,
Bolivia

Cerrado,
Pantanal-Chiquitano dry
forest transition

November 2017 (4), August-October
2018 (19)

–

Loreto, Marbán, Bolivia Beni savanna August–October 2016-2017 (90) –

aData partially included in Baños-Villalba et al. (2017).

FIGURE 1 | Map indicating the location of the study areas (1: Sao Gonçalo da Gurguéia, Piaui, Brazil; 2: San Ramón, Mamoré, Bolivia; 3: Yotaú, Guarayos, Bolivia; 4:
Loreto, Marbán, Bolivia; 5: Exaltación de la Santa Cruz, Yacuma, Bolivia; 6: San Matías, Ángel Sandoval, Bolivia) for each palm species: A.e, Attalea eichleri; A.b,
Attalea barreirensis; A.s, Attalea speciosa; A.p, Attalea princeps; M.f, Mauritia flexuosa; A.t, Acrocomia totai.
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TABLE 2 | Details of the characteristics of the studied palm species, their fruits, and seeds.

Attalea

eichleri

Attalea

barreirensis

Attalea

speciosa

Attalea

princeps

Mauritia

flexuosa

Acrocomia

totai

Palm height (m) 0.5–2 0.5–2 6.5–30 9–15 3–25 3–15

Biome Cerrado Cerrado Mixed Mixed Mixed Mixed

Fruit type Drupe Drupe Drupe Drupe Drupe Drupe

Fruit size (mm) 60.5 × 40.5 59.1 × 40.7 88.8 × 69.9 63.3 × 35.2 49.1 × 40.0 27.8 × 27.8

Range of fruit size (cm) 5–7 × 4–5 5–7 × 4–5 7–12 × 4–10 6–9 × 3–5 4–7 × 3–6 2–4.5 × 2–4

Range of fruit weight (gr) 10–80 10–80 90–280 35–85 30–95 10–24

Epicarp Medium, fibrous Medium, fibrous Medium, fibrous Medium, fibrous Scaly Fine, fibrous

Mesocarp (mm) Fleshy (<2) Fleshy (<2) Fleshy (<4) Fleshy (2–4) Fleshy (<4) Fleshy (9–11)

Endocarp (cm) Very hard and thick
(≥1)

Very hard and thick
(≥1)

Very hard and thick
(≥1)

Very hard and thick
(0.3)

Soft and fine (≤0.4) Hard and fine (≤0.15)

Number of seeds 1–3 1–4 3–8 1–4 1 1

Seed size (mm) 37.5 × 11.5 32.0 × 11.5 44.1 × 15.2 10.9 × 9.9 32.0 × 25.0 16.1 × 16.1

Fruit color Brown Brown Green-yellow/Brown Green-yellow/Brown Red-brown Green-brown

Pulp color Orange Orange White Orange Orange Orange

Data obtained from Lorenzi et al. (1996) and our own measurements.

other organisms. When the foraging bout ended, remains of
dispersed fruits and entire fruits dropped under the perching
trees were inspected to assess which fruit parts were consumed
and the form in which the consumer species consumed the
fruits, including whether the pulp and seed were ingested and
whether the discarded seeds were damaged by mastication or
pecking. Random night surveys were conducted sporadically
right after dawn along unpaved roads using flashlights to
attempt to localize ground- and arboreal-dwelling frugivores
feeding on fruits over or below fruiting palms and record seed
dispersal events.

Camera Trapping
We used camera trapping to detect elusive, scarce or nocturnal
potential dispersers like ground-dwelling mammals mainly
acting as secondary dispersers of seeds from fruits passively
falling from the palms or dispersed primarily by other frugivores.
The cameras (model Bushnell 6 MP Trophy Cam Essential)
were placed hidden at ground level close (3–5m) to fleshy-
fruited palms with presence of a variable number of fallen
mature palm fruits (10–30) to increase the likelihood of detecting
secondary dispersers (Baños-Villalba et al., 2017). The cameras
were directed toward the fruits, and ran automatically for 5
consecutive days. Cameras were programmed to detect fruit
consumers and dispersers with multiple instantaneous digital
captures and short video recordings (video length= 10 s, interval
between videos = 60min) aimed to determine the manner in
which fruits were used and moved; this time interval between
videos or “trigger delay” was programed to prevent the card from
filling up with too many redundant images of a single animal
or group, also thus preventing the batteries from running out.
Table 1 shows the sampling effort, as the number of camera-
trap days (during daylight and night) and the number of camera
locations, for each palm species in each study area.

Disperser Identification by Beak Marks
and Feces
As part of the surveys, dispersed seeds found under perches
(trees, cliffs, and fence poles) and foraging sites were attributed
to disperser species based on distinctive beak marks found on
fruits and seeds (see Baños-Villalba et al., 2017; Montesinos-
Navarro et al., 2017 for parrots). Direct observations of fruit
consumption allowed us to ascertain the types of marks produced
by each species by examining fruit and seed remains and entire
pecked and wasted fruits collected below fruiting palms after
the foraging bouts. We searched for seeds dispersed by rodents
and carnivorous mammals within and around palm patches.
The identification of these disperser species were based on tooth
marks on the pulp of partially consumed fruit and on seeds (see
examples in Figure S1), and on the presence of other distinctive
signs like traces, footprints, droppings and warrens (Eisenberg
and Redford, 2000). This was enhanced in many cases by
confirming presence, fruit consumption, and seed dispersal with
camera traps, allowing us to subsequently search for dispersed
fruits and seeds with typical tooth and beak marks of each species
in the camera surroundings.

During the random surveys conducted in palm forests
and their surroundings, we searched for feces of large-bodied
vertebrates that could act as potential dispersers of palm seeds,
especially carnivorous mammals, peccaries and Greater rhea
(Rhea americana). These feces were examined in situ by breaking
them up by hand to determine if they contained palm seeds.
We paid particular attention to the qualitative role of South
American tapir (Tapirus terrestris) as a reliable disperser of palm
seeds. Given its elusive habits and scarcity in the study areas, we
conducted specific and intensive searching with the help of local
people in Yacuma Province, Beni Department, Bolivia to locate
the latrines where this species generally defecate (Fragoso and
Huffman, 2000; O’Farrill et al., 2013). This area was specifically
selected to assess disperser assemblages ofM. flexuosa andA. totai

Frontiers in Ecology and Evolution | www.frontiersin.org 5 August 2019 | Volume 7 | Article 328

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Blanco et al. Challenging the Megafaunal Syndrome

(Table 1), although small and very localized patches ofA. princeps
also occur there. Once latrines were located, we proceeded to
determine the presence of seeds by opening each scat individually
and searching for the presence of whole and partially eaten
seeds, as well as other remains from palm fruits, specifically
the presence of epicarp fragments (scales) of M. flexuosa. We
recorded the presence of germinating palm seeds or saplings
within and around latrines. The presence of seeds of other large
fruited plants not systematically identified or quantified was also
recorded in the latrines.

Dispersal Distances
Seed dispersal events that were directly observed allowed us
to measure exact distances, from the location where the fruit
was collected to where the fruit or its seeds were released, by
using binoculars with a laser rangefinder (Leica Geovid 10 ×

42) working in a range of 10–1,300m. When the dispersers were
lost from sight in the vegetation, we considered a minimum
dispersal distance from the location where the fruit was collected
to the location where the animal was no longer visible. For
flying dispersers carrying fruits in the beak when they were
first observed, we recorded the distance at which they were
first detected by using reference points, and then followed them
with binoculars. In these cases, we estimated minimum dispersal
distances, as measured from the location of first sighting to
where the disperser perched for handling the fruit, where they
released the fruit in flight, or where they were lost from sight
in flight or within the forest. When we observed frugivorous
species feeding on palm fruits without knowledge of the location
of the mother palm, we conservatively estimated the minimum
dispersal distance as the distance to the closest fruiting palm. In
addition, for dispersed seeds found under perches and foraging
sites, and for those found in feces and warrens attributed to
each disperser species, the minimum dispersal distance to the
closest fruiting palmwas considered. To avoid pseudoreplication,
minimum dispersal distances were not estimated for seeds found
in tapir latrines because they were not found at random but rather
by focused intensive searching.

Seed Dispersal by Livestock
Direct observations were conducted on livestock foraging on
palm fruits to determine the form of fruit exploitation and
seed dispersal of each palm species in each study area. This
was complemented with video-recordings during daylight and
at night by camera traps placed at ground level under fleshy-
fruited trees with mature palm fruits fallen passively or discarded
by primary dispersers (Table 1). A random sample of feces
of free-ranging livestock found in the palm forests and their
surroundings was shredded in situ to determine the presence
of seeds. The presence of seeds was also recorded at outdoor
resting sites used during daylight (cows) or in corrals used at
night (sheep, goat) depending on livestock operations in each
study area. In addition to feces, we also recorded the presence
of seeds in regurgitations, especially cud-chewing regurgitations
produced during rumination (Delibes et al., 2019). Dispersal
distances were determined as detailed above for wild animals

when seeds were found at random, but not when they were
searched for specifically at resting sites.

To further assess the patterns of palm seed dispersal by
livestock, we conducted an intensive sampling in two monotypic
stands ofA. totai (3 and 9 hectares of extension) regularly used by
extensive cows and horses in Yacuma Province, Beni Department,
Bolivia. This area includes well-conserved Cerrado vegetation
where this palm grows patchily due to a localized humid soil
microclimate.Walking transects were conducted at random from
the palm patch border to about 700m in the Cerrado vegetation
to record the location of livestock feces and regurgitations with
palm seeds using a GPS device. A random sampling of the
numbers of seeds regurgitated by cows was conducted in 1 m2

plots (n = 9) within A. totai patches. In addition, we recorded
the location of excreta at greater distances (3–8 km) from the
palm patch to confirm the presence of livestock and potential seed
dispersal at longer distances. For each excreta, we recorded the
livestock species (cattle or horse), and the presence and number
of palm seeds. The minimum distance from each excreta to the
border of the palm grove was calculated with ArcGIS 10.5 (ESRI;
Redlands, California, USA).

Data Analysis
Factors affecting dispersal distance by wild animals were analyzed
by Generalized Linear Models (GLM) using a negative binomial
distribution and a log-link function. Palm species, disperser
species nested within dispersal mode (primary or secondary) and
the precision of the distance measurement (minimum or exact)
were considered as predictor variables (fixed factors).

The patterns of A. totai seed dispersal by livestock were
assessed with a GLM (binomial error, logit function) where the
presence or lack of seeds in excreta was the response variable.
The type of excreta (fecal or regurgitated), livestock species (cow
or horse), and the identity (a or b) of each palm grove sampled
were considered as explanatory factors, while the distance from
each excreta to the border of the palm patch was included as
a covariate.

Statistical analyses and checking of model assumptions were
performed using SPSS software v. 25 (IBM SPSS Statistics).

RESULTS

Disperser Assemblages and Dispersal
Mechanisms
A total of 54 vertebrate species were confirmed as seed dispersers
of the study palms (Table S2). Wild dispersers ranged from very
small species like the bat Artibeus sp. (about 65 g) and a small
parakeet (Brotogeris chriri, 72 g) to larger species like the tapir
and livestock of variable sizes, but generally larger than wild
dispersers (Table S2). The number of dispersers varied among
palm species; parrots (Psittaciformes) and monkeys (Primates)
were recorded as seed dispersers for all of the studied palm
species, while other Orders varied in their impact as dispersers
of each palm species (Figure 2, Table S2). Parrots (13 species)
dominated among the primary dispersers for all palm species,
ranging from one species (A. hyacinthinus for A. eichleri and A.
barreirensis) to 12 species for A. totai (Figures 2, 3, Table S2).
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FIGURE 2 | Number of seed disperser species of each vertebrate Order for each palm species according to dispersal mechanism.

Several tree- and ground-dwelling primates and rodents acted as
primary and secondary dispersers of A. princeps.

Most disperser species disseminated palm seeds externally by
transporting them in the beak and mouth (stomatochory). Only
external dispersers were recorded for A. eichleri, A. barreirensis,
and A. speciosa (Figures 2, 4, Table S2). Among wild dispersers,
only tapirs acted as internal dispersers of A. princeps, while
two bird species (Mitu tuberosum and Ramphastos toco) were
observed swallowing entire fruits of M. flexuosa. The seeds of
the smallest-fruited palm (A. totai) were dispersed externally
(20 disperser species), internally (5 dispersers), and by both
methods (9 dispersers, including wild and domestic species).
Most dispersers (40 of 54 species, 74%) acted exclusively as
external dispersers of 1–4 palm species each, while 5 of 54 (9%)
were exclusively internal dispersers of 1–2 palm species each;
the remaining species (9 of 54, 17%) acted both as primary and
secondary dispersers of A. totai (Figure 2, Table S2). Overall,
49 of 54 species (91%) acted as external dispersers of 1–4 palm

species, while 14 of 54 species (26%) acted as internal dispersers
of 1–2 palm species.

A proportion of dispersers moved seeds of multiple palm
species (21 of 54, 38.9%). Therefore, we pooled all palm species
to summarize the role of primary and secondary dispersal, or
both, in relation to themechanism (endozoochory, ectozoochory,
or both) used by each disperser species (Figure 5). All primary
dispersers moved palm seeds externally (100%, n = 16 species),
most being parrots (13 of 16 species, 81%). Other dispersers
acting exclusively as primary dispersers included the black howler
(Alouatta caraya), an unidentified Artibeus bat and the toco
toucan (R. toco) for M. flexuosa and A. totai (Table S2). The
toucan was considered both an external and internal primary
disperser of A. totai (Figure 5, Table S2), because this species
can fly with fruit in the beak regardless of whether the fruit
is later swallowed or lost. Most secondary dispersers move
seeds only externally (especially rodents), or both externally
and internally (especially canids and livestock), while exclusively
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FIGURE 3 | Photographs illustrating examples of primary external dispersal of palm seeds by parrots: (A) Amazona ochrocephala and (B) Ara ararauna feeding on the
pulp of Attalea princeps fruits moved from mother palms to perching trees; (C) Orthopsittaca manilatus flying with a Mauritia flexuosa fruit; (D) Amazona aestiva
departing from a perching tree with a Mauritia flexuosa fruit (a two-phase dispersal); (E) three Myiopsitta monachus individuals feeding on the pulp of Acrocomia totai
fruits moved from mother palms to a perching tree. Photographs taken by J. Salguero (A,B,E) and M. de la Riva (C,D).

endozoochorous species included the tapir, a variety of large birds
and the single reptile recorded. Finally, versatile ground- and
tree-dwelling primary and secondary dispersers such as squirrels
and primates moved palm seeds only externally (Figure 5).

Dispersal Distances
Overall, we recorded the distances of seed dispersal events
(n = 2,504, Table S3) conducted by 21 wild disperser species
for the six study palms (A. barreirensis, n = 385, A. eichleri, n
= 253 A. speciosa, n = 719, A. princeps, n = 363, M. flexuosa,
n= 400, A. totai n= 384). Seed dispersal distance was influenced
by palm species (binomial negative GLM, χ

2 = 434.4, df =

5, P < 0.0001, Figure 6A), and dispersal mode being higher
when seeds were moved primarily (n = 1,609) than secondarily
(n = 895) while controlling for disperser species (χ2 = 1579.1,
df= 20, P <0.0001, Figures 6A,B). The precision of the distance
measurement (minimum, n = 1,591 or exact, n = 913) was
not significant (χ2 = 0.08, df = 1, P = 0.77). The dispersal
mechanism was not included as a predictor because internal
dispersal distance was only recorded for A. totai seeds found in
a single scat of an unidentified carnivorous mammal. Dispersal
distances ranged from a few meters when seeds were moved by
a variety of rodents acting as secondary dispersers, to several
kilometers when primarily dispersed by macaws (Figure 6B).

Dispersal by Tapir
Half of the tapir latrines (n = 20) contained seeds of A. totai,
while about 26% of feces (n = 744) showed between 1 and 5 A.
totai seeds. The number of seeds was not recorded in all feces but
at least 493A. totai seeds were counted, pooling all latrines. Sixty-
five seeds of A. princeps were found in two old latrines where
the number of feces could not be determined (Table 3). Multiple

epicarpus scales of M. flexuosa were found in a large proportion
of latrines, but no intact seeds were found after examining all
individual feces and the compacted unquantified fecal material
found in the bottom of latrines (Table 3).

One dead seedling and two germinating seeds of A. princeps
were found in a single latrine. A sample of the remaining seeds
found in the same latrine (n = 18) were opened to confirm
their apparent viability (7 seeds, 38.9%) or unviability due to
predation by invertebrate larvae (11 seeds, 61.1%). No A. totai
seeds showed signs of germination, nor were any seedlings or
saplings of old palm seeds found within the latrines or their
surroundings (Table 3).

A variable number of seeds from other large-fruited plants
were found in the latrines but not systematically identified or
quantified. Among them, all seeds examined by opening and
checking the endosperm were unviable (Cariocar brasiliensis,
n = 10; Mauritella armata, n = 3; Artocarpus sp., n = 2) or
were found germinating at high densities (Euterpe precatoria,
estimated n > 1,500) or low densities (Pouteria sp., n = 2) in
the latrines. We found no older saplings of these species in the
latrines and their close surroundings.

Palm Exploitation by Livestock
Palm exploitation by each livestock species is shown in Table 4.
Ruminants consumed saplings of all palm species, the leaves of
mature bush layer palms and, when accessible, immature palms
of the taller species. Cows also exploited flowers of the bush
layer species. Most livestock species present in each study area
consumed the fleshy pulp of the palm species with smaller fruits
(A. princeps,M. flexuosa, A. totai), but none consumed the scarce
pulp of the larger-fruited palms (Table 4). Pigs also consumed,
or at least destructively masticated, the seeds of A. princeps and
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FIGURE 4 | Photographs illustrating examples of secondary external dispersal of palm seeds: (A) Caracara plancus dispersing Attalea barreirensis, (B) Cuniculus
paca and (C) Coendou prehensilis dispersing Attalea speciosa; (D) Sapajus libidinosus and (E) Chrysocyon brachyurus dispersing Mauritia flexuosa; (F) Tapirus
terrestris consuming and potentially dispersing Acrocomia totai. Photographs taken by camera traps.

A. totai, and likely those of M. flexuosa although this was not
confirmed in this study.

Seed Dispersal by Livestock
Livestock dispersal was restricted to the seeds of A. totai and A.
princepsmoved by endozoochory and ectozoochory. Specifically,
cows, sheep and goats regurgitated large quantities of A. totai
seeds after a period of rumination but never (sheep, goat)
or rarely (cow) defecated seeds (Table 4). In addition, these
livestock also exploited fleshy pulp without ingesting seeds, but
transported and ejected them after a generally short period in the
mouth. Pigs also chewed and sucked the pulp and spit out the
seeds or ingested and defecated them. In other cases, livestock
exploited the pulp and discarded the seeds of A. totai (equids)
andM. flexuosa (cow, equids) without dispersing them. This was
specifically confirmed by recording large numbers ofM. flexuosa
seeds stripped from the pulp (n = 1,507) or partially stripped
(n = 187) after consumed by cows, compared with whole fruits

(n= 211) below the canopy of particular fruiting palms (n= 16),
but not in their surroundings.

Seed Dispersal Frequency by Livestock
Estimating the frequency of each of these dispersal mechanisms
was challenging because of the logistic difficulty in determining
each seed’s fate (i.e., whether or not seeds were ingested, and
subsequent spitting, regurgitation, or defecation). This was
further complicated by a likely combination of these dispersal
mechanisms occurring for seeds consumed in a single feeding
bout. The presence of palm seeds in feces was limited to a
low proportion of A. totai in cow and pig feces (Table 4).
Estimating the frequency of seed dispersal in regurgitations
was hindered because seed regurgitation after rumination was
apparently promoted by the ingestion of large quantities of palm
fruits. In fact, all cow regurgitations recorded contained seeds of
A. totai or A. princeps (Table 4). The mean number of A. princeps
seeds per cow regurgitation was 3.3 (SD: 1.8, range: 1–6, n= 6).
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FIGURE 5 | Summary of the number of seed disperser species (pooling all
palm species) according to dispersal mode (primary, secondary, or both) and
mechanisms (external, internal, or both).

Seed Dispersal Sites and Distance by
Livestock
Dispersal of A. totai seeds by cattle regurgitation mostly occurred
below the source plant, especially along paths and at resting
sites within the limits of the palm patches. The number of seeds
counted in 1 m2 plots within A. totai patches showed a high
density of seeds regurgitated by cows (mean ± SD = 170 ±

82 seeds per m2, range = 108–385, n = 9). Minimum dispersal
distances were necessarily short in these cases because of the
small size of the palm patches, but these distances were not
measured to avoid introducing statistical bias related to the large
number of seeds excreted as a consequence of artificially high
cow densities. Pigs dispersed seeds of A. totai by spitting them
out (all estimated minimum distances, mean ± SD distances
= 27.8 ± 44.5m, range = 4–185, n = 215) and defecation
(17.7 ± 11.3m, range = 6–35, n = 9). In several cases, we
recorded sheep collecting A. totai fruits and spitting out seeds
without ingestion at exact distances (45.0 ± 20.7m, range =

20–60, n = 8). In addition, we observed thousands of A. totai
seeds regurgitated during rumination in different sheep and goat
corrals at minimum distances of 110 and 106m, respectively,
from the nearest palm patch.

Intensive Sampling of A. totai Seed
Dispersal by Livestock
The intensive sampling of livestock excreta conducted around
two A. totai forest patches showed that seed dispersal depends
mainly on the type of cow excreta (binomial GLM, χ2 = 227.37,
df= 1, P < 0.0001). In fact, all regurgitations recorded contained
seeds (100%, n = 75), while only one of the sampled feces
contained seeds (0.9%, n = 113). The mean number of seeds
per regurgitation was 24.1 (SD: 15.9, range: 4–68, n = 30), while

FIGURE 6 | Mean ± SE dispersal distances (in m) for (A) primary and
secondary dispersions of seeds of each palm species, pooling disperser
species, and for (B) dispersions conducted by each primary and secondary
disperser species, pooling palm species. The complete scientific name of each
disperser species is shown in Table S2.

the single cow scat with seeds contained five seeds. The presence
or absence of seeds in cow excreta did not differ between palm
patches (χ2 = 0.96, df = 1, P = 0.33) nor did it depend on the
distance from each excreta to the palm patch (χ2 = 1.83, df = 1,
P = 0.18). However, when the type of excreta (regurgitation or
scat) was the response variable, a clear effect of the distance from
the palm patch border was found (binomial GLM χ

2 = 15.18,
df = 1, P <0.0001; palm patch effect: χ

2 = 1.07, df = 1, P =

0.30). The frequency of regurgitations (all with seeds) decreased
as the distance from the palms increased (Figure 7; the mean ±

SD minimum seed dispersal distance in regurgitations was 107
± 114, range = 7–358, n = 75), despite the fact that cows were
present at larger distances as confirmed by the presence of their
feces (Figure 7). No seeds of A. totai were found in horse feces
sampled within and around the two palm patches (n = 58), and
no regurgitations of horses were recorded.

DISCUSSION

External Dispersal as a Key Mechanism for
Large-Fruited Plants
The large-fruited palms studied depend on a rich variety of
variably sized vertebrates to efficiently disseminate their seeds
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TABLE 3 | Frequency of latrines and individual feces of South American tapir with
palm seeds and epicarp scales of M. flexuosa.

Palm species % of latrines

n = 20

% of fecesa

n = 744

% of

germinating

seeds (n)

Presence of

palm saplings

Seeds

A. princeps 10.0 Not quantifiedb 3.1 (65) No

A. totai 50.0 25.9 0.0 (493) No

M. flexuosa 0.0 0.0 – –

Fruit scales

M. flexuosa 70.0 57.1

The frequency of germinating seeds and the presence of palm saplings within latrines and

their close surroundings are also shown.
a Individual feces correspond to the same latrines analyzed.
bSixty-five seeds were found in two old latrines where the number of feces could not

be estimated.

externally at variable distances, both primarily and secondarily.
External dispersal has been generally under-appreciated as a
major mechanism in the evolution of plants with large fleshy
fruits (Fleming and Kress, 2013). Oversized fruits defined as
“megafaunal” provide variable amounts of flesh even though
many of them cannot be ingested entirely, nor their seeds
defecated, by any extant vertebrate. This apparent mismatch lead
to the hypothesis of anachronisms involving extinctmegafauna as
dispersal-mediated selective agents on fruit traits shaped through
endozoochory (Janzen and Martin, 1982; Guimarães et al., 2008).
Our results clearly challenge this contention by showing that
large seeds of palms were dispersed externally by a wide array
of vertebrates of variable size but much smaller than extinct
megafauna and livestock.

The primary dispersers were generally birds and monkeys
extracting fruits directly from the palm bunches and flying
or moving over the canopy with them in the beak or mouth
(stomatochory). In particular, rich communities of variably
sized parrots (weighing between 70 and 1,500 g) were recorded
dispersing seeds of all the study palms, with most species
dispersing several palm species. This supports the key role of
parrots as efficient dispersal agents of many large-fruited plants
(reviewed in Blanco et al., 2018). Owing to their general wasteful
feeding behavior, parrots disperse seeds at distances ranging
from below the fruiting palm where secondary dispersers act,
to long distances (up to several kilometers) that are generally
underestimated due to logistic challenges of measurement (Tella
et al., 2016a, 2019; Baños-Villalba et al., 2017). Among secondary
dispersers, rich assemblages of frugivorous and omnivorous
vertebrates mostly disseminated seeds externally, although some
also ingested and defecated or regurgitated the seeds of the
smallest-fruited palm species. As for other large-fruited palms,
rodent species were especially frequent among the short-distance
secondary dispersers (e.g., Jansen et al., 2012), while ground-
and tree-dwelling squirrels and primates moved palm seeds
externally, both primarily and secondarily (e.g., Chapman and
Onderdonk, 1998; Wright and Duber, 2001).

Overall, external dispersal emerges as the major mechanism
exploited by these large-fruited plants to disseminate their seeds

at variable distances by an array of dispersers. Information on
disperser assemblages of the study palms in other geographical
areas (Zona and Henderson, 1989; Eiserhardt et al., 2011;
Virapongse et al., 2017), as well as on other large-fruited
plants (Jansen et al., 2012; Tella et al., 2015, 2019; Blanco
et al., 2016; Rebein et al., 2017) support these mixed redundant
and complementary dispersal systems by ectozoochory. Indeed,
studies revisiting and adopting the megafaunal seed dispersal
hypothesis recognized guilds of external dispersers with a role in
population dynamics of these plants, although overlooked their
potential impacts as selective agents shaping large size and other
fruit traits (Guimarães et al., 2008; McConkey et al., 2018). More
generally, it has often been emphasized that fleshy pulp evolved
as a reward to gulpers ingesting entire fruits and to fruit mashers
swallowing tiny seeds, both constrained by gape and gut size
(Fleming and Kress, 2013). This assumes endozoochory as the
main process driving trade-offs between body size and dispersal
ability of contemporary dispersers (Fleming and Kress, 2013;
Jordano, 2014) and extinct megafauna (Guimarães et al., 2008;
Pires et al., 2018). These assumptions underestimated potential
selective pressures imposed by frugivores moving large fleshy
fruits to consume the pulp without ingesting or predating the
seeds (Stevenson et al., 2005; Baños-Villalba et al., 2017; Delibes
et al., 2019), or to predate and disperse seeds while ingesting
or discarding the pulp (Jansen et al., 2012). This is striking
because stomatochory allows the movement of fruits and seeds
that are much larger than those dispersed by endozoochory
(Lambert, 1999; Stevenson et al., 2005; Blanco et al., 2016;
Castañeda et al., 2018; Fuzessy et al., 2018), thus promoting
selective forces other than gape or gut size in the evolution of
large-sized fleshy fruit and their seeds. Each particular species
can be variably efficient in seed dispersal and recruitment, which
deserves further investigation. However, whole rich assemblages
of dispersers overlapping among palm species and study areas
would guarantee the future dispersal-dependent survival of
their populations. Therefore, the results of this study suggest
that fruits of these palms cannot be further supported as
anachronistic. These findings add to growing evidence indicating
that assumptions related to extinct megafauna because of their
large size are not necessary to understand all past and current
mutualistic frugivore-large fruit interactions (Howe, 1985; Jansen
et al., 2012; Baños-Villalba et al., 2017; Rebein et al., 2017;
Carpenter et al., 2018).

In summary, our results agree with Howe’s (1985) critical view
that the megafaunal syndrome hypothesis suffers from a general
lack of knowledge on the natural history of seed dispersal of
many large-fruited plants. A knowledge gap in the number of
interactions between Neotropical palms and vertebrates has been
recently highlighted (Muñoz et al., 2019). For instance, Donatti
et al. (2007) expressed their surprise about the survival of some
plant species, exemplified by the apparent lack of contemporary
dispersers and dispersal mechanisms in A. speciosa, and only
three interactions with frugivorous species have been recorded
for this palm in a recent review (Muñoz et al., 2019). However,
we found that this palm is extensively dispersed primarily by
a large macaw (Ara ararauna) and at least by seven secondary
ground- and tree-dwelling dispersers, including rodents (see
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TABLE 4 | Palm parts consumed, frequency of seeds dispersed in feces and regurgitations, and dispersal mechanism by each livestock species.

Dispersal frequency

% with seeds (n)

Palm species Livestock

species

Palm use Feces Regurgitationsd Dispersal mechanismg

A. eichleri Cow Flowers, leaves, saplings 0.0 (2,042)b Not found No

Equids Flowers, leaves, saplings 0.0 (94)b Not found No

A. barreirensis Cow Flowers, leaves, saplings 0.0 (2,042)b Not found No

Equids Flowers, leaves, saplings 0.0 (94)b Not found No

A. speciosa Cow Leavesa, saplings 0.0 (71)b 0.0 (13)e No

Equids Leavesa, saplings 0.0 (3)b Not found No

A. princeps Cow Pulp, leavesa, saplings 0.0 (82) 100 (6)f E (spits), I (regurgitations)

Equids Leavesa, saplings – (Not quantified)b Not found No

Pig Pulp, seeds 1.1 (90) Not quantified E (spits), I (feces)

M. flexuosa Cow Pulp, leavesa, saplings 0.0 (3,484) 0.0 (91) No

Equids Pulp, leavesa, saplings 0.0 (178) Not found No

Pig Pulp 0.0 (9) 0.0 (31) No

A. totai Cow Pulp, leavesa, saplings 0.4 (1,588) 100 (188) E (spits), I (regurgitations,
feces)

Equids Pulp, leavesa, saplings 0.0 (87) Not found No

Pig Pulp, seeds 35.6 (90) Not found E (spits), I (feces)

Goat Pulp, leavesa, saplings 0.0c Not quantified E (spits), I (regurgitations)

Sheep Pulp, leavesa, saplings 0.0c Not quantified E (spits), I (regurgitations)

aBrowsing leaves of immature palms.
bDespite no fruit consumption, feces evaluated for the presence of seeds of other palm species confirmed the lack of seed dispersal.
cSmall size of feces makes it impossible to contain palm seeds; several hundred feces examined but not precisely quantified.
d Included regurgitations after rumination and spitting of seeds transported in the mouth.
eCorresponds to regurgitations with A. totai seeds in areas with presence of A. speciosa.
fRegurgitations with A. princeps seeds showed no seeds of A. totai, and vice versa.
gE: external dispersal (ectozoochory), I: internal dispersal (endozoochory). Regurgitations after rumination were distinguished from seeds spat out without swallowing.

Figures 4B,C), a primate, a squirrel and a corvid species. This
highlight how particular animal groups, traditionally neglected
as reliable seed dispersers, can promote a crucial mutualistic
role for palms and other large-fruited plants (Jansen et al., 2012;
Blanco et al., 2015, 2018;Montesinos-Navarro et al., 2017; Albert-
Daviaud et al., 2018).

Role of Tapir as Dispersers of “Megafaunal
Fruits”
Tapirs have been highlighted as the largest extant seed dispersers
of large-fruited plants in the Neotropics, and thus their role as
endozoochorous dispersers could resemble that of extinct non-
ruminant megafauna (Fragoso and Huffman, 2000; Guimarães
et al., 2008). We found that tapirs consume large amounts of
palm fruits and defecate a few seeds of A. princeps and many
seeds of the smallest-fruited palm species (A. totai). However,
most seeds were unviable or lacked germination, and no saplings
were found in abandoned or used latrines of variable size or their
surroundings. In addition, although tapirs readily consumed
fruits of M. flexuosa, as confirmed by abundant epicarp scales
in a high proportion of excrement and latrines, the seeds were
masticated and never survived gut passage. Thus, tapirs can be
particularly destructive to seeds when feeding on these fruits
(see also Bodmer, 1990; Fragoso and Huffman, 2000). Several
studies have highlighted that different tapir species can be
effective dispersers of small-medium seeds by passive browsing

and defecation (Salas and Fuller, 1996; Fragoso and Huffman,
2000; Talamoni and Cançado, 2009; Campos-Arceiz et al., 2012;
Barcelos et al., 2013; O’Farrill et al., 2013). However, seed
recruitment has been generally evaluated under laboratory or
greenhouse conditions rather than by monitoring the fate of
seeds where they are excreted in the wild. Our results suggest that
tapirs can be considered frequent consumers, effective predators,
and poor dispersers of large-fruited palms, at least when their
seeds are defecated in latrines where high densities of fecal
nitrogen, pathogens and predators, as well as seed overcrowding
and competition, may preclude or abort germination and
seedling growth (Salas and Fuller, 1996; Campos-Arceiz et al.,
2012). This was supported by the high number of old dead
and unviable seeds of other plants with “megafaunal fruits”
(Guimarães et al., 2008) found in the latrines. In conclusion,
contrary to previous suggestions, the dispersal role of tapirs,
as representative large-bodied non-ruminant frugivores, seems
weak regarding large-seeded plants. Further research is required
to confirm our results by considering these and other large-
fruited plants dispersed outside latrines.

Livestock as Substitutes of Extinct
Megafauna for Dispersal of Large Seeds
Our results suggest that ruminants are poor seed dispersers
of large-fruited palm species by endozoochory implying seed
defecation. After examining hundreds of cattle, equids, goat
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FIGURE 7 | Frequency of regurgitations containing seeds of A. totai
regurgitated by cows during rumination, and frequency of cow droppings
according to the distance from the border of the palm patch (two A. totai
stands pooled). Both regurgitations and droppings were recorded in intensive
walking surveys in the Cerrado vegetation around palm patches. The picture
shows a cow regurgitation containing multiple A. totai seeds (left) close to a
cow dropping without palm seeds.

and sheep scats, only a few seeds of the palm species with
the smallest fruits and seeds were found at very low frequency
in cow feces. Domestic pigs show a higher frequency of seeds
of the same palm in feces, although they intensively masticate
their food and can be particularly destructive to a much larger
proportion of seeds of these and other species, similar to peccaries
(Beck, 2006). Rather, livestock can regurgitate large quantities
of seeds of A. princeps and A. totai after an unknown period
of rumination, or spit out the seeds without swallowing them.
Under normal browsing conditions on pastures, leaves, and
twigs, rumen vomiting in livestock is a rare pathologic process
associated with the accidental ingestion of unusually large items
such as stones and artifacts causing blockages and injuries to
the digestive system (Van Soest, 1994). This agrees with our
results showing that palm seed regurgitation from the cud while
ruminating was apparently provoked by the ingestion of large
numbers of palm fruits, for which seed defecation appears
anatomically impossible for smaller livestock (sheep, goat) or
unnecessary due to nutritional and physiological costs for larger
livestock (Van Soest, 1994; Feer, 1995; Clauss et al., 2009; Delibes
et al., 2019).

Livestock ruminants chew their cud and ferment their food
for variable periods of time (Van Soest, 1994), thus variably
limiting seed survival through the upper gut passage (Janzen,
1982; Bodmer and Ward, 2006; Schwarm et al., 2009). In
addition, pulp is often chewed and the cleaned seeds driven out
without ingestion just below (without dispersal) or at a short
distance from the fruiting palms. Although the viability of palm
seeds dispersed after rumination or spitting without swallowing
remains unknown, these different mechanisms for exploiting
fruit can have important implications on seed dispersal distances
(Castañeda et al., 2018; Delibes et al., 2019). Dispersal of A.
totai seeds by cows mostly occurred below the source plant, as
demonstrated the high density of seeds regurgitated in resting
places within palm patches where plant recruitment is hindered

by trampling, grazing and soil compaction (Montúfar et al., 2011;
Smith, 2015; Baños-Villalba et al., 2017; Hordijk et al., 2019),
or in locations unsuitable for germination outside palm patches
within the dry Cerrado vegetation matrix. The frequency of
regurgitations (all of A. totai seeds) decreased as the distance
from the palms increased, with maximum dispersal distances
of up to about 400m in unsuitable sites, even though cow
movement capability allows much longer daily travel distances.
Cattle readily clean and spit out fruits of M. flexuosa below
fruiting palms, without dispersing seeds, while they and other
livestock can use this mechanism to disperse other palm seeds
short distances. In any case, stomatochory leads to seed dispersal
of large seeds at shorter distances than those dispersed by
regurgitation after rumination, meriting focused research to
adequately evaluate the dispersal role of livestock (Delibes et al.,
2019). Seeds regurgitated by livestock can be potentially dispersed
by other organisms. For instance, large macaws (Anodorhynchus
hyacinthinus and A. leari) can act in two-phased (or tertiary)
dispersal by moving palm seeds regurgitated by cattle and goats
(authors’ unpubl. data).

Our results did not agree with the prediction that seeds of
large-fruited plants should be reliably dispersed by livestock
exploiting similar mechanisms to those presumably used by
extinct megaherbivores (Janzen and Martin, 1982; Guimarães
et al., 2008). The logic of livestock as surrogate dispersers of
seeds presumably disseminated by extinct megafauna implies
gut passage through the digestive system and defecation of
viable seeds (Janzen and Martin, 1982; Guimarães et al., 2008,
Pires et al., 2018). Following this rationale, our results indicate
that the complex digestive process of ruminants (Van Soest,
1994) hinders complete gut passage of large seeds (Feer,
1995; Clauss et al., 2009; Delibes et al., 2019). Therefore, like
wild herbivorous ungulates (Feer, 1995; Bodmer and Ward,
2006; Castañeda et al., 2018), livestock are not effective long-
distance endozoochorous dispersers of large seeds by defecation.
Similar anatomical and physiological constraints and trade-
offs governing fruit swallowing and seed defecation may also
have operated in potential past interactions between large
fruits and extinct megafauna (e.g., Carpenter et al., 2018).
However, stomatochory by seed spitting without ingestion and
endozoochory through regurgitation after a variable retention
period in the upper digestive tract have been cited, but not
comprehensively evaluated, as mechanisms used by extinct
megafauna to exploit large fruits (Guimarães et al., 2008; Pires
et al., 2018). In sum, livestock cannot be considered as ecological
surrogates of extinct megafauna by exclusively assuming seed
defecation as a dispersal mechanism.

Rethinking the Megafaunal Seed Dispersal
Hypothesis
This study negates the idea that overbuilt, fleshy fruits of the
study palms are today maladapted for dispersal by contemporary
fauna. Since the work of Janzen and Martin (1982), evidence
has been building in support of seed dispersal of putative
anachronistic plants by contemporary fauna (e.g., Jansen et al.,
2012; Baños-Villalba et al., 2017; Rebein et al., 2017; McConkey
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et al., 2018), whose members existed in the same or much
earlier geological periods as the extinct Pleistocene megafauna
(Koch and Barnosky, 2006; Wright et al., 2008; Eriksson, 2016).
Therefore, efforts are encouraged to rethink whether fruits
assumed to have adjusted to a “megafaunal syndrome” actually
required the past participation of extinct megafauna and to
consider the contemporary function of domestic surrogates for
seed dispersal.

Contrary to the assertion that seeds of many oversized
fruits go undispersed due to the extinction of their legitimate
megafaunal endozoochorous dispersers (Janzen and Martin,
1982; Guimarães et al., 2008), evidence suggests that
mixed strategies combining dispersal mechanisms with
asymmetric outcomes can be modulated depending on a
complementary and/or redundant and rich variety of variably
sized vertebrate groups (Wheelwright and Orians, 1982;
Howe, 1985; Chapman and Chapman, 2002; McConkey et al.,
2018). Therefore, oversized fruits can be better understood
within a continuum ranging from species depending on
few co-evolved dispersal partners to those depending on
an array of unspecialized dispersers that can also exert
selective impacts on plant fitness (for dry-fruited plants see
Tella et al., 2016a,b, 2019; Gómez et al., 2018).

In conclusion, many oversized fruits assumed to
be maladapted for contemporary dispersal are, in fact,
misunderstood. This knowledge gap may have been partially
favored by neglecting some key disperser guilds (e.g., parrots)
and dispersal mechanisms (e.g., ectozoochory). By exclusively
focusing in endozoochory via seed defecation as the mechanism
shaping oversized fruits, the megafaunal dispersal hypothesis
can fail to be adequately tested. This appealing hypothesis
could attract renewed interest by considering ectozoochorous
fruit mashers, thus reversing the view of past frugivore-
plant mutualistic interactions markedly biased toward fruit
gulpers. Alternative hypotheses are encouraged that incorporate
regurgitation and spitting, and especially ectozoochory so
commonly used by many vertebrates to get rid of large seeds
(Fleming and Kress, 2013; Delibes et al., 2019). Thus, rather
than (or before) relying on “ghosts of the past” in an attempt
to explain traits that are unexpected or misunderstood, these
refinements could provide a path to new fruitful research on
frugivore-plant mutualistic interactions governing past and
contemporary evolution of fruit traits.

Conservation Implications
A proportion of species with “unfit” overbuilt fruits show
restricted distributions and low genetic variability linked to
reduced gene flow, which have been associated with the
extinction of megafaunal dispersers (Guimarães et al., 2008;
Johnson, 2009; Doughty et al., 2016). However, by relying
on extinct megafauna for seed dispersal, the anachronism
hypothesis overlooks the possibility that distribution patterns
and genetic variability of many plants may be affected by
historic defaunation of many large-sized vertebrates (other than
extinct Pleistocene mammals) exploited by humans since their
arrival to the Americas (Peres, 2000; Koch and Barnosky,
2006; Muller-Landau, 2007). Deforestation and defaunation have
increased since then, further reducing distribution ranges and

genetic variability of many plant species to the point that
these patterns could be directly associated with the recent
and ongoing extinction and decline of many contemporaneous
dispersers (Peres and Roosmalen, 2002; Kurten, 2013). Among
primary dispersers, several macaws and primates have become
globally or regionally extinct recently, while most surviving
species have suffered strong declines from much of their
original distribution (Wich and Marshall, 2016; Berkunsky et al.,
2017; Forshaw and Knight, 2017). The ecological functions
of these organisms have been undervalued or neglected in
population dynamics and genetic variability of their food
plants (Chapman and Onderdonk, 1998; Blanco et al., 2015,
2018; Baños-Villalba et al., 2017; Montesinos-Navarro et al.,
2017, Andresen et al., 2018). This applies specifically to plant
populations and communities that are now limited by low
abundance in impoverished assemblies of parrots and other
large-sized dispersers (Dirzo et al., 2007; Galetti et al., 2013;
Hall and Walter, 2013). Unfortunately, most reviews on the loss
of plant dispersal function in forests due to defaunation and
other human activities have excluded parrots (Farwig and Berens,
2012; McConkey et al., 2012; Fleming and Kress, 2013; Sebastián-
González et al., 2015; Peres et al., 2016), even though these
key long-distance dispersers are among the vertebrates most
threatened by habitat loss, hunting for bush meat and pet trade
(Berkunsky et al., 2017).

We thus advocate the evaluation of historic and ongoing
defaunation of key external dispersers to attempt to understand
the influence of actual (rather than putative) dispersers on
contemporary frugivore-plant mutualistic interactions.
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