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Abstract: Predation of seeds of the cycad Dioon edule by mice has been previously
documented, demonstrating that the seeds’ toxins are not harmful when combined with
a varied diet. However, there is scarce evidence that they are a seed disperser. In a
tropical oak forest in San Luis Potosi, Mexico, we experimented with seeds of D. edule
and Quercus polymorpha, evaluating predators’ preference and recording it with photo-
trapping. Burrows were sampled in concentric circles around a D. edule mother plant,
and the types of burrows and condition of the seeds inside were identified with a
borescope without destroying the burrows. The structure and composition of the forest
were evaluated. The primary dispersion of D. edule seeds is by barochory. The rodents
predate on seeds and prefer Q. polymorpha over D. edule (survival: 48.9% and 78.5%,
respectively). There are more escape and multiple burrows at 3—6 m with mature oaks.
Rodents forget or abandon D. edule seeds in the burrows, and such seeds germinate at
3—6 m. Peromyscus leucopus is a short-distance secondary disperser and predator of D.
edule seeds.

Key words: Seeds; burrows; forest; short distance; germination; density; barochory;
zoochory.

Introduction

Cycads are a group of plants very ancient in origin (280 Myr) that were abundant and
diverse during the Mesozoic era (225-65 Myr), known as the era of dinosaurs and cycads.
Dinosaurs were the main dispersers of their seeds (zoochory) when herbivorous dinosaurs
(sauropods and stegosaurs) consumed seed cones as a source of nutrients (Mustoe 2007;
Butler et al. 2009). These plants declined after the disappearance of the dinosaurs, but small
mammals such as marsupials (opossums) and placentals (rodents) likely replaced them
(Mustoe 2007).

Dispersal of cycads by modern fauna has been discussed extensively (Norstog and
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Nicholls 1997; Snow and Walter 2007; Hall and Walter 2013). Animals such as bears, pec-
caries and rodents act as dispersers, and it is even common to find gnawed seeds in burrows
and on rocky ledges (zoochory) (Jones 1993; Schupp et al. 2010). However, due to the
plants’ intrinsic characteristics, they are also thought to disperse by barochory. The cycad
cone disintegrates at maturity, and the megasporophylls release the seeds which, due to
their large size (1-3 cm), fall to the ground by gravity and remain close to the mother plant.
They could also be dispersed periodically by the drag of rainwater (ombrohydrochory) and
scattered during the journey to lower areas with the help of streams that carry them to more
distant sites (Van der Pijl 1982).

The cycad Dioon edule Lindl. is currently distributed in Mexico, and according to [UCN
Red List its global conservation status is regarded as Near Threatened (NT) (Chemnick
and Gregory 2010). It is distributed in the Huasteca region of San Luis Potosi, where it is
relevant to people, cattle, and wildlife because the seeds are consumed as food, mainly
during the dry season, although they are known to contain toxins that sometimes cause
partial paralysis and even death in cattle (Yafiez-Espinosa 2009; Rubio-Méndez et al. 2021).

The D. edule seeds contain 22% proteins, 22% lipids, and 4% carbohydrates, making
them suitable for consumption (Carranza- Alvarez and Carrillo-Inungaray 2017), considering
that some studies have shown that dietary protein requirements for maintenance of adult
mammals range from 19-25% for carnivores, 11-20% for omnivores and 5.5-9% for wild ru-
minants, as well as carbohydrates range from 20-40% for carnivores, 70-80% for omnivores
and 45-46% for wild ruminants (Erlenbach et al. 2014; Roosendaal 2014; Felton et al. 2016).
However, they also contain hydrolysable tannins, free amino acids, and alkaloids responsible
for nervous system deterioration, digestive system organ problems, and possibly death, in
20% of the sarcotesta (fleshy seed coat) and 80% of the gametophyte (tissue surrounding the
embryo) (Covarrubias 2009). In a previous laboratory study, individuals of the Mexican
mouse Peromyscus mexicanus (Saussure, 1860) were subjected to forced starvation and an
exclusive diet of D. edule seeds, resulting in nervous system affection and causing their death
after seven days; however, with occasional consumption and a varied diet, they can consume
the seeds without evident problems (Gonzalez-Christen 1990).

Previous studies uncovered interactions between D. edule seeds and P. mexicanus
(Gonzalez-Christen 1990; Vovides 1990; Pavon-Saure 1999), identifying this species as a
predator or secondary disperser (Norstog and Nicholls 1997). We have observed D. edule
seeds removed no more than 5 m from the plant’s base and directed towards rodent burrows
in the field. A previous study showed that 97% of the seeds of the cycad Macrozamia
miquelii (F. Muell.) A.DC. are removed from the plant’s base to 1 or 4-5 m at the farthest
(Hall and Walter 2013).

Seed dispersal by rodents results from the storage, abandonment, or forgetfulness of
excess and unconsumed seeds, called animal storage behavior. The conditions present in
burrows that are advantageous to germination are higher humidity levels than those in the
environment, partial shade, and soil rich in organic matter thanks to rodent excreta or food
remains (Lopez-Ovando 2002; Dellafiore Capiello 2008; Fung-McLeod 2011; Barrios et
al. 2012; Mori et al. 2017).

In a previous study, we found several species of wildlife interacting with D. edule seeds
in the Huasteca region in San Luis Potosi, Mexico, with a dominance of the rodent genera
Peromyscus Gloger, 1841, Neotoma Say and Ord, 1825, and Liomys Merriam, 1902, which
were removing seeds (unpublished data). These rodents are opportunistic, adapting their
diet to the immediately available resources (Rojas-Rojas and Barboza-Rodriguez 2007).
The hypotheses we addressed were that: a) small rodents predate on D. edule seeds even
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when seeds of other species are available; b) rodent food gathering and storage habits in
burrows favor the dispersal of D. edule seeds away from the parent plant; and c) burrows
used by rodents to store D. edule seeds are found in greater proportion near the mother
plant and away from other tree species. In this way, we proposed to a) determine the rodents
that remove D. edule seeds; b) analyze seed preference and seed removal by rodents, c)
determine the presence and abundance of seeds stored in burrows, d) assess the condition
of stored seeds, e) determine the distance at which the seeds are dispersed from the mother
plant, and f) analyze the association of established burrows with the structure and compo-
sition of the vegetation.

Materials and methods

We conducted the study at Tamasopo, San Luis Potosi, 21°5521"N 99°23'33"W, in the
Huasteca region. The site has an area of 1243.99 m?, with tropical oak forest vegetation,
divided by a road from a sugarcane plantation plot (Figure 1). The soil is a mixture of
rendzina, which is a shallow soil with an upper horizon up to 50 cm deep, rich in organic
matter, and lithosol, which is a thinner soil, with a depth of fewer than 10 cm to its surface
horizon. The substrate is sedimentary with outcrops of limestone rocks and, to a lesser ex-
tent, shale. The climate is semi-warm (18-26°C) and humid with abundant rainfall in sum-
mer (2000 mm per year). The dry season lasts eight months (November—-May), with less
than 40 mm of precipitation in the driest month (Instituto Nacional de Estadistica Geografia
¢ Informatica 2009).

We chose this site because we were previously able to identify rodent interactions with
D. edule seeds. Likewise, due to the characteristics of the sites, we considered that rodents’
food resource availability decreases in the dry season, so rodents will forage and collect
available seeds to take to their burrows due to food shortage. By the end of the season,
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Figure 1. Study area location in Tamasopo, San Luis Potosi, Mexico.
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most of the seeds stored in the burrows will be predated, and the remaining seeds are more
likely to survive and become established, favoring the plant’s population growth.

Seed dispersion (photo-trapping)

In the first half of June 2017, we set nine bait stations using 30 seeds per station as bait
and placed them on the ground: 15 D. edule and 15 Quercus polymorpha Schltdl. and
Cham. The average seed size of Q. polymorpha is 1.38 g (Gonzalez-Salvatierra et al. 2013),
and that of D. edule is 4.14 g (Mora et al. 2013). All seeds used were collected locally and
used exclusively in the photo-trapping (n=270).

Each station was 50 m away from the next in a north—south orientation, starting at the
first plant of D. edule in the map (Figure 1). Photo-trapping was carried out with nine cam-
era traps (Cuddeback E3) with a 20-megapixel resolution, 0.25-s reaction speed, and 15.24
m detection range with a 5 s interval program. All cameras were maintained for 10 days,
by quantifying daily in the morning (600 hours) and evening (1800 hours), removing seeds,
and revising the camera traps.

Data from photographs were subsequently analyzed (camera trap number, date, time,
species, habit diurnal or nocturnal, number of seeds, and foraging behavior). To discern if
a sighting was of the same individual or a different one of the same species, the series of
photos and the time between each shot was observed, and after 10 min they were assessed
as different individuals. We used the criteria of Acevedo-Quintero and Zamora (2016) to
classify foraging behavior: search (sniffing, touching, and attention), predation (ingestion
of sarcotesta and seeds or only seeds), and removal (moving seeds out of the station).

Seed dispersion

Since we did not mark the seeds for tracking purposes in the photo-trapping experiment,
we sampled the burrows in the first half of June 2018. We made an inventory of the mature
female plants of D. edule and geo-referenced them with a GPS to locate them on the map.
Then we selected 11 plants far enough away from each other so as not to overlap the sites
and marked around each plant two concentric circles of radii 0—3 m and 3—6 m with a
length meter, based on the dispersers studied scale (mice). Larger mammals remove seeds
at greater distances and small mammals, such as mice, from 2 to 10 m maximum, with a
greater concentration at distances of 2—5 m (Burbidge and Whelan 1982; Gonzalez-Christen
1990; Fung-Mcleod 2011; Sidhu and Datta 2015).

Burrows distribution

We defined the burrow as a cavity wider than 5 cm in diameter and more than 1.5 m in
length and classified it as active based on the presence of abundant fur and food residues
inside and food residues with loose soil at the entrance. Additionally, we measured the di-
ameter at breast height (DBH) 1.3 m above the ground of the trees present in the concentric
circles for analysis. The diameter classes were determined using the method of Bongers et
al. (1988).

A census of burrows on the sites resulted in 176 burrows within the sites, 91 in the
circle of radius 0-3 m and 85 in the circle of radius 3—6 m. Considering no difference be-
tween the number of burrows and the minimum number of burrows in one site, we ran-
domly selected four in each concentric circle for analysis (n=88). Each burrow was
numbered and flagged to avoid repetition.

The analysis was performed by introducing a borescope without destroying the burrow.
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This instrument uses an optical system of lenses to transmit an image from the inspection
area to the user and a fiber bundle to illuminate the object, with an analysis limit of 2.5 m
in length, following the burrows’ natural shape and direction. To classify burrows, we used
the criteria of Harper and Batzli (1996), considering four types of burrows: a) duck hole,
a small tunnel that acts as a temporary shelter; b) escape, a large tunnel for shelter and stor-
age; c) single-nest, formed by several tunnels, a chamber and a nest, used for resting and
storage; and d) multiple-nest, formed with more complex systems than the simple ones
with the same use, and as a den for the young.

We classified the seeds found in the burrows as a) germinated, with the first leaf emerg-
ing; b) abandoned, with and without sarcotesta and without perforations; c¢) predated, with
perforated sclerotesta and a damaged gametophyte; and d) dead, with damage in the scle-
rotesta caused by fungi and hollow or just hollow.

Statistical analysis

Dioon edule seeds and Quercus polymorpha acorn removal data were analyzed by es-
timating the survival function with the Kaplan-Meier method and the log-rank test to de-
termine significant differences between the survival of each species. All burrow and seed
data set analyses were performed with the Kruskal-Wallis nonparametric test to compare
k independent samples and evaluate differences between sites and between concentric circle
radii for burrow and seed frequency and type and tree diameter classes. Subsequently, we
applied Dunn’s multiple comparison test for each pair of groups to adjust the degree of
significance (p) by Bonferroni correction. Spearman’s correlation coefficient was also ap-
plied to evaluate the association between the variables burrow frequency, burrow type, and
tree diameter class. All analyses were performed with XLSTAT v. 2021.1 software (Addin-
soft, France).

Results

Seed predation

There were 18 sightings of Peromyscus leucopus (Figure 2a), three of Chaetodipus sp.
(Figure 2b), one of Cuniculus paca (Linnaeus, 1766) (Figure 2¢), and one of Sciurus au-
reogaster (F. Cuvier, 1829) (Figure 2d). Cuniculus, Peromyscus and Chaetodipus were ob-
served at night standing, sitting, or lying down holding the seeds in their hands, either
consuming them whole or consuming only the sarcotesta of D. edule. Likewise, Per-
omyscus removed one seed at a time due to its large size, making up to six trips in one
night. Chaetodipus only removed acorns, although it predates the sarcotesta of D. edule.
Sciurus descended to the ground to consume the seeds and remove a few during the day.

The foraging behavior consisted of Cuniculus and Sciurus predation of D. edule and
Q. polymorpha whole seeds (4.76%) and Peromyscus searching (4.76%) the stations. How-
ever, Peromyscus and Chaetodipus predated on D. edule seeds sarcotesta at the stations
(13.3%) and, along with Sciurus, removed seeds of both species (90.47%).

The survival function showed that 78.5% of D. edule and 48.9% of Q. polymorpha seeds
remained on the stations after 10 days (Figure 3), and the log-rank test confirmed the highly
significant difference between survival functions (p<0.001). The mean survival times of D.
edule and Q. polymorpha seeds were 7.11 days + 0.18 and 6.27 days + 0.27, respectively.

The seeds predated on at the site were 7.5% D. edule and 0.7% Q. polymorpha, and
those removed from the stations were 14.0% D. edule and 50.4% Q. polymorpha.
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Figure 2. a) Peromyscus leucopus removing a seed of D. edule; b) Chaetodipus sp. consuming D.

edule seed sarcotesta; c) Cuniculus paca; and d) Sciurus aureogaster at the stations with baits placed
at Tamasopo, San Luis Potosi, Mexico.
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Figure 3. Cumulative survival function of D. edule seeds (red) and Q. polymorpha acorns (green).



Dioon edule seeds dispersal by rodents 63

Seed dispersion

The oldest D. edule plants were scarce and scattered on the upper slope at 710 m a.s.1.,
while downslope, the highest proportion of young plants were found at 703 m a.s.1.

Burrows were frequent at the location, numbering an average of 15+0.42 burrows site™';
this means that there was one burrow every 7.36 m. The Kruskal-Wallis test showed sta-
tistically significant differences among the types of burrows present (n= 88, df=3, K=7.815,
p<0.01). The most frequent burrow type present at the location was the duck hole, and the
least frequent was the multiple-nest burrow (Figure 4a). No significant differences were
found between the 0-3 m and 3—6 m radii frequency of burrows for each type (n=22, df=1,
K=3.841, p>0.05).

The maximum number of seeds per burrow was two, but there were only Quercus sp.
or D. edule seeds in 25% burrows. There were no significant differences in the frequency
of seeds among sites (n=68, df=10, K=6.05, p>0.05), or between radii (n=22, df=I,
K=18.31, p>0.05). Although there were differences in total seed frequency by species: 22
of D. edule and four Quercus (n=68, df=1, K=5.99, p<0.0001), no significant differences
were detected among sites (n=68, df=10, K=8.43, p>0.05) (Figure 4b). Most seeds were
in duck holes and escape burrows, followed by single-nest and multiple-nest.

The highest proportion of D. edule seeds were predated (33.6%) (Figure 5a), dead
(29.5%), or abandoned (25.3%) (Figure 5b). Only 12.6% of D. edule seeds germinated
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(Figure 5c¢) in multiple and escape burrows within 3—6 m of the mother plant, dispersed at
short distances. There were no significant differences between D. edule seeds and acorns
of different types (n=26, df=5, K=11.07, p>0.05).

Burrows distribution

The site’s vegetation is an oak forest with tropical semi-deciduous forest elements and
richness of 21 tree species (Table 1). The most frequent species were black oak (Quercus

Table 1. Species located in the sites at the oak forest in Tamasopo, San Luis Potosi, Mexico.

Bd Brahea dulcis (Kunth) Mart. Arecaceae
Bs Bursera simaruba (L.) Sarg. Burseraceae
Cc Cercis canadensis L. Fabaceae

De Dioon edule Lindl. Zamiaceae
Ae Ardisia escallonioides Schltdl. & Cham. Primulaceae
Jc Jatropha curcas L. Euphorbiaceae
Ml Mimosa leucaenoides Benth. Fabaceae

Mc Morus celtidifolia Kunth Moraceae

Pl Persea liebmannii Mez Lauraceae

Pc Protium copal (Schltdl. and Cham.) Engl. Burseraceae
Qg Quercus germana Schltdl. and Cham. Fagaceae

Qp Quercus polymorpha Schltdl. and Cham. Fagaceae

Qx Quercus xalapensis Bonpl. Fagaceae

Tr Tabebuia rosea (Bertol.) Bertero ex A.DC. Bignoniaceae
Ta Tabernaemontana alba Mill. Apocynaceae
Zg Zuelania guidonia (Sw.) Britton and Millsp. Salicaceae

(N

Figure 5. Types of seeds (arrow) in the burrows. a) predated; b) abandoned; c¢) germinated.
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polymorpha) and red oak (Quercus xalapensis), chamal (Dioon edule), and cojon de gato
(Tabernaemontana alba) (Figure 6a). Black oak and red oak trees predominated with an
abundance of three trees per 10 m?, followed by cow’s foot (Cercis canadensis) and horse
bone (Protium copal) with one tree and with a lower abundance of holm oak (Quercus ger-
mana), gambo-limbo (Bursera simaruba), red avocado (Persea liebmannii), kite kite (Zue-
lania guidonia), and rosewood (Tabebuia rosea). In the lower stratum, chamal (Dioon
edule) and cojon de gato (Tabernaemontana alba) predominated with two trees and moun-
tain blackberry (Morus celtidifolia) and mad palm (Brahea dulcis) with less than 10 plants.

Significant differences existed in tree frequency between radii 0-3 m (41.05%) and 3—
6 m (51.94%) (n=88, df=1, K=5.00, p<0.05). There were significant differences among
tree diameter classes for both radii (n=88, df=7, K=33.91, p<0.0001). Of the trees, 82.5%
were small (<23 cm DBH) and were within the 0-3 m radius, but there were more large
trees (24—47 cm DBH) within the 3—6 m radius (Fig. 6b).

Although there was no difference in the number of burrows concerning distance from
the plant, there was a slight tendency for a more significant presence of escape and mul-
tiple burrows in the 3—6 m radius from the mother plant, where the number of trees was
double that in the 0—3 m radius, mainly oaks. There was no significant correlation be-
tween tree diameter and the frequency of trees, burrows, or type (p>0.05). However, the
frequency of trees and multiple-nest burrows was positive and highly associated
(p=0.664, p<0.001).
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Discussion

Seed predation

It is relevant that there are at least four rodent species that predate on D. edule seeds
when acorns are available, and not only small rodents as previously thought. The rodents
Cuniculus paca, Sciurus aureogaster, Peromyscus leucopus, and Chaetodipus sp. found at
the oak forest in Tamasopo are widespread, maintaining viable populations in small frag-
ments of forest surrounded by crop land as in the study area (Navarrete-Gutiérrez et al.
1996; Nufiez-Garduiio 2005; Rojas-Rojas and Barboza-Rodriguez 2007; Rodriguez-
Macedo et al. 2014; Martinez-Cecenas et al. 2020). As opportunistic species, they predate
on D. edule seeds despite the toxin content, adapting their diet to the available resources.

The rodents’ attitude is calm while foraging during the day or at night, which would
indicate that few natural predators could restrict foraging activity. However, there was a
daytime sighting of the generalist felid Leopardus wiedii (Schinz, 1821), which includes
both Peromyscus and Sciurus in its diet (Cinta-Magallon et al. 2012).

Foraging behavior showed that the main activity is seed removal, primarily by Per-
omyscus leucopus and Chaetodipus sp., and seed predation by the four rodent species. All
rodents are predators of both species’ seeds, confirming Peromyscus as found in previous
studies (Gonzalez-Christen 1990; Vovides 1990; Pavon-Saure 1999).

The four opportunistic predators should allocate the same foraging effort on both species’
seeds, since each station had the same number (Valdovinos et al. 2010). The seeds of D. edule
are large and have a sarcotesta, making them more profitable than smaller acorns of Q. poly-
morpha. We would expect predators to dedicate a higher foraging effort (Valdovinos et al.
2010), as occurred with Cuniculus paca at a 2:1 ratio of D. edule over Q. polymorpha. How-
ever, the foraging effort of Sciurus was 1:6, that of Peromyscus 1:3 and that of Chaetodipus
1:2, even though the acorn number decreased faster. This foraging strategy for the seed of D.
edule could be explained by the presence of toxins, although they predated on the sarcotesta
at the site, and the harder sclerotesta, larger size, and weight, which could imply a lower ben-
efit and higher cost (energy waste) of consuming it whole or moving it to the burrow.

The photographic evidence does not allow us to conclude that C. paca and S. aure-
ogaster are dispersers since we do not know if they transport seeds to their burrows; this
question is to be addressed in future research. The effectiveness and efficiency of dispersal
by seed-consuming rodents will depend on the sites where they deposit the seeds and the
probability of recruiting new individuals into the population (Campos and Velez 2015).

Seed dispersion

The D. edule female cone megasporophylls detach, releasing the seeds that fall next to
the mother plant or the entire cones fall to the ground (Mora et al. 2013), so their primary
method of dispersal is barochory. At the locality, few older (taller) D. edule plants are ob-
served at the higher elevation and downslope the higher proportion of younger plants, sug-
gesting that this method of dispersal is the most common as in most cycads, when seeds
roll downslope, as individuals grow on ridges and slopes (Jones 1993) and establish them-
selves in sites not far from mother plants.

The similarity in the frequency of D. edule and Quercus seeds between radii would in-
dicate that rodents move the seeds of both species to the burrows but prefer those of Quer-
cus since, in their constant search for food, they select the species with the highest seed
production and whose consumption does not involve any long-term risk, such as toxin pro-
duction by the seeds of D. edule. The Mexican mouse (P. mexicanus) can maintain a diet
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based on D. edule seeds for up to seven days without becoming ill (Gonzalez-Christen
1990), so it is plausible that the rodents consume the seeds in seasons when other food is
scarce. Even though rodents remove seeds, transport them to burrows, and prefer to eat the
sarcotesta of seeds, incisor damage to the sclerotesta, such as that caused by the spiny
pocket mouse (Liomys sp.) on espadaia (Dioon merolae De Luca, Sabato and Vazq.Torres)
seeds, has been observed (Lazaro-Zermeno et al. 2011).

Dioon edule seeds were found most frequently in escape and multiple-nest burrows.
Most seeds are predated, and those remaining may be forgotten and abandoned. Some seeds
die, but 14% germinate within 3—6 m of the mother plant, dispersed at a short distance.
Seeds could be forgotten by rodents in the escape burrows when they flee from predators
or other danger, and in multiple-nest burrows, because stored large seeds with a hard scle-
rotesta and toxins in their tissues could be forgotten or abandoned when they move to an-
other chamber or nest (Harper and Batzli 1996; Mora et al. 2013). A previous study carried
out in the rainforest showed that approximately 12% of the stored seeds germinated, indi-
cating that seed removal could reduce the competition between conspecific plants during
reproduction (Sidhu and Datta 2015).

Generally, rodents ingest smaller seeds in their entirety but only consume the sarcotesta
of large seeds (Galindo-Gonzalez 1998). Hence, there is a greater chance of D. edule seed
germination in these conditions, since the percentage increases when the photosynthetic
photon flux density is lower (17 pmol m™ s7!) (Yafiez-Espinosa et al. 2014). It would not
be unusual if they germinated inside the burrows and then emerged from these to establish
themselves. It is also common to observe D. edule seedlings and juveniles near and outside
the burrows, probably from seeds abandoned or lost along the way.

This study shows that the habits of collecting and storing seeds in the burrows of Per-
omyscus leucopus mice favor the dispersal of D. edule seeds within a short distance from
the mother plant, and that a small proportion germinate after being left inside.

Burrows distribution

The high density of burrows in the sites (one every 7.36 m?) suggests interaction with
rodents in seed dispersal. When we compare our results with those of the maguey rat
Neotoma leucodon (Merriam, 1894) with one burrow every 139 m? in prickly pear cactus
vegetation, and every 1250 m? in desert plains (Martinez-Caldera et al. 2015), as well as
the Florida mouse Podomys floridanus (Chapman, 1889) with one burrow every 1163 m?
in a xeric oak hammock (DePue 2005), the difference could be explained by the greater
abundance of vegetation and a nearby cultivated area, with more food in a smaller area.
We do not discount the possibility that this difference may be due to the small size of the
sampling area, so we suggest expanding it in further research.

The similarity in the frequency of burrows with radii between 0-3 m and 3—-6 m sug-
gests the lack of an association with the availability of seeds near the D. edule plant. They
are distributed evenly since practically one burrow of each type was in each radius.

At the study site, most of the burrows were escape burrows. Duck holes and escape
burrows are known to function as temporary shelters to escape predators (Dominguez-
Castellanos et al. 2009). There is probably great predatory activity in the zone, and the lo-
cation is close to the road and highway, or some of these burrows will be larger burrows in
the future (Harper and Batzli 1996). Single-nest burrows function as storage and temporary
stay locations and can be considered an intermediate stage between escape and multiple
burrows (Dominguez-Castellanos et al. 2009). The function of multiple-nest burrows is to
store food, mainly seeds of different species throughout the year and other materials for



68 L. Yafiez-Espinosa et al.

the construction of nests and permanent shelters. They are commonly the scarcest burrow
type because their construction requires the greatest burrowing effort (Dominguez-Castel-
lanos et al. 2009).

Dioon edule plants establish themselves in half-shade clearings, so most of the trees in
the 0—3 m radius are primarily small, and those in the 3—6 m radius are larger. The highest
frequency of trees is found in the smaller diameter classes, indicating sound reproduction
and continuous tree incorporation. Although there is no difference in the number of burrows
concerning distance from the plant, there is a high association between multiple burrows
and the number of trees, mainly oaks. Complex burrows, more appropriate for food storage
and as a den for the young, are in places where there are more trees with seasonal food
availability (Harper and Batzli 1996; Dominguez-Castellanos et al. 2009). Several studies
confirm that acorns are the primary food source for mice (DePue 2005), and the black oak
(O. polymorpha) produces acorns from October to January, coinciding with the release of
D. edule seeds (Marroquin-Flores 1997). Then, it was found that the burrows used by mice
to store D. edule seeds are abundant in the site and evenly distributed, so there is no evi-
dence of proximity to the mother plants.

Seed-consuming rodents play a key role in determining forest structure and diversity
by acting on post-seed-dispersal processes as secondary seed dispersers and predators
(Acevedo-Quintero and Zamora-Abrego 2016; Razafindratsima 2017).

Conclusions

In an oak forest with tropical semi-deciduous forest elements, Dioon edule seeds are
dispersed primarily by barochory, like all cycads. Four rodent species, Cuniculus paca,
Sciurus aureogaster, Peromyscus leucopus, and Chaetodipus sp., predate D. edule seeds,
influencing their survival rate and survival time. At the end of 10 days, D. edule seeds sur-
vived at a 1.6-fold higher rate and 10% longer than those of Q. polymorpha, showing the
foragers’ preference for the latter. These opportunistic rodents exhibited different foraging
behaviors. The medium-sized rodents exerted a greater foraging effort on larger and more
profitable D. edule seeds, while the small rodents made less effort, probably due to toxins,
the larger size, and harder sclerotesta than that of acorns. The rodents removed the seeds
and stored them in burrows along with acorns. There are numerous burrows on the site,
mainly escape burrows requiring less effort than complex ones. Most acorns and D. edule
seeds are abandoned/forgotten in escape and multiple-nest burrows. Multiple-nest burrows
are farther from the D. edule mother plant and highly associated with numerous trees, pro-
viding an abundant source of acorns stored in the chamber and some D. edule seeds. This
study proved that Peromyscus leucopus is a predator and a short-distance secondary dis-
perser of D. edule seeds. Up to 1 out of 10 seeds of D. edule inside the burrows germinates
with favorable light, organic matter, and humidity conditions, possibly emerging and es-
tablishing itself as a juvenile plant. The borescope was a helpful tool for the non-destructive
analysis of burrows without contaminating them with exterior materials. However, its lim-
itation is that it becomes complicated to manipulate after 2.5 m in length, especially in
complex burrows. We will continue developing the tool for future research.
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