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Abstract: Research Highlights: Frugivory by mammals is a common plant-animal interaction,
but additional studies that examine the effects of frugivory on woody plants are needed. We show that
ingestion of netleaf hackberry (Celtis reticulata Torr.) fruits by coyotes (Canis latrans Say) cuts the time
to germination nearly in half and results in seedlings that are taller than the controls. Background
and Objectives: Netleaf hackberry is a deciduous shrub to small tree that can be long-lived, but newly
established stands are rare. The lack of juvenile hackberry in its native range of southwestern North
America could be due to low percentages of germination and seedling survival. We hypothesized
that passage through the digestive tract of a coyote would increase the germination and subsequent
growth of netleaf hackberry. Materials and Methods: In the Wasatch Mountains of Utah, we collected
coyote scats containing visible hackberry fruits and picked fresh fruits from nearby hackberry shrubs.
All samples were cleaned and cold-stratified. We sowed 20 seeds from each of the 34 samples into
containers in the greenhouse (a total of 680 seeds). We noted the date of emergence and final height of
each seedling after 131 days. Results: The germination percentage of the coyote-treatment seeds did
not differ from that of the controls. However, the coyote-ingested seeds took just over half as many
days to germinate as did the undigested controls (35 days vs. 69 days, respectively; p < 0.001) and the
resulting seedlings were 9.5% taller by the end of the growing season (6.4 vs. 5.8 cm, respectively;
p < 0.001). Conclusions: Consumption by coyotes can benefit hackberries by enabling their seeds
to germinate earlier in the year when conditions are wetter and cooler. The additional time for
establishment and growth afforded by frugivory likely increases the fitness of netleaf hackberry
seedlings that emerge into the unpredictable conditions of a semi-arid region.
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1. Introduction

Frugivory by mammals is widespread [1-3], but studies of the effects of frugivory on germination
probability, germination timing, and the growth and survival of seedlings are rare [3-5]. Frugivory and the
subsequent passage through the gut of an animal can affect fruits by removing pulp (de-inhibition) and
affect seed coats via mechanical and chemical scarification [6]. Additionally, the variable treatment that
fruits and seeds receive inside an animal’s digestive tract can increase the asynchrony of germination [7].
Germination asynchrony can also be introduced at the population level when only a subset of fruits is
exposed to frugivory. Asynchronous germination can be beneficial in unpredictable environments and
reduce sibling competition [8,9]. However, the effects of frugivory on plants can be beneficial, neutral,
or negative [10].
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Coyotes (Canis latrans Say) are highly frugivorous and commonly consume fruits in the genus
Celtis across its range [3]. We sought to understand how the fitness of netleaf hackberry (Celtis reticulata
Torr.) is affected when it experiences frugivory by coyotes in terms of its seedlings” germination and
growth. Netleaf hackberry fruits are drupes that each contain one seed. They ripen from September to
November [11] and are an important source of food for birds [12] as well as coyotes and other small
mammals [13].

Netleaf hackberry likely benefits from seed dispersal when its fruits are ingested and defecated
in a new location (endozoochory). However, because newly established stands of netleaf hackberry
are rare [14], we sought to quantify the effects of frugivory on netleaf hackberry germination and
growth—irrespective of the presumed benefits of dispersal. The dearth of newly established stands
could be due to low percentages of germination that have been observed in both laboratory [15,16]
and field settings [17,18]. The hard and thick-walled seeds of netleaf hackberry could impede
germination [11] and may be positively affected by passing through the digestive tract of a coyote.
We hypothesized that frugivory by coyotes would increase the probability of germination, decrease the
time required for germination, and increase growth and survival of netleaf hackberry seedlings.

2. Materials and Methods

To test our hypotheses, we collected 17 coyote scats containing visible hackberry fruits from along
the Bonneville Shoreline Trail east of Provo, Utah, USA, from 5-7 November 2018, using latex gloves.
Each scat location was recorded using a GPS unit. After collecting each scat, we found the closest
hackberry shrub and picked a sample of fresh hackberry fruits from it (Figure 1). The fresh-fruit samples
are referred to as 17 half-sibling families because they were obtained from 17 known mother shrubs,
but their sources of pollen were unknown. All samples were stored in Ziploc bags in the refrigerator.
On 12-13 November 2018, we removed the hackberry fruit from the coyote scats and transferred them
into 0.25 liter glass jars with lids. On 19 November 2018, we added a 1:5 solution of bleach (6% sodium
hypochlorite) and distilled water to the glass jars and added one drop of dishwashing detergent [19].
We then agitated the jars for ten minutes using a Cole-Palmer (Vernon Hills, IL, USA) orbital shaker on
its highest setting. The fruits were then rinsed with tap water for five minutes using a sieve. The fresh
hackberries were transferred to the same glass jars and treated similarly. All samples were placed on
paper towels in the laboratory to air-dry overnight. Cold stratification began on 20 November 2018.
The fruits were wrapped in moist paper towels and placed in Ziploc bags and refrigerated (20 °C) for at
least 120 days, as recommended by Bonner [15]. To reduce mold growth (also reported by DeBolt [16]),
we rinsed the fruits for one minute in tap water using a sieve and changed the paper towels and Ziploc
bags. This was done on 11 January, 6 February, and also on 28 March 2019, immediately before planting.
By using intact fruits as our controls, we more closely mimicked the conditions that non-ingested fruits
would experience in the field [20]. Comparing intact fruits to the coyote-treatment fruits allowed us to
examine the combined effects of de-inhibition (pulp removal) and scarification (seed coat exposure to
the mechanical and chemical processes of digestion).
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Figure 1. An overhead view of the locations of the 34 netleaf hackberry fruit collection sites (shown with
red dots) along the Bonneville Shoreline Trail in foothills of the Wasatch Mountains, east of Provo,
Utah, USA. Seventeen collection sites utilized fruits embedded in coyote scats deposited along the trail,
while the other sites involved collecting fresh fruit directly from 17 nearby netleaf hackberry shrubs.
Collections were done on 5-7 November 2018.

Seeds were planted on 28-29 March 2019 into black containers with a diameter of 3.8 cm, depth of
21 cm, and a volume of 164 mL. The drain holes of the containers were plugged with cotton coil
and then filled with Sunshine Mix #2 potting soil (Sun Gro Horticulture Distribution Inc., Agawam,
Massachusetts, USA). A single hackberry fruit (containing one seed) was sown into each container
at a depth of 1.5 cm [15,17]. We sowed 20 seeds from each of the 17 coyote scats and 20 seeds from
each of the neighboring hackberry shrubs for a total of 680 seeds. Only intact fruits and seeds with
no signs of pathogen or insect damage were used [6]. The 680 containers were labeled with plastic
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stakes and randomly positioned into trays that were randomly distributed on a bench in the Utah
Valley University greenhouse. In the greenhouse, temperatures were maintained between 21 and 24 °C
and plants received only ambient levels of sunlight. The seeds, and later seedlings, were watered as
needed (typically three days/week). On watering days, we checked for newly germinated hackberry
seedlings and recorded their date of emergence. On 7 August 2019, we measured the height of each
seedling. Only two seedlings germinated after 7 August 2019, and we concluded data collection after
two consecutive weeks had passed with no germination [21].

For statistical analyses, we used a chi-square test to compare germination percentages and t-tests
to compare days to germination and final heights between coyote-treatment and control seedlings.
Analysis of variance (ANOVA) was used to evaluate height differences among the 17 half-sibling
families generated using fresh-picked fruit. Although our study was sufficiently replicated, because it
took advantage of naturally occurring coyote scats, it was conducted only once and in only one area.
As such, care should be taken to avoid over-generalizing our results.

3. Results

The overall final percentage of germination (44.6%) did not differ across the two treatments.
The percent germination of hackberry seeds that had passed through the digestive tract of a coyote was
42.7% and was 46.5% for fresh-picked fruit (x* = 0.558, df = 1, p = 0.455). However, the coyote-treatment
seeds germinated faster overall, taking just over half as many days as did the seeds from undigested
fruit on average (35 days vs. 69 days, respectively; t-ratio = 41.870, df =1, p < 0.001; Figure 2). The range
of the period of germination for the undigested control seeds was 108 vs. 123 days for the undigested
controls and the coyote-treatment seeds combined. The germination range of the combined period
was 14% longer than the range for control seeds alone.
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Figure 2. The number of netleaf hackberry seeds that germinated after being planted on 28-29 March
2019, in the Utah Valley University greenhouse, and the number of weeks it took each to germinate for
coyote-treatment fruits (n = 144) and undigested controls (n = 157).

By 7 August 2019 (131 days after planting), the seedlings from coyote-treatment seeds were 9.5%
taller than seedlings derived from undigested fruit (6.4 vs. 5.8 cm, respectively; t-ratio = 96.880, df =1,
p < 0.001; Figure 3). Among the seedlings from the fresh-picked fruit, there were marginal height
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differences among the 17 half-sibling families (F-ratio = 1.539, df = 16, p = 0.095). Percent survival from
germination to 7 August 2019 was extremely high for both the coyote-treatment seedlings (96.6%) and
the undigested controls (100%).
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Figure 3. The mean netleaf hackberry seedling height for coyote-treatment fruits (n = 141) and
undigested controls (n = 154) on 7 August 2019, 131 days after planting in the Utah Valley University
greenhouse. Error bars depict standard errors.

4. Discussion

4.1. Germination Percentage

Even though there was no effect of the coyote treatment on percent germination, the overall
germination percentage (45%) in this study was quite high. Bonner [15] reported 37% germination
of C. reticulata, but other studies have reported much lower percentages of germination in both the
laboratory (5%; [16]) and field (2%; [17]), even after two years (4%; [18]). The low percentages of
germination in the laboratory study [16] may have been due to the loss of seed viability over time.
In the field studies, germination percentages could have been reduced by seed predation [17].

In their meta-analysis of 213 plant species, Traveset and Verdu [22] found an overall positive effect
of ingestion on seed germination. However, the effect sizes were less positive for several subcategories
that apply to our study (i.e., non-flying mammals, small and medium sizes of seeds, shrubs, shrublands
and woodlands, and temperate zones). Cypher and Cypher [23] reported that ingestion by coyotes
actually decreased germination percentages for persimmon and American plum seeds and had no effect
on pawpaw seeds. They also showed that ingestion by raccoons decreased germination percentages for
a congener of C. reticulata (C. occidentalis L.), but they did not examine the effects of ingestion by coyotes
on C. occidentalis. Cypher and Cypher [23] speculated that the thick-walled seeds of C. occidentalis
would be less affected by gut passage, especially if they moved through the digestive tract quickly due
to the laxative effect brought about by fruit-dominated meals [10].
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4.2. Germination Timing

The timing of germination is an important factor that can affect future plant performance in
terms of survival, growth, and/or fecundity [24]. Early germination can increase plant fitness in
general, and the benefits can be especially pronounced in perennials, such as C. reticulata, as opposed
to annuals [25,26]. Because many perennials are iteroparous and can reproduce across multiple years,
their seeds tend to germinate under the best conditions that a given year offers, whereas annuals,
which can only reproduce in the year in which they germinate, tend to spread germination out over
time to reduce the risks associated with reproducing in only one year [25].

There are several mechanisms whereby early germination can be beneficial to perennials.
Early germinators reduce the time of exposure to seed predation [27]. Once seedlings germinate,
early-season growing conditions may offer more abundant water and soil nutrients [28], provide better
light environments in deciduous forests [29], cooler temperatures with reduced loads of pathogens
and herbivores [29], offer reduced competition with siblings [8,22,25,26], and allow for more time
for root establishment before the water stress of summer [21,26,30-32]. In the Wasatch Mountains,
establishment before summer drought is particularly key. Previous work on C. reticulata in this area
has shown a marked decrease in the survival of seedlings at the onset of summer [17,18]. Similar to
our results, Traba et al. [5] reported that Mediterranean hackberry (C. australis L.) seeds ingested by
red fox germinated earlier than did undigested controls. Although there can be strong directional
selection toward early germination, the maintenance of genetic variation for emergence time can benefit
populations by allowing them to survive chance events such as spring frosts that disproportionately
affect early germinators [26,33].

In terms of asynchrony, the range of the germination period was greater for the combination of
the undigested controls and the coyote-treatment seeds when compared to the range of the undigested
controls alone. The asynchrony of germination introduced by coyote ingestion confers a fitness
advantage for plants like netleaf hackberry that emerge into unpredictable conditions [9] of late spring
and early summer in a semi-arid region by increasing the likelihood that a subset of seeds germinates
under favorable conditions [6,26].

4.3. Growth and Survival

Early germinators tend to grow more than late germinators throughout their lives [25,26] and this is
especially true for indeterminately growing trees, such as C. reticulata [34], as opposed to determinately
growing trees [31]. Traba et al. [5] reported that Mediterranean hackberry (C. australis) seeds ingested
by red fox produced taller seedlings than did undigested controls. DeBolt and McCune [13] reported
that for mature C. reticulata, height is an important indicator of growth.

The extremely high percent survival for both the coyote-treatment seeds and the undigested
controls might be expected in the ideal conditions of a greenhouse; however, DeBolt [11] indicated that
once they reach a sufficient age, young netleaf hackberries are hardy and persist in the field. Perhaps
establishment takes multiple years though because Stevens et al. [17] and Stevens and Holland [18]
both reported high mortality for one-year-old seedlings in the field—especially in the late summer
and fall. The fact that netleaf hackberry is a minor component in many of its habitats [35,36] could be
related to the finding that newly established stands of netleaf hackberry are uncommon [14].

5. Conclusions

This examination of how frugivory affects the fitness of a woody plant reveals that this plant-animal
interaction can benefit C. reticulata by decreasing the time to germination and increasing the growth
of resulting seedlings—without adversely affecting germination percentages. Earlier germination in
a semi-arid region means that seedlings are more likely to emerge into wetter and cooler conditions
and allows more time for root establishment and growth before the heat and aridity of summer arrives.
Additionally, the greater asynchrony in germination introduced when a portion of fruits are ingested
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by coyotes confers a further fitness advantage through bet-hedging by increasing the probability
that a subset of seeds germinates under the most favorable conditions each year. Because netleaf
hackberry is consumed by coyotes and a variety of other vertebrates [12,13], it may have evolved
generally to benefit from both gut passage and dispersal. The ecological interaction between coyotes
and netleaf hackberry may be particularly important for maintaining hackberry in the communities
where it is currently found or even for hackberry range expansion as the range of coyotes expands [3].
The potential for coyote-facilitated range expansion into wetter and cooler areas (both at higher
latitudes and higher elevations) is particularly important for netleaf hackberry in light of climate
change. Finally, a better understanding of frugivory contributes to our comprehension of plant-animal
interactions and community ecology in general.
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