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Abstract

Berries are a staple of bear diets during late summer and fall in the southern Rocky Moun-
tains, enabling bears to build up fat reserves and prepare to enter torpor during winter. In
turn, bears can benefit fruiting shrubs through dispersal of their seeds. Bears are highly
mobile species and seed passage through their guts (endozoochory) can influence seed
germination in three ways: deinhibition (removal of germination inhibiting compounds), scar-
ification (mechanical or chemical alteration) and fertilization (enhancement of germination
from increased nutrients). We conducted a germination experiment to assess the ways
each mechanism of bear endozoochory affects germination success of huckleberry (Vacci-
nium membranaceum.) in the southern Canadian Rocky Mountains. The potential for bears
to act as long-distance seed dispersers was also investigated, using a combination of avail-
able literature on bear gut retention times and movement data of 74 GPS radio-collared griz-
zly bears. Deinhibition had a positive significant impact (28.5% germination for the Seeds
from Berry treatment compared to 0.2% for Whole Berry at 60 days), while scarification and
fertilization did not have detectable positive effects on huckleberry germination success.
These results suggest that the removing germination-inhibiting compounds in berry pulp is
the primary mechanism through which endozoochory can increase germination in huckle-
berry seed. We estimated that 50% of the seeds defecated by bears in the region are dis-
persed 1.1 km away from feeding places (and up to 7 km). The surfaces covered by the
seed shadow was up to 149.6 km?, demonstrating that bears can act as effective vectors of
seeds over long distances. Endozoochory bolsters the germination success of seeds from
fruiting shrubs, and enables seeds to spread to new locations using bears as dispersal
agents. Development, resource extraction, and climate change may disrupt the beneficial
relationship between bears and huckleberries, where huckleberries help bears gain fat, and
bears help spread huckleberry seeds—a process that may become increasingly important
as climate change alters habitats.
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Introduction

Frugivory, the consumption of fruits by animals, plays a crucial role in ecosystem functioning
by facilitating seed dispersal. Seed dispersal is a vital process that influences plant population
dynamics, community structure, and genetic flow [1, 2]. Through seed dispersal, frugivores
contribute to the regeneration and expansion of plant populations by moving seeds away from
the parent plant, thereby reducing competition and promoting colonization of new areas [3-
5]. This mutualistic interaction benefits both the animals, which gain nutrition from the fruits,
and the plants, which achieve greater reproductive success.

The effectiveness of seed dispersal is not solely determined by the movement of seeds; it
also depends on post-dispersal processes such as seed germination and seedling establishment
[3, 6]. The process of frugivory can affect the qualitative aspects of seed dispersal, particularly
germination, as the passage of seeds through an animal’s digestive system can influence their
viability [7]. Assessing the germination success of seeds after ingestion is therefore critical to
understanding the full impact of frugivores on plant populations.

Traditional seed dispersal studies often overlook several factors that can affect dispersal out-
comes, such as long-distance dispersal events and the unique contributions of large frugivores.
Large animals like bears are particularly important because they can move seeds over long dis-
tances, providing opportunities for plants to colonize new and potentially more suitable habi-
tats, especially in the context of climate change [3-5]. Despite their significance, the role of
large frugivores in seed dispersal remains underappreciated, especially in temperate ecosys-
tems, warranting further investigation.

In this study, we focus on the mutualistic relationship between bears and huckleberries
(Vaccinium membranaceum) in the southern Canadian Rocky Mountains. Huckleberries are
fire-adapted, found in open-canopy forested areas with acidic soils and regularly consumed by
numerous organisms including humans and bears [8-10]. Huckleberries are one of the main
berries that ripen later in the summer in the southern Canadian Rocky Mountains. As a result,
huckleberries represent a substantial portion of the food source available to bears in these
areas during late summer [10, 11], making it a genus whose reproductive and dispersal ability
may be heavily influenced by consumers. In addition to directly moving fruit seeds, consumers
can influence fruits as they pass though the gut, a process known as endozoochory.

Across the northern hemisphere, vast quantities of fleshy fruits are consumed, defecated
and dispersed by bears annually. Berries are an invaluable part of the diets for both grizzly
(Ursus arctos horribilis) and black bears (Ursus americanus) and can represent up to 90% of
their diet during the summer months [11-13] Berries are an especially important source of
carbohydrates in late summer and fall while bears are attempting to gain sufficient fat reserves
that will support them [14], and possibly cubs born in the den [15-17]. Berries are often con-
sumed whole by bears, with limited maceration. The small seeds contained in the berries are
thus often passed through the gut intact and remain viable [16, 18, 19]. While not strictly nec-
essary for the germination of huckleberry, bear endozoochory has the potential to alter the ger-
mination success of seeds, as well as increasing seed dispersal [6, 16, 20-22].

The effects of digestion on germination differs according to the animal and plant species
involved. Previous studies on huckleberry species reported that endozoochory enhanced ger-
mination [7, 16, 21]. However, the main focus of most of this past research was on the effects
of scarification, the mechanical or chemical alteration of the seed coat during digestion. While
scarification can influence the germination success of seeds, it is only one of several possible
effects affecting germination that could be considered. By consuming berries from fleshy-fruit-
ing shrubs, frugivores such as bears can affect seed germination in three ways: i) alteration of
the seed coat due to chemical or mechanical processes during digestion (scarification effect),
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ii) removal or elimination of germination inhibiting compounds associated with the pulp of a
berry (deinhibition effect) and iii) enhancement of germination with nutrients available from
faecal material (fertilization effect) [23-27].

Dispersal of seeds in berries can also be beneficial to a shrub species, providing an opportu-
nity for seeds to germinate away from their parent plants, reducing the chance of self

-fertilization, and increasing gene flow between populations [3, 28]. When deposited by
bears in new locations, seeds also have a chance to spread to novel areas with conditions that
may be more favourable for germination and growth. In addition, climate change is predicted
to alter the suitable habitat of huckleberry, creating a situation whereby seed dispersal will be
needed to support establishment of emerging unoccupied habitats [29].

The gut retention time and travel patterns of bears directly relate to their capacity to actas a
dispersal agent for fruiting shrub species [5, 30, 31]. Seed shadows, the area of potential dis-
persal for a seed consumed by a frugivore, can be calculated using gut retention time and frugi-
vore travel data to describe dispersal capacity [30]. Species that retain seeds in their digestive
tracts for longer periods of time and travel over large areas have relatively greater capacity to
act as long-distance seeds dispersers. Larger species, such as bears, that exhibit long gut reten-
tion times and large travel distances could have greater importance in long distance seed dis-
persal than smaller species with more local ranges and shorter gut retention times [5, 7, 32].

Following previously described methods [16, 24, 25] and building on these works by incor-
porating improvements to the whole berry treatment (suggested by Robertson et al. [24] and
Samuels & Levey [25]), our experiment aimed to isolate the deinhibition, scarification and fer-
tilization effects as mechanisms of change in germination success patterns (Fig 2) and compare
results to previous studies and increase the role of replication in science. Previous studies con-
ducted on other species have found scarification to have less of an influence on germination
success than deinhibition [16, 21, 24, 33-35]. Based on the results shown by these previous
studies, we predicted that the deinhibition effect, where germinating inhibitors within the pulp
are removed during endozochory, would have the greatest effect on germination. Germination
was predicted to benefit from fertilization by scat, while the scarification effect, where passage
through the gut removes protective seed coatings that inhibit germination, was predicted to
influence germination the least. We combine the germination results with inference from a
rich dataset of collared grizzly bears in the area and previously published gut retention times
[31] to assess the ecological relevance and spatial extent of seed dispersal by bears.

Materials and methods
Study area

The experiment was performed in the Canadian Rocky Mountains (Fig 1), with samples for
the germination trial being collected in Waterton Lakes National Park, Alberta (WLNP) and
the Elk Valley region of British Columbia, from July 2021 to September 2021. Mountains sur-
rounding the Elk Valley and mountains within WLNP exhibit habitat suitable to huckleberry,
with open-forested landscapes created through a mix of montane forest type, logging and wild-
fire. Past wildfires have burned much of the area in WLNP where berry and scat samples were
collected. The Kenow fire burned over 38% of the park in 2017 [36]. In the Elk Valley, logging
has altered many slopes over the last 5-10 years. In the summer of 2021, according to observa-
tions by local community members, huckleberry shrubs in both WLNP and the Elk Valley
experienced an average to an above-average year for berry production, especially in shaded
areas. Shrubs in open areas were more exposed to the extreme heat and record-breaking tem-
peratures experienced during the summer of 2021, which likely contributed to the difference
in berry abundance.
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Fig 1. Overview map (A) shows the location of East Kootenay, BC and Waterton Lakes National Park, AB within the
larger landscape of Canada. Inset map (B) shows bear scat and ripe whole huckleberry sample collection sites within
the Elk Valley, BC and Waterton Lakes National Park, AB. Samples were collected opportunistically during July and
September, 2021.
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Methods

We opportunistically collected grizzly and/or black bear scats while travelling on hiking trails,
off-trail and around Waterton, AB in WLNP and Fernie, BC in the Elk Valley (Fig 1, Table Al
in S1 Appendix). A total of 6 scats were collected that contained huckleberry seeds. An effort
was made to find additional scat samples in order to increase the sample size, however bear
scats containing huckleberry seeds proved challenging to locate. Scat samples were rated using
a three-point scale to estimate scat freshness. Ripe whole huckleberries (n = 208 berries) were
also collected from a variety of bushes nearby collected scat samples. Scat and berry samples
were placed in paper bags and stored in a refrigerator at 4°C to achieve a cold stratification of
approximately 90 days.

The germination trial consisted of four treatments which including planting: 1) Whole
Berry: a single, whole berry picked from a shrub, 2) Seeds from Berry: seeds extracted from a
berry picked from a shrub, 3) Seeds from Scat: seeds extracted from scat, 4) Mixed Scat: seeds
from scat mixed with some scat (Fig 2). Comparing germination rates between these treatments
allowed us to differentiate the effects of deinhibition, scarification and fertilization. Comparing
the Whole Berry and Seeds from Berry treatment groups was designed to show the influence of
the removal of berry pulp and any of its germination inhibiting compounds (deinhibition effect)
on germination success. The difference between the Seeds from Berry and Seeds from Scat treat-
ments shows the impact of mechanical or chemical scarification during digestion (scarification
effect). Finally, comparing the Seeds from Scat and Mixed Scat treatments displays any
enhancement of germination success due to fertilization from the scat (fertilization effect).

The germination trial occurred over two months, from November 29", 2021 until January
29'", 2022. Past studies looking at huckleberry germination have monitored germination
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Fig 2. The four treatments of the germination trial (Whole Berry; Seeds from Berry; Seeds from Scat; Mixed Scat),
and their corresponding effects (the deinhibition effect; the scarification effect; the fertilization effect). Each
treatment was replicated 108 times, for a total of 432 samples.

https://doi.org/10.1371/journal.pone.0311809.9002

during a four week period [16]. We extended our trial to eight weeks which allowed us to
assess the effect of time on observed differences in germination rates between treatments. We
conducted the trial indoors in a temperature and light controlled environment in Fernie, Brit-
ish Columbia. Half of the whole berries collected were set aside for planting as the Whole
Berry treatment group. Because the number of seeds can be variable for some Vaccinium spe-
cies [37], we determined the number of seeds in a huckleberry by cutting open five whole
huckleberries and counting their seeds (23, 31, 26, 38, 21 seeds per berry). On average, the
number of seeds per whole berry (27.8) was comparable to the average of 26.67 seeds/berry
reported by Nowak and Crone [16]. Huckleberry seeds were manually extracted using twee-
zers from the other half of collected whole berry samples to create the Seeds from Berry treat-
ment. Seeds were also manually extracted from scat samples for the Seeds from Scat and
Mixed Scat treatments. All remaining pulp was removed from the extracted seeds.

We planted all treatments in rehydrated, peat-based Jiffy pellets (Green Garden Products,
Washington, USA) under a small amount of growing medium in the germination trial. Jiffy
pellets offer a consistent and controlled environment for germination trials, minimizing
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Fig 3. A.Indoor experimental setup for the huckleberry germination trial. Six Jiffy germination trays were used, for a total of 432 pellets. Trays were rotated
weekly under growing lights for uniform lighting and temperature was controlled to 23°C. B: Jiffy germination tray experimental setup. Seeds were planted in
each jiffy pellet (see Fig 2 for number of seeds by treatment), in rows randomized by treatment.

https://doi.org/10.1371/journal.pone.0311809.9003

variability in soil composition, moisture retention, and nutrient availability. This is crucial for
ensuring that observed differences in germination rates are due to the seeds themselves and
not variations in the substrate. While the natural substrate that huckleberries would typically
encounter in the forests and subalpine of southeast British Columbia is more complex and
consists of well-drained soils, rich in organic matter, peat substrates do offer some similarities,
particularly in terms of organic content and moisture retention.

The trial consisted of 108 pellets per treatment, sorted among 6 trays of 72 Jifty pellets each
(a total of 432 pellets) (Fig 3A and 3B). The 2 cm radius Jiffy pellets typically rehydrated to ~5
cm high, or a volume of ~75 cm?. The substrate itself. To ensure a random distribution of
treatments among each tray, we randomly assigned treatments to the first row of a tray, and
then rotated through treatments, row by row, to fill the tray (Fig 3B). Four seeds were planted
in each Jiffy pellet for the Seeds from Berry and Seeds from Scat treatment. For the Whole
Berry treatment, one berry was planted per pellet. An estimate of the average number of seeds
per portion of scat was calculated to be 12 seeds per scat portion, since it was impossible to
remove all seeds from the portion of scat added to the Mixed Scat treatment. Thus, approxi-
mately twelve seeds were planted in each Jiffy pellet for the Mixed Scat treatment along with a
berry-sized pinch of scat planted in addition to the seeds.

Germination trial

The Whole Berry treatment had approximately 2880 seeds in the germination trial (mean #
seeds/berry (26.67) x 108 pellets). The Seeds from Berry and Seeds from Scat treatments were
estimated to have 432 seeds each (4 seeds per pellet x 108 pellets). The Mixed Scat treatment
was estimated to have 1296 seeds (12 seeds per pellet x 108 pellet).

During the germination trial, growing lights were placed above each planting tray to pro-
vide uniform light for 12h a day (Fig 3A) with a constant room temperature of 23°C. We chose
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temperature and light conditions to mimic growing conditions near the study area during the
summer growing season. Trays were watered as needed to ensure Jiffy pellets were moist to
touch. Trays were assessed daily for germination, with germination defined as the first date a
plant became visible above the soil. Trays were weekly spun in place and rotated as if in circle,
across the table from end to end. We also took note of abnormalities each day such as mold
development.

Seed dispersal

We investigated the spatial extent over which grizzly bears could disperse seeds using pub-
lished gut retention times (GRT) and movement data from 76 GPS-collared grizzly bears in
the Elk Valley of British Columbia [38]. Bear captures were in accordance with the University
of Alberta Animal Ethics Committee #AUP00002181 and Province of British Columbia Cap-
ture Permit #CB17-264200. Our analysis focused on bear-years during which individual bears
were predicted to be in huckleberry-rich areas (areas with >800 huckleberry calories per 900
m?) in August, based on Lamb [39]. The data was filtered using R [40] to identify these specific
periods.

To assess the potential seed dispersal distance, we selected locations where bears began in
huckleberry patches with >1000 calories per 900 m” and calculated the distance moved 5-7
hours and 12-18 hours after the initial location. The 5-7 hour period reflects the average GRT
when bears had deposited 50% of their cumulative fecal weight following an initial feeding of
berries (GRT50%), and the 12-18 hour period represents the maximum time for deposition
(GRTmax) as per Elfstrom et al. [31]. We used the interquartile ranges of GRT to account for
individual variability [31] and to provide a broader window to align with collar periods due to
missed GPS fixes or differing fix rates.

We estimated the total distance moved as the net displacement from the initial location to
the subsequent location within the GRT periods. Given that the telemetry data did not per-
fectly match the median GRT times reported by Elfstrom et al. [31], we calculated the speed
(m/h) for each identified movement and used these speeds to estimate displacement. For each
GRT period, we created 1000 bootstrapped datasets of the speed data, calculating the average
and maximum speed observed for each bear year. These values were then averaged to obtain a
population mean for each period.

Using these mean and average maximum speeds, we calculated the expected movement dis-
tances for the median GRT50% (6:15 hours) and GRTmax (15:38 hours) as reported by Elf-
strom et al. [31].

Data analysis

After collection, we organised germination trial data using Microsoft Excel and used R Studio
Ver. 1.2.5033 [40] to calculate the summary statistics of the total proportion of seeds germi-
nated per treatment. A generalized linear mixed model and post-hoc multiple comparison test
was used to test the null hypothesis of no difference in the total proportion of seeds germinated
between the designated pairs of treatment groups (Fig 2). We input the number of seeds that
germinated as the response variable and a weighted the response by the number of seeds ini-
tially planted so that a proportion was effectively estimated using a binomial model with logit
link. The mixed model included fixed effects of treatment group, days after planting (30 days
and 60 days) and a random intercept for each scat or berry sampling site and a random inter-
cept for each Jiffy pellet to account for the repeated measures. Mixed models were fit in R
using the Ime4’ and the multiple comparisons test was done using the ‘multcomp’ package
and the ‘glht()’ function.
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Results

The overall differences in germination rates among treatment groups was the similar at 30
days and 60 days since planting (Fig 4). The Whole Berry treatment had the lowest germina-
tion success, with less than one percent of seeds germinating in 30 days, and 2% germinating
in 60 days (Table A2 in S1 Appendix for germination trial data). The Seeds from Berry treat-
ment had the highest germination, with 29% of samples germinating within 30 days and 44%
within 60 days. Seeds from Scat and Mixed Scat treatments had intermediate germination
rates, with 15% and 12% of samples germinating over 30 days and 31% and 27% germinating
over 60 days, respectively. Mold became noticeable in some of the treatments, primarily the
mixed scat treatments, within two weeks after planting and remained present throughout the
germination trial.

The large and statistically significant difference between the Whole Berry and all other
groups (Fig 4, Table A3 in S1 Appendix) indicated that, of the three effects, deinhibition likely
had the greatest positive impact on germination (estimated difference in log odds = 4.0-5.6,
p<0.001). The smaller and non-significant difference observed between the Seeds from Berry
and Seeds from Scat treatments likely indicates that the scarification effect did not strongly
influence germination (estimated difference in log odds = 0.88, Z = 1.49, p = 0.25). Seeds from
Scat appeared to germinate at marginally higher, but statistically significant, rates than Mixed
scat (estimated difference in log odds = 0.73, Z = 2.97, p<0.01) suggesting that fertilization
effect may be inhibiting the germination success of huckleberry seeds. The Mixed Scat treat-
ment exhibited significantly higher germination success than the Whole Berry treatment (esti-
mated difference in log odds = 4.0, Z = 6.4, p<0.001) with these two treatments being the only
two that would reliably occur in nature without human intervention.

Germination of Seeds from Berry, Seeds from Scat and Mixed Scat treatment groups began
around the same time, 15 days after planting (Fig 5). However, the Whole Berry treatment did
not germinate until 30 days after planting. All treatment groups showed an initial surge in ger-
mination, which slowed around 40 days after planting and reached an asymptote at 55 days

after planting.
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Fig 4. Total proportion of huckleberry seeds germinated after 30 and 60 days for each of four treatments (Whole
Berry; Seeds from Berry; Seeds from Scat; Mixed Scat). Proportions were calculated using an estimate of total seeds
per treatment group. Error bars represent standard error of the proportion.

https://doi.org/10.1371/journal.pone.0311809.9004
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Fig 5. Cumulative proportion of huckleberry seeds germinated over a 60-day period, for each of the four
treatments (Whole Berry; Seeds from Berry; Seeds from Scat; Mixed Scat). Cumulative proportion of germination
was smoothed using a 7-day average.

https://doi.org/10.1371/journal.pone.0311809.9005

Summarising the grizzly bear data from Lamb et al. [38], where bears were putatively forag-
ing on huckleberries, resulted in a total of 3,545 bear travel events that met selection criteria and
were then used to summarize bear travel for GRT 5y, and 3,640 travel events for GRT,,,,. Over
the 6 hours and 15 minutes (GRT's5qy,) period, bears moved an average of 1.10 km (SE = 0.03)
away from potential huckleberry feeding areas in August and September, with an average maxi-
mum displacement of 6.92 km (SE = 0.22). Over the 15 hours and 38 minute (GRT ;) period,
bears moved an average of 2.10 km (SE = 0.05) away from potential huckleberry feeding areas
in August and September, with an average maximum displacement of 10.49 km (SE = 0.26).

Discussion
Seed digestion

This study demonstrates that bear ingestion facilitates huckleberry seed germination, suggest-
ing that scarification is the main process involved. In addition, this study confirms that grizzly
bears may disperse a significant proportion of the seeds they consume over distances greater
than 1 km away from the feeding areas. The Whole Berry and Seeds from Berry treatments dif-
fered significantly, with Seeds from Berry germinating with 387-fold greater success over 60
days, suggesting that the deinhibition effect had the greatest positive impact on germination
success. The scarification and fertilizer effects did not have detectable positive effects on germi-
nation. Rather, fertilization appeared to have a small negative effect on germination compared
to seeds planted without scat. It is possible that fertilization effects would be more pronounced
in seedling survival and growth rate rather than germination [41]. The ecological effects of
endozoochory were clear: compared to seeds within an intact berry, a seed that has passed
through a bear (Seeds from Scat or Mixed Scat) had a more than 80-fold greater chance of
germinating.

A small or non-significant scarification effect, compared to the pronounced deinhibition
effect is a pattern that has been documented in previous endozoochory studies, conducted on
an assortment of fruiting species and frugivores, from birds to bears [16, 21, 24, 33-35]. In this
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past research, the nature of the scarification effect has varied from positive to negative to insig-
nificant with different species. Among many factors, seed size is thought to play a dominant
role in variation in the effect of scarification as the amount of pulp, thickness of the seed coat,
and gut retention times vary between fruits with different seed sizes [33]. Huckleberry seeds
are small, especially relative to the amount of pulp around them, consistent with the effects
observed in our work where the removal of this pulp (deinhibition) during digestion produced
the largest benefits to germination. Indeed, this pattern has been observed in multiple Vacci-
nium species consumed by bears [16, 42].

To separate the interactions of the deinhibition effect, the scarification effect and the fertili-
zation effect, seeds were removed from both huckleberries and scat, to create two treatments
(Seeds from Berry & Seeds from Scat). In nature, neither of these artificially created Seeds
from Berry or Seeds from Scat scenarios normally exist, since the chance for a seed to be fully
separated and planted without intentional human intervention is unlikely. When comparing
the two treatments that do occur in nature, germination success with the Mixed Scat treatment
was significantly higher than the Whole Berry treatment, providing evidence that endozooch-
ory contributes to increased germination rates for huckleberry in the wild.

It is notable that the pattern of significant differences among all the treatment groups was
the same at both 30 days and 60 days after planting. Previous studies on fruiting shrub species,
for example by Nowak & Crone [16], have conducted germination trials over only a 30 day, or
4-week period, while others have conducted trials over many months or multiple years [21, 24,
33-35]. Based on the identical relationships of statistical differences among treatment groups
throughout the course of the 60-day germination trial in this study, the length of the trial con-
ducted did not substantially alter the results. With cumulative germination levelling off at 55
days, or two months after planting, germination trials of two months appear to be ideal for
showing most of the germination that will occur in a short time frame.

Seed dispersal

From late summer to early fall, the diet of many bears, including those in the Rocky Mountains
consists mainly of berries [11-13, 43]. Studies of captive bears fed a diet of berries reported a
gut retention time when half of the cumulative fecal weight was deposited (GRT'sq) of approxi-
mately 6 h and 15 minutes [31]. Applying this gut retention time in tandem with high resolution
tracking data from Lamb et al. [38], revealed that grizzly bears in the southern Rocky Mountains
could travel an average of 1.1 km from their ingestion sites by the time they had defecated of
50% of their fecal volume, with an average maximum displacement observed across individuals
of 6.9 km. With the radius of average bear movement over GRT’sq¢, being 1.1 km, huckleberry
seeds have an average dispersal area of 3.8 km® and an average maximum area of 149.6 km?,
also known as the seed shadow. Using the maximal gut retention time, bears could disperse
seeds across net displacements of 2.1-10.5 km. These estimations use straight-line displacement
to measure the distance travelled by bears. However, bears do not typically travel in a linear
fashion and instead wander based on terrain, food availability and many other factors and thus
move further across larger areas than these net displacement metrics convey. Though these
measurements do not consider the full complexity of bear movements, they provide a basic esti-
mate with which to capture bear movement and seed dispersal capacity across space.

The spatial extent of grizzly bears seed dispersal estimated in our study is consistent with
the results from studies across the world. For example, Lalleroni et al., [5] assessed the seed dis-
persal potential for three brown bears (also Ursus arctos) in southwest Europe using the same
GRT’s as our study. Their results closely mirror ours with the average GRT5qq, between 1.09-
1.34 km, similar to our estimate of 1.1 km. Both our study and that of Lalleroni et al. [5]
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estimated dispersal distances 2-3 fold farther than Koike et al. [30], who assessed Asiatic black
bear (Ursus thibetanus) movements in Japan. Grizzly bears are known to be fruit consumers

across their global range and their ability consumer large volumes of seeds and disperse them
multiple kilometers highlights their important role as seed dispersers. Importantly, the relative
role of each species in dispersing seeds must consider not only how far or how many seeds are

dispersed, but also the density of the disperser on the landscape and the proportion of dis-
persed seeds that germinate and eventually turn into adult plants [42].

Of the species involved in frugivory in North America, bears have one of the longest gut
retention times. Birds, for example, have a GRT,,.x of only 0.3 h to 2.0 h [32], though they also
can travel at faster rates. Longer gut retention times correspond with greater potential seed

shadows, with the 15h GRT\,,, of bears providing ample opportunity for bears to aid in seed
dispersal. The seed shadow is also influenced by a species’ movement capability, which in con-
junction with gut retention time, demarks the area of potential seed dispersal. Studies have
shown that differences in bear gut retention time do not affect seed viability [7]. Bears are also
known to defecate several times before passing all the seeds eaten from an area [7], which not
only reduces potential competition between seedlings in a deposition area, but also further
increases dispersal of seeds within the seed shadow [44].

Bears play an important role as vectors of seeds over large distances in North America as
highly effective dispersal agents for fruiting shrub species and by creating complex seed shadows
through non-linear movement and periodic defecation [5, 30, 45]. By dispersing seeds, bears
also aid in gene transfer between otherwise isolated shrub populations as well as acting as a vec-
tor for depositing seeds in new environments. The distribution of huckleberry is predicted to
shift substantially under climate change [29]. The dispersal of huckleberry seeds by frugivores
will support the species in keeping pace with climate change, which is predicted to shift at ~1-10
km/decade in southeast BC [46]. Grizzly bear dispersal of huckleberry seeds in the Rocky Moun-
tains is on the order of up to 6-11 km per feeding event and will support and likely exceed the
minimum movement rate that huckleberry plants will need under climate change. Many other
seed dispersers are also likely to support plant dispersal as climates change. For example, Gonza-
lez-Varo et al. [47] show that pine marten (Martes martes) can disperse fruit seeds an average of
106 m upslopes, exceeding the 35 m/decade warming threshold expected under climate change.
Naoe et al. [4] show similar upslope movements of seeds by black bear. There is thus substantial
evidence that multiple vertebrates consume, disperse, and support germination of fruit seeds
and this process is likely to become even more important in abating deleterious effects of climate
change on the distribution and population viability of fruiting species.

Sources of error

This experiment was conducted in an environment where random variables with the ability to
influence germination success, such as temperature or light, were controlled as much as possi-
ble. However, the germination trial was not conducted in a traditional germination chamber,
lab, or field setting. The unique nature of the germination trial environment may have influ-
enced the results of this study in unknown ways. Regardless, any beneficial or adverse effects
would have been evenly experienced across all treatment groups, as care was taken to ensure
all trays were rotated regularly and given similar treatment throughout the germination trial.

Mold was present on some Jiffy Pellets within the first two weeks of the trial, with the
Mixed Scat treatment having the highest prevalence noted. If mould spores and/or propagules
are present in bear scat, bears may also be dispersing mold alongside seeds. It is unknown if
the presence of mold altered the germination of seeds. Thus, this is a source of uncertainty in
our results, a challenge which others have also faced in similar endozoochory trials [24].
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Another source of potential error was the varying number of seeds in each Jiffy pellet. We
attempted to controlled for the number of seeds planted in each treatment (Fig 2) by conduct-
ing our statistical tests on the proportion of seeds that germinated. We used the average num-
ber of seeds present in each Whole Berry and Mixed Scat treatment. It is likely that the actual
number of seeds varied between individual Jifty pellets in these treatments, suggesting some
level of unaccounted variation in our results. This level of variation is not expected to change
the overall results, especially where the effect sizes are large such as the comparisons with
Whole Berry. Similarly, the treatments could have been differentially affected by competition
between seeds. There is evidence that germination rates for some Vaccinium species can be
affected by seed density [3]. It would be wise for future works to match the number of seeds
across trails, at least in a portion of the samples, to assess the effects of competition. On the
other hand, differing density of seeds is part of the endozoochory process as we have shown
here with the approximately 27 seeds within each berry, and only 12 seeds within a similar vol-
ume of scat. Thus, while controlling for competition in a portion of trials in future work would
be wise, we also urge investigators match real world conditions in a portion of their treatments
to allow for estimates of the expected effect size in nature.

In this study, all seeds used in the germination trial were extracted from six different bear
scat samples and three whole berry samples. The sample size of scats used in this study was
determined by the number of bear scats that were opportunistically found during the months
of July to September 2021. Only bear scats that contained huckleberry seeds could be used in
this study, which further limited the number of scats collected. Future research should con-
sider using a greater sample size of scats, if available.

Conclusions

Our results suggest that endozoochory affects the germination of huckleberry in the southern
Canadian Rocky Mountains by increasing germination success through deinhibition. Fertiliza-
tion and scarification did not increase the germination success of huckleberry. Grizzly bears
have the potential to be long-distance seed dispersers, spreading seeds across seed shadows of
up to 128.7km>.

Bears are increasingly pressured by urban sprawl and development and the increasing use of
natural spaces by humans for recreation and industry in the Rocky Mountains [38, 48]. For
example, in 2021, 31 bears were euthanized in the Elk Valley due to injury or for posing a dan-
ger to humans in communities within the valley [49]. Considering the ecosystem services bears
provide to the germination and dispersal of shrubs such as huckleberry, the mutualistic relation-
ship between bears and huckleberry should be recognized as an important ecosystem function.
Land managers, wildlife conservationists and the public alike should consider the importance of
these mutualistic relationships between wildlife and vegetation. The disruption of these relation-
ships through the reduced presence of bears in an area could have unforeseen negative impacts
on huckleberry and other plant species adapted to rely on endozoochory [50].

Supporting information

S1 Appendix.
(DOCX)

Acknowledgments

We would like to thank the many friends, family members and Fernie locals who gave their
time to help find and collect bear scat, especially those who helped extract seeds and count

PLOS ONE | https://doi.org/10.1371/journal.pone.0311809 November 6, 2024 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311809.s001
https://doi.org/10.1371/journal.pone.0311809

PLOS ONE

Bears and berries

germinated plants. Additionally, thank you to the Waterton Lakes National Park staff for their
help with navigating research permit applications and providing greenhouse space to conduct
the initial trial attempt.

Author Contributions

Conceptualization: Aza Fynley Kuijt, Clayton T. Lamb.
Data curation: Aza Fynley Kuijt, Clayton T. Lamb.
Formal analysis: Aza Fynley Kuijt, Clayton T. Lamb.
Investigation: Aza Fynley Kuijt, Clayton T. Lamb.
Methodology: Aza Fynley Kuijt, Clayton T. Lamb.
Project administration: Clayton T. Lamb.

Resources: Clayton T. Lamb.

Supervision: Cole Burton, Clayton T. Lamb.
Validation: Aza Fynley Kuijt, Clayton T. Lamb.
Visualization: Aza Fynley Kuijt, Clayton T. Lamb.
Writing - original draft: Aza Fynley Kuijt.

Writing - review & editing: Aza Fynley Kuijt, Cole Burton, Clayton T. Lamb.

References

1. Cain ML, Milligan BG, Strand AE. Long-distance seed dispersal in plant populations. Am J Bot. 2000;
87:1211-1227. https://doi.org/10.2307/2656714

2. Nathan R, Muller-Landau HC. Spatial patterns of seed dispersal, their determinants and consequences
for recruitment. Trends Ecol Evol. 2000; 15: 278-285. https://doi.org/10.1016/s0169-5347(00)01874-7
PMID: 10856948

3. Garcia-Rodriguez A, Albrecht J, Farwig N, Frydryszak D, Parres A, Schabo DG, et al. Functional com-
plementarity of seed dispersal services provided by birds and mammals in an alpine ecosystem. Journal
of Ecology, 2022; 110(1): 232—247. https://doi.org/10.1111/1365-2745.13799

4. Naoe S, Tayasu |, Sakai Y, Masaki T, Kobayashi K, Nakajima A, et al. Mountain-climbing bears protect
cherry species from global warming through vertical seed dispersal. Curr Biol. 2016; 26(8): 315-316.
https://doi.org/10.1016/j.cub.2016.03.002 PMID: 27115684

5. Lalleroni A, Quenette P, Daufresne T, Pellerin M, Baltzinger C. Exploring the potential of brown bear
(Ursus arctos arctos) as a long-distance seed disperser: a pilot study in South-Western Europe. Mam-
malia. 2016; 81(1): 1-9. https://doi.org/10.1515/mammalia-2015-0092

6. Garcia-Rodriguez A, Selva N. Constant gardeners: Endozoochory promotes repeated seedling recruit-
ment in clonal plants. Ecosphere, 2021; 12(12). https://doi.org/10.1002/ecs2.3861

7. Traveset A, Wilson MF. Effect of birds and bears on seed germination of fleshy-fruited plants in temper-
ate rainforests of southeast Alaska. Oikos. 1997; 80(1): 89-95. https://doi.org/10.2307/3546519

8. Kershaw L, MacKinnon A, Pojar J. Plants of the Rocky Mountains. Partners Publishing & Lone Pine
Media Productions; 2016.

9. Minore D, Smart AW, Dubrasich MB. Huckleberry and ecology management research in the Pacific
Northwest. Portland: U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Sta-
tion; 1979.

10. Proctor M, Lamb C, MacHutchon G. Predicting grizzly bear food—huckleberries—across the Columbia
Basin. Trans-Border Grizzly Bear Project, Birchdale Ecological. Kaslo, BC. 2018.

11. McLellan BN, Hovey FW. The diet of grizzly bears in the Flathead River drainage of southeastern British
Columbia. Can J Zool. 1995; 73(4): 704—712. https://doi.org/10.1139/295-082

12. Grenfell WE, Brody AJ. Seasonal foods of black bears in Tahoe National Forest, California. Cal Fish
Game. 1983; 693: 132-150.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311809 November 6, 2024 13/15


https://doi.org/10.2307/2656714
https://doi.org/10.1016/s0169-5347%2800%2901874-7
http://www.ncbi.nlm.nih.gov/pubmed/10856948
https://doi.org/10.1111/1365-2745.13799
https://doi.org/10.1016/j.cub.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27115684
https://doi.org/10.1515/mammalia-2015-0092
https://doi.org/10.1002/ecs2.3861
https://doi.org/10.2307/3546519
https://doi.org/10.1139/z95-082
https://doi.org/10.1371/journal.pone.0311809

PLOS ONE

Bears and berries

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Raine RM, Kansas JL. Black bear seasonal food habits and distribution by elevation in Banff National
Park, Alberta. Bears: Their Biology and Management. 1990; 8: 297—-304. https://doi.org/10.2307/
3872932

McLellan BN. Implications of high-energy and low-protein diet on the body composition, fitness, and
competitive abilities of black (Ursus americanus) and grizzly (Ursus arctos) bears. Can J Zool. 2011; 89
(6): 546-558. https://doi.org/10.1139/z11-026

Bunnell FL, Hamilton T. Forage digestibility and fitness in grizzly bears. In: Bears: Their biology and
management. 1983; 5: 179-185. https://doi.org/10.2307/3872536

Nowak J, Crone EE. Is it good to be eaten by a bear: effects of ingestion on seed germination. Am Midl
Nat. 2012; 167(1): 205—209.

Welch CA, Keay J, Kendall KC, Robbins CT. Constraints on frugivory by bears. Ecology. 1997; 78:
1105—-1119. https://doi.org/10.2307/2265862

Auger J, Meyer SE, Black HL. Are American black bears (Ursus americanus) legitimate seed dispersers
for fleshy-fruited shrubs? Am Midl Nat. 2002; 147(2): 352—-367.

Tavsanoglu C, Kazanci DD, Soyukert A, Ertiirk A, Degirmenci CU. Seed dispersal by the brown bear in
a mixed temperate forest: fruit type matters. Mamm Res. 2021; 66: 137-147. https://doi.org/10.1007/
$13364-020-00551-6

Applegate RD, Rogers LL, Casteel DA, Novak JM. Germination of cow parsnip seeds from grizzly bear
feces. J Mamma. 1979; 60(3): 655. https://doi.org/10.2307/1380120

Steyaert SM, Hertel AG, Swenson JE. Endozoochory by brown bears stimulates germination in bilberry.
Wildl Biol. 2019; 1:1-5. https://doi.org/10.2981/wlb.00573

Garcia-Rodriguez A, Selva N, Zwijacz-Kozica T, Albrecht J, Lionnet C, Rioux D, et al. The bear-berry
connection: Ecological and management implications of brown bears’ food habits in a highly touristic
protected area. Biol Conserv. 2021; 264. https://doi.org/10.1016/j.biocon.2021.109376

Evenari M. Germination inhibitors. Bot Rev. 1949; 15(3): 153—-194.

Robertson AW, Trass A, Ladley JJ, Kelly D. Assessing the benefits of frugivory for seed germination:
the importance of the deinhibition effect. Funct Ecol. 2006; 20: 58—66. https://doi.org/10.1111/j.1365-
2435.2005.01057.x

Samuels IA, Levey DJ. Effects of gut passage on seed germination: do experiments answer the ques-
tions they ask? Funct Ecol. 2005; 19: 365-368. https://doi.org/10.1111/j.1365-2435.2005.00973.x

Traveset A, Robertson AW, Rodiguez-Pérez J. A review on the role of endozoochory in seed germina-
tion. In: Dennis AJ, Green RJ, Schupp EW, editors, Seed dispersal: theory and its applicationin a
changing world. CABI Publishing; 2007. pp. 78—102.

Traveset A, Verdu M. A meta-analysis of the effect of gut treatment on seed germination. In: Levey D.
J., Silva W. R. & Galetti M., editors. Seed dispersal and frugivory: ecology, evolution and conservation.
CABI Publishing; 2002. pp. 339-350.

Sun C, Ives AR, Kraeuter HJ, Moermond TC. Effectiveness of three turacos as seed dispersersin a
tropical montane forest. Oecologia. 1997; 112(1): 94-103. https://doi.org/10.1007/s004420050288
PMID: 28307381

Prevéy JS, Parker LE, Harrington CA, Lamb CT. Climate change shifts in habitat suitability and phenol-
ogy of huckleberry (Vaccinium membranaceum). Agric For Meteorol. 2020; 280. https://doi.org/10.
1016/j.agrformet.2019.107803

Koike S, Masaki T, Nemoto Y, Kozakai C, Yamazaki K, Kasai S, et al. Estimate of the seed shadow cre-
ated by the Asiatic black bear Ursus thibetanus and its characteristics as a seed disperser in Japanese

cool-temperate forest. Oikos, 2011; 120(2): 280—290. https://doi.org/10.1111/1.1600-0706.2010.18626.
X

Elfstrom M, Stoen OG, Zedrosser A, Warrington |, Swenson JE. Gut retention time in captive brown
bears Ursus arctos. Wildl Biol. 2013; 19: 317-324. https://doi.org/10.2981/12-121

Fukui A. Relationship between seed retention time in bird’s gut and fruit characteristics. Ornithol Sci.
20083; 2(1): 41-48. https://doi.org/10.2326/0s].2.41

Chang S, Lee Y, Kuo Y, Chen J. Frugivory by Taiwan barbets (Megalaima nuchalis) and the effects of
deinhibition and scarification on seed germination. The Can J Zool, 2012; 90(5): 640-650. https://doi.
org/10.1139/z2012-030

Fergnani DM, Kowalewski MM, Fernandez VA. Germination of native and exotic seeds dispersed by
wild black-and-gold howler monkeys (Alouatta caraya): assessing deinhibition and scarification effects.
Primates, 2020; 61: 519-527. https://doi.org/10.1007/s10329-020-00791-9 PMID: 31950320

PLOS ONE | https://doi.org/10.1371/journal.pone.0311809 November 6, 2024 14/15


https://doi.org/10.2307/3872932
https://doi.org/10.2307/3872932
https://doi.org/10.1139/z11-026
https://doi.org/10.2307/3872536
https://doi.org/10.2307/2265862
https://doi.org/10.1007/s13364-020-00551-6
https://doi.org/10.1007/s13364-020-00551-6
https://doi.org/10.2307/1380120
https://doi.org/10.2981/wlb.00573
https://doi.org/10.1016/j.biocon.2021.109376
https://doi.org/10.1111/j.1365-2435.2005.01057.x
https://doi.org/10.1111/j.1365-2435.2005.01057.x
https://doi.org/10.1111/j.1365-2435.2005.00973.x
https://doi.org/10.1007/s004420050288
http://www.ncbi.nlm.nih.gov/pubmed/28307381
https://doi.org/10.1016/j.agrformet.2019.107803
https://doi.org/10.1016/j.agrformet.2019.107803
https://doi.org/10.1111/j.1600-0706.2010.18626.x
https://doi.org/10.1111/j.1600-0706.2010.18626.x
https://doi.org/10.2981/12-121
https://doi.org/10.2326/osj.2.41
https://doi.org/10.1139/z2012-030
https://doi.org/10.1139/z2012-030
https://doi.org/10.1007/s10329-020-00791-9
http://www.ncbi.nlm.nih.gov/pubmed/31950320
https://doi.org/10.1371/journal.pone.0311809

PLOS ONE

Bears and berries

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Fricke EC, Bender J, Rehm EM, Rogers HS. Functional outcomes of mutualistic network interactions: a
community-scale study of frugivore gut passage on germination. J Ecol. 2018; 107(2): 757-767. https://
doi.org/10.1111/1365-2745.13108

Buunk CJ. Mountains on fire: making sense of change in Waterton Lakes National Park. M. A. Thesis,
University of Victoria. 2021. Available from: http://parkscanadahistory.com/publications/waterton/
buunk-2021.pdf

Garcia-Rodriguez A, Albrecht J, Frydryszak D, Parres A, Selva N. Interactive effects of elevation and
canopy affect bilberry performance in a temperate coniferous region. Plant Ecol. 2024; 225(2): 81-91.

Lamb CT, Smit L, Mowat G, McLellan B, Proctor M. Unsecured attractants, collisions, and high mortality
strain coexistence between grizzly bears and people in the Elk Valley, southeast British Columbia. Con-
serv Sci Pract. 2023; 5(10). https://doi.org/10.1111/csp2.13012

Lamb CT. Grizzly bear population dynamics across productivity and human influence gradients. Doctor
of Philosophy Thesis, University of Alberta. 2019. https://doi.org/10.7939/r3-63bx-4w67

R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Austria;
2019. Available from: https://www.R-project.org/

Traveset A, Bermejo T, Willson M. Effect of manure composition on seedling emergence and growth of
two common shrub species of Southeast Alaska. Plant Ecol. 2001; 155: 29-34.

Garcia-Rodriguez A, Albrecht J, Szczutkowska S, Valido A, Farwig N, Selva N. The role of the brown
bear Ursus arctos as a legitimate megafaunal seed disperser. Sci Rep. 2021; 11(1). https://doi.org/10.
1038/s41598-020-80440-9 PMID: 33446727

Munro RH, Nielsen S, Price MH, Stenhouse GB. Seasonal and diel patterns of grizzly bear diet and
activity in west-central Alberta. J Mamma., 2006; 87(6): 1112—1121. https://doi.org/10.1644/05-MAMM-
A-410R3.1

Willson MF, Gende SM. Seed dispersal by brown bears, Ursus arctos, in Southeastern Alaska. Can
Field-Nat. 2004; 118(4): 499-503. https://doi.org/10.22621/cfn.v118i4.53

Harrer LE, Levi T. The primacy of bears as seed dispersers in salmon-bearing ecosystems. Ecosphere.
2018; 9(1). https://doi.org/10.1002/ecs2.2076

Hamann A, Roberts DR, Barber QE, Carroll C, Neilsen SE. Velocity of climate change algorithms for
guiding conservation and management. Glob Change Biol. 2015; 21: 977—-1004. https://doi.org/10.
1111/gcb.12736 PMID: 25310933

Gonzalez-Varo JP, Lépez-Bao JV, Guitian J. Seed dispersers help plants to escape global warming.
Oikos, 2017; 126(11): 1600—-1606. https://doi.org/10.1111/0ik.04508

Lamb CT, Ford AT, McLellan BN, Proctor MF, Mowat G, Ciarniello L, et al. The ecology of human-carni-
vore coexistence. Proc Natl Acad Sci USA. 2020; 117(30): 17876—17883. https://doi.org/10.1073/pnas.
1922097117 PMID: 32632004

Tibballs S. A tough year for bears in the Elk Valley: Dozens euthanized, more killed in collisions. 2021
Dec 7[cited Jan 16 2022]. In: The Fernie Free Press. [Internet] Available from: https://www.
thefreepress.ca/news/a-tough-year-for-bears-in-the-elk-valley-dozens-euthanized-more-killed-in-
collisions/

Hobby T, Keefer ME. A black huckleberry case study in the Kootenays region of British Columbia. BC J
Ecosyst Manag. 2010; 11(1&2): 52—61. https://doi.org/10.22230/jem.2010v11n1%20&%202a66

PLOS ONE | https://doi.org/10.1371/journal.pone.0311809 November 6, 2024 15/15


https://doi.org/10.1111/1365-2745.13108
https://doi.org/10.1111/1365-2745.13108
http://parkscanadahistory.com/publications/waterton/buunk-2021.pdf
http://parkscanadahistory.com/publications/waterton/buunk-2021.pdf
https://doi.org/10.1111/csp2.13012
https://doi.org/10.7939/r3-63bx-4w67
https://www.R-project.org/
https://doi.org/10.1038/s41598-020-80440-9
https://doi.org/10.1038/s41598-020-80440-9
http://www.ncbi.nlm.nih.gov/pubmed/33446727
https://doi.org/10.1644/05-MAMM-A-410R3.1
https://doi.org/10.1644/05-MAMM-A-410R3.1
https://doi.org/10.22621/cfn.v118i4.53
https://doi.org/10.1002/ecs2.2076
https://doi.org/10.1111/gcb.12736
https://doi.org/10.1111/gcb.12736
http://www.ncbi.nlm.nih.gov/pubmed/25310933
https://doi.org/10.1111/oik.04508
https://doi.org/10.1073/pnas.1922097117
https://doi.org/10.1073/pnas.1922097117
http://www.ncbi.nlm.nih.gov/pubmed/32632004
https://www.thefreepress.ca/news/a-tough-year-for-bears-in-the-elk-valley-dozens-euthanized-more-killed-in-collisions/
https://www.thefreepress.ca/news/a-tough-year-for-bears-in-the-elk-valley-dozens-euthanized-more-killed-in-collisions/
https://www.thefreepress.ca/news/a-tough-year-for-bears-in-the-elk-valley-dozens-euthanized-more-killed-in-collisions/
https://doi.org/10.22230/jem.2010v11n1%2520%26amp%3B%25202a66
https://doi.org/10.1371/journal.pone.0311809

