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Abstract

Andean bears (Tremarctos ornatus) forage extensively on bromeliads (Puya spp.) across
their range, although their selectivity for bromeliads is less understood. We report on forag-
ing activity by Andean bears on two species of bromeliad, Puya leptostachya and Puya
membranacea, in high elevation puna grasslands (3499-3806 m.a.s.l) within and near
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Introduction

High elevation grasslands provide numerous ecosystem services, including water and forage
provisioning essential for livestock and agriculture [1, 2]. In the Andes, the conversion of
native grasslands to pastures for livestock has been occurring broadly across the landscape
since human arrival at least 14 thousand years ago, obscuring the true ecology and native bio-
diversity of unaltered grassland ecosystems [3, 4]. The human use of fire to maintain pastures
has also likely contributed to limiting forest tree species from shifting their leading range edges
[5], resulting in an abrupt ecotone between the cloud forest and grassland in the Andes [4, 6].
The continual elimination and fragmentation of tropical forests are likely to cause the extinc-
tion of numerous animal species [7], particularly those sensitive to disturbance [8]. For those
animal species that can utilize grasslands in addition to forests, it is of critical importance to
determine the suitability of the habitat, including the level of disturbance that can be tolerated,
and whether the use is passive (e.g., transitions between forest patches) or active (e.g., selection
of food resources).

The Andean bear (Tremarctos ornatus) is endemic to the Tropical Andes, found between
200 and 4,250 m.a.s.L,, primarily in the cloud forest (typically 1,000-2,500 m.a.s.l.), with a spe-
cies range greater than 30° in latitude [9, 10]. As a generalist species, Andean bears utilize a
wide range of associated habitats, including tropical dry forests [11], Amazon basin forests
[12], and high-elevation grasslands [13]. High-elevation grasslands in the Tropical Andes exist
from the cloud forest tree line to more than 4,800 m.a.s.l. and are referred to interchangeably
as the puna and paramo across the range. Habitat selection by Andean bears is often hypothe-
sized to be linked to the utilization of food resources that have seasonal patterns of availability
which the bears track [14-17]. Andean bears have an omnivorous diet, and have been observed
to consume plants including the fruits and seeds, invertebrates, carrion, and vertebrates [9].
Bromeliads (Bromeliaceae), including but not limited to Puya spp., are usually the most fre-
quently detected part of the Andean bear diet and therefore make up the largest component in
dietary studies [18, 19]. Foraging on bromeliads is especially prominent in the puna and
paramo grasslands [13-15, 20, 21], where the nutritional value of the basal meristematic tissue
that the bears eat can be higher than that of bromeliads growing in the cloud forest [22].

Despite the depth of studies on Andean bear dietary composition [9], and the abundant
signs the bears leave after feeding on bromeliads [23], limited evidence exists for how the bears
may select for feeding locations and how preferences may be associated with bromeliad spe-
cies, seasonality, and landscape. Peyton [15] observed partial bromeliad patch consumption,
with bears passing over individual plants within the same patch to forage on others at a differ-
ent nearby patch, suggesting a selective behavior may be involved. Small-scale studies have
indicated that Andean bears consider the density of bromeliad plants when selecting patches,
avoiding patches with lower densities [24, 25]. Paradoxically, the nutritional value of brome-
liad plants has yet to be associated with either the patches selected for foraging [25] or the habi-
tat Andean bears most frequently occur in [22]. Although Andean bears forage on bromeliads
in the puna and paramo grasslands, it is unclear whether this is due to an active behavioral
selection or only passively while traveling between preferred cloud forest habitats.

The objective of this study was to examine Andean bear foraging activity on terrestrial bro-
meliads in high-elevation puna grasslands for patterns consistent with an active selection of
resources in the grasslands. We hypothesized that Andean bears would display behavioral
selection for bromeliads in the grasslands across species, seasons, and variable landscapes. We
predicted that Andean bears would prefer younger vegetative-stage bromeliads due to the
higher accessibility of nutrients [26], growing in denser patches near the cloud forest edge
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where security from humans is highest for the bears [13]. We also predicted that Andean bears
would avoid foraging in areas with higher human impacts, including the presence of livestock.

Materials & methods
Study area

Bromeliad foraging surveys were conducted in and adjacent to the UNESCO World Heritage
Site of Manu National Park (MNP), Peru, geographical location coordinates 13°06’54.0"S 71°
37°19.2"W (Fig 1). Surveys occurred across high-elevation moist-wet puna grasslands (3499-
3806 m.a.s.l; hereafter ‘puna grassland’), which have supported a long history of human activ-
ity [27]. Three climatic seasons can be defined: a wet season from November to March, a dry
season from May to July, and an austral spring from September to October, with April and
August characterized as transitional months [28]. Mean temperatures range from 4.5-8.6°C at
3600 m, with precipitation of 1500-2000 mm yr' [28]. The puna grassland in our study area
was characterized by ephemeral peat bogs and waterlogged soils in glacially carved depressions
[29], and drier steep slopes with stiff perennial bunch grasses [30]. Two principal species of
bromeliads were patchily distributed within the puna: Puya leptostachya and Puya membrana-
cea. Puya membranacea grew in denser but infrequent patches (median = 10 plants/patch),
whereas P. leptostachya were more broadly distributed but in smaller patches (median = 2
plants/patch). Patches were defined as the same species of spatially contiguous bromeliads,
with each individual plant growing within 1 m of its nearest neighbor plant.

Sample collection

Observations of bromeliad foraging by Andean bears were collected on four sampling field
campaigns: July 30 —August 1, 2017; October 24 -November 3, 2017; February 25 -March 10,
2018; and July 25 —August 13, 2018. Teams of three researchers walked strip transects across
the puna and recorded GPS locations of bromeliads encountered. Transects were orientated
both along ridgelines and downslope from ridgelines. There were two principal ridgeline tran-
sects: one 3500 m transect inside MNP and one 1000 m transect outside of MNP, with down-
slope transects spaced every 500 m perpendicularly from the ridgelines (Fig 1). Downslope
transects continued for a maximum of 500 m from the ridgeline or until the transect reached
cloud forest or was impassable on foot, whichever occurred first. Individuals within three-per-
son teams were spaced 1 m apart, with the middle team member walking the transect line.
Each team member was responsible for detecting bromeliads within a 1 m swath (0.5 m to the
left and right), for a total coverage of 3 m along each strip transect to increase the detection
and precision of bromeliad observations [32]. At each bromeliad patch, a central location and
elevation were recorded on a handheld GPS (Garmen eTrex 30x).

In addition to spatial locations of bromeliads, teams recorded the number of individual
plants within a patch, species identity, and their flowering and foraged status. Species identity
was confirmed by taxonomic key, and all physical specimens collected were stored at Herbario
Vargas CUZ, Universidad Nacional de San Antonio Abad del Cusco. Bromeliads were catego-
rized into four stages of the flowering process: 1) vegetative / no flowering stalk; 2) flower stalk
present but no flowers; 3) active flowering; 4) post flowering seed head. Foraging status was
identified from characteristic patterns of Andean bear consumption, including digging and
consumption of stalk hearts (Fig 2). Confirmation of foraging by Andean bears were aided by
the observations gathered by trail cameras at bromeliad patches. We deployed Bushnell Tro-
phy Cam HD trail cameras at three sites facing bromeliad patches over the duration of our
study and confirmed the presence of Andean bears near to transects during our survey period
both in and outside of MNP.
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Fig 1. Study area in which foraging sign of terrestrial bromeliads (Puya spp.) in high-elevation puna grasslands by
Andean bears was recorded, within and near Manu National Park, Peru. Basemaps provided by Esri [31].

https://doi.org/10.1371/journal.pone.0314547.9001

Spatial analysis

To identify the factors influencing the selection of bromeliads foraged by Andean bears, we
used Resource Selection Functions (RSF). RSFs evaluated the relative likelihood of factors
influencing a bear foraging at a patch of bromeliads versus those patches that were available
but unused [33]. The factors influencing foraging selection was modelled using a fixed-effect
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Fig 2. Examples of foraging sign left by Andean bears on terrestrial bromeliads in Peru. Clockwise from the top
right: (a) juvenile Andean bear consuming a bromeliad at a camera station inside MNP; (b) characteristic observation
of a vegetative P. leptostachya foraged by Andean bear; (c) a close up of the basal meristematic tissue that Andean bears
feed on.

https://doi.org/10.1371/journal.pone.0314547.g002

exponential RSF [34]:

W(x) = exp(Bx, + Poxy + .+ B x,) (1)
with covariates x, and coefficients 3, . To model habitat selection for foraging, we identified a
set of covariates we hypothesized were important to Andean bears, utilizing both bromeliad
surveys and remotely sensed satellite data (Table 1). Briefly, season was defined as wet or dry,
with the dry season (May-October) including the austral spring prior to the start of the wet

Table 1. Covariates used to model habitat selection by Andean bears while foraging bromeliads in the puna grasslands in and near to Manu National Park, Peru.

Name Model Data Range Description & Source
Acronym
Season Dry 1/0 Dry season (May-October) with wet season (November-April) as ref. category (0)
Altitude ALT + ALT? 3635 (3499-3806) GPS measured meters above sea level (m.a.s.l.)
m.a.s.l.

Aspect North, East 1/0 North-facing (+45°0f 0°) and east-facing (+45°0f 90°) slopes [35] dummy coded as separate covariates
with all other aspects as ref. category (0)

Slope SLP 18 (0-56)° Angle of downward sloping terrain [35]

Distance to Forest | EDGE 224 (0-477) m Distance to “Trees” as defined by ESRI 2020 Land Cover [36]

Edge + EDGE’

Species P.Lep 1/0 Puya leptostachya with Puya membranacea as ref. category (0)

Density PATCH 3 (1-179) Number of alive plants of the same species spatially contiguous to each other (< 1m)

Flowering Status Veg 1/0 Only vegetative stage plants in patch with patches with plants in any stage of reproductive growth as ref.
category (0)

Protected Area MNP 1/0 Inside MNP with outside MNP as ref. category (0)

We predicted that all a priori factors as represented in the table would have a positive influence on Andean bear habitat selection. Data distribution listed as mean value

and range in parentheses.

https://doi.org/10.1371/journal.pone.0314547 1001
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season in November. We included measures of foraging choice, including bromeliad species,
patch density, and flowering status to reflect dietary need and palatability. We also examined
landscape-scale habitat characteristics including the elevation, slope, and aspect of the sam-
pling location, as well as the distance from the cloud forest edge to reflect both bromeliad
growing conditions and landscape preferences of Andean bears. Finally, we included a mea-
sure of protected area status to reflect if the sampling location was inside or outside of MNP.

Statistical analysis

A binomial (logit link) generalized linear model (GLM) was used to maximize the use-avail-

ability likelihood and determine the top coefficients B , for the RSF [37], using the package glm
in R 4.1.2 [38]. We used Akaike Information Criterion (AIC; [39]) to select the most parsimo-
nious model. Before model selection, we checked continuous covariates for non-linear fit
using quadratic transformations, which were determined to be a better fit for distance to the
forest edge (EDGE) and elevation (ALT). All continuous covariates were mean centered prior
to modelling, and we examined collinearity between covariates using a Pearson’s correlation
matrix [40]. We screened covariates for a correlation of r > |0.6|, but no covariates showed sig-
nificant lack of independence. We evaluated a balanced set of 35 a priori candidate models,
with all covariates appearing equally in the candidate set so that we could define factor impor-
tance based AIC weight (w;). We used log-likelihood ratio tests and conditional-R2 [41] to
examine top model improvement over the null. We also examined seasonal variation in the
flowering status of the bromeliads and species composition using a Chi-Square test. For all sta-
tistical tests, alpha was set to 0.05.

Results
Bromeliad diversity & phenology

We recorded 11,613 individual bromeliad plants across 2,895 distinct patches. Of the plants,
26.4% (3066/11613) were identified as P. membranacea, while 73.6% (8547/11613) were P. lep-
tostachya. There was significant seasonal variation in the observation of reproductive growth
for both P. membranacea (y° = 49.3, df = 2, P < 0.001) and P. leptostachya (y° = 111.7, df = 2, P
< 0.001), with the lowest proportion of such observations during July-August sampling peri-
ods (Fig 3A). There was significant variation in the species composition of grassland bromeli-
ads inside vs. outside of MNP (3 = 955, df = 1, P < 0.001), with higher proportions of P.
leptostachya inside MNP (Fig 3B).

Foraging selection by Andean bears

Observations of foraging by Andean bears occurred at 6.8% (785/11613) of the available indi-
vidual plants spread across 16.7% (483/2895) of the available patches. The top RSF model for
patch selection included all covariates except for north-facing aspect (AIC w; = 0.33) and was a
significant improvement in fit over the null model and more parsimonious than the global
model (Table 2). Season was a top factor (AIC w; = 1.00) in the RSF model, with Andean bears
1.79 (Clys = 1.38-2.35) times more likely to forage for bromeliad patches in the grasslands dur-
ing the dry season. Bromeliad species (AIC w; = 0.98) and the patch density (AIC w; = 1.00)
were top factors, with Andean bears 2.71 (Clys = 1.24-6.66) times more likely to select P. lep-
tostachya over P. membranacea, while also selecting for patches with a greater number of avail-
able plants (Fig 4A). Flowering status (‘Veg’) was a top factor (AIC w; = 1.00), with Andean
bears 2.17 (Clos = 1.51-3.21) times more likely to select patches with only vegetative stage
plants than patches with plants in any stage of reproductive growth (i.e., flower stalk with
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Fig 3. Trends in the species composition and reproductive phenology of P. leptostachya and P. membranacea within the
puna grasslands of Peru. (a) proportion of plants observed in any stage of reproductive growth across season; (b) proportion
of species observed inside and outside of Manu National Park.

https://doi.org/10.1371/journal.pone.0314547.9003
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Table 2. Comparison of model fit on the likelihood of selection of foraging sites by Andean bears in the puna grasslands in and near to Manu National Park, Peru.

Rank |Type |Model k LL
1 Top Bo + Dry + ALT + ALT? + East + SLP + EDGE + EDGE? + P.Lep + PATCH + Veg + MNP 12 | -1060.9
2 Global | By + Dry + ALT + ALT> + North + East + SLP + EDGE + EDGE” + P.Lep + PATCH + Veg + MNP | 13 | -258.81
3 Null | B 1| -12233

Models were fit using a binomial logit-link GLM. For the full set of a priori models, see S1 Table.

https://doi.org/10.1371/journal.pone.0314547.t1002

buds, flowers, or seed heads). Distance to the cloud forest edge was a top factor (AIC w; =
1.00), with Andean bears selecting bromeliad patches in a band closer to the forest edge (Fig
4B). Altitude (AIC w; = 1.00), east-facing aspects (AIC w; = 1.00), and slope (AIC w; = 0.76)
were all top factors in the RSF model. Andean bears were 1.47 (Clgs = 1.18-1.84) times more
likely to select for bromeliad patches growing on east-facing slopes, and selected patches in

higher elevations and on steeper slopes (Fig 4C and 4D). Lastly, protected area status was also
a top factor (AIC w; = 1.00), with Andean bears 19.43 (Clys = 3.67-366.32) times more likely
to select for bromeliad patches growing within MNP, with only a single observation of a bro-
meliad patch foraged outside of MNP. During our survey period, we recorded one observation
of an Andean bear near to the transect outside of MNP and one observation of an Andean
bear near to the transect inside MNP, confirming bear presence inside and outside of MNP.

Discussion

The Andean bear has lost much of its historic range, and its habitat is under continual threat
of contraction and fragmentation due to human activity [42]. Determining the extent to which
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Fig 4. Response curves (95% CIs) from continuous covariates determined as top factors influencing the likelihood of Andean
bear foraging selection for terrestrial bromeliads in puna grasslands. Top continuous factors included: (a) density of plants per
patch; (b) distance to the forest edge; (c) elevation; and (d) slope. Rug plots along the bottom indicate observed sample distribution.

https://doi.org/10.1371/journal.pone.0314547.9004
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Andean bears actively utilize areas outside of their primary cloud forest habitat is a key conser-
vation question [9, 16]. Our study, which compared the habitat use of Andean bears foraging
across wet and dry seasons, inside and outside of MNP in Peru, adds evidence to the impor-
tance of puna grasslands as a key habitat for Andean bears [17, 43, 44]. We determined that
Andean bears displayed seasonal, habitat, and plant selection patterns when they foraged on
terrestrial bromeliad patches within the puna grasslands, consistent with an active behavioral
choice for resources rather than opportunistic encounters. Andean bears strongly avoided
areas with current pastoral activities when selecting foraging patches, but also selected for
areas with long-standing historic anthropogenic modifications of the grasslands.

Results suggested that active livestock disturbance reduced Andean bear foraging activity in
the puna grasslands, as bears in our study foraged on terrestrial bromeliads almost exclusively
within MNP. This may be due to a direct avoidance of cattle presence outside of MNP, and/or
the impacts of the cattle on the relative composition of terrestrial bromeliads within the puna
grasslands. Andean bears preferred to forage on P. leptostachya in the dry season, which is the
same time of year that livestock are moved rotationally into upland areas [45]. Rojas-Vera-
Pinto, Bautista [46] found that in this same landscape, the closer Andean bears were to pas-
tures and agricultural land, the higher the likelihood of conflict with people. Additionally,
Melo-Dias, Huatuco [17] found that despite the importance of Puya spp in grasslands to
Andean bear occupancy, cattle presence displaced the bears. Our results are concordant with
the hypothesis that Andean bears will actively avoid livestock in the dry season [47], and that
the avoidance of human disturbance has dietary implications [48]. Livestock can also alter the
composition of the plant community in high-elevation grasslands through grazing and tram-
pling of vegetation [45, 49]. Our results showed a significant decline in the proportion of avail-
able P. leptostachya patches outside of MNP. Because P. leptostachya are physically smaller and
grow in lower density patches broadly distributed within the grassland, they may be more
exposed to the grazing impacts of cattle than P. membranacea. Andean bears preferred to for-
age on P. leptostachya over P. membranacea and the reduction in the availability of P. leptosta-
chya outside of MNP may have contributed to the observed decline in foraging activity,
including during periods when cattle were not present.

While we detected an effect on foraging activity related to active livestock disturbance,
Andean bears selected for puna grassland areas within MNP that have had thousands of years
of historic human influence [27]. The puna grasslands that Andean bears selected for foraging
bromeliads have only been protected from livestock impacts since MNP was established in
1973. There are still remnants of livestock fencing within the puna grasslands inside MNP (Pil-
fold, pers. obs.), suggesting a relatively recent cessation of livestock keeping. Given that
Andean bears are actively selecting for resources within MNP puna grasslands a relatively
short duration after the disturbance ended, is suggestive of a behavioral flexibility to respond
quickly once the immediate disturbance pressure is removed. Thus, the reduction or removal
of cattle grazing from puna grasslands may quickly increase the amount of seasonal foraging
habitat for Andean bears.

A long-standing but little tested hypothesis is that Andean bears select habitats seasonally
based on the availability of food resources [9, 14-16]. Consistent with this hypothesis, Andean
bears preferred the dry season to forage in the puna grasslands, selecting for higher-density
patches of vegetative-stage bromeliads. Seasonal selection for grassland bromeliads supports
the findings of a broadening dietary niche breadth during the dry season [19], and the selec-
tion for patches with higher densities of plants is consistent with previous findings [24, 25].
The seasonal preference also coincided with the lowest occurrence of reproductive growth
(flowering) in both species of bromeliads, suggesting a possible nutritional mechanism [22].
We found that Andean bears selected patches of younger vegetative-stage bromeliads that did
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not contain plants in any stage of reproductive growth. Because Andean bears have short gas-
trointestinal tracts, which is characteristic of carnivores, they are likely to consider the digest-
ibility and palatability of bromeliads while foraging [26]. Similar to other bear species [50, 51],
fibrous content in the tissue of plants is likely an impediment to the bioavailability of proteins,
fats, minerals, and sugars for Andean bears, possibly driving their preference to forage on
younger and more tender plant structures that are not yet fully lignified.

Andean bears selected for high-elevation, east-facing, steep slopes in a band near to the
cloud forest while foraging on patches of bromeliads. Bears selected for steeper slopes when
foraging terrestrial bromeliads, but within the limits (< 60°) established in other studies [52].
The use of high-elevation areas to forage on bromeliads in the grasslands close to the cloud for-
est is consistent with previous studies [13, 25, 43]. Terrestrial Puya spp. are known to inhabit
high-elevation areas characterized by extreme climatic conditions with high solar radiation
[53]. The relative probability of foraging peaked at 130 m from the cloud forest edge. Closer to
the forest, shade from trees may lower solar radiation for terrestrial bromeliads and reduce for-
age quality. Selection for foraging patches declined to near zero relative probability beyond
400 m from the forest, which may be related to the use of the cloud forest by bears as protec-
tion and cover [13].

Conclusion

The lack of available high-quality habitat is often cited as the primary threat to Andean bears
[9, 42]. However, limited information exists on how Andean bears select for resources, ham-
pering the quantitative identification of high-quality habitat. Using one of the largest samples
of foraging sign collected to date, we showed how Andean bears adjust their foraging selection
of bromeliad patches across season, habitat, and plant characteristics in the puna grasslands of
Peru. We suggest that the puna grasslands are a key habitat utilized by Andean bears, especially
the ecotone near to the cloud forest edge where the bears preferred to forage. We recommend
that future studies examine the nutritional composition of bromeliads as it relates to plant phe-
nology and bear energetics, as well understand how diet and movement patterns of Andean
bears are linked. We also recommend that conservation management plans consider the role
of livestock to the sustainability of puna grasslands, and their impact on the diversity of plant
species of importance to endemic wildlife.

Supporting information

S1 Table. A priori model set of variables used to model habitat selection by Andean bears
foraging bromeliads in high-elevation puna grasslands, Peru. Models were fit using a bino-
mial (logit link) generalized linear model (GLM) and Akaike’s information criterion for small
samples (AICC) to rank model performance. The a priori model set is balanced so each vari-
able is equally represented, and measures of variable importance are defined by the relative
AICC weight.
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S1 File. Andean bear bromeliad foraging dataset in high-elevation puna grasslands, Peru.
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