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Abstract. Whether interactions between wildlife and livestock are competitive or facilitative is context
dependent. Intermediary factors that explain how context (seasonal or regional characteristics of the
ecological community) affects these interactions are rarely reported. We compared activity time and
density in vicunas (Vicugna vicugna) introduced into the Chimborazo Faunal Production Reserve (CFPR),
Ecuador, to describe how they interact with livestock. We compared vicuna density in wetlands and
uplands (two landscape structures) with and without livestock (two conditions) using an isodar approach.
We measured, over two seasons, vicuna forage abundance, composition, preference and accessibility, time
vicunas spent vigilant, and their flight distances on approach. We tested optimal foraging theory relating
to the hypothesis that time mediates behavior, and found that vicunas were no less frequently vigilant, nor
were flight distances greater, during a wet season or in habitats of greater forage abundance and
accessibility. We also found no evidence that vicuna behavior was density dependent; instead, we found
that more time was spent vigilant by vicunas when they foraged near livestock in rainy regions during the
dry season. Although forage abundance was similar throughout CFPR during a dry season, better forage
quality in areas occupied by livestock may constitute an effect of their facilitating vicunas. A puzzling
finding, because it was not explained by any of the other variables we measured, was that at low densities
vicunas selected habitat irrespective of livestock, and where their density was higher, it was doubly so
adjacent to livestock. We conclude that in the CFPR, spatial heterogeneity in habitat quality determines the
interactions between livestock and vicunas. To support recommendations that minimize competition
between wildlife and livestock, and to expand on descriptions of the contexts that determine the direction
of species interactions, future study may require a wider sampling of the densities of sympatric large
herbivores in general, and, in the CFPR, a closer resolution of spatial heterogeneity in forage plant quality.
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INTRODUCTION

How animal behavior varies both with resource
availability and with other, often human-induced
changes to habitat is information critical to conser-
vation. Van Dyck (2012) describes these two axes
as consumables and condition, and the response
of animals to a condition is accounted for by his
concept of functional habitat, where animal
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behavior is a defining feature. The definition
arises from Dennis et al.’s (2003) presentation of
the concept of functional habitat with the butter-
fly as an example: Habitat can be mapped sepa-
rately emphasizing different resources required
for each of several behaviors, including egg lay-
ing, mate location, resting, roosting, feeding, and
predator escape. Functional habitat defined this
way is distinct from structural habitat, as the latter
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refers only generally to the physical attributes of
habitat (Dennis et al. 2006). By mapping func-
tional habitats, it can be revealed how changes to
an animal’s behavior can lead to changes in its
interspecific interactions, and how these changes
manifest is context dependent (Chamberlain et al.
2014, Ford et al. 2015). Van Dyck’s (2012) example
is the endangered desert lizard, for which a land-
scape restoration project including planting of
trees in the Negev desert, Israel, led to further
declines, because increased structural complexity
in planted patches favoured avian predation
(Hawlena et al. 2010); here, the avoidance of
predator perch sites was not a behavior adopted
by the lizard when the condition of the desert was
changed. A general example is in pinpointing the
net effects of competition (negative interactions)
and facilitation (positive interactions) between
sympatric herbivores, described as a critical issue
in theoretical ecology and in wildlife management
(Arsenault and Owen-Smith 2002). Context, how
the plant and herbivore community varies by
region, season, or scale, determines whether inter-
actions are net negative or net positive.

The effect of the condition of range sharing by
livestock on wildlife populations is generally
described as net negative, due to the transforma-
tion of habitat to pasture, increased competition
for resources, and increased likelihood of disease
transmission (Fleischner 1994, Schulz and Skon-
hoft 1996, Lamprey and Reid 2004). As the benefi-
ciaries of pastoralists, large livestock are often
easily able to outcompete native herbivores, and
widespread declines in wildlife populations have
been linked to the expansion of human popula-
tions and their livestock (Ottichilo et al. 2000,
Prins 2000, Laliberté and Ripple 2004, Mishra
et al. 2004, Gordon 2009). Nevertheless, instances
of net positive effects, such as feeding facilitation
or release from predation, have been documented
for native herbivores and sympatric livestock.
Published evidence, still sparse and largely empir-
ical, suggests that net facilitation occurs variably
with season (Odadi et al. 2011, Augustine and
Springer 2014), spatiotemporal scale (Arsenault
and Owen-Smith 2002, Dave and Jhala 2011,
Schuette et al. 2016), vegetation type or site pro-
ductivity (Augustine et al. 2011, Augustine and
Springer 2014), and with group size and relative
densities of the herbivores (De Gabriel et al. 2011,
Vijayan et al. 20124, Arzamendia and Vila 2015).
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Better recognition and understanding of the con-
texts leading to net positive or negative effects on
sympatric herbivores can be critical to best man-
agement practices for livestock and conservation
of biodiversity (Arsenault and Owen-Smith 2002,
Franklin and Lindenmayer 2009).

Here, we describe vicunas (Vicugna vicugna
Molina, 1782), free-ranging camelids increasing in
number in Ecuador, where we predict that their
behavior varies with the presence of livestock.
They were introduced to the Chimborazo Faunal
Production Reserve (CFPR) in 1988 and 1993 into
the traditional territory of indigenous pastoralists,
who have kept other camelids since the arrival of
the Incas (alpacas, Vicugna pacos, and llamas, Lama
glama; Stahl 1988, 2003), and after arrival of the
Spanish, cattle (Bos taurus), horses (Equus ferus),
donkeys (Equus asinus), and sheep (Ovis aries).
Livestock/wildlife conflicts exist or are perceived
to exist to this day in the Andes (Lichtenstein
2009, Arzamendia and Vild 2015). In Patagonia,
guanaco (Lama guanicoe, another free-ranging
camelid) declines in areas of coexistence with live-
stock, particularly sheep, have been assumed due
to dietary overlap and potential competition (Baldi
et al. 2004). Many authors describe similar net
negative effects of livestock on camelids, but the
effect vanishes at low livestock densities, perhaps
due to habitat segregation or the ability of native
camelids to persist in habitats that are suboptimal
for livestock (Borgnia et al. 2008, Iranzo et al.
2013, Wurstten et al. 2014, Arzamendia and Vila
2015). Our case is of a vicuna population that con-
tinues to grow exponentially into habitat that is
restricted in extent, occupying foothills rather than
altiplano, and where space sharing with livestock
is common (Figs. 1, 2). Thus, we can provide
insight that other studies based on observations of
vicunas at carrying capacity in altiplano cannot
(Shaw et al. 2012, Arzamendia and Vila 2015), as
habitat selection and other behavioral changes in
sympatric ungulates are density dependent
(Iranzo et al. 2013, van Beest et al. 2014). We
explore the idea that by observing the same sys-
tem in different contexts—over a dry and a rainy
season and over three regions that vary in forage
abundance and in vicuna density—we might
uncover and explain cases of feeding facilitation or
apparent mutualism as net positive interactions.

Vicunas, easily visible in their grassland habi-
tats, offer a useful test case for predictions on
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Fig. 1. Vicuna abundance in the Chimborazo Faunal
Production Reserve, Ecuador, since introduction in
1988. The solid line is an exponential curve fit to the
data from census years spanning 2000-2016 and
approximates an annual rate of increase of 0.0896
(A =1.094, F;5 =357, P <0.001, R*=0.98). Source:
Ecuador’s Ministry of Environment.

their behavior and distribution on the landscape,
as illustrated for similar, free-ranging large herbi-
vores such as spotted deer (Axis axis, Vijayan
et al. 2012b) and Thomson’s gazelles (Eudorcas
thomsonii, Bradbury et al. 2015). The CFPR study
area offers a complex of structural habitats
surrounding the Chimborazo volcano. Forage
diversity and abundance vary with rainfall, and
within each of three regions, topographic varia-
tion allows for both upland and wetland areas.
Human settlements largely determine how por-
tions of any of these areas serve as pasture for
livestock. Wetlands, known locally as bofedales, or
in some literature as vegas, are critical habitats for
vicunas (Koford 1957, Renaudeau d’Arc et al.
2000, Mosca Torres and Puig 2012, Cappa et al.
2014, Mosca Torres et al. 2015) and are locally
shared with livestock (Wurstten et al. 2014,
Andrade 2016). We investigated when interac-
tions between vicunas and livestock in the CFPR
were net positive, net negative, or neutral, and
how these interactions might be mediated by
habitat. To do so, we assessed differences in
parameters related to energetic costs: forage
abundance and accessibility, vicuna activity bud-
gets, and their flight distances on approach. We
aimed to determine in which contexts and condi-
tions we can associate higher costs (lower forage
abundance and accessibility, higher rates of vigi-
lance at the cost of foraging, and longer flight
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distances): wetland or upland habitats shared
with livestock, upland habitats with and without
livestock, wet or dry season, and which of three
regions in the CFPR.

We compared vicuna densities with and with-
out livestock using isodars (Morris 1987, 1988) to
assist with insight on the contexts where net pos-
itive interactions can occur between livestock
and sympatric herbivores. Predictions about the
context dependence of the effect of livestock fol-
lowed two hypotheses. First, behaviors in
vicunas have been shown to conform to predic-
tions in optimal foraging theory (OFT, Mosca
Torres and Puig 2010, 2012). An OFT-based
hypothesis for the CFPR is that time modulates
vicuna behavior, so that higher encounter rates
of forage plants (more live leaves) or accessibility
of forage (fewer dead leaves) during the wet sea-
son and in wetlands should lead to more of the
vicuna activity budget spent vigilant (and less
time spent foraging) during the wet season rela-
tive to the dry season, and in wetlands relative to
uplands (Cappa et al. 2014, Mosca Torres et al.
2015). Second, the suggestion that group size or
density modulates prey behavior (Vijayan et al.
2012a) leads to a second hypothesis, which was
tested once for vicunas in the absence of livestock
and showed less time spent vigilant where inter-
group distances were shorter (Mosca Torres et al.
2015). From other empirical evidence, we predict
lower densities of vicunas near livestock (Borg-
nia et al. 2008, Arzamendia and Vila 2015),
higher density in wetlands (Cappa et al. 2014),
and temporal variations in local density, all of
which make the group size/density and time
hypotheses difficult to disentangle. For example,
a density effect on vigilance may be com-
pounded by temporal differences in food avail-
ability or distance of vicuna groups to wetlands
(Mosca Torres et al. 2015). Coexistence with live-
stock, implying greater human encroachment on
vicuna habitat, should result in flight of vicuna
family groups at longer approach distances
(Donadio and Buskirk 2006, Arzamendia and
Vila 2015). In contrast, prediction of a net posi-
tive effect of livestock, for example, that lower
vigilance occurs in areas with livestock, espe-
cially in areas of lower vicuna density, is inferred
from study of spotted deer (Vijayan et al. 2012a).
Finally, a potential positive effect of livestock via
feeding facilitation (greater removal of dead
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Fig. 2. Geographic distribution of the study sites in the Chimborazo Faunal Production Reserve (CFPR; shaded
area; A), CFPR’s location in central Ecuador (B) and relative to three provincial boundaries (C). Vicunas (at study
locations marked by V) were introduced near the communities of Sinche and Mechahuasca in 1988 and 1993;
near these and other communities, vicunas coexist with livestock (at study locations marked by L).

plant tissues) that results in higher vicuna den-
sity or lower vigilance, or both, may be limited to
the wet season (Odadi et al. 2011).

METHODS

Study area

The CFPR, near Riobamba, Ecuador (Fig. 2), has
an Andean climate with steady easterly winds,
often associated with warmer temperatures during
a wet season in the first half of the calendar year
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and a cooler, dry season over much of the second
half of the year. Generally, the climate is character-
ized by high ultraviolet radiation and a high fre-
quency of low-intensity rainfall events (Sarmiento
1986). The CFPR protects 58,560 ha encompassing
the foothills and peaks of the Chimborazo volcano,
6268 m above sea level, the highest elevation in
Ecuador. An arrangement in 1984 by which Ecua-
dor was to accept vicunas into formerly occupied
territory as an effort to extend the range of the spe-
cies was followed by creation of the CFPR in 1986
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to protect habitat for vicunas. The CFPR received
100 individuals each from Chile and Peru in 1988
and 77 from Bolivia in 1993. The initial population
of 200 grew to a recent census estimate of 7185
(Ecuador’s Ministry of Environment, unpublished
data; Fig. 1). In Ecuador, management of the
vicuna is discussed more frequently since the XVI
meeting of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora
(CITES) in March 2013, when its status changed
from Appendix I to Appendix IL

Local predators of the vicuna are few, includ-
ing the Andean fox (Pseudalopex culpaeus), feral
dog (Canis lupus familiaris), and black-chested
buzzard-eagle (Geranoaetus melanoleucus), all
likely limited to preying on calves. The exponen-
tial rate of growth of the vicuna population sug-
gests that neither predation nor carrying capacity
is currently regulating it. Vicunas are, however,
poached and chased by dogs, leading in some
cases to exclusion from richer areas of the CFPR
also used by livestock, as reported for Argentina
by Arzamendia and Vila (2015).

The CFPR has been divided for purposes of
vicuna management by Ecuador’s Ministry of
Environment into three sectors, associated with
the introduction history of the vicuna, and varying
in soil cover, geomorphology, and rainfall. The cli-
matic classification ranges from dry to humid
pdramo, a high elevation, mostly treeless vegetation
type, described generally by Podwojewski et al.
(2002). In this paper, we refer to three regions
(Fig. 2). Xeric pdaramo (XP) ranges 3960-4850 m
above sea level and receives only 500-1000 mm
rainfall per year. The rainy or windward (RW)
region occurs at 4120-5480 m above sea level,
receives 1500-2000 mm rainfall per year, and is a
hyper wet zone east of the volcano peak (Navarro
and Maldonado 2002). A rain shadow (RS) region
occurs on the west side, from 4250 to 4860 m
above sea level, and receives 1000-1500 mm rain-
fall per year. Vicunas were introduced using a soft
release with a 40-d quarantine period, in 1988 near
Mechahuasca, in the RW region, and Sinche, in the
RS region (Fig. 2). In 1993, the second soft release
occurred in Sinche. Vicunas later migrated into XP
from these introduction sites. Today, RW and RS
regions have a higher density of vicunas than the
XP region, probably due to the richer, denser vege-
tation and more extensive wetlands, and the ear-
lier establishment of vicunas compared to XP
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(Ecuador’s Ministry of Environment, unpublished
data).

Vicuna density mapping

We estimated the distribution of vicuna groups
within sight along eight transects throughout the
CFPR (three in XP, four in RS, and one in RW) in
December 2015. We recorded the position of
vicuna groups by measuring the perpendicular
distance from each transect using a HALO model
XRT6 Rangefinder and Garmin GPS model
60CSX. We chose transect locations such that a
straight line could be followed over 2-3 km, cross-
ing areas with livestock (cattle, sheep, horses, alpa-
cas, and llamas) and areas where vicunas were not
in a sight line with livestock. Transects were also
positioned to cross wetlands. We recorded group
size, and we classified each vicuna group as occu-
pying a wetland or in an upland territory. We con-
sidered vicuna groups to coexist with livestock if
the nearest vicuna occurred <30 m from a domes-
tic animal. We used the program DISTANCE
(Buckland et al. 2015) to estimate density of
vicunas for each transect twice, first with a sepa-
rate estimate for wetland and upland areas, and
second with a separate estimate for groups with
and without livestock. In each case, the paired esti-
mates were plotted on a pair of axes and type II
regressions were used to estimate isodars (Morris
1987). The theory behind isodars includes the pos-
sibility of comparison of quality in two habitat
types by comparing density of individuals in them
and using the assumption that individuals in the
higher-quality habitat equilibrate at a higher den-
sity to maintain equal fitness and avoid competi-
tion with other species. Here, the isodars are used
to compare habitat quality both by structure (wet-
land and upland areas) and condition (with and
without livestock).

Vicuna foraging opportunities and behavior

We collected forage plant data and observed
vicuna behavior twice with the same methodology,
once during a dry season (October and November
2012) and a second time during a rainy season
(February and March 2013). In each region (XP, RS,
and RW), we classified vicuna family groups
encountered in upland habitats as either sympatric
with livestock or distant from communal livestock
grazing areas (Fig.2). We classified vicunas
encountered in wetlands separately, and nearly all
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wetlands in the CFPR are used by livestock and
their herders. A difference among vicunas occur-
ring in wetlands is their shared intraspecific (i.e.,
non-territorial) use of these habitats, while in
upland habitats, a male vicuna guards a number
of females and calves that are kept separate from
adjacent family groups (Koford 1957).

During each season, we sampled forage abun-
dance, accessibility, and forage plant selection
along fifteen transects in upland areas of two
regions, RS and RW. We located each transect in a
distinct, non-overlapping vicuna territory, five
with livestock near the territory and five without
livestock. In upland areas of XP, where forage was
sparsest, we increased replication to ten transects
with livestock and ten transects without livestock.
We located five additional transects during each
season in each of five distinct wetland areas in
each of the three regions. We defined forage abun-
dance as the frequency of live leaves at 1-m inter-
vals along four compass directions per transects to
a total of 100 contact points, at which we also iden-
tified forage plant species (Appendix S1: Table S1).
Vicunas are catholic in their diet and consume
most plant species occurring in the study area
(Borgnia et al. 2010, Mosca Torres and Puig 2010);
we excluded a few plant species that are never con-
sumed by vicunas. We compared selection by
vicunas of the forage plants we encountered using
Ivlev’s selection index, or the number of bites rela-
tive to the total frequency of each plant species
(Ivlev 1961). We distinguished vicuna bites from
those of larger livestock by their small size. Values
for Ivlev’s selection index range from —1 (total
avoidance) through 0 (no selection) to 1 (total selec-
tion). Forage accessibility was measured as the fre-
quency of dead leaves along the same transects on
which forage abundance was measured; relative
accessibility is the reciprocal of the number of dead
leaves; that is, we assumed that fewer dead leaves
equated to greater accessibility to live leaves.

For each experimental unit or focal family
group of vicunas (for each of two seasons and
near each transect across the three regions: XP,
n =25, RW, n =15; RS, n = 15), we monitored
the male and one female vicuna with a spotting
scope for a period of 10 min, using scans every
30 s, to determine the time allocated to foraging,
vigilance, or other behaviors, such as movement.
We recorded group size and flight distance in
meter when the vicuna group was approached.
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Approaching and observing the vicuna groups
conformed to an approved protocol (AUP 12 05-
06) reviewed by the Lakehead University Animal
Care Committee.

We used non-metric multidimensional scaling
(NMDS) to categorize the forage communities,
and we chose five forage plant species that were
common in all communities and had high selec-
tion indices for individual comparisons of abun-
dance and fraction consumed (see Appendix Sl1:
Table S1). We first used multivariate analysis of
variance (MANOVA) to compare forage abun-
dance and accessibility between regions and sea-
sons (fixed factors representing context), nesting
within regions the conditions with and without
livestock and the two structural habitat types,
wetlands and uplands with livestock. It was pos-
sible to represent structures and conditions with a
single fixed factor representing the three cases,
since wetlands always occurred with livestock.
We applied an arcsine transformation to the frac-
tion of forage plants consumed. For all significant
factors in the MANOVA, we used generalized lin-
ear models (GLMs) to compare condition and
structure in the habitat within each region.
Regions and seasons were compared as separate,
fixed factors. We also used MANOVA and then
GLMs to detect differences in vicuna group size,
time allocated to vigilance (separately for males
and females), and flight distance between seasons
and regions. For these measures, we used sepa-
rate models to compare the conditions with and
without livestock and the two structural habitat
types, wetlands and uplands with livestock. In all
post hoc comparisons, we used a modified Wald
method with a Bonferroni correction.

REsuLTs

Vicuna density

Vicunas at relatively low densities appear to
select areas irrespective of the presence of live-
stock (isodar y-intercept = 2.29 [—1.20, +0.36 SE]),
but their density increases at double the rate in
areas adjacent to livestock compared to areas of
the same transects where livestock are absent
(Fig. 3, slope =23 [1.6, 3.0 SE], R*=0.28,
Fi6=9.63, P = 0.02). Although forage abundance
in wetlands was higher in two of the three regions
(XP and RS; Table 1), there was no evidence for
density-dependent selection of wetlands (Fig. 3).
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Fig. 3. Isodars of vicunas in territorial groups
encountered along transects estimating vicuna density
with and without livestock (A), and in wetlands and
uplands (B). Density was estimated in xeric pdramo
(XP), rain shadow (RS), and rainy or windward (RW)
regions of the Chimborazo Faunal Production Reserve.
The heavy solid line in A is a type II linear regression
with the lighter lines showing mean + SEM for the
slope and intercept of vicuna density with livestock
against vicuna density without livestock. In both A
and B, the dashed line is for a slope of 1, equivalent to
a case where habitat selection is not occurring.

Forage abundance and accessibility

Plots with NMDS showed that forage plant
communities in areas with and without livestock
were generally indistinguishable in terms of
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composition, with the exception of three tran-
sects sampled in the dry season, where forage
plant communities in areas with livestock more
resembled those of wetlands during this season
(Fig. 4). Wetlands supported a different plant
community composition, also one that was gen-
erally more diverse than that of uplands
(Appendix S1). In total, we identified 25 forage
species in the CFPR, of which five (Bidens humilis,
Calamagrostis intermedia, Paepalanthus ensifolius,
Poa annua, and Stipa ichu) had high scores in
Ivlev’s selection index and were common to all
regions; these five plants are listed hereafter as
preferred forage. Low stress values (<0.2 for both
seasons) for the NMDS indicated that commu-
nity composition including all forage plants was
almost fully explained by two dimensions that
corresponded with gradients in precipitation and
elevation (Fig. 4). The three regions were dis-
persed along both dimensions, with XP and RS
regions supporting similar communities with
more distance from the forage plant communities
in the RW region.

The MANOVA conducted on forage abun-
dance and accessibility showed that these mea-
sures varied with context (season and region),
habitat structure (upland or wetland), and habi-
tat condition (the presence of livestock). As
expected, both forage abundance and accessibil-
ity were greater during the wet season. The sea-
sonal difference in abundance was largest for the
RS region, and the seasonal difference in accessi-
bility was largest for the RW region (Fig. 5). For-
age abundance was greater in the RW than in the
RS region, and greater in the RS region than in
XP, a sequence generally followed by the five
preferred forage plants (Table 1). The arrival of
the wet season changed this pattern somewhat,
as forage abundance and accessibility increased
most substantially in the RS region. In the RW
region, forage accessibility was lower than in the
other two regions, a difference that was not sig-
nificant during the wet season, due to increased
accessibility of forage in wetlands (Fig. 5). Dur-
ing both seasons, in the RW region, areas with
livestock had higher forage abundance than
areas without livestock, a pattern also evident in
four of the five preferred forage plants (Table 1).
In the RS region, forage abundance was similarly
higher in the presence of livestock, but only in
the wet season, whereas in XP and RS, forage
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Table 1. Summary of effects from generalized linear models comparing vicuna foraging opportunity and behav-
ior over two seasons (dry and wet) and in three regions: xeric pdramo (XP), rain shadow (RS), and rainy or
windward (RW) areas of the Chimborazo Faunal Production Reserve.

Direction of effects

Parameter df F P (see Notes)
1. Forage abundance (live leaves encountered per 100 pins)
Season 1,72 115.7 <0.001 Dry < Wet
Region 2,72 55.5 <0.001 XP < RS < RW
Condition/Structure 6,72 35.5 <0.001 XP,RS:L=NL<W
RW:L > NL
Season x Region 2,72 11.4 <0.001 Dry: XP = RS < RW
Wet: XP < RS = RW
Season x Condition/Structure 6,72 3.9 0.001
2. Abundance of Bidens humiles (live leaves encountered
per 100 pins)
Dry: Condition/Structure 4,41 7.3 <0.001 L:RS > XP = RW
NL: XP = RS = RW,
XP < RW
RW:L > NL
Wet: Condition/Structure 4,41 8.0 <0.001 L: XP < RS = RWNL:

XP = RS = RW, XP < RW
3. Abundance of Calamagrostis intermedia (live leaves
encountered per 100 pins)

Dry: Condition/Structure 4,41 5.0 0.003 L: XP = RS < RW
NL: XP = RS = RW, XP < RW
Wet: Condition/Structure 4,41 49 0.003 NL: XP = RS = RW, XP < RW

4. Abundance of Paepalanthus ensifolius (live leaves
encountered per 100 pins)

Dry: Condition/Structure 4,41 23.8 <0.001 L: XP < RS < RW
NL: XP < RW
RW:L > NL
Wet: Condition/Structure 4,41 10.0 <0.001 L: XP =RS < RW
NL: XP < RW
5. Abundance of Poa annua (live leaves encountered
per 100 pins)
Dry: Condition/Structure 4,41 30.5 <0.001 L: XP < RS = RW
NL: XP = RS < RW
RW:L > NL
Wet: Condition/Structure 4,41 7.3 <0.001 XP < RW
6. Abundance of Stipa ichu (live leaves encountered
per 100 pins)
Dry: Condition/Structure 4,41 8.6 <0.001 L: XP < RS = RW
NL: RS > XP = RW
RW:L > NL
Wet: Condition/Structure 4,41 7.0 <0.001 L: XP < RS = RW
RW:L > NL
7. Forage accessibility (inverse of dead leaves encountered
per 100 pins)
Season 1,72 11.1 <0.001 Dry < Wet
Region 2,72 30.0 <0.001 XP = RS > RW
Condition/Structure 6,72 79.6 <0.001 XP,RS:L=NL<W
RW:L=NL=W
Season x Region 2,72 10.7 <0.001 Dry: XP = RS > RW
Wet: XP = RS = RW
Season x Condition/Structure 6,72 10.5 <0.001
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(Table 1. Continued)

Direction of effects
Parameter df F P (see Notes)

8. Fraction of Bidens humiles consumed (% of live leaves
encountered with bites)

Dry: Condition/Structure 4,41 10.2 <0.001 NL XP < RS = RW
XP: L > NL
Wet: Condition/Structure 4,41 4.0 0.008 L: XP = RS < RW

9. Fraction of C. intermedia consumed (% of live leaves
encountered with bites)

Dry: Condition/Structure 4,41 12.8 <0.001 NL: XP < RS = RW
XP: L > NL
Wet: Condition/Structure 4,41 3.5 0.015 XP = RS < RW

10. Fraction of Pa. ensifolius consumed (% of live leaves
encountered with bites)

Dry: Condition/Structure 4,41 144 <0.001 NL: XP < RS = RW
XP: L > NL
Wet: Condition/Structure 4,41 9.3 <0.001 L: XP = RS < RW

11. Fraction of Po. annua consumed (% of live leaves
encountered with bites)

Dry: Condition/Structure 4,41 4.1 0.007 NL: XP < RS = RW
XP: L > NL
Wet: Condition/Structure 4,41 2.83 0.036 XP = RS < RW

12. Fraction of S. ichu consumed (% of live leaves
encountered with bites)

Dry: Condition/Structure 4,41 4.1 0.007 NL: XP < RS = RW
XP: L > NL

Wet: Condition/Structure 4,41 2.8 0.036 L: XP = RS < RW
NL: XP < RS = RW
RS:L < NL

13. Vigilance in male vicunas (% of scan; two models
are shown)f

Season 1,68 56.7,54.6 <0.001 Dry > Wet
Region 2,68 8.6,14.1 <0.001 XP = RS < RW
Condition/Structure 1, 68 4.8,0.5 0.03, 0.48 L > NL
Season x Region 2,68 10.8,14 <0.001,0.25 XP:L = NL
Region x Condition/Structure 2,68 4.5,0.2 0.01, 0.80 RS: Dry = Wet

Wet: XP = RS = RW
Condition/Structure x Season 2,68 6.8,1.9 0.01,0.17 Wet: L = NL
Three-way interaction 2,68 1.5,7.4 0.23, 0.001

14. Vigilance in female vicunas (% of scan; two models
are shown)f

Season 1,68 18.3,15.0 <0.001 Dry > Wet
Region 2,68 2.7,3.0 0.07, 0.05 XP = RS < RW
Condition/Structure 1, 68 0.6, 0.6 0.44, 0.45
Season x Region 2,68 14,3.0 0.25, 0.05 Dry: RS < XP = RW
Region x Condition/Structure 2,68 12,25 0.29, 0.08
Condition/Structure x Season 2,68 0.4,1.7 0.50, 0.20
Three-way interaction 2,68 12,24 0.30, 0.09

15. Vicuna group size (excluding calves)}
Season 1,58 1.2 0.28
Region 2,58 1.8 0.17
Structure 1,58 5.2 0.02 L<W
Season x Region 2,58 1.6 0.20
Region x Structure 2,58 2.3 0.10
Structure x Season 1,58 4.7 0.03 Wet: L <W
Three-way interaction 2,58 1.9 0.16
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(Table 1. Continued)

Direction of effects

Parameter df F P (see Notes)
16. Flight distance for approached vicuna groups

(two models are shown; see Notes)T
Season 1,68 20.0,17.5 <0.001 Dry > Wet
Region 2,68 6.3, 6.3 0.002 XP = RS < RW = XP
Condition/Structure 1, 68 12,26 0.27,0.11
Season x Region 2,68 7.4,6.7 0.001 Dry: RS < XP = RW
Region x Condition/Structure 2,68 27,14 0.07, 0.24
Condition/Structure x Season 2,68 3.8,3.6 0.05, 0.06 Dry: L > NL
Three-way interaction 2,68 3.3,2.7 0.04, 0.07

Notes: Nested within each region are comparisons of uplands with livestock (L) and without livestock (NL), and of wet-
lands (W) and uplands with livestock (L). Forage comparisons are in a single model, while vicuna behavior comparisons use
two models, one comparing L to NL (two habitat conditions), the second comparing L to W (two structural habitat types
related to topography). Significant differences were calculated using a modified Wald method with a Bonferroni correction.
Significant effects in three-way interactions that are not listed here can be interpreted from Figs. 3-5. Encounter rates with pre-
ferred forage plants were smaller, so simplified tests for differences with and without livestock were conducted separately for
each season.

+ Models comparing vicuna behavior show two calculated F and P values for the separate comparisons of condition (pres-
ence of livestock, L to NL) and habitat structure (uplands, L, to wetlands, W), shown in this order, with significant effect(s) in
boldface. Error degrees of freedom are reduced from 68 to 58 in the second model.

I Statistics presented for vicuna group size are limited to the comparison of uplands, L, to wetlands, W (habitat structure),
as the condition (L to NL) comparison produced a model not significantly different from the null model (Fy4, 4¢3 = 1.4, P = 0.16).

accessibility was always similar with and with-
out livestock (Fig. 5).

There were regional differences in the con-
sumption of preferred forage plants by vicunas,
usually with larger fractions consumed in the RS
and RW regions than in the XP region. These dif-
ferences were consistent with vicuna density dif-
ferences, but evident only in the dry season
(Table 1). A consistent change for the wet season
across nearly all habitats and in all five preferred
forage plants was greater fractional consumption
in the RW region than the RS region, likely an
effect of the greater seasonal increase in forage
abundance in RS over RW. Consumption was
greater where livestock occurred only in the dry
season and only in XP. In one case, in the RS
region during the wet season, S. ichu was less
consumed in areas of coexistence with livestock,
although the abundance of this plant was similar
in areas with and without livestock.

Predictions for vicuna behavior

Based on the most consistent differences
among forage abundance and accessibility, the
clearest predictions from the time modulation
hypothesis are that (1) vigilance should occur
more often in the wet season than in the dry sea-
son, and (2) for the XP and RS regions, vigilance
should occur more often in wetlands, assuming
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that lower forage accessibility in wetlands is less
important than higher forage abundance. For the
first prediction, based on differences in forage
abundance, the largest seasonal difference
should be detected in the RS region, and if forage
accessibility is a stronger determinant of foraging
time, it might be detected in the RW region
(Fig. 5). Outcomes with livestock can be com-
pared to the situations where vicunas were
observed without livestock. For the second pre-
diction, based on differences in forage abun-
dance, larger differences in vigilance between
uplands and wetlands should occur in XP and
during the wet season.

The MANOVA conducted on vicuna vigilance,
group size, and flight distance showed that all
three measures varied with context (season and
region), habitat structure (upland or wetland),
and habitat condition (the presence of livestock).
Vigilance in both male and female vicunas was
more frequent overall during the dry season,
opposite to the prediction given the time modula-
tion hypothesis (Table 1). In the RS region only, this
counterintuitive seasonal difference was not sig-
nificant for males, but likely for lack of differences
only in wetlands (i.e., the three-way interaction
was also significant; Fig. 6, Table 1). Our second
set of predictions was also not met by our
observations: Vicunas were not more frequently
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Fig. 4. Plots illustrating forage plant community
composition using non-metric multidimensional scal-
ing (NMDS) on plant frequency counts collected dur-
ing a dry (A) and wet seasons (B). Counts were
conducted in wetlands (red symbols), uplands
shared by vicunas and livestock (blue symbols), and
uplands without livestock (turquoise symbols) in
xeric paramo (XP), rain shadow (RS), and rainy or
windward (RW) regions of the Chimborazo Faunal
Production Reserve. The x-axes approximate gradi-
ents of increasing precipitation and the y-axes gradi-
ents in elevation.
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vigilant in wetlands in any region for either sex,
and season did not influence comparisons of vigi-
lance in uplands and wetlands (Table 1). Results
associated with the presence of livestock were
mixed or counterintuitive: For males only, vigi-
lance was more frequent with livestock, a differ-
ence that occurred during the dry but not the wet
season (when forage accessibility is higher), and
was the result of a difference only in the RW
region (Fig. 6). More frequent vigilance was
recorded in both male and female vicunas in the
RW region relative to the other two regions, but
this difference varied considerably by season and
by habitat and inconsistently for males and
females. The difference was also not among our
predictions, because it is inconsistent with lower
accessibility of forage in RW, particularly in the
dry season. Moreover, we predicted that the dif-
ference in forage abundance (XP < RS) in uplands
during the wet season would be associated with a
similar difference in vigilance, which it did not.
Testing instead the predictions for the group
size or density modulation hypothesis, we are con-
fronted with an absence of theory, but trends
reported by other studies suggest that (3) where
vicuna density is higher in the RS and RW
regions, vigilance should be less frequent and
flight distances shorter compared to XP, (4) when
forage abundance and accessibility are similar, as
in RS and XP during the dry season, higher den-
sity in RS should be associated with less frequent
vigilance, and (5) group sizes or density should
be lower, vigilance less frequent, and flight dis-
tances shorter with livestock and in wetlands.
With respect to the fourth prediction, differences
are tests of positive or negative effects of live-
stock. With respect to the fifth prediction, gener-
ally no positive effect of livestock on forage
accessibility in upland habitats was recorded
(Fig. 5, Table 1). However, during the wet season
in the RW region, when forage abundance is
greater and forage accessibility is similar with
livestock, density of vicunas may be higher, con-
sistent with the outcome reported in the isodar.
Group size in vicunas was on average larger in
wetlands than in uplands (Fig. 7, Table 1). This
difference, expected from studies throughout the
Andean altiplano, was not significant in the
CFPR during the dry season. No significant pat-
terns emerged for time spent vigilant or flight
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Fig. 5. Forage abundance as encounter rates (mean + SEM) of live leaves (A, B) and an inverse of forage acces-
sibility as encounter rates of dead leaves (C, D) of all forage plants along transects in vicuna territories sampled
during a dry (A, C) and wet seasons (B, D). Forage counts were along transects in wetlands (red bars), uplands
shared by vicunas and livestock (blue bars), and uplands without livestock (turquoise bars) in xeric pdramo (XP),
rain shadow (RS), and rainy or windward (RW) regions of the Chimborazo Faunal Production Reserve. Signifi-
cant differences across these regions are indicated with dissimilar letters for the same habitat structure and condi-
tion (wetlands, uplands with livestock, and uplands without livestock), and asterisks indicate cases of
significantly higher encounter rates in areas with livestock. Forage abundance is significantly higher, and accessi-
bility significantly lower (more dead leaves) in wetlands, except in RS during the dry season and RW during the
wet season. Other significant differences in forage abundance and accessibility are listed in Table 1.

distances and group size, and the relationship
with group size was not a correlation in the
MANOVA. The only pattern, not significant, con-
sistent with the literature involved with the group
size or density modulates prey behavior hypothesis,
was smaller group sizes in RW with livestock,
where significantly lower vigilance occurred
compared to areas without livestock (Figs. 6, 7).
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Vigilance was not less frequent, and flight dis-
tances were not shorter in the RS and RW regions
relative to XP, offering no support for the third
prediction (Figs. 6, 8, Table 1). Time spent vigi-
lant was not different with livestock presence
during the dry season, comparing RS and XP
regions, offering no support for the fourth pre-
diction (Fig. 6). The only significant differences
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Fig. 6. Vigilance as a percent of a 10-min scan (mean + SEM) in male (A, B) and female (C, D) vicunas in
territorial groups encountered along transects sampled during a dry (A, C) and wet seasons (B, D) in wetlands
(red bars), uplands shared by vicunas and livestock (blue bars), and uplands without livestock (turquoise bars)
in xeric pdaramo (XP), rain shadow (RS), and rainy or windward (RW) regions of the Chimborazo Faunal Pro-
duction Reserve. Significant differences across regions are indicated with dissimilar letters, and for condition
(with livestock) with asterisks, as in Fig. 5. Other significant differences are listed in Table 1 for two models
accounting for differences in vigilance for each sex, one comparing areas with and without livestock (condi-
tion), and the second comparing wetland and upland areas (structure). The significant three-way interaction in
the model comparing males in wetland and upland areas is due to higher vigilance in uplands in RW during
the dry season only, and to a lack of difference in vigilance between RS and RW in wetlands during the
dry season.

involving vigilance and flight distance were
opposite to the fifth prediction: Not only was
more frequent vigilance recorded, but also longer
flight distance, where livestock occurred during
the dry season in XP (Figs. 6, 8, Table 1). The dif-
ference would also have been significant and in
the same direction during the dry season in RW,
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except for one outlier group (Fig. 8). However,
with the arrival of the wet season, neither of
these differences was significant. Such a change
would be predicted if some very local differences
in forage abundance, higher in areas of livestock
especially in the dry season, are the cause for
variation in vicuna behavior.
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DiscussioN

Presence of livestock did not reduce the time
vicunas spent vigilant at any density, unlike the
conclusion of Vijayan et al. (2012b) for spotted
deer. In fact, in the RW region of the CFPR,
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Fig. 7. Group size as number of adult vicunas
(mean £ SEM) in territorial groups encountered along
transects sampled during a dry (A) and wet seasons
(B) in wetlands (red bars), uplands shared by vicunas
and livestock (blue bars), and uplands without live-
stock (turquoise bars) in xeric pdramo (XP), rain sha-
dow (RS), and rainy or windward (RW) regions of the
Chimborazo Faunal Production Reserve. Significant
differences only occur in a model comparing group
size in wetland and upland habitats; vicunas occur in
larger groups in uplands, with a significant effect lim-
ited to the wet season (Table 1).
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Fig. 8. Flight distance (m) for approached vicuna
groups encountered along transects sampled during a
dry (A) and wet seasons (B) in wetlands (red bars),
uplands shared by vicunas and livestock (blue bars),
and uplands without livestock (turquoise bars) in
xeric pdramo (XP), rain shadow (RS), and rainy or
windward (RW) regions of the Chimborazo Faunal
Production Reserve. Box-and-whisker plots show
median, quartiles, and outliers (small circles). Signifi-
cant differences across regions are indicated with dis-
similar letters, and for condition (with livestock) with
asterisks, as in Fig. 5. Other significant differences are
listed in Table 1 for two models explaining differ-
ences in flight distance, one comparing areas with
and without livestock (condition), and the second
comparing wetland and upland areas (structure). The
significant three-way interaction in the model com-
paring condition is due to the lack of seasonal differ-
ences in flight distance in RS and RW in areas
without livestock.
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vigilance was more frequent and flight occurred
with longer approach distances where livestock
were present. This difference, like so many of our
observations, did not easily conform to OFT, as it
occurred only during a dry season, when forag-
ing should have occupied more time, leaving less
for vigilance. In the wet season, the difference in
vigilance and flight distance with livestock van-
ished, inconsistent with the greater forage abun-
dance with livestock that arrived with the wet
season. Perhaps one reason OFT predictions are
complicated is that, while our measures showed
structural differences in the forage plant commu-
nities of uplands and wetlands in the CFPR, such
differences were only very seldom encountered
comparing upland areas with and without live-
stock. That structural differences are less impor-
tant than the functional difference in habitat
created by the presence of livestock is a reminder
of the study of the response of bighorn sheep
(Ovis canadensis) in Sheep River Provincial Park,
Alberta, to cattle occupying the protected area
(Brown et al. 2010): Lower rates of foraging and
higher rates of vigilance occur for bighorn sheep
with cattle nearby, and aggregation occurs
between the free-ranging and the domestic herbi-
vores, despite this presumably negative interac-
tion between them.

In the CFPR, differences in forage abundance
matched our expectations for regional and
seasonal variation, and forage abundance was
higher in wetlands, but none of these differences
determined vicuna behavior in a way that OFT
predicts, and neither did vicuna density respond
to higher forage abundance in wetlands. Indeed,
this latter effect elsewhere was limited to bad
years in a more seasonal environment (Mosca
Torres and Puig 2012, Shaw etal. 2012).
Wetlands are also habitats temporarily visited for
reasons other than finding forage, for example,
for consuming water during a dry season
(Koford 1957). These are some of the contextual
differences that the empirical literature needs
to build and that we need in order to have
confidence in the results of our tests of density-
dependent habitat selection.

Density of vicunas did not determine their
behavior; instead, local density appeared to be a
function of the presence of livestock, a functional
habitat difference that we did not expect. Facilita-
tion would occur between the sympatric
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herbivores if forage plants were kept in a more
productive or accessible state, or if the plants
were higher in quality as a result of livestock
grazing. This grazing lawn hypothesis, used in
the past to explain gregariousness in herbivores
(McNaughton 1976, 1984, reviewed by Arsenault
and Owen-Smith 2002), fits the trend of higher
forage abundance with livestock in several con-
texts in the CFPR, but should also be tested with
comparisons of forage plant quality, because
forage abundance and accessibility were not con-
sistently different. For example, the trend of
higher forage abundance in areas of livestock
occurred only in RS during the wet season, and
forage accessibility was not higher with live-
stock. Odadi et al. (2011) described a net positive
interaction between free-ranging herbivores and
livestock by confirming that differences in forage
accessibility conformed to the grazing lawn
hypothesis. We might explain the case of higher
density of vicunas with livestock by suggesting
that livestock simply graze where forage is more
abundant, a statement not requiring the grazing
lawn hypothesis. Sympatry of livestock and
vicunas in the CFPR, as shown by our isodar,
occurs at scales of <30 m that we did not investi-
gate in terms of variation in forage abundance or
accessibility. Fuhlendorf and Engle (2001) previ-
ously suggested that medium-scale spatial
heterogeneity in rangelands leads to more diver-
sity in sympatric wildlife. Brown et al. (2010)
also explained apparent attraction of free-ran-
ging bighorn sheep to cattle using the grazing
lawn hypothesis.

Perhaps more puzzling is that our results are
so different from other studies of vicunas. Co-
existence with livestock, let alone evidence of
preference for areas with livestock, is in stark
contrast to the more frequently reported selective
use of habitat to avoid livestock reported else-
where for vicunas (Borgnia et al. 2008). One
explanation is that vicunas were introduced to
areas with livestock and the soft introduction
into the CFPR implied a 40-d quarantine period,
during which vicunas were kept close to live-
stock and grew tolerant of them. This explana-
tion is consistent with the continued higher
densities of vicunas at their points of introduc-
tion, where livestock herding is still more
frequent compared to other areas of the CFPR.
Another explanation is that levels of livestock
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grazing, poaching of vicunas, and activity of
feral dogs have been mitigated by the level of
protection Ecuador’s Ministry of Environment
affords the CFPR. Indeed, Arzamendia and Vila
(2015) report that intermediate levels of livestock
allow mixed herds with vicunas, concluding that
only at higher densities should segregation occur.
Nevertheless, densities of livestock in the CFPR
are almost certainly higher than those reported
by Borgnia et al. (2008; 1.0 and 4.4 km? for don-
keys and other livestock, respectively), so differ-
ences in density or grazing intensity of livestock
will not offer a full explanation for cases of co-
existence relative to segregation, but these
differences should nevertheless be explored.
Elsewhere, variation in vicuna flight behavior
was mediated by the presence of poachers
(Donadio and Buskirk 2006) or pumas (Donadio
and Buskirk 2016), which likely both occur in the
CFPR, but rarely. On the other hand, observa-
tions in nearby Cotopaxi National Park, Ecuador,
support a considerable effect of feral dogs just by
their presence in the Andean ecosystem (Zapata-
Rios and Branch 2016).

Most likely, it is moderate grazing by livestock
in the CFPR that allows vicunas to coexist with
them without negative effects of competition,
and we present considerable evidence for posi-
tive effects of livestock conveyed to vicunas.
Vicunas are less selective when habitat quality
deteriorates (Arzamendia et al. 2006), and a
switch to a more generalist diet during the dry
season is a documented effect elsewhere (Mosca
Torres and Puig 2010) that could explain the vari-
ation from OFT predictions in the CFPR. The fact
that vicunas themselves are apparently not at
carrying capacity in the CFPR lends credence to
different outcomes; for example, in northern
Chile, where vicunas exist at carrying capacity,
rainfall is a better predictor of vicuna density
and behavior than forage abundance or livestock
density, and overall habitat productivity over-
rides the competitive effects of sympatric live-
stock (Shaw et al. 2012), the same effect that has
been reported for spotted deer (Dave and Jhala
2011). Clark et al. (2017) report that elk (Cervus
elaphus) and cattle graze differently, the free-ran-
ging herbivore aiming to access areas of higher
forage quality, and cattle aiming to conserve
energy by limiting movement whenever forage
quality is compromised; this study explains
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coexistence by niche differentiation that may be
common to other cases of sympatry between
free-ranging and domestic herbivores.

Interactions between animals are ubiquitous
and are directly responsible for the shaping of
ecosystems (Stachowicz 2001). In situations where
livestock have been introduced to an environment,
the most evident resultant interaction with other
large herbivores is direct competition for forage
(Bagchi et al. 2004, Madhusudan 2004, Young
et al. 2005, Gordon 2009). Livestock and wild
herbivores are also susceptible to apparent compe-
tition when a shared predator or parasite popula-
tion is bolstered by an increase in density of either
wildlife or livestock (Norman et al. 1999, Daszak
et al. 2000, Bengis et al. 2002, Brook and McLach-
lan 2006, Kilpatrick et al. 2009). Odadi et al. (2011)
found that wild ungulates compete with cattle
during the dry season when forage was limited,
but that wild ungulates facilitated cattle during
the wet season via physiological differences
between them that allow resource partitioning.
We conclude from consistently higher vigilance
and flight distances during the dry season that
vicunas were in a more alert situation when forage
was more limited, in this case in a similar way to
what has been concluded elsewhere (Arzamendia
et al. 2006, Mosca Torres and Puig 2010). In areas
or during seasons when vegetative productivity is
low and likely constraining populations of herbi-
vores, competition is more likely to occur (Himala-
yan cold desert, Bagchi etal. 2004, African
savannah during the dry season, Odadi et al.
2011). Similarly, season and sheep density influ-
ence the detection of negative effects of livestock
grazing on elk range in the western United States
(Alpe et al. 1999, Clark et al. 2000). In the CFPR,
especially during the wet season, spatial hetero-
geneity in forage plant quality may alleviate
competition between livestock and vicunas up to
a higher threshold than might be expected in more
homogenous landscapes.

To conclude, landscape heterogeneity may
determine the degree to which positive or nega-
tive interactions between wildlife and sympatric
livestock occur. So far, outcome of our study of
vicunas in the CFPR matches another disparate
result from a study of guanaco and sheep coexis-
tence in Patagonia, which the authors speculate
owes to high habitat heterogeneity and very fine-
scale niche segregation (Iranzo et al. 2013). To
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explore further how context affects ecological
interactions, a wider and more precise sampling
of densities of sympatric large herbivores may be
required to specify thresholds for habitat homo-
geneity at which negative interactions disappear.
Such study in general could inform mitigation
efforts to reduce pastoralist/wildlife conflict by
implementing maximum stocking densities. In
multi-ungulate systems where facilitation has
been detected, low dietary niche overlap has con-
tributed to the effect of facilitation (Odadi et al.
2011). Dave and Jhala (2011) found that spotted
deer benefit from sympatric livestock on short
timescales, but that long-term sympatry with
livestock caused deer populations to decline. The
continued exponential growth of vicunas so far
makes this conclusion less of a possibility in the
CFPR. In the Andes, mixed herds of sheep and
domestic camelids have been common for cen-
turies (Tichit and Genin 1997). The complexity of
the camelid ecosystem provides an opportunity
to expand on descriptions of the contexts that
determine the direction of species interactions;
our next step is to test forage plant quality
differences in areas of coexistence of vicunas and
livestock.
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