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emporal fluctuation in shrub species preferences of two
ative rodents: The effect of infection status on habitat use
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bstract Small mammals use plant species for gathering food resources and for shelter. Preferences for certain plant
pecies are related to nutritional restrictions and behavioural patterns, which could be altered in the presence of an in-
ectious disease. Several native smallmammals are part of thewild cycle of the protozoanTrypanosoma cruzi, responsible
or Chagas disease in humans. This is a vector-borne disease transmitted by insects of the subfamily Triatominae. We
xamined the effect of T. cruzi infection status on the use and preference patterns of shrub species by two native rodent
pecies: Octodon degus and Phyllotis darwini. This study was conducted during four sampling years (2010–2013) in a
yper-endemic zone of Chagas disease located in a semiarid Mediterranean ecosystem. We captured individuals of
99 O.degus and 575 P.darwini (89% of the total captures), which were related to nine shrub species and examined
or T. cruzi infection. In a community-level analysis, infected and non-infected O.degus used individual shrub species
ithin the shrub community significantly non-randomly relative to their availability; the same pattern was detected
or non-infected P.darwini individuals, whereas infected individuals used the shrub community according to the abun-
ance of each shrub species. Examining individual preferences, both rodents showed a strong preference for Flourensia
hurifera and Colliguaja odorifera regardless of their infection status. Preferences for specific shrub species were variable
mong years, showing a ‘core’ of preferred shrub species and variable levels of use of the remaining ones. Our results
how that T. cruzi infection in wild small mammals can modify habitat use patterns and preferences for certain shrub
pecies, probably affecting processes acting at community level.

ey words: infection-mediated plant-animal interaction, Octodon degus, Phyllotis darwini, Trypanosoma cruzi, wild
ycle of Chagas disease.
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NTRODUCTION

lant–animal interactions play a key role in community
tructure, with mutualistic (e.g. seed dispersal) and
ntagonistic (e.g. herbivory and parasitism) processes
cting simultaneously (Strauss & Irwin 2004). Animals
ften use plant resources to gather food (e.g. seeds,
aves, roots and floral rewards) and/or as shelter sites
hat provide appropriate microclimatic conditions and
educe predation pressure (Yunger et al. 2002; Milstead
t al. 2007). These interactions may be structured by the
patial arrangement of resources (Milstead et al. 2007),
s well as by inter-specific competition for a limiting
esource (Yunger et al. 2002; Warren et al. 2014). How-
ver, little is known about the potential effect of an
teracting third party (e.g., a parasite) on plant–animal
teraction dynamics. While some studies have reported
ehavioural changes in parasitized animals (e.g. Day &
dman 1983; Vyas et al. 2007; Owen et al. 2010;
o
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mman et al. 2013), their potential influence on interac-
ions between infected animals and the plant community
emains largely unknown.
The interaction between small mammals and the
lant community has been studied extensively (for more
han 20years) in the semiarid-Mediterranean scrublands
f Chile (Kelt et al. 2004a,b; Gutierrez et al. 2010).
odent foraging plays a major role in plant community
ynamics because of differential seed consumption (Kelt
t al. 2004b; Andreo et al. 2009). This ecosystem is also a
yper-endemic zone of Chagas disease, which is pro-
uced by the flagellated parasiteT. cruzi that causes tissue
amage and organ enlargement in humans. T. cruzi is
ransmitted in the wild by the reduviid hemipteran vec-
orMepraia spinolai (Botto-Mahan et al. 2005b), which
fects many native and introduced mammal species
Botto-Mahan et al. 2009, 2010, 2012). A previous
tudy reported behavioural changes in infected wild
odents, altering their movement behaviour because
f alterations in their body condition (Jiménez et al.
015). To the best of our knowledge, no study has
ssessed the potential effect of T. cruzi infection on
mall mammal behaviour related to how they use the
hrub species available in the environment. We
doi:10.1111/aec.12338
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SHRUB USE BY INFECTED AND NON-INFECTED RODENTS 513
expected infected individuals to use sub-optimal habi-
tats because of altered movement behaviour, even
though some species have been described as asymp-
tomatic reservoirs ofT. cruzi (Botto-Mahan et al. 2012)
We examined the effect of T. cruzi infection on the

preferences for shrub species of two abundant and highly
infected native rodent species. Specifically, we studied
the association among rodents and shrub species in four
consecutive years, examining the effect of infection
status on these preferences. To this purpose, we used
two methodological approaches, a community-level test
and a species-by-species differential use analysis.

METHODS

Study area

This study was carried out in a protected area in Chile
Las Chinchillas National Reserve, located approximately 60km
east of the Pacific coast (31°30’S, 71°06’W). This semiarid-
Mediterranean area presents scarce rainfall concentrated between
June and August. Mean annual precipitation is 185mm, varying
from 45 to 200mm across the sampled years, alternating long
droughts and unusual years of high rainfall seemingly associ-
ated with El Niño events (di Castri & Hajek 1976; Lima
et al. 1999). Vegetation is thorny and mainly represented by
Flourensia thurifera, Bahia ambrosioides and Porlieria chilensis as
the most common shrub species (Medel et al. 2004).

This reserve is part of a hyper-endemic zone of Chagas disease
in Chile (Schenone et al. 1995). Chagas disease or American
trypanosomiasis is a vector-borne disease caused by the flagel-
lated protozoan T. cruzi and transmitted by triatomine insects
(Hemiptera: Reduviidae) to several mammal species (Coura &
Vinas 2010), involving both domestic and wild transmission
cycles (Xavier et al. 2012). The triatomineM. spinolai is the main
wild vector of T. cruzi in Chile (Botto-Mahan et al. 2005b)
Populations of this endemic vector can reach up to 46.2%
T. cruzi infection (Botto-Mahan et al. 2005b); several mamma
species serve as reservoir hosts of T. cruzi including native
rodents, carnivores, marsupials and introduced lagomorphs
(Schenone et al. 1995; Rozas et al. 2007; Botto-Mahan et al
2009, 2010, 2012) with prevalence levels up to 71% (Jimenez
& Lorca 1990; Rozas et al. 2007; Muñoz-Pedreros & Gil 2009
Botto-Mahan et al. 2010, 2012) and a large temporal vari-
ability across species (Botto-Mahan et al. 2010).

The sampling sites were stony slopes mainly inhabited by
several native rodent species; the most abundant are the
brush-tailed rat (O.degus, Octodontidae) and Darwin’s leaf-
eared mouse (P. darwini) (Botto-Mahan et al. 2005a). T. cruz
infection levels of these species range from 20% to 60% for
O. degus and 10% to 58% for P. darwini (2000 vs. 2005)
(Botto-Mahan et al. 2010). O.degus is a long-lived diurnal and
social rodent, whereas P. darwini is a nocturnal and solitary
species. Furthermore, O.degus is considered to be a feeding
specialist, whereas P. darwini is considered a generalist species
(Bozinovic 1997).
© 2016 Ecological Society of Australia
Small mammal trapping and blood sample
collection

Small mammal trappingwas performed using 300wiremesh live
animal traps (a collapsible box of 24×8×9 cm; FORMA Prod-
ucts and Services, Santiago, Chile), baited with oatmeal flakes
and provided with cotton balls for bedding. Traps were
arranged on three grids of 100 traps each (Appendix S1, avail-
able in online Supplementary Material), covering a total area o
3.39 ha. Each grid consisted of two lines of 50 traps separated
by 10m. Traps were set underneath the nearest shrub to the
10m location to ensure shade and protection from extreme
temperatures (very high during the day and very low during
the night). Trap locations were kept constant during the four
sampling years (marks were left in the field between years), with
less than 5% variation among years because of shrub mortality
Although we have field evidence that rodents use the chosen
shrub species, bait may be attracting some individuals to some
shrub species otherwise ignored. Here, we faced a methodolog-
ical trade-off, compromising some accuracy in order to have a
large sample size. Small mammal collection was carried ou
for four to five nights from 19:00 to 09:00h during the austra
summer of 2010 to 2013 (first week of January). Capturing and
handling procedures met the guidelines of the American Soci-
ety of Mammalogists (Sikes et al. 2011). Plant nomenclature
followed Hoffmann (1980).

Each O.degus and P. darwini captured was sexed, weighed
and measured (total body length and tail length) under short-
term isoflurane anaesthesia (Lee 2004; Jekl et al. 2011). From
these individuals, 0.2mL of blood was withdrawn by (i) saphe-
nous vein puncture forO.deguswith a 21G needle and (ii) mas-
seteric vein puncture for P. darwini with a 21G needle (Morton
et al. 1993; Johnson-Delaney 2006). Individuals were ear-
tagged with a unique combination of numbers to avoid
pseudo-replication (i.e. to exclude recaptures from the analy-
ses) and released at the point of capture after complete recovery
from anaesthesia. The blood extraction procedure was con-
ducted following the international recommendations for mam-
malian blood extraction (Johnson-Delaney 2006) and authorized
by the Ethics Committee of the Faculty of Science (University o
Chile), Chilean Agriculture and Livestock Bureau permit res-
olutions N° 0048 and N° 7462 (SAG) and National Fores
Corporation permit resolutions N° 32/2009 and N° 61/2010
(CONAF).

PCR detection of Trypanosoma cruzi in blood
samples

Whole genomic DNA was isolated from blood samples and
stored at �20 °C (AXYGEN, AxyPrep Blood Genomic DNA
Miniprep Kit, Calfornia, USA). The Polymerase Chain Reac-
tion (PCR) assay for T. cruzi was performed as previously
reported using primers 121 (5′-AAA TAA TGT ACG GG(T
G) GAG ATG CAT GA-3′) and 122 (5′ GGG TTC GAT
TGG GGT TGG TGT-3′) to amplify the variable region o
minicircle DNA (Veas et al. 1991). Samples were tested in
doi:10.1111/aec.12338
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514 M. I. DONOSO ETAL.
riplicate and considered positive if at least two out of the three
ssays gave amplifications. Samples with only one positive assay
ere considered doubtful and repeated three additional times.
ach trial included positive and negative controls. The PCR
roducts were analyzed by electrophoresis on 2% agarose gels
nd visualized by staining with ethidium bromide. A 330 base
air product indicated a positive result.

egetation sampling

ive traps were associated with 18 shrub species, but for com-
arative purposes, we considered only the nine plant species
F. thurifera, Heliotropium stenophyllum, Baccharis salicifolia, P.
hilensis, Bridgesia incisifolia, C. odorifera, Schinus polygamus,
desmia arborea and Ophryosporus paradoxus) present in the
years of sampling. All those shrub species are known to be
sed by native small mammals (Cortés et al. 1994 and personal
bservations of trails, faeces and urine). To determine their
vailability in the study area, we set ten 50m line transects each
ear to estimate the relative abundance of each shrub species
following Cares et al. 2013). Transects were randomly placed
ll around the study site and not limited to the live trapping
rids.

ata analysis

he associations of each rodent species (P. darwini and O.
egus) with the shrub species at the community level were ana-
zed for each year by likelihood-ratio goodness-of-fit G-tests,
sing the number of captures of each rodent associated with
ach shrub species corrected for their relative availability in
he field to estimate the expected values of association under a
andom process (Sokal & Rohlf 1995). G-tests were
erformed separately considering the T. cruzi infection status
f each rodent species (i.e. fourG-tests per each sampling year).
To assess rodent preferences for shrub species based
n the differential use of each shrub species recorded,
e estimated the actual use of each shrub species,
alculated as the number of captures under a particular
hrub divided by the total captures (recaptures were
ot considered). We also determined the availability of
ach plant species, calculated as the number of traps
laced under a given plant species divided by the total
raps set under plants. With this information, we
able 1. Small mammal species captured in Las Chinchillas National R

ammal species

Captures an

2010 2011

ctodon degus 184 (275±29.1) 126 (189±2
hyllotis darwini 212 (352±35.5) 161 (223±2
ther 61 35

umber of captures is shown by species and year. The abundance± 1
arentheses (using a Jackknife estimator based on a closed population

oi:10.1111/aec.12338
stimated habitat selection patterns using the composi-
ional analysis approach (originally proposed by
ebischer et al. 1993 for habitat use based on telemetry
ata), which corrects the use/availability ratio of each
ategory (in this case, each shrub species) by the remain-
g categories available (i.e. the other shrub species avail-
ble in the sampling area). Use patterns among plant
pecies were assessed pairwise, using the following equa-
ion:

Usei;j ¼ ln Ui= Uj
� �

– ln Ai= Aj
� �

hereU is the actual use of the plant species i and j, andA refers
o the availability of those plant species in the environment.
ositive values indicate preference for a given plant species (i.
. it is usedmore than expected by its availability in the environ-
ent), and negative values indicate avoidance. By adding the
airwise values of each plant species, we obtained an overall
alue, from which we ranked plant species from 0 (least used)
o 8 (most used).

ESULTS

uring the sampling period (2010–2013) 1326 indi-
iduals of six small mammal species were captured:
. darwini,O.degus,Abrothrix olivaceus,Abrocoma bennetti,
hylamys elegansandOligoryzomys longicaudatus (Table1).
onsidering that the rodents O. degus and P. darwini
ere the most abundant species (accounting for
9.4% of total captures), we focused our analyses on
hese two species. Inter-annual T. cruzi infection preva-
nce ranged between 14% and 73% in O. degus and
5% and 59% in P. darwini. Detailed information
bout these rodents (including abundance, gender,
fection status, body size and weight) is available in
upplementary Appendix S3.
The relative abundances (all years combined) of

he shrub species assessed were as follows: F. thurifera
Fth, 36.9%),H. stenophyllum (Hst, 20.8%), B. salicifolia
Bsa, 16.2%), P. chilensis (Pch, 8.7%), B. incisifolia
Bin, 7.5%), C.odorifera (Cod, 3.7%), S. polygamus
Spo, 2.5%), A.arborea (Aar, 2.1%) and O.paradoxus
Opa, 1.5%) (see Appendix S2 and Appendix S4 for
etails of each plant species).
eserve, Chile

d abundances per sampling year

2012 2013

3.2) 222 (357±36.5) 67 (100±35.8)
6.9) 112 (169±22.4) 90 (111±12.0)

29 27

SE estimated by the MARK programme is indicated in
model as described in Botto-Mahan et al. 2012).

© 2016 Ecological Society of Australia
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Associations among rodent species and shrub
community

Non-infected O.degus individuals used individual shrub
species within the shrub community significantly non-
randomly relative to their availability in 2011, 2012
and 2013, while infected O.degus individuals showed
the same pattern in 2010, 2011 and 2013 (Table 2)
However, non-infected P.darwini individuals used the
shrub community irrespective of availability in 2011
2012 and 2013, but infected P.darwini individuals used
the shrub community according to availability in the
environment during the four sampling years (Table 2).
Individual shrub species preferences

Infected and non-infected individuals of O.degus and
P.darwini showed strong preferences for F. thurifera
and C.odorifera (Tables 3 and 4, respectively; detailed
Table 2. Summary of G-tests conducted to examine the association b
2010–2013, using the number of captures associated with each shrub sp

Mammal species Year

No

G

Octodon degus 2010 12.50
2011 52.96
2012 42.40
2013 21.75

Phyllotis darwini 2010 7.66
2011 33.30
2012 32.95
2013 46.53

Analyses were performed separately for infected and non-infected in
the shrub community is not used according to shrub species relativ

Table 3. Compositional analysis summary for infected (I) and non-in

Shrub species

2010

NI I NI

Adesmia arborea 8(+) 1(�) 3(�)
Baccharis salicifolia 4(+) 3(+) 4(+)
Bridgesia incisifolia 1(�) 7(+) 8(+)
Colliguaja odorifera 6(+) 2(+) 1(�)
Flourensia thurifera 3(+) 4(+) 5(+)
Heliotropium stenophyllum 5(+) 8(+) 7(+)
Ophryosporus paradoxus 0(�) 5(+) 2(�)
Porlieria chilensis 2(�) 6(+) 6(+)
Schinus polygamous 7(+) 0(�) 0(�)

Ranked values are presented, ranging from the least (0 value) to the
values indicate preference and negative values indicate avoidance) i

© 2016 Ecological Society of Australia
information is available in Appendix S5), which were
used up to eight times more than the other species
whereas A.arborea andO.paradoxuswere the shrub spe-
cies least used by both rodents. These preferences were
highly variable among sampling years, between species
and between infected and non-infected individuals
Both rodent species show a ‘core’ of species (F. thurifera
H. stenophyllum and P. chilensis) consistently preferred
over time, species and infection status, whereas the
remaining species showed variable use levels (Fig. 1).
DISCUSSION

Trypanosoma cruzi infection is associated with behav-
ioural changes in the two rodent species studied, related
to how they used the shrub community. Both rodents
used the shrub species available significantly non-
randomly relative to their availability, except for infected
P.darwini individuals. O.degus and P.darwini preferred
etween each rodent species and the overall shrub community during
ecies and their relative availability in the field

n-infected Infected

P G P

0.131 15.96 0.043
<0.001 30.25 <0.001
<0.001 15.19 0.056
0.005 30.09 <0.001
0.467 5.61 0.691

<0.001 7.46 0.488
<0.001 14.49 0.070
<0.001 15.01 0.059

dividuals. Bold figures denote significant P-values, indicating that
e abundances.

fected (NI) Octodon degus individuals for each sampling year

Sampling years

2011 2012 2013

I NI I NI I

8(+) 6(+) 0(�) 6(+) 1(�)
2(�) 3(�) 3(+) 3(+) 3(�)
6(+) 7(+) 6(+) 8(+) 0(�)
0(�) 1(�) 2(�) 0(�) 2(�)
3(+) 5(+) 7(+) 2(+) 5(+)
7(+) 8(+) 5(+) 7(+) 6(+)
1(�) 0(�) 1(�) 1(�) 8(+)
4(+) 4(+) 8(+) 4(+) 7(+)
5(+) 2(�) 4(+) 5(+) 4(+)

most (8 value) preferred shrub species. Use behaviour (positive
s indicated in parentheses.

doi:10.1111/aec.12338
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Table 4. Compositional analysis summary for infected (I) and non-infected (NI) Phyllotis darwini individuals for each sampling year

Shrub species

Sampling years

2010 2011 2012 2013

NI I NI I NI I NI I

Adesmia arborea 1(�) 8(+) 8(+) 2(�) 8(+) 2(�) 1(�) 0(�)
Baccharis salicifolia 7(+) 4(+) 5(+) 4(+) 1(�) 4(+) 3(�) 2(�)
Bridgesia incisifolia 3(+) 5(+) 6(+) 0(�) 2(+) 5(+) 6(+) 7(+)
Colliguaja odorifera 4(+) 3(+) 7(+) 1(�) 6(+) 8(+) 4(+) 6(+)
Flourensia thurifera 6(+) 2(�) 3(+) 6(+) 4(+) 6(+) 5(+) 5(+)
Heliotropium stenophyllum 5(+) 0(�) 4(+) 7(+) 7(+) 7(+) 8(+) 4(+)
Ophryosporus paradoxus 8(+) 1(�) 0(�) 3(�) 0(�) 3(�) 2(�) 1(�)
Porlieria chilensis 2(+) 7(+) 2(+) 5(+) 5(+) 0(�) 7(+) 8(+)
Schinus polygamus 0(�) 6(+) 1(+) 8(+) 3(+) 1(�) 0(�) 3(+)

Ranked values are presented, ranging from the least (0 value) to the most (8 value) preferred shrub species. Use behaviour (positive
values indicate preference and negative values indicate avoidance) is indicated in parentheses.

Fig. 1. Relative use of each plant shrub species available in each sampling year for infected and non-infected rodents; values> 0
indicate preference, and< 0 indicate avoidance. Grey bars in the background represent the cumulative rainfall of the past 12months
previous to the sampling events.

d

516 M. I. DONOSO ETAL.
ome plant species (particularly F. thurifera and C.
dorifera), which were consistently used regardless
f their relative abundance. Those shrub species might
e providing shelter or food resources for O.degus
nd P.darwini, whereas other species do not. On the
ther hand, other shrub species such as O.paradoxus
nd A.arborea were largely ignored, irrespective of their
oi:10.1111/aec.12338
bundance. Those preferences seem to be affected by
he infection status, infected individuals being less
elective than non-infected ones (especially P.darwini).
dditionally, preference patterns of both rodent species
aried from 1year to another during the four sampling
ears. Notwithstanding, because of very low infection
revalence in some years, we cannot discount that some
© 2016 Ecological Society of Australia
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SHRUB USE BY INFECTED AND NON-INFECTED RODENTS 517
of the non-significant results detected may emerge from
low-sample sizes in the infected individual groups.
Previous studies have identified inter-specific compe-

tition as the most important mechanism responsible
for determining the foraging behaviour of O.degus and
P.darwini (Andreo et al. 2009); O.degus outcompeting
P.darwini and displacing it to sub-optimal (i.e. open)
areas (Yunger et al. 2002; Kelt et al. 2004c). A previous
study in this area (Jiménez et al. 2015) showed be-
havioural changes related to T. cruzi infection status
where infectedO.degus individuals decreasedmovement
distances, while infected P.darwini increased theirs
compared with non-infected individuals. Such changes
might be related to impaired competitive capabilities in
infected rodents, which would be displaced to sub-
optimal areas by non-infected individuals.
Additionally, plant-animal interactions may be also

modulated by abiotic factors. Rainfall has been acknowl-
edged as the main driver of abundance and composition
changes in the plant community, which alters the com-
petition between O.degus and P.darwini (Andreo et al
2009; Gutierrez et al. 2010). In our 4-year dataset
the variation in rodent and plant abundance might be
related to variation in the cumulative precipitation o
the previous year (cf. Table 1, Fig. 1 and Appendix S3)
In those years with abundant precipitation, calculated
as the cumulative 1-year rainfall previous to the sam-
pling date, higher rodent abundances were detected
and their preference patterns intensified, whereas after
a year with scarce precipitation, abundances decreased
and rodents were less selective on the available shrub
species.
The temporal fluctuations in O.degus and P.darwin

abundance may significantly alter the abundance of cer-
tain plant species as a result of seed predation pressure
Shrub preference patterns and their temporal variation
could be also influenced by the prevalence of an infec-
tious organism such as T. cruzi, which has very variable
prevalence levels across years (Botto-Mahan et al
2010, 2012, 2015). Our results show that T. cruzi infec-
tion in wild small mammals is able to modify habitat
use and preference patterns for certain shrub species
To the best of our knowledge, this is the first study
reporting the effects of infection status on the differentia
use of plant species, which may be related to the altered
movement behaviour previously reported for these
rodent species (Jiménez et al. 2015). In summary
both rodents exhibited preferences for shrub species
which were affected by infection status and were variable
in time.
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