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The degradation of dry woodlands in South America by agricultural activities affects
wildlife through a decrease in available habitat and fine-scale changes in habitat structure.
The impact of land use can be perceived by small, mobile organisms as preventing or
facilitating their movement through and among habitats, consequently altering ecosystem
functions. By tracking with radiotelemetry we describe for the first time the pattern of
movement of a small mammal (Graomys griseoflavus) that inhabits dry woodland eco-
systems in South America and its relationship with environmental features that affect
movement. We measured environmental variables linked to the ecological requirements of
the species (e.g., plant cover and patches of forage species consumed) in restored and
grazed woodlands and compared movements between seasons (dry and wet). We found
that the fine-scale differences in the vegetation cover associated with livestock grazing
changed the mobility and use of space of this small mammal. The step-lengths and used
area for G. griseoflavus were greater under passive restoration compared to the area grazed
by livestock. Small rodents moved between patches of similar mean size of forage species,
avoiding large inter-patches of bare ground. Although both management conditions
showed seasonal variations in plant cover, the step-lengths decreased significantly in the
grazed woodland during the wet season, while step-lengths in the restored area were
unaffected by season. The fine-scale spatial arrangement of plants in restored woodlands
elucidated notable changes in animal movement on grazed lands, suggesting that space
use by small mammals may be an important tool to identify habitat structures that
facilitate the movement of animals in restoration of degraded systems.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The processes of degradation of dry woodlands around the planet are mainly due to the removal of vegetation by agri-
cultural activities (Bastin et al., 2017). Although the quantification of the loss of habitat on a large scale is necessary for making
decisions at a regional or global level, the fine-scale alteration in the organization of plant patches can affect habitat
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connectivity, altering themovement of organisms and availability of the resources they procure through the landscape. In arid
woodlands of Argentina, the conservation of plant communities and their historical fine-scale distribution are key consid-
erations for survival of desert mammals, given their influence on the availability of food and shelter necessary to withstand
rigorous climatic extremes and high predation risk present in arid ecosystems (Taraborelli et al., 2003). Passive ecosystem
restoration is an appropriate strategy to recover many components of biodiversity in degraded lands.

(Hobbs and Cramer, 2008). One approach, the removal of livestock, can trigger changes in plant communities, including
the increase of perennial grass cover and subsequently lead to a significant spatial rearrangement of plant patches and
modification of soil stability and nutrient cycling (Ruecker et al., 1998; Valone and Sauter, 2005; Arnaez et al., 2010). The
occurrence and magnitude of these changes, however, will depend on disturbance intensity and duration and site-specific
properties.

The fine-scale spatial arrangement of plants influences ecological processes mediated by the movement of animals (e.g.,
seed dispersal), which may even affect the trajectory of woodland ecosystems under restoration (McCallum et al., 2018). For
example, seed dispersal of Prosopis trees by mammals through protected and grazed woodland networks is remarkably
conditioned to the spatial organization of plants in the landscape (Miguel et al., 2018b). Previous research also found that the
loss of connection between patches of plants in cattle-grazed habitats lowered richness in the mammal assemblage and thus
reduced habitat quality (Spirito and Tabeni, 2016).

Animal movement plays an important role by shaping fine-scale processes, such as habitat patch choice, which ultimately
influence biological processes at broader spatial scales and higher levels of organization (Nams, 2005). Desert small mammals
(<100 g) have been widely recognized to be mobile link species (i.e., organisms that actively move in the landscape and
connect habitats in space and time, Lundberg and Moberg, 2003) with significant effects on ecosystem processes across the
landscape (Kelt, 2011). One of the best characteristics of small mammals for understanding landscape degradation is their
fine-grained perception of environmental changes (Tabeni et al., 2007). For example, small mammals use physical cover to
reduce their risk of predation and may move slower where there is more protection from predators (Gehring and Swihart,
2004). Knowledge of this type of behavioral response, combined with a relatively large body of research on the natural
history of rodents (e.g., Ojeda and Tabeni, 2009), can be used to explore the utility of small mammals as indicators of changes
in landscape structure due to degradation (Lindenmayer et al., 2000; Shanley et al., 2013).

We present a case study analyzing the movement patterns among resource patches by a small mammal species,
comparing woodland habitats under continuous livestock grazing and under passive restoration for more than 50 years in the
Monte Desert, the largest arid region of southern South America (Roig et al., 2009). Over the last two centuries, this biome has
been subjected to deforestation, woodland degradation, and wildlife habitat fragmentation principally due to intensive,
continuous grazing by livestock (Fern�andez and Busso, 1999). In particular the ~Nacu~n�an region has shown, after 50 years of
grazing exclusion, an increase in plant diversity and richness, particularly among the primary grasses and shrubs of high
palatability to livestock (Rossi, 2004). These changes in vegetation patterns led to spatial homogenization compared with
surrounding grazed fields (Tabeni and Ojeda, 2005). By contrast, the areas that continued to be subjected to continuous
grazing showed reductions in total plant cover and grass strata and increases in unpalatable species and bare ground cover
(Villagra et al., 2009). Continuous livestock grazing also produced a habitat structure with more gaps in plant distribution and
greater spatial heterogeneity (Spirito et al., 2017). In addition, differences between wet and dry seasons, characteristic of
drylands in this region, lead to seasonal differences in plant communities. The total annual precipitation ranges between 100
and 350 mm in most of the Monte Desert (Labraga and Villalba, 2009). In the central region of the Monte, the distribution of
rainfall produces two seasonal periods, the wet season, where 75% of the rains are concentrated (NovembereMarch), and
coincides with the thermal summer (meanmonthly temperature of 22.4 �C), and the dry season (AprileOctober) with a mean
monthly temperature of 7 �C (Estrella et al., 2001; Rossi, 2004). These dissimilarities are accentuated under grazing. Previous
studies in the central Monte Desert found that in the dry season the cover of grasses, shrubs, plant litter, and forage plant
species for small mammals were significantly reduced in grazed lands compared with the passive restoration area (Spirito
et al., 2017).

Generalist species of small mammals can exploit a broad spectrum of environmental characteristics, such as forage species
or vegetation structure, as habitat, and thus can serve asmodel species to investigate previously unexplored aspects of habitat
change caused by land use change (Wells et al., 2006). Use of animal telemetry data extends the spectrum of knowledge on
small mammal ecology, complementing traditional approaches based on capture and recapture techniques typically used for
small mammals (Wilson et al., 2015).

We evaluated space use, specifically movements and area used, in Graomys griseoflavus, a habitat generalist and the most
abundant small mammal in the ~Nacu~n�an region and the Monte Desert (Tabeni and Ojeda, 2005) and widely distributed in
Argentina, Bolivia, Paraguay and southwestern Brazil (Redford and Eisenberg, 1992; Yahnke, 2006; Udrizar Sauthier et al.,
2011). In the Monte, G. griseoflavus can occupy a wide variety of habitats (i.e., shrublands, grasslands, steppes and culti-
vated and grazed fields). It has the ability to climb and probably uses the arboreal strata for foraging purposes. Its diet is
omnivorous with a tendency to folivore and with a significant consumption of fruits and leaves of Prospis flexuosa. G. gri-
seoflavus remove, transport and hoard pods, and behaves as Prosopis seed predator (Albanese et al., 2011; Giannoni et al.,
2013; Miguel et al., 2018a).

In this studywe evaluate the influence of landscapemodification on native fauna and document themovement patterns of
a desert mammal, G. griseoflavus, in dry woodlands. We had two objectives: (i) to characterize the pattern of movement and
space use (step-lengths and area used) of a desert small mammal in protected and grazed woodlands through seasonal
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variations (wet vs. dry seasons), and (ii) to analyze the influence of habitat structure in woodlands under different man-
agement regimes on the movement patterns of G. griseoflavus. We predicted that movement patterns (based on step-lengths)
and used areas of small mammals within passive restoration conditions would be greater than under grazed management
because the restored area offered less open space and shorter distances between resource patches. That is, animals would
freely move over a larger area because of more numerous and interconnected patches of habitats under restored conditions.

2. Methods

2.1. Study site

We conducted our study in theMan and the Biosphere Reserve of ~Nacu~n�an, Mendoza Province, Argentina (34�020 S, 67�580

W; 12,300 ha), which has been protected from grazing by livestock for >50 yrs, and in an adjoining unprotected area under
continuous livestock grazing. Grazing in this area, predominantly by cattle, is intensive, with an average stocking density of
27 ha per animal unit (Guevara et al., 2009). There are no other large herbivores in the area, and the only medium-sized
grazer, the Patagonian mara (Dolichotis patagonum) is rare. The study area is part of the central Monte Desert biome.
Climate is semiarid, with a marked seasonality of humid summers (mean temperature i 20 �C) and dry winters (mean
temperature h 10 �C). Average annual rainfall is 324 mm, largely occurring during the wet season (Estrella et al., 2001). This
region supports a diverse mosaic of habitats that includes Prosopis flexuosa (Fabaceae) woodlands mixed with grasses, and
shrublands dominated by the evergreens Larrea spp. and Bulnesia spp. (Zygophyllaceae). The ~Nacu~n�an Reserve was estab-
lished in 1961 to protect native woodland and its biota, initiating the exclusion of livestock and the passive restoration
process. In 1986, the Reserve was included in the world network of Man and Biosphere Reserves (UNESCO) (Boshoven et al.,
2001). As one of the oldest protected areas in the Monte Desert biome, ~Nacu~n�an Reserve is currently the most important
reference site in Argentina for monitoring the ecological health of the Monte. Long-term grazing exclusion (>50 years) with
livestock fencing has resulted in compelling evidence of passive restoration of native vascular vegetation in the absence of
livestock grazing (Rossi, 2004).

2.2. Live-trapping and radio-telemetry

We carried out two trapping sessions, JuneeJuly 2012 (dry season) and FebruaryeMarch 2013 (wet season). We inten-
tionally avoided sampling during the peak breeding activity of G. griseoflavus (Corbal�an et al., 2006), when females were
frequently pregnant or lactating. During each trapping session, we established two trapping grids (10� 13 configuration,10m
between traps) in Prosopis woodlands, one each in the passive restoration and grazed areas (~1.5 ha for each grid). The
trapping grids were separated by > 2 km and thus considered independent sampling areas. In each grid, we placed Sherman
live traps 10 m apart, baited with rolled oats and vegetable oil. We trapped for five consecutive nights during each season and
checked traps eachmorning.We conducted all handlingmethods in accordancewith Purdue Animal Care and Use Committee
guidelines and American Society of Mammalogists animal care and use guidelines (Sikes, 2016).

We fitted telemetric transmitters to captured adults of G. griseoflavus weighing >45 g to reduce variability in movement
patterns due to development stages (Fig. S1). We attached the transmitters in the field just before release of the captured
individuals. To reduce the influence of trapping on the rodents’ use of space, we recorded telemetry locations only after all
traps were closed at a site (Webster and Brooks, 1981). The transmitters were a radiocollar 2-grTXB-004C with an on-off
magnet switch (Telenax Wildlife Telemetry, Mexico). We tracked each animal with a RX-TLNX receiver equipped with a
three-element Yagi antenna (Telenax Wildlife Telemetry, Mexico) for 6e10 days during each season (wet and dry), given the
limited transmitter battery life of ~15 days). We collected telemetry data by locating each radio-collared animal by foot with a
minimum time between sampling for each individual of two hours during the nighttime. Small mammals in drylands are
most active during the night (Lockard and Owings, 1974); therefore, tracking was focused on nighttime (from dusk to dawn).
However, we also recorded some locations during the daytime and corroborated that G. griseoflavuswas not moving then but
stayed underground. Once located, we recorded the position of each animal to the nearest meter using a hand-held global
positioning system (GPS) unit. For additional details on radio-tracking technique and data acquisition, see Spirito et al. (2017).

2.3. Characterization of environmental variables

To analyze the influence of habitat structure on the movements of G. griseoflavus we selected 6 environmental variables,
representing finer-scale habitat conditions. Four of the variables were significant predictors of resource selection by G. gri-
seoflavus in the Monte Desert, as reported in previous work (Spirito et al., 2017), and included the relative percent cover of
bare ground, grasses, trees and forage species consumed by G. griseoflavus (Campos et al., 2001). We also created 2 structural
variables: size of inter-patches of bare ground and size of patches of forage species consumed by G. griseoflavus. For these, we
considered vegetation as a patch when its cover was continuous for �5 cm along the transect; if the intercepted vegetation
cover was <5 cm, we recorded it as an inter-patch of bare ground (Tongway and Hindley, 2004). We considered the fine-grain
scale of 5 cm based on a previous measurement of landscape perception (sensu Zollner and Lima, 1997) by G. griseoflavus at
~Nacu~n�an (Tabeni et al., 2007). Themean inter-patch size of bare ground andmean patch size of forage species were calculated
by summing the length of patches and dividing by the number of patches for each of these variables.
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Data for environmental variables were collected at ~400 random available locations, with 129 in the grazed area and 267 in
the restored area (Spirito et al., 2017) immediately after telemetry data collection ended. Available locations were selected by
first creating a minimum convex polygon (MCP) around the pooled (used) locations of G. griseoflavus in each of the two
management areas and drawing a 1000-m buffer around each. We then randomly selected available locations within each of
the 2 polygons. Sample size was greater for the restored area because some of the random available locations associated with
grazed animals fell in the restored area when the buffered MCP was drawn (Spirito et al., 2017). Vegetation was sampled at
each location along 4 2.5-m transects, and data were tallied along the total transect length (i.e., 10 m) for each location. See
Spirito et al. (2017) for more details on site selection and sampling methods.

Because exploration of the environmental variable data revealed that they were not normally distributed, we used the
Kruskal-Wallis test (Zar, 2019) to compare mean values of the variables between the passive restoration and grazed areas
during each season, using the package “dplyr” in R (Wickham et al., 2015). We first used the H statistic of the Kruskal-Wallis
test to check for overall significance between the two treatment types before comparing mean values of variables among the
treatments and seasons.

2.4. Data analysis

2.4.1. Movement patterns: step-length
We defined step-length as the straight-line distance linking successive animal locations taken at regular time intervals

(Turchin,1998).We assigned each nighttime location for each animal to a 2-hr sampling period. If it was not possible to collect
consecutive measures (e.g., the transmitter could not be found) we censored those locations from analysis, that is we only
considered consecutive locations in calculating step-lengths. For the dry season, the sampling period started at 1800 h and
concluded at 0800 h; and for thewet season (summertime in Southern Hemisphere), the sampling period was from 2000 h to
0800 h. We calculated step-lengths using the software Geospatial Modeling Environment-Spatial Ecology (Beyer, 2012).

We first generated frequency distributions of nighttime step-lengths by 25-m intervals for grazed and passive restoration
areas to evaluate the potential differences in step-length patterns by G. griseoflavus under the two different treatments.
Because we were interested in the overall pattern of step-length distributions by treatment type for this visualization, we
pooled all locations among animals and season.

We then compared mean step-lengths of animals between each season within the two management conditions (i.e.,
passive restoration vs. grazed) with a t-test (Zar, 2019) using the “Hmisc” package in R (Harrel, 2016). We considered each
individual as an experimental unit to avoid pseudo-replication (Otis andWhite,1999) for these tests of statistical significance.
Thus, we used locations for each animal as correlated subsamples that, when summarized for each animal, represented the
sample or observation unit for statistical tests, as typically done for most animal-based studies (Otis and White, 1999).
Further, we plotted step-lengths against environmental variables blocked by season (i.e., wet vs. dry) to offer visual com-
parisons of differences between the 2 management conditions.

2.4.2. Used area estimation
To estimate the area used by G. griseoflavus under the two management conditions, we calculated for each tracked in-

dividual the area (m2) of habitat used per hour over the total number of nights tracked (Bentley, 2008). We first calculated the
area of the MCP (Harris et al., 1990; based on 95% of all locations recorded for an individual over all days that it was tracked)
and then divided this area by the total number of tracking hours. We were unable to estimate home range sizes (i.e., the area
that an animal uses regularly and for which it stores information in a “cognitive map; ” Spencer, 2012), due to the short
sampling period (�10 days). Before we created the individual MCPs for animals in the 2 management conditions, we first
Table 1
Telemetry data obtained by radio-tracking Graomys griseoflavus (n¼ 13) in the passive restored and the grazed conditions during two sampling seasons (dry
and wet), 2012e2013, in dry woodlands of the Monte Desert, Argentina.

Season Animal number Sex (Male/Female Total locations Night-time locations Daytime locations Total days of radio-tracking

Grazed Dry #1 F 23 13 10 8
#2 M 20 14 6 8
#3 F 32 22 10 7
#4 M 39 33 6 9
#5 M 35 21 14 8

Wet #6 M 22 15 7 7
#7 M 28 22 6 10

Passive restoration Dry #8 M 37 23 14 8
#9 M 40 21 19 8
#10 F 35 21 14 10
#11a M 10 8 2 6

Wet #12 F 40 25 15 9
#13 F 35 22 13 8

a Animal 11 was omitted from used area calculations due to the small number of locations.
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evaluated differences in total area used as influenced by number of locations, to standardize this analysis across animals with
different numbers of locations. We randomly selected 20 locations for each animal, which was the smallest number of total
locations for any one animal used in this analysis, and created 10 new “used areas” for each animal by bootstrapping. We then
compared these new MCPs with the original ones and found no difference in MCP size between using the minimum and
maximum number of locations. Therefore, we used all locations documented for each individual to calculate its used area. We
also compared MCPs created for each radio-collared animal from all its nighttime vs daytime locations. Because day locations
were nested within the areas used at night, we pooled day and night locations for the used area analysis. We estimated MCPs
with the “move” package and HR bootstrap function (Kranstauber and Smolla, 2016).

Due to the small sample sizes and non-normality of the data, we compared used areas (i.e., m2/hour) for G. griseoflavus in
the passive restoration vs. grazed areas, but not by season, using the Mann-Whitney-Wilcoxon test (also referred to as Mann-
Whitney U; Zar, 2019). We performed all statistical analyses in R language and environment for statistical computing (version
3.5.1, R Development Core Team, 2018). We considered p values < 0.05 to be statistically significant for analysis of the
environmental variables. For analysis related to telemetry data, we used p values < 0.10 as a general guide in identifying
significant differences, to reduce the probability of committing Type II errors (i.e., concluding no difference when in fact an
ecological difference existed), which was more likely given our small sample sizes (Zar, 2019).
3. Results

3.1. Small mammal capture and telemetry locations

Thirteen mature individuals of G. griseoflavus (8 males and 5 females) were tracked, 7 in the grazed area and 6 in the
passive restoration (Table 1). We attempted to fit transmitters to an equal number of males and females during each session,
but this was not achieved because few large adult males were caught (Table 1; see Spirito et al., 2017 for more details on
capture and tracking methods). Total locations per individual ranged from 10 to 40, with animals tracked from 6 to 10 days.
Total nighttime locations varied from a low of 8 to a maximum of 33 locations.
3.2. Environmental characterization

Environmental variables at locations available to G. griseoflavus differed between management conditions depending on
the season (Table 2). During the dry season, the contrast between management regimes was characterized by significantly
lower grass and forage cover and greater bare ground cover and larger inter-patches of bare ground in the grazed areas
compared to the restored area (Table 2). During the wet season, we observed more similarities in environmental variables
between management conditions. As was true for the dry season, both grass and forage species cover were higher in the
passive restoration sites and the grazed area had greater bare ground cover and larger patches of bare ground compared to
passive restoration. These differences, however, were not significant (Table 2). Importantly, differences in forage patch size
were significant during the wet season, and patches were much larger in the passive restoration area (x¼ 227 cm) than in the
grazed sites (x ¼ 175 cm), in contrast to forage patches in the dry season (Table 2).
3.3. Movement patterns: step-length

The frequency distribution of nighttime step-lengths showed a distinctive pattern of more frequent longer movements in
the passive restoration area compared to the grazed area, using all locations pooled among animals and seasons (Fig. 1). The
preponderance of short (0e25 m) steps occurred in the grazed area, and >90% of step-lengths were in the 2 shortest distance
intervals (�50m) in the grazed area (Fig.1). By contrast, step-lengths for the passive restoration area had amore extended tail
of infrequent but longer movements (Fig. 1).

Step-lengths of G. griseoflavus were significantly longer under passive restoration vs. grazed management during both
seasons, although the pattern was strongest during the wet season (t ¼ �3.18, p ¼ 0.001; Fig. 2) compared to the dry season
(t¼�1.67; p¼ 0.096). Mean step-length was ~1.5e2.5 times greater in the restored area (Fig. 2), which reflected like patterns
in frequency distributions of step-lengths between restored and grazed areas (Fig. 1).

In the dry season, nighttime step-lengths were notably greater in the restored area during early evening (1800e2000 h)
and early morning (0600e0800 h; Fig. S2). Forage cover and forage patch size used were similar towhat was available in both
areas (Fig. S2; Table 2). On the other hand, values of bare ground cover and patches used were at the low range of what was
available (Fig. S2). During the wet season, marked differences in nighttime step lengths between the 2 management regimes
were observed during key foraging hours (~2200-0200 h; Fig. S3). Animals in the passive restoration area moved between
relatively small patches of bare ground cover and higher values of grass cover (Fig. S3; Table 2). Duringmost hours, grass cover
was much greater at used sites in the passive restoration, and bare ground cover greater in the grazed area during the wet
season (Fig. S3); these differences were less pronounced in the dry season (Fig. S2). Other differences also emerged in the wet
season, forage cover and patch size in used sites were consistently greater in restored areas across all nighttime hours, and
inter-patches of bare ground were consistently larger in used sites in the grazed area (Fig. S3).
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Table 2
Comparisons of mean values of environmental variables between the passive restoration and grazed areas in the Monte Desert, Argentina, using Kruskal-
Wallis (H-value). Values aremeanswith standard errors in parentheses. Different superscript letters indicate significant differences (p < 0.05) betweenmean
values of each variable for a given evaluation. * Forage-MPS ¼mean patch size of forage species; bare ground-MiPS ¼mean inter-patch size of bare ground.
Portions of the data were previously published in Table 2, Spirito et al. (2017).

Environmental variables Dry season Wet season

Grazed Passive restoration Grazed Passive restoration H-value p-value

Grass cover (%) 15.83 (1.14)a 22.95 (1.29)b 23.21 (2.43)b 29.17 (2.21)b 36.61 <0.0001
Tree cover (%) 29.87 (2.36)b 23.1 (2.47)b 20.55 (3.28)ab 16.14 (2.51)a 13.47 0.0031
Forage cover (%) 68.36 (1.42)a 74.6 (1.49)b 66.22 (2.35)a 71.61 (2.16)ab 13.80 0.0032
Bare ground cover (%) 35.37 (1.86)c 19.26 (1.79)a 31.99 (3.16)bc 23.12 (2.01)ab 40.89 <0.0001
Forage-MPS (cm)* 220.75 (9.92)b 214.61 (11.49)b 174.93 (13.97)a 227.06 (13.46)c 7.79 0.05
Bare ground-MiPS (cm)* 127.99 (7.56)c 79.48 (7.95)a 127.06 (13.31)bc 100.33 (8.59)b 30.71 <0.0001

Fig. 1. Distribution of nighttime step-lengths (m), each assigned to a 2-hr sampling period, of G. griseoflavus in grazed and passive restoration areas in the Monte
Desert, Argentina. Data were pooled among animals and seasons for this display.
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3.4. Used area

The area used by G. griseoflavus was highly variable among animals in both management regimes, but especially in the
grazed area (Fig. 3) Themedian value of area usedwas 53m2/h (SE¼ 225.9m2/h) in the grazed area, whichwas nearly 7 times
smaller than that in the passive restoration (368 m2/h; SE ¼ 75.4 m2/h; Fig. 3). This difference approached statistical sig-
nificance (p¼ 0.149,W¼ 8), suggesting a strong but variable pattern of greater used area by animals in the passive restoration
treatment. One animal (number 1, Table 1) had an extremely large value for used area (1636 m2/h), >4 times greater than the
next closest value, and illustrated the highly variable area of use among individuals within and across treatment types.We re-
ran the Mann-Whitney-Wilcoxon test omitting this animal to better understand differences in space use between man-
agement conditions in the absence of this extreme value; these results were statistically significant (p ¼ 0.0303, W ¼ 3),
further reinforcing the overall pattern of greater area used in the passive restoration treatment.
4. Discussion

Different responses of small mammals to grazing have been reported in drylands (Tabeni and Ojeda, 2005; Kelt, 2011),
demonstrating how changes in landscape structure and resource availability can affect population demographics (Gonnet,
1998; Tabeni and Ojeda, 2005). In this paper we showed for the first time how changes in the spatial arrangement and
6



Fig. 2. Comparison of nighttime step-lengths (m), each assigned to a 2-hr sampling period, of G. griseoflavus between the passive restoration and grazed areas, for
dry and wet seasons in the Monte Desert, Argentina. Values are means with Confidence Intervals. Significant results within a season are denoted by * (p < 0.10).
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cover of vegetation affected movement of native small mammals in dry woodlands of South America. We focused on two
contrasting land management conditions: dry woodlands under continuous grazing use and under long-term recovery from
grazing cessation. Our results supported our prediction that step-lengths and used area by small mammals would be greater
in landscapes whose spatial structure likely offers lower risk from predation during movement based on greater cover and
smaller patches of bare ground, that is, the area under passive restoration from livestock grazing.

These results suggest that differences in resource availability between management conditions can influence the move-
ment patterns and space use of the small mammal G. griseoflavus and may translate into greater access to the more abundant
forage resources available in the restored area. This result agrees with previous studies reported in other mammals, in which
animal movement is affected by land use (Stevens et al., 2004; Frair et al., 2005; Russell et al., 2007). As a habitat generalist
species, previous evidence indicated that abundance of G. griseoflavuswas not affected by grazing, showing their plasticity to
inhabit disturbed woodlands (Tabeni et al., 2013). Authors have also noted their capacity for selecting vegetation patches
under grazed conditions (Spirito et al., 2017). However, the availability of resources in the landscape does affect their
movements and therefore the selection of resources among different management conditions.

We observed high variability in space use, as measured by step lengths and used area, in our study animals. It has been
reported in the literature that small mammal movement can be characterized by short, regular movements and occasional
long-distance movements (Robinson, 1987; Bentley, 2008). In Australian deserts, several studies suggest that long-distance
(>1000 m) movements in rodents are very common (Dickman et al., 1995; Letnic, 2002). There is a complex set of factors
that promote such large movements. Precipitation can be one of the most important triggers by producing an immediate
increase in food by promoting access to buried seeds (Letnic et al., 2005; Dickman et al., 2011). In our work one animal
(number 1, Table 1) traversed an extremely large area during the dry season. The reduction in available resources could
partially explain these singular long-distance movements.

Landscapes can change in both space and time, with heterogeneous vegetation patches shifting during succession and
over the growing season, presenting different structures for animals to move through and varying movement costs (Wells
et al., 2006; Nathan et al., 2008; Marteinsd�ottir et al., 2010; Searle et al., 2010). Our results suggest that environmental
conditions in the restored area led to greater movements by G. griseoflavus year-round compared to the grazed area, pre-
sumably due to the effect of the long-term restoration of the vegetation, resulting in less bare ground and higher grass and
forage cover, which promote a greater capacity of movement. We also expected that, given the typically more abundant
vegetation cover in the wet season, step-lengths and used area would be greater during this season because the landscape
7



Fig. 3. Box-plot representation of used area sizes of G. griseoflavus calculated using a minimum convex polygon (MCP) under grazed and passive restoration
conditions; total area (m2) across all days of tracking was divided by the hours of tracking for each individual. The horizontal line in the box represents the
median, the box represents the 25th to 75th percentiles, the extensions represent the 10th and 90th percentiles, and solid circles represent the outliers.
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offers greater structural connectivity that would facilitate movements to find forage resources. Although we did not formally
test for seasonal differences due to small sample sizes, this prediction was not supported by our data. Small mammal step-
lengths were somewhat shorter during the wet season in the grazed area, not longer, and step-length in the passive resto-
ration was similar between seasons.

Differences and similarities in landscape structure also influenced animal movements. During the dry season, G. griseo-
flavusmoved among forage patches of similar size in both management conditions, reflecting the similarities in forage patch
sizes available in that season. However, they were unable to avoid the large inter-patches of bare ground in the grazed area. In
deserts of Australia, the influence of structural connectivity in the movement of native species of rodents has been noted
(Doerr et al., 2010). As a general pattern, most structurally connected sites are associated with increased movement of ani-
mals, matching the results of this study. Small mammals living in deserts are known to face challenges in moving through
low-quality and risky landscape (Spencer et al., 2014). In addition to the vegetation type and patch characteristics of the
habitat, the ability to move through and survive in these habitats involves other factors, not addressed here, such as
perceptual and behavioral factors intrinsic to a given species that trigger decisions to move into habitat types to acquire
resources as well as avoid predation and competition with conspecifics (Fahrig, 2007).

Our results from analysis of radio-telemetry data allowed us to describe space use of G. griseoflavuswith greater precision
than results from prior studies. Previous studies on the home range and movement of small mammals in the Monte Desert
were carried out using fluorescent powder or live-trapping techniques (Corbal�an and Ojeda, 2005; Corbal�an and Debandi,
2009). Furthermore, our results provide fine-scale evidence on the fundamental role of vegetation during movement.
Plant cover offers safe places for refuge and feeding sites for these prey populations in the Monte, data that were historically
inferred only from trapping data (Ojeda et al., 2011). The passive restoration of plant communities leads to an increase in
coverage, but at the same time to the recovery of the spatial arrangement of the vegetation. Thus, structural attributes of the
landscape that we incorporated in our study, such as plant patch-size and inter-patches of bare ground, proved to be
important ecological indicators for the dispersion of this species, not reported. until now.

Interpretations of our results, however, should be viewed with caution, given our small sample size of 13 animals that
encompassed 2management regimes, 2 seasons, and 2 sexes, lownumber of locations per animal, and limited number of days
of telemetry data collection for each season. These factors combined led to high variability in movements observed in our
study. These challenges are common with studies of small mammals that evaluate their movements, space use, and habitat
use. Nonetheless each study contributes further to our limited knowledge on these topics, but at a slower pace than
knowledge gain that is possible for most larger mammal species wheremore powerful data collection technologies have been
developed and are commonly used. Our data limitations may contribute to a higher probability of Type II errors, and further
studies are needed to improve precision of our estimates of movement distances, space use, and habitat use.

The findings of this study highlight the importance of considering animal movement in disturbed landscapes to ascertain
effects of degradation on this key ecological process. Rodents decreased their movement in degraded sites, and only moved
between sites providing high vegetation cover and large patches of forage species, which could indicate a reduction in the
functional connectivity of the landscape with respect to G. griseoflavus. But connectivity is not a static process; rodents may
change their movement patterns depending on vegetation cover that in turn is responding to seasonal changes in precipi-
tation and temperature. Furthermore, the used area under passive restorationwas characterized by greater connectivity both
structurally and functionally. G. griseoflavus may perceive the restored area as a safer environment, venturing to explore the
area more readily. This can promote important behaviors, such as scattering and capturing seeds and planting and germi-
nation of plants, among others (Yoshihara et al., 2009; Giannoni et al., 2013). Finally, identifying landscape structures that
8
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facilitate small mammal movement may be an important tool to promote the restoration of degraded systems and the
ecosystem services provided by these animals.
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