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A B S T R A C T

Species losses and additions can disrupt the relationship between resident species and the structure and func-
tioning of ecosystems. Persistent human-trampling, on the other hand, can have similar effects through the
disruption of biocrusts on surface soils of semiarid systems, affecting soil stability and fixation of carbon and
nitrogen. Here, we tested the interactive and synergistic impacts of the exclusion of native mammalian herbi-
vores and the effects of introduced lagomorphs in a semiarid thorn scrub ecosystem, where soils were subjected
to two different trampling intensities (i.e., trampled and non-trampled). We postulated that because of their
differential habitat use and fossorial activities, with respect to native small mammals, lagomorphs would have
strong negative effects on soil structure, biocrust cover, and biocrust bacterial community structure. Our ex-
pectations were that changes in biocrust cover in response to trampling where native mammals were excluded,
but exotic lagomorphs were present, will spread their impacts on soil chemical and physical features. To test our
hypotheses, we measured changes in soil biogeochemical properties in four experimental plots where lago-
morphs (L)/small mammals (SM) were experimentally manipulated to exclude them from the plots (−), or let
them be present (+). The experimental combinations monitored were: -L/+SM, -L/-SM, +L/+SM, and +L/-
SM. Results showed that human-trampling disturbance interacted with the loss of native small mammals and the
presence of non-native lagomorphs to cause large changes on biological (i.e., biocrust cover, bacterial and nifH
genes abundance), physical (i.e., soil moisture and soil stability) and chemical (i.e., TC and TN) soil features. The
relative impacts of trampling disturbance on biological and physicochemical features were strongly influenced
by the presence of non-native lagomorphs. For example, larger decreases in biocrust cover and bacterial
abundance were observed in treatments without lagomorphs (-L/+SM; -L/-SM). In turn, losses of biocrust cover,
in addition to trampling, determined decreases in soil stability in all treatments. These results suggest that non-
native lagomorphs surpass the effects of the loss of native small mammals in reducing soil quality and pro-
ductivity. Therefore, human-trampling has the potential to convert low disturbed soils, as those observed in non-
trampled soils in treatments -L/+SM, -L/-SM into poor soils with low biocrusts cover and concomitant low
stability, as observed in +L/+SM; +L/-SM treatments. These findings agree with previous observations that
different components of global change act in synergic ways in fragile, water-limited environments. Because
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biological invasions and soil surface disturbance are becoming widespread in dryland regions globally, under-
standing the long-term consequences of these interactions is essential.

1. Introduction

Above and belowground processes in ecosystems are often in-
tegrated by the activities of vertebrate herbivores and this integration
can become decoupled when dominant native herbivores are excluded
(Bardgett and Wardle, 2003; Harrison and Bardgett, 2008). Accord-
ingly, the loss of native herbivores is often accompanied by a decline in
native functional diversity, which can substantially impact soil eco-
system processes (Neely et al., 2009; IPCC, 2013; Fleming et al., 2014;
Eldridge et al., 2017). This loss, in turn, can accelerate the effect of
other forms of environmental degradation, such as global warming,
through altering soil carbon (C) and nitrogen (N) cycling, in addition to
enhancing soil erosion (Stavi et al., 2008; Hooper et al., 2012; Fleming
et al., 2014). Drylands are expected to undergo critical environmental
transformations as a consequence of climate change drivers, as well as
through the intense disturbances caused by exotic animal grazing and
trampling (Eldridge et al., 2016; Maestre et al., 2016). Many dryland
soils are thin and oligotrophic, with low C and N contents, and hence
recovery rates after physical disturbances can be exceedingly slow
(Barger et al., 2006; Housman et al., 2006; Ferrenberg et al., 2015).
Also, soil surface disruption by trampling and digging decreases soil
stability and accelerates fertility loss via wind and water erosion
(Eldridge and Myers, 2001; Neff et al., 2005; Eldridge and Koen, 2008).
Despite increasing evidence for soil disruption due to the loss of native
herbivores, and concomitant increases in exotic species activities and
trampling (Eldridge and Myers, 2001; Reid et al., 2005; Eldridge and
Koen, 2008; Kuske et al., 2012; Ferrenberg et al., 2015), the interactive
effects of these three critical factors upon soil structure and function
remain poorly understood.

In water-limited ecosystems, vascular plant cover is sparse and soils
between vegetation patches are often occupied by a biotic consortium
of cyanobacteria, lichens, heterotrophic bacteria and fungi, algae, and
mosses, known collectively as biological soil crusts or biocrusts (Belnap
and Lange, 2003; Belnap, 2006). This multi-trophic assembly of mi-
croorganisms often represents the functional interface between the soil
and the atmosphere in these semiarid ecosystems, driving the cycles of
resources (e.g., soil water) and elements (e.g., C, N, and phosphorus)
(Chamizo et al., 2012; Elbert et al., 2012). As biocrusts become domi-
nated by lichens or mosses, C and N fixation increase in tandem, along
with soil aggregation and stability that prevents erosion (Eldridge and
Leys, 2003; Elbert et al., 2012; Delgado-Baquerizo et al., 2013). As
digging and trampling by exotic animals increases, cover and con-
nectivity between biocrust patches decreases substantially (Eldridge
et al., 2016).

Physical soil disturbance can modify the functional structure of
biocrusts by transforming late successional assemblages dominated by
lichens and mosses into early successional ones dominated by cyano-
bacteria; these early successional communities are both less productive
and have limited ability to stabilize soils (Ferrenberg et al., 2015;
Belnap et al., 2016). In semiarid environments of central Chile, under a
Mediterranean-type climate, with a pronounced summer drought, late-
successional biocrusts are naturally absent or only occur in low abun-
dance; therefore, most soils are often covered by cyanobacterial-
dominated biocrusts (Castillo-Monroy and Maestre, 2011). The domi-
nant native small mammals in these sites graze on annual herbs and
preferentially excavate burrows beneath shrubs, cactus, and rocks. In
contrast to native herbivores, the introduced European hare (Lepus
europaeus) and the European rabbit (Oryctolagus cuniculus) have a
marked preference for burrowing in open areas between shrubs (Jaksic
et al., 1979; Fuentes et al., 1983); often resulting in soil disruption

between bushes (Jaksic et al., 1979). In addition, introduced lago-
morphs facilitate invasion by exotic grasses as they forage heavily on
the native perennial species (Gutierrez et al., 2010). As in other semi-
arid environments, in semiarid Chile, mammals and other native spe-
cies of vertebrates (e.g., reptiles and birds) are affected by habitat
fragmentation (Araya et al., 1992), species invasion (Jimenez et al.,
2011; Meserve et al., 2016), livestock grazing and changes in land use
(Acosta-Jamett et al., 2016).

In this research, we assessed the effects of a 10-year exclusion of
native and introduced herbivores on soil physical and chemical fea-
tures, as well as on the structure and function of the bacterial biocrust
community in a Chilean semiarid thorn scrub. Specifically, we hy-
pothesized that (i) the presence and activities of invasive lagomorphs
and exclusion of native herbivores, combined with human trampling,
will reduce biocrust cover and bacterial abundance, in turn driving
changes in community structure and composition, and (ii) changes in
bacterial community organization will have a cascading effect on
edaphic physicochemical properties, such as nutrient cycling processes
and soil stability. Further, we hypothesize that soil fertility will decline
in parallel with biocrust cover loss and decreasing bacterial abundance
across the disturbance gradient of trampling intensity and mammal
burrowing.

2. Materials and methods

2.1. Study site

The study site was located in the Fray Jorge Forest National Park (FJ
henceforth), near the southern border of the Atacama Desert in central
Chile (71°39′W, 30°39′S). The prevailing climate is semiarid, with a
strong Mediterranean influence, with 90% of precipitation con-
centrated in the winter months (May through September) and large
inter-annual variability in total rainfall. The mean annual temperature
(MAT) is ∼18 °C, with maximum temperatures during the warm and
dry summers (∼27 °C) and minimum temperatures during cold winters
(∼4 °C) (Jimenez et al., 2011; Aguilera et al., 2016). Mean annual
precipitation over the last two decades is 127mm (Armas et al., 2016),
although El Niño–Southern Oscillation (ENSO) events promote strong
variation in precipitation among years.

Soils across the study area are highly heterogeneous, with large
differences in physical and chemical features between open patches
without shrub cover and sites beneath the crown of dominant shrubs
(Gutiérrez et al., 1993). Whereas, soil pH remained similar between
these two micro-environments, electric conductivity is 5.5 fold lower in
open areas. Soil texture in open areas and below shrub cover is char-
acterized as loamy sand, with low values of silt and clay. Soil nutrients
(i.e., N and P) and organic matter contents in open areas are sig-
nificantly lower than in the soil underneath shrubs, and these differ-
ences are greater during the wet season (Gutiérrez et al., 1993; Aguilera
et al., 1999).

The local plant community is characterized by a scattered popula-
tion of drought-deciduous and evergreen spiny shrubs, 2–3m tall, es-
tablished over an ephemeral carpet of herbaceous plants on a primarily
sandy substrate (Gutierrez et al., 1993). The dominant shrub species are
the evergreen Porlieria chilensis I.M. Johnst. (Zygophyllaceae, ca. 31%
cover), the drought-deciduous Proustia cuneifolia D. Don (Asteraceae,
ca. 9% cover), the drought-semidecidous Adesmia bedwellii Skottsb.
(Fabaceae, ca. 5% cover), and the sub-shrub Chenopodium petiolare
Kunth (Chenopodiaceae, ca. 16% cover) (Gutierrez et al., 1997, 2004).
Mean cover of all other shrub species combined was lower than 1.5%.
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The native small mammal assemblage associated with this semiarid
landscape includes three caviomorph rodents, Octodon degus, O. lunatus
and Abrocoma bennetti; four sigmodontine rodents, Abrothrix longipilis,
A. olivaceus, Oligoryzomys longicaudatus, Phyllotis darwini; and the mouse
opossum Thylamys elegans (Meserve et al., 2016). By far the most
abundant small mammal in the area is the herbivore O. degus, followed
by the granivore-herbivore P. darwini and by the omnivore A. olivaceus
(Gutierrez et al., 2010; Meserve et al., 2016). The introduced European
hare and the European rabbit, once rare or absent from the mammalian
assemblage, have increased their density by ∼35% since 2002 (see
Gutierrez et al., 2010).

2.2. Experimental setup and sampling design

The study was conducted in a set of long-term exclusion plots
(75× 75m in area) established in 1989 to examine the response of
small mammals and plants to controlled biotic interactions and inter-
annual climate fluctuations (Fig. 1A). This is the longest experimental
field study running in temperate South America (Gutierrez et al., 2010,
see: Supplementary material, Table S1). To test the hypotheses of this
paper, we measured soil physical and chemical features, biocrust cover,
and abundance of nifH genes (indicators of the presence of nitrogen
fixing soil organisms), and the relative abundance and composition of
bacterial groups in four plots randomly assigned to four treatments
(hereafter: exclusion treatment). These included lagomorph (L)/small
mammal (SM) presence (+) and exclusion (−): -L/+SM, -L/-SM, +L/
+SM, and +L/-SM (Table 1). To evaluate soil and plant responses, five
pairs of 0.5× 0.5m subplots were randomly placed within each main
plot. Each pair of subplots consisted of one subplot located in un-
disturbed areas between plants (hereafter: non-trampled) and one
subplot located at least one meter away, in disturbed (soil compacted)
plant interspaces, where the staff walks once every month to conduct
vegetation surveys (hereafter: trampled; see Fig. 1B and Table 1). This
resulted in a fully factorial experimental design with two factors: type
of exclusion (with four levels; -L/+SM to + L/-SM) and trampling
disturbance (with two levels; trampled and non-trampled soils).

2.3. Sampling and field measurements

Samples of top soil (N=5; 0–1 cm, ∼20 g) were collected using
sterilized spatulas from each subplot. Larger gravel and organic mate-
rial was removed using a 2-mm mesh; samples were then bulked and
stored in plastic bags that were kept on ice during transport to the la-
boratory. Soil gravimetric water content was determined for oven-dried
samples (90 °C for 72 h), and bulk density was estimated by the core
method (5 cm soil depth). The index of stability for the top 0–5mm of
soil was measured in 10 samples per subplot using the field soil stability
test (Herrick et al., 2005). This test identifies and assigns samples to soil
stability categories (from 1 to 6), based on their rate of loss of ag-
gregation in water (see: supplementary material). Total biocrust and
annual plant cover (%) from each subplot were estimated using the
point-intercept method. Lagomorph activity was evaluated by re-
cording fresh trails and feces within each subplot, and along trampled
areas and non-trampled open areas between shrubs (Jaksic et al., 1979;
Fuentes et al., 1983; Lopez-Cortes et al., 2007).

2.4. Physicochemical and molecular analysis of soil samples

A subsample of each soil sample collected was ground and dried for
determination of total C, N, and δ13C and δ15N isotopic signals, using a
Thermo Delta V Advantage IRMS, coupled with a Flash2000 Elemental
Analyzer, at the Departamento de Ecología, Pontificia Universidad
Católica de Chile, Santiago. Ammonium (NH4-N) and nitrate (NO3-N)
concentrations in soil subsamples were determined using fractionated
steam distillation (Pérez et al., 1998). Soil pH was measured in a 1:2
soil to water suspension.

2.4.1. DNA extraction and quantitative PCR analyses
The relative abundance of bacteria in soil samples was evaluated for

DNA using qPCR (Eco Real-Time PCR System, Illumina, San Diego,
California, USA). For amplification, we used primers 338f/518r (Ovreas
and Torsvik, 1998). Each 20 μL reaction contained 10 μL 2x KAPA
SYBR® FAST qPCR Master Mix Universal (Kapa Biosystems, Boston,
Massachusetts, USA) and 0.5 μM of primers (Invitrogen, Life Technol-
ogies, California, USA). The qPCR reactions were performed following
Einen et al. (2008). Further information in supplementary material.

The abundances of nifH gene in soil samples was evaluated using
10 μL reaction mixture containing 5 μL of KAPA SYBR FAST qPCR
Master Mix (2X) (Kapa Biosystems), 0.5 μL of BSA (10mg/mL, New
England Biolabs), 0.4 μL of each primer 10 μM, PolF 5′- TGC GAY CCS
AAR GCB GAC TC-3'and PolR 5′-ATS GCC ATC ATY TCR CCG GA-3’
(Poly et al., 2001) and using the following thermal profile described in
the supplementary material. Plate readings were performed 1s at 72 °C
at the end of elongation step and every 0.5 °C during melting curve from
65 °C to 95 °C (Mao et al., 2011). The specificity of PCR was evaluated
by running products on a 1% (w/v) agarose gel. Purified PCR products
from a common DNA from all samples were used to prepare quantifi-
cation standards.

2.4.2. 16S tag sequencing and data sequence analysis
Tag sequencing was performed at the Centre for Comparative

Genomics and Evolutionary Bioinformatics, Dalhousie University,
through the Integrated Microbiome Resource. Amplicon fragments
were PCR-amplified from the DNA in duplicate reactions using separate
template dilutions (1:1 and 1:10) and Phusion High-Fidelity DNA
Polymerase (NEB/Thermo Scientific). A single round of PCR was done
using Illumina adaptors + indices + specific region primers, targeting
the 16S V6-V8 region (Comeau et al., 2011) with multiplexing. PCR
products were visually verified running a high-throughput 96-well E-
Gel (Thermo Scientific). PCR reactions from the same samples were
pooled in one plate, cleaned, and normalized using the high-throughput
SequalPrep 96-well Plate Kit (Thermo Scientific). Samples were pooled

Fig. 1. Study site characteristics. (A) An exclusion plot inserted in the semiarid
thorn scrub in Fray Jorge National Park, Chile. (B) Schematic representation of
non-trampled and trampled areas within exclusion plots. In different shades of
green, the perennial plant cover, undisturbed soils in light brown and disturbed
soils in dark brown. (Black square subplot, non-trampled area; white square
subplot, trampled area). (C) Photo of infrequent lichenized-biocrust. (D) VR-
PCA for ordination of biological, chemical and physical features of soils from
exclusion and trampling treatments (open circles, non-trampled soils; solid
circles, trampled soils; BD, bulk density; BSC cover, biocrust cover; TC, total
carbon; TN, total nitrogen; NH4, ammonium; NO3, nitrate; SM, soil moisture;
SS, soil stability). Colors of circles follow the assignment of Table 1. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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to make one library which was fluorometrically quantified before se-
quencing. The library was run on an Illumina MiSeq using 300 bp
paired-end V3 chemistry (up to 380 samples were simultaneously run).
Further information is provided in supplementary material.

2.5. Statistical analyses

2.5.1. Biogeochemical characterization
A Varimax rotated Principal Component Analysis (VR-PCA,

Legendre and Legendre, 1998) was used to obtain an overview of soil
physical and chemical features across all treatment plots. Raw data
were z-score standardized, and the amount of variance explained by the
principal axes estimated using relative Eigenvalues. Permutational
multivariate analysis of variance (PerManova) was used to assess the
effects of exclusion and trampling on soil features. A general linear
model (GLM) with two-way factorial design was used to assess the ef-
fects of plot type and human disturbance by trampling upon soil bio-
logical (i.e., biocrust cover, bacteria and nifH genes abundance), che-
mical (i.e., TC, TN and pH) and physical features (i.e., soil moisture,
bulk density and soil stability). All data were tested for homogeneity of
variances and log-transformed when necessary to meet GLM assump-
tions. The effects of experimental treatments (i.e., mammal exclusion
and trampling) and changes in biocrust cover on soil chemical and
physical features were evaluated using a generalized linear model, with
exclusion and trampling as categorical factor and biocrust cover as
continuous variable. A similar procedure was used to assess the effects
of trampling and changes in biocrust cover upon chemical and physical
soil properties within exclusion treatments.

2.5.2. Bacterial community structure and composition analysis
We used rarefaction analysis to compare observed OTUs at 97%

similarity (Fig. S3). The ordination patterns of bacterial communities
and their possible causal relationships to physical and chemical vari-
ables were assessed using redundancy analysis (RDA) after a Hellinger
transformation (Legendre and Gallagher, 2001). These analyses were
carried out using the VEGAN package of R version 3.2.0 (R
Development Core Team, 2011).

Table 1
Experimental design and plot characteristics. Mean (±1SE) are given for an-
nual plant cover and trail density.

Treatments Code Annul plant cover
(%)

Lagomorph trail density (n/
m2)

-Lagomorphs/+small mammals (-L/+SM)
Non-trampled N1 10.62 (1.49) 0

Trampled T1 3.89 (0.30) 0

-Lagomorphs/-small mammals (-L/-SM)
Non-trampled N2 12.99 (0.96) 0

Trampled T2 3.77 (0.80) 0

+Lagomorphs/+small mammals (+L/+SM)
Non-trampled N3 5.65 (0.18) 0.64 (0.29)

Trampled T3 1.68 (0.42) 1.60 (0.87)

+Lagomorphs/-small mammals (+L/-SM)
Non-trampled N4 4.30 (0.36) 0.60 (0.38)

Trampled T4 1.17 (0.54) 3.20 (1.31)

Fig. 2. Effects of treatments and trampling
upon biological (A–C), chemical (D–F) and
physical (G–I) characteristics of soils. Mean
(±1SE) are given for each variable. Colors
of circles and lines follow the assignment of
Table 1 (P-values show the effect of treat-
ments and trampling and the interaction in a
General Linear Model with factorial design).
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)
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3. Results

3.1. Changes in biological properties among treatments

Cover (%) of herbaceous annual plants was significantly higher in
non-trampled soils from all plots (Table 1). In trampled soils, herbac-
eous plant cover in -L/+SM and -L/-SM was significantly greater than
that in +L/-SM (F = 6.52; p < 0.004 Table 1). Not surprisingly, signs
of lagomorph activity (feces, trails) were higher in trampled soils from
+L/+SM and +L/-SM (Table 1). Biocrust cover and numbers of nifH
gene copies differed across both exclusion and trampling treatments,
whereas bacterial abundance was only affected by trampling (Fig. 2A, B
and C). Biocrust cover was higher in non-trampled soils from all plots,
except + L/-SM (Fig. 2A). Bacterial abundance was significantly higher
in non-trampled soils from -L/+SM (F = 5.74, p = 0.04), -L/-SM
(F = 6.14, p = 0.03) and +L/+SM (F = 7.02, p = 0.02). On the other
hand, the abundance of nifH genes declined significantly from non-
trampled to trampled soils in plots -L/+SM (F = 5.29, p = 0.04) and
+L/+SM (F = 11.79, p = 0.008) and did not change in -L/-SM and
+L/-SM (Fig. 2C).

3.2. Changes in physical and chemical soil features

Overall, we found high variability of soil biogeochemical properties
among and within plots; differences were particularly large between
trampled and non-trampled soils. Principal component analysis in-
dicated that trampled soils had similar features, regardless of the ex-
clusion treatment, while non-trampled soils showed a more dispersed
pattern. We note that non-trampled soils from +L/-SM showed soil
features that resembled trampled soils from the other treatments
(Fig. 1D). Two way PerManova confirmed significant effects of both
exclusion (F=4.61; p= 0.013) and trampling (F= 2.37; p < 0.022),
although the interaction was not significant (F=−1.07; p= 0.416).

Soil moisture was higher in non-trampled soils within -L/+SM
(F = 9.22, p = 0.01) and -L/-SM (F = 12.13, p = 0.008). Bulk density
was higher in trampled soil within -L/+SM (F = 10.12, p = 0.01), -L/-
SM (F = 5.85, p = 0.04) and +L/-SM (F = 10.96, p = 0.01). Soil
stability was higher in non-trampled soils in all plot treatments
except + L/+SM.

Soil TC, TN and NH4-N were significantly affected by mammal ex-
clusion and trampling treatments (Fig. 2D–E and Fig. S1A), while
changes in NO3-N were unrelated to experimental treatments (Fig.

S1B). Soil pH values showed a significant interaction of exclusion
treatment and trampling effects (Fig. 2F). Physical soil properties such
as moisture, bulk density and stability were significantly affected by
both exclusion and trampling disturbances (Fig. 2G–I), Pairwise com-
parisons within plots showed that TC and TN were significantly higher
in non-trampled soils within -L/+SM (F = 8.69, p = 0.018 and
F = 9.43, p = 0.015 respectively), and NH4-N showed larger values in
trampled soil of +L/+SM (F = 9.36, p = 0.015). No changes were
detected in soil NO3-N between trampling treatments. Soil pH was
higher in trampled soils from +L/+SM (F = 7.25, p = 0.02) and in
non-trampled soils within +L/-SM (F = 7.42, p = 0.02). However, for
-L/+SM and -L/-SM treatments no significant differences were ob-
served (F = 4.92, p = 0.06; F = 0.51, p = 0.49; respectively).

3.3. δ13C and δ15N dynamics

In soils overlain with biocrusts, values of δ13C and δ15N ranged from
−28.2 to −25.13‰ and 4.21 to 7.78‰, respectively. The δ13C signal
of soils was altered by trampling (Fig. S1C); whereas δ15N changed
primarily across mammal exclusion treatments (Fig. S1D). Pairwise
comparisons between non-trampled and trampled soils within each
exclusion treatment showed that δ13C differed only within -L/-SM.
Values of δ13C increased with total soil C (R2=0.51; p < 0.001). The
lowest δ15N and the highest δ13C signals were found in non-trampled
soils from -L/+SM (Fig. 3B), and these treatments also had the highest
soil C and N content (Fig. 2D–E).

3.4. Cascading effects of biocrusts productivity changes

The effects of changes in biocrust cover in interaction with experi-
mental treatments (exclusion and trampling) were only detected in the
contents of soil moisture; whereas, changes in soil stability were related
to each individual predictor variable (Table 2). Decreases in biocrusts
cover were accompanied with reductions in soil stability, in particular
in non-trampled soils within +L/+SM and –L/+SM and in trampled
soil from all treatments (Fig. S2). In this model, variation in soil che-
mical features were explained exclusively by exclusion and trampling.
Analyses within each exclusion plot revealed that biocrust cover was
related to changes in soil stability, and also to changes in soil moisture
in -L/+SM (Table 3). On the other hand, as observed for chemical
features in the global analysis, biocrust cover was related to changes of
NO3-N in +L/+SM (Table 3).

Fig. 3. Relationship between isotopic signatures and soil nutrient content. (A) Soil N and (δ15N); and (B) soil C and (δ13C). Continuous line, non-trampled soils;
dashed line, trampled soils (in panel 3A); gray line, general trend; open circles, non-trampled soils; solid circles, trampled soils. (-L/+SM, green centroids; -L/-SM,
yellow centroids; +L/+SM, blue centroids; +L/-SM, red centroids). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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3.5. Changes in soil bacterial community structure and composition

Three abundant phyla (Actinobacteria, Bacteroidetes, and
Proteobacteria) explained 87.8% of the relative abundance of bacteria
across all soils (86.5% in non-trampled and 89.1% in trampled soils;
Fig. 4A). In both, trampled and non-trampled soils, Bacteroidetes were
the most abundant phylum, encompassing 38.1 and 37.4% of the
overall relative abundance respectively, followed by Proteobacteria
(24.6 and 27.2%, respectively), and Actinobacteria (23.5 and 24.5%,
respectively). Other groups that showed significant differences in re-
lative abundance between trampled and non-trampled soils (Fig. S4)
were Acidobacteria (5.3% and 3.5%, respectively), Cyanobacteria
(0.9% and 1.4%, respectively), Gemmatimonadetes (2.2% and 1.6%,
respectively), and Verrucomicrobia (2.1% and 1.8%, respectively).

Actinobacteria and Bacteroidetes abundances were not influenced
by exclusion or trampling effects, but their interaction was significant
(Fig. 4B–C). For the third abundant group (Proteobacteria), exclusion
but not trampling treatments influenced abundance (Fig. 4D). Pairwise
comparisons between non-trampled and trampled soils within experi-
mental plots showed that declines in Actinobacteria abundance were
marginally significant within -L/+SM (F = 4.09, p = 0.077) and sig-
nificant within -L/-SM (F = 9.72, p = 0.014), whereas there was no
difference in both + L/+SM and +L/-SM. Bacteroidetes abundance
tended to be lower in non-trampled soils within treatments -L/+SM
and -L/-SM, and in trampled soils in +L/+SM and +L/-SM, although
these patterns were only close to significance (F = 4.66, p = 0.062;
F = 3.07, p = 0.117; F = 3.48, p = 0.099; F = 2.33, p = 0.170

Table 2
Generalized linear model showing the effects of experimental treatments (exclusion and trampling) and changes in biocrust cover on soil chemical and physical
features. In bold values of log –likelihood (Type I) with statistically significant effect at P < 0.05.

Treatments gl TC TN NH4 NO3 pH SM BD SS

Exclusion 3 −10.38 81.44 −107.09 −131.27 11.42 145.67 69.67 −23.85
Trampling 1 −7.42 84.21 −103.22 −131.27 13.06 151.17 81.59 −3.86
Biocrust cover 1 −7.15 84.52 −101.41 −130.17 13.12 153.09 81.53 10.26
Exclusion* Trampling 3 0.48 91.51 −96.64 −129.70 18.86 159.60 83.60 35.23
Exclusion* Biocrust cover 3 0.84 91.87 −95.90 −127.14 20.55 162.24 85.24 36.35
Trampling*Biocrust cover 1 0.91 92.30 −94.88 −126.67 20.64 163.23 86.03 36.56
Exclusion* Trampling* Biocrust cover 3 1.28 93.04 −92.16 −125.60 21.28 170.80 87.42 37.52

Table 3
Generalized linear model showing the effects of trampling and biocrust cover
on soil chemical and physical features within each exclusion treatment. In bold
values of log –likelihood (Type I) with statistically significant effect at
P < 0.05.

Treatments gl TC TN NH4 NO3 pH SM BD SS

-L/+SM
Trampling (T) 1 −5.3 19.1 −24.4 −24.7 1.3 35.9 20.2 4.1
Biocrust cover

(Bc)
1 −5.3 19.3 −23.4 −23.6 1.5 37.1 20.8 11.2

T*Bc 1 −5.2 19.3 −23.4 −23.5 1.5 41.0 20.9 11.3

-L/-SM
Trampling (T) 1 −3.2 19.8 −22.7 −36.2 7.0 45.4 19.6 3.4
Biocrust cover

(Bc)
1 −3.2 20.0 −22.5 −35.7 7.8 45.4 19.9 6.4

T*Bc 1 −3.2 20.3 −22.4 −35.2 7.9 45.5 20.8 6.4

+L/+SM
Trampling (T) 1 7.4 29.4 −26.9 −40.5 9.9 45.1 26.4 7.5
Biocrust cover

(Bc)
1 8.2 29.8 −26.4 −38.1 10.0 45.4 26.8 9.5

T*Bc 1 8.8 30.5 −25.3 −37.1 11.0 45.3 28.5 10.3

+LM/-SM
Trampling (T) 1 3.3 26.0 −24.8 −29.1 5.9 43.6 22.3 3.6
Biocrust cover

(Bc)
1 4.4 26.9 −24.1 −28.8 6.1 44.2 22.6 11.3

T*Bc 1 4.6 27.0 −19.7 −28.8 6.5 44.3 22.9 11.3

Fig. 4. Effect of exclusion and trampling treatments on the relative abundance of bacterial groups. (A) Relative abundance of the three major taxonomic phyla (i.e.,
Actinobacteria [purple colors], Bacteroidetes [green colors] and Proteobacteria [yellow colors]) at the class level. (T, trampled; N, non-trampled). (B) Changes in
abundance at phylum level for Actinobacteria, (C) Bacteroidetes, and (D) Proteobacteria. (E) Changes in abundance at class level for Actinobacteria, (F)
Sphingobacteria, and (G) Alphaproteobacteria. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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respectively). On the other hand, increases in Proteobacteria abundance
were only significant within treatment -L/+SM (F = 5.63, p = 0.045).
Mammalian exclusions affected Actinobacteria class abundance
(Fig. 4E), with significant differences between -L/-SM and +L/-SM,
whereas no relationship was observed for Sphingobacteria (Fig. 4F) or
Alphaproteobacteria (Fig. 4G). Pairwise comparisons showed that only
Alphaproteobacteria abundance within -L/+SM was higher in non-
trampled than in trampled soils (F = 7.34, p = 0.024).

Bacterial community structure and composition was also affected by
experimental exclusions and trampling effects (PerManova,
Fexclusion= 2.74; p < 0.001; Ftrampling = 2.10; p = 0.008). Pairwise
comparisons between non-trampled and trampled soils within each
exclusion treatment revealed that overall bacterial composition differed
significantly within +L/+SM and +L/-SM (Table S2). In turn, re-
dundancy analysis showed that physical soil changes associated with
trampling disturbance were the major drivers of changes in bacterial
community composition (Fig. 5A). At the phylum level, increases in
Bacteroidetes abundance, in both non-trampled and trampled soils,
were negatively correlated with reductions in the relative abundances
of Actinobacteria (Fig. 5B) and Proteobacteria (Fig. 5C).

4. Discussion

We provide here substantial evidence that the experimental exclu-
sion of native small mammals from semiarid sites and the invasion by
lagomorphs (hare and rabbits) enhanced the negative effects of tram-
pling on soil biocrust cover and the disruption of bacterial community
structure and function. These effects were associated with large de-
clines in soil physical properties that sustain primary productivity such
as soil moisture and stability. These results are similar to previously
reported patterns, where trampling and grazing by invasive mammal
species had large and disruptive effects on physical and chemical soil
properties, including changes in soil biogeochemistry and edaphic ag-
gregation (Eldridge and Myers, 2001; Eldridge and Koen, 2008). Our
findings emphasize the individual and additive detrimental impacts of
biodiversity loss and species invasions on biocrust structure and soil
biogeochemistry, in particular when these processes interact with per-
sistent trampling disturbance, another disruptive factor.

As expected, impacts of trampling on physical and chemical soil
features were higher in undisturbed plots (control treatment, –L/+SM)
and decreased in mammal-disturbed soils in the follow sequence: -L/
+SM > -L/-SM>+L/+SM>+L/-SM. Changes in biocrust cover

and bacterial and nifH gene abundance were accompanied by large
changes in soil physical properties (Fig. 2). In contrast, declines in
biocrust cover across mammal exclusions and trampled soils, was not
associated with changes in soil chemical properties. Exclusion and
trampling treatments had different effects on soil chemical features
measured in this study, whereas soil physical conditions showed similar
patters across treatments. The specific and interactive effects of
mammal exclusion and human trampling are discussed below.

4.1. Reductions in biocrust cover and bacterial abundance and key
ecosystem functions

4.1.1. Biocrust cover
The large decline in biocrust cover documented in all trampled soils

(except within +L/-SM) suggests that trampling may not only impact
cover, but also drive important changes in ecosystem components or
processes associated with biocrusts, including their structure and or-
ganization, as shown by other studies (Warren, 2003; Kuske et al.,
2012; Faist et al., 2017). The decline of biocrusts in non-trampled soils
within -L/+SM and -L/-SM relative to + L/-SM partially confirmed our
third hypothesis, which postulated that biocrust cover from trampled
and non-trampled soils will decline within treatments with lagomorphs,
where native mammals were excluded. We note that no differences in
biocrust cover were observed among trampled soils from all exclusion
treatments. Changes in biocrust cover were accompanied by large
successional changes in bacterial community structure, with dark cya-
nobacteria-dominated biocrusts occurring in non-trampled soils within
treatments -L/+SM and -L/-SM, while trampled soils from all plots
showed early successional stages of light cyanobacteria and green
algae. We also observed large openings of bare soil within +L/+SM
and +L/-SM. The lower biocrust cover and the lack of differences be-
tween non-trampled and trampled soil within +L/-SM suggest an ad-
ditive effect of the loss of small mammal biodiversity and concomitant
lagomorph invasion (Fig. 2A). Significantly lower values of biocrust
cover in non-trampled soils within +L/+SM and +L/-SM compared to
-L/+SM and -L/-SM underscore the detrimental impacts of lagomorphs
on biocrust establishment and succession, particularly when native
small mammals are absent (i.e., within +L/-SM). This is presumably
because lagomorphs dig their warrens in both disturbed and un-
disturbed open areas in central Chile (Jaksic et al., 1979; Root-
Bernstein and Jaksic, 2015). Their habitat use patterns are supported by
the similar trail densities and other signals of lagomorph activities

Fig. 5. Changes in bacterial composition and abundance
in exclusion and trampling treatments. (A) Redundancy
Analysis (RDA) of the effects of soil physical and chemical
properties upon bacterial community composition (all
OTUs) across exclusion and trampling treatments. (B)
Correlation analysis for Bacteroidetes and Actinobacteria.
(C) Correlation analysis for Bacteroidetes and
Proteobacteria. (Open circles: non-trampled soils, Solid
circles: trampled soils).
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when comparing + L/+SM and +L/-SM (Table 1).

4.1.2. Bacterial abundance and function
In addition to conspicuous effects of mammal exclusion and tram-

pling on bacterial abundances, we also found strong interactive effects
on bacterial functions. Abundance of the nifH gene was, on average,
1.2-fold higher in non-trampled than in trampled soils within -L/+SM,
-L/-SM and +L/+SM. Moreover, the difference observed between
trampled and non-trampled soils within +L/-SM indicates that nifH
gene abundance is also responsive to the loss of small mammals and the
invasion of lagomorphs. This last result supports the additive nature of
the different drivers.

4.2. Cascading effects on biogeochemical cycles and soil stability

Exclusion and human-trampling effects on soil physical features had
indirect effects mediated by changes in biocrust cover (Table 2). Lower
biocrust cover in trampled soils was significantly related to reduced soil
stability in all plots (Fig. S2). These patterns suggest that reductions in
biocrust cover in non-trampled soils had greater impacts on soil stabi-
lity than changes in biocrust in trampled soils. In other words, lower
biocrust cover in non-trampled soils from both + L/+SM and +L/-SM
plots (potentially determined by lagomorph activities) could have si-
milar impacts as persistent human trampling. The cascading effects of
decreases in biocrust productivity on soil stability reported in this study
have been preciously observed in semiarid environments, where in-
duced disturbance drives large changes in soil physical properties via
changes in biocrust cover (Eldridge and Leys, 2003; Warren, 2003; Faist
et al., 2017).

Despite weak effects of small mammal exclusion treatments and
trampling on soil chemical characteristics in this semiarid ecosystem,
we observed declines in soil pH within -L/+SM and +L/-SM, plots that
lacked small mammals (Fig. 2F). This was surprising, in plots with la-
gomorphs, as their activity tends to bring buried calcareous layers to
the surface, thereby increasing soil pH (Eldridge and Myers, 2001;
Eldridge and Koen, 2008). The differences observed in NH4-N between
treatments were as expected determined by high heterogeneity and
high levels of NH4-N in trampled soils, given the lagomorph depositions
of urine and feces on soils in +L/+SM plots (Daryanto et al., 2013).

4.3. Proportional changes in soil features across disturbance treatments

The above results provide partial support to our first hypothesis
stating that edaphic conditions (i.e., chemical and physical) will change
in response to native mammal exclusion and trampling effects. These
findings are summarized in Fig. 6. When comparing between trampled
and non-trampled soils, the largest chemical and physical differences in
soil properties were observed within -L/+SM plots, where other types
of disturbance (e.g., lagomorphs) were absent. This suggests that
human-trampling played a proportionally larger role in modifying
biogeochemical and physical aspects of less disturbed soils under nat-
ural conditions (i.e., -L/+SM). In contrast, the smaller differences in
soil properties between trampled and non-trampled soils within +L/
+SM and +L/-SM plots, suggest that the presence of exotic lago-
morphs alters soil bulk density and reduces soil moisture, even in non-
trampled sites. For example, stability of non-trampled soils within +L/
+SM and +L/-SM was significantly lower than non-trampled soils
from -L/+SM and -L/-SM (Fig. 2F). The exclusion of small mammals
alone, in the absence of lagomorphs (i.e., -L/-SM), resulted in greatly
reduced differences in chemical conditions between trampled and non-
trampled soils. This difference could be associated with the absence of
the native herbivore rodent (i.e., O. degus), which often feeds and de-
fecates in non-trampled areas. Accordingly, the individual and com-
bined effects of species loss and invasions promote substantial change
in soil physical and chemical properties that amplify the negative ef-
fects of trampling.

4.4. Changes in soil isotopic composition

Variation in stable N isotopes in soils can indicate alterations in the
relative contribution of cyanobacterial N-fixation (Aranibar et al.,
2003). As biocrust species vary in their ability to fix N, this may also
reflect changes in biocrust community composition (Aranibar et al.,
2004; Barger et al., 2016). The high 15N/14N ratios in all sites suggest
that, in general, biocrusts are making small contributions to fixed N.
Similar patterns occur in the Mojave Desert (Billings et al., 2003).
However, we failed to find consistent differences in δ15N between
trampled and non-trampled soils across exclusion treatments, although
the δ15N in soils from +L/+SM were significantly higher than soils
from -L/+SM (Fig. S2).

Cyanobacterial communities often show δ13C signatures close to
−12‰, similar to C4 plants (Palmqvist, 1993; Maguas et al., 1995),
whereas mosses and lichens generally have δ13C signatures ranging
from −23 to −26‰, more similar to C3 plants (Evans and Johansen,
1999). The δ13C signatures of lichens often vary among species, and
changes are dependent on photobiont type (Beck and Mayr, 2012) and
habitat (Batts et al., 2004). Because lichen cover was low in these plots,
the more negative δ13C signatures observed in non-trampled than in
trampled soils within -L/+SM and -L/-SM (Fig. S1C) are more likely
related to the changes in biocrust biomass (Fig. 2A).

4.5. Changes in bacterial community composition and dominance under
mammals exclusion and trampling treatments

Contrary to our prediction, bacterial community composition dif-
fered more between trampled and non-trampled soils where lago-
morphs were present (+L/+SM and +L/-SM) (Fig. 5A and Table S2).
Surprisingly, bacterial composition in plots without lagomorphs (-L/
+SM and -L/-SM) remained similar between trampled and non-tram-
pled soils (Figs. 1 and 2). Although soil pH is considered a good pre-
dictor of changes in soil bacterial community composition and diversity
(Fierer and Jackson, 2006), in our study area this factor had no effects
on bacterial patterns. Large differences in soil bacterial composition
between trampled and non-trampled soils within exclusion treatments
(+L/+SM and +L/-SM), suggest that after prolonged soil disturbance,
different soil bacterial communities may develop, as seen with some
biocrust communities (Concostrina-Zubiri et al., 2014). Alternatively,
our results could reflect different bacterial strategies for acquiring
limited resources in trampled versus non-trampled soils as in other
water-limited environments (Kuske et al., 2012; Steven et al., 2015).

In the semiarid system studied, all bacterial communities were

Fig. 6. Overview of proportional changes in chemical and physical features,
and bacterial abundance and composition, between non-trampled and trampled
soils across all four treatments of exclusion. (-L/+SM, green blocks; -L/-SM,
yellow blocks; +L/+SM, blue blocks; +L/-SM red blocks). Differences be-
tween samples were extracted from PCA for each latent (i.e., chemical, physical
and biotic) variable. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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dominated (> 85%) by three major groups (Actinobacteria,
Bacteroidetes and Proteobacteria). These results are similar to those
reported by Makhalanyane et al. (2015) in a worldwide survey of hot
deserts, where these three phyla were dominant across micro-habitats,
particularly in the Atacama Desert just north of our study site. Ex-
perimental and observational evidence suggest that these three phyla
often exclude other clades, partly due to higher growth rates (Fierer
et al., 2007; Goberna et al., 2014). Our findings are partially consistent
with this statement because Bacteroidetes outnumbered Actinobacteria
and Proteobacteria, particularly in more natural settings (non-trampled
soils with native herbivores present, but lacking lagomorphs [-L/+SM
and -L/-SM], Fig. 4). Interestingly, changes in abundance of Bacter-
oidetes among exclusion treatments were negatively correlated with
abundances of Actinobacteria and Proteobacteria (Fig. 5B and C). No-
tably, the lack of relationship between changes in soil variables and the
abundances of these three phyla, suggests that Bacteroidetes may in-
teract negatively with Actinobacteria and Proteobacteria; however,
such conclusion should be treated cautiously when considering patterns
at the phylum level.

5. Conclusions

In Chilean arid and semiarid environments, native small mammals,
such as the abundant O. degus, tend to restrict their activities to areas
beneath shrub canopies to escape from predation. In contrast, two
exotic lagomorph species recently introduced in this ecosystem, due to
lower predator pressure, tend to use open areas between bushes more
frequently (Jaksic et al., 1979). As a consequence, soil recovery after
prolonged human-trampling in open areas could be greatly delayed by
the activities of these common exotic species. Our results point strongly
to the fact that, in contrast to exotic lagomorphs, soil heterogeneity
caused by the activity of native small mammals favors the development
of biocrust cover, enhancing bacterial abundance, which in turn, in-
creases nutrient availability and soil stability. The experimental long-
term exclusion of native small mammal species and the novel activities
of invasive exotic mammals exacerbate the negative effects that per-
sistent trampling has on functionally important soil bacterial commu-
nities in this semiarid thorn scrub.
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