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Although the interactions between biotic and geomorphic processes usually occur on
small spatial and short temporal scales, many of the mechanisms remain to be
investigated. This study provides the first direct evidence of the interaction between
biotic burrowing and loess cave formation in the Chinese Loess Plateau (CLP). The study
area is the Qingshui Valley in the western CLP, near Lanzhou. We surveyed the target site
(with an area of ∼13,367 m2) four times from Jul 2019 to Dec 2020, using an unmanned
aerial vehicle (UAV). High resolution UAV images enabled us to determine the temporal and
spatial dynamics of biotic burrowing and loess caves. The results show that loess caves
tended to develop down valley below collapses, while animal burrows were preferentially
located upslope away from collapses. Despite the distinct “topographic niches” for both
biotic and abiotic processes, we observed an interaction between the two processes in
space when tracking their temporal dynamics. Three out of seven new loess caves were in
the process of formation at typical “topographic niches” of animal burrows and there was a
significantly high animal burrow density around these three caves before their initiation.
These results indicate that the three caves were directly initiated from animal burrows and/
or developed under the influence of biotic activities. Therefore, biotic burrowing promotes
the spatial heterogeneity of loess cave distribution. We also found significant decreases in
animal burrow density surrounding the newly-formed loess caves after their initiation. This
may reflect a risk avoidance strategy of animal burrowing, which causes animals to avoid
areas of recent mass movement (i.e., collapses and new caves). The formation and
expansion of loess caves can dictate the distribution of active areas of biotic disturbance.
Our results demonstrate a clear interaction between biotic burrowing and loess cave
formation, and they emphasize the role of biological agents as a mechanism for the
formation of loess caves, which enrich the understanding of searching fingerprints of life
during landscape evolution.
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INTRODUCTION

The Chinese Loess Plateau (CLP) experiences some of the most
serious soil erosion on Earth (Shi and Shao, 2000; Zhao et al.,
2013; Chen et al., 2018). The loess structure is characterized by
well-developed macropores and vertical joints (Feng et al., 2021),
making it prone to underground processes such as seepage and
piping erosion (Verachtert et al., 2013; Li et al., 2020).
Consequently, loess caves, as a unique underground landform,
are widely distributed in the CLP (Peng et al., 2018; Li et al., 2020).
The frequent rainstorm events in the region significantly
accelerate the development of loess caves (Hu et al., 2020) and
also increase soil erosion (Shi and Shao, 2000; Wu et al., 2018).
Previous studies have often emphasized the contribution of loess
caves to the total soil erosion rate of the CLP (Zhu, 1997, 2003;
Zhu et al., 2002; Li et al., 2020). For example, loess caves were
shown to deliver at least 43% of the annual catchment outflow
discharge and 57% of the annual basin sediment yield during 15
storm events in the upper Yangdaogou catchment (Zhu, 1997;
Zhu et al., 2002). By inference, the net erosion by loess caves may
contribute at least 25–30% of basin sediment yields (Zhu, 2003).

Biotic burrowing is a universal underground process, which
can disturb soil and influence landscape evolution (Darwin, 1881;
Gilbert, 1909; Gabet, 2000; Ballová et al., 2019). Many areas in the
CLP have a large population of subterranean rodents (Su et al.,
2013; Sui et al., 2014; Zhang et al., 2021), because of the habitable
grassland environment (Yu et al., 2017) and unlimited burrowing
potential of loess (Krasnov et al., 1997). This burrowing activity
has both direct and indirect impacts on geomorphic processes
(Hall et al., 1999; Hall and Lamont, 2003; Escapa et al., 2007;
Germain et al., 2021; Sanders et al., 2021). The burrowing process
may directly cause soil displacement (Black and Montgomery,
1991) and alter the slope micromorphology (Zhao et al., 2021) as
well as soil compactness (Rogasik et al., 2014). These indirect
impacts were previously emphasized in terms of changing the soil
water holding capacity (Zhang et al., 2003), increasing erosion by
overland flow (Li T. et al., 2019), and increasing slope instability
(Harvey et al., 2019). As a result, animal burrowing can induce an
equivalent soil erosion of ∼1 mm yr−1 (Winchell et al., 2016) and
transport sediment at rates ranging from 0.01 t ha−1 y−1 to
2.40 t ha−1 y−1 (Voiculescu et al., 2019). Given their role in
landscape evolution, animals such as subterranean rodents are
known as “ecosystem engineers” (Huntly and Inouye, 1988; Jones
et al., 1994; Reichman and Seabloom, 2002; Zhang et al., 2003;
Davidson et al., 2008; Su et al., 2020).

Although many previous studies have proposed a potential
relationship between loess cave development and animal
burrowing (Pierson, 1983; Botschek et al., 2002; Verachtert
et al., 2010; Bernatek-Jakiel et al., 2016; Wang et al., 2019),
this biotic mechanism has not been demonstrated by direct
observation. Since animal burrows and loess caves are difficult
to detect, the most likely possibility is that both processes produce
maze-like tunnel systems with a complex underground space
(Vleck, 1981; Zhu, 1997; Voigt, 2014; Got et al., 2020). The tunnel
systems excavated by subterranean animals can create
preferential paths for subsurface water flow (Botschek et al.,
2002), which will in turn enlarge the tunnel space (Wilson

et al., 2015), increase soil erosion (Chen et al., 2021), and
eventually promote loess cave formation (Verachtert et al.,
2013). Regardless of the validity of this biotic mechanism, the
reliability of the potential relationship between the two
underground processes remains to be investigated. Therefore,
a systematic examination of whether biotic burrowing could
promote loess cave development may improve our
understanding of the formation mechanism of loess caves.

Another issue raised by the foregoing is whether there is an
interaction between biotic and geomorphic processes (Hall and
Lamont, 2003; Bendix and Cowell, 2010; Corenblit et al., 2011;
Zaitlin and Hayashi, 2012; Cienciala et al., 2020). For example,
salmon migration upstream has a significant impact on the
longitudinal profile of the stream bed and thus on the
evolution of entire watersheds; and as a feedback, additional
habitats may be created that promote the evolution of species
including salmon (Fremier et al., 2018). Although ecologists focus
on population dynamics, while geomorphologists are more
concerned with the energy and stress effects of geomorphic
processes (Yoo et al., 2005; Winchell et al., 2016), both biology
and geomorphology may interact on a large spatial and long
temporal scale (Butler, 1995; Winchell et al., 2016). However, the
interactions between biotic and geomorphic processes usually
occur at small spatial and short temporal scales, many
mechanisms of which are uninvestigated (Dietrich and Perron,
2006). Therefore, an interesting question is how geomorphic
processes influence the spatial distribution of burrowing
activity and the temporal dynamics of biotic behaviors. Recent
biological studies in the CLP have provided several clues. It has
been found that subterranean rodents (such as zokors) have
adapted to excavating tunnels in thick, loose soil with high air
permeability, in order to provide a living space (Zhou and Dou,
1990; Zhou et al., 2010; Song et al., 2017). These subterranean
rodents always prefer flat, open areas for excavation (Li and
Wang, 2015), which could subsequently be affected or altered by
geomorphic processes. These initial findings encouraged us to
explore the potential interaction between biotic burrowing and
the formation of loess caves in the Chinese Loess Plateau.

The specific objectives of the present study were: (1) to map
the spatial distribution and track the temporal dynamics of both
animal burrows and loess caves; (2) to examine the associated
topographic conditions and soil properties; and (3) to compare
the temporal dynamics of the two processes and to explore their
potential connection. To this end, we used an unmanned aerial
vehicle (UAV) to survey the study site (the Qingshui Valley in the
western CLP) four times from Jul 2019 to Dec 2020. We located
the animal burrows and loess caves each time and collected 12 soil
samples from the study areas. Based on these data, we present the
first direct evidence of the interaction between biotic burrowing
and loess cave formation in the CLP.

STUDY AREA

The Chinese Loess Plateau is located in the middle and upper
reaches of the Yellow River and covers an area of ∼430,000 km2

(Liu, 1985) (Figure 1). The region has a continental climate and
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FIGURE 1 | (A) The spatial distribution of loess thickness across the CLP (modified fromWang et al., 2010) (B)Development intensity map of loess caves in the CLP
(modified from Peng et al., 2018) and (C) Shaded relief map of the target site in the Qingshui Valley showing the locations of the 12 sample points (yellow solid points). The
two hillslopes were divided into three equal parts: slope top, slope middle, and slope toe (yellow dashed lines), according to their slope lengths in the direction of fall line
(pink dashed lines).
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annual precipitation increases from northwest to southeast with
the range of 200–800 mm (Feng et al., 2016). The vegetation cover
also increases in the same direction, showing a gradual transition
from grassland to forest (Chen et al., 2008). The loess particles
have been transported from the northwestern desert by wind and
have accumulated in the CLP since the beginning of the
Quaternary (Zhang et al., 2016). The loess particle size
becomes finer from northwest to southeast, with increasing
distance from the desert sources, and over 50% of loess
particles are silt (Liu and Zhang, 1962). The spatial
distribution of loess thickness shows two depocenters, near
Lanzhou and Qingyang, and the depth in the west is generally
thicker than that in the east (Figure 1A). Previous qualitative
research suggested that the density of loess caves has a striped
distribution pattern, with the density decreasing from southwest
to northeast (Figure 1B).

The typical subterranean rodent species, the zokors (Chinese
zokorMyospalax fontanierii and Gansu zokorMyospalax cansus)
are widely distributed in the CLP (Lin et al., 2008; Sui et al., 2014).
The population of Chinese zokors is ∼320–400 million across the
entire CLP (Sui et al., 2014). The Chinese zokor density of Gansu
province in the western CLP is ∼8 ha−1 (Chen et al., 2021). The
Gansu zokor is a endemic rodent species in the CLP (Lin et al.,
2021). The density of the Gansu zokor in Gansu province is
∼16–57 ha−1 (Cao and Wang, 1994).

The study area is located in Lanzhou City in Gansu Province in
the western CLP. The mean annual precipitation is ∼310 mm and
the mean annual temperature is ∼10°C; the natural vegetation is
grassland (Feng and Wang, 2012; Zhang et al., 2016). The loess
deposits in Lanzhou provide one of the most complete and
continuous continental sediment archives, with maximum
depths up to 400 m (Zhang et al., 2016; Guo et al., 2020).
Loess caves in the study area are developed to an intermediate
degree (Peng et al., 2018). The target site (Figure 1C) consists of
two hillslopes with a total area of 13,367 m2, located in the
Qingshui Valley (103.57°E–103.59°E, 36.05°N–36.07°N). The
altitudinal range of the area is 1,549–2,010 m, and the average
slope is 36.5°. Field investigations show a high degree of animal
burrowing activity and negligible human influence.

MATERIALS AND METHODS

Field Survey and UAV Mapping
We surveyed the animal burrows and loess caves in the target site
a total of four times from Jul 2019 to Dec 2020 (Jul 2019, Nov
2019, Jul 2020 and Dec 2020). Animal burrows were identified in
the field by their tunnel systems, including surface mounds and
underground burrows (Miller, 1948). According to the
characteristics of the mounds and burrows, we divided the
burrows into active burrows and inactive burrows. The
mounds of active burrows were clearly visible with fresh
excavation traces (consisting of a mixture of loose material
and grass, Figure 2A), or were partially visible with debris at
the entrance (Figure 2B). If the mound debris was completely
removed by geomorphic processes (Figure 2C), we checked for
excavation traces on the tunnel sidewalls, which are usually

smooth because the soil is compacted by the rodents.
However, the inactive burrows had no evidence of current
excavation, and grasses had regrown at the entrance
(Figure 2D); also, the sidewall of the tunnel had partially
collapsed and was no longer smooth. Here, we only focus on
the active burrows. According to Peng et al. (2018), loess caves
can be divided into vertical caves and parallel hidden caves, based
on shape. The radius of the caves ranges from several centimeters
to several meters. The depth of the caves varies from several tens
of centimeters to tens of meters. Given that the diameter of the
zokor burrow entrance is ∼8–12 cm (Chen et al., 2021), we only
considered vertical loess caves with a diameter exceeding 12 cm
and a depth of several tens of centimeters to tens of meters. In this
study, we only considered caves with the above dimensions and
which were usually exposed and clearly visible in the field
(Figure 2E).

In the field, we used red flags (20 × 30 cm) to mark the animal
burrows and blue flags (40 × 60 cm) to mark the loess caves. We
then used an unmanned aerial vehicle (UAV, DJI Phantom 4
V2.0) to carry out photogrammetry. We reconstructed the 3D
terrain in Pix4Dmapper and generated a DOM (digital
orthophoto map) with a resolution of 8.1 cm/pixel and a DSM
(digital surface model) with a resolution of 6.5 cm/pixel. We then
mapped the spatial distribution of the animal burrows and loess
caves based on the DOMs according to the colored flags.

The study area contains of two hillslopes with distinct aspects:
a north-facing slope (N-slope) and a south-facing slope (S-slope).
According to their slope lengths in the direction of fall line (116 m
for the S-slope and 102 m for the N-slope; the pink dashed line in
Figure 1C), we divided them into three equal sections (slope top,
slope middle and slope toe; the yellow dashed lines in Figure 1C).
We calculated the distribution density of the animal burrows and
loess caves for the six sections for the four time periods, and the
density changes in different sections were analyzed and listed in
Table 1. Given the significant number and dynamics of animal
burrows, we estimated the density distribution of animal burrows
using the kernel density tool in ArcGIS 10.2, with a search radius
of 20 m.

Topographic Analysis
In order to reduce micro-scale noise in the topographic data, we
resampled the UAV-derived DSMs to a spatial resolution of 3 m,
which is an optimal resolution to capture geomorphic processes
(Heimsath et al., 1999). Topographic variables of animal burrows
and loess caves were calculated using ArcGIS 10.2, including
slope angle, plan curvature, profile curvature, and upslope
contributing area. We combined the data for the four periods
to cover the maximum animal burrow set and calculated the
distribution of burrows for all topographic variables. We
calculated the loess cave distribution for topographic variables
for the final period (Dec 2020) since it comprises the largest
dataset. The plan curvature describes the hillslope planform,
which influences the convergence and divergence of flow
(i.e., >0 is divergent; < 0 is convergent). The profile curvature
affects the acceleration or deceleration of flow and indicates the
downslope morphology (i.e., >0 is concave; < 0 is convex; ≈0
indicates a straight slope). The upslope contributing area here
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enumerates all of the upslope grids that could potentially produce
runoff to the location. We extracted the topographic variables
corresponding to the locations of marked animal burrows and
loess caves. We then calculated the frequency of animal burrows
and loess caves under different topographic variables to obtain
their topographic preference.

Soil Properties and Precipitation Records
Soil properties have been proposed to impact the development of
loess caves (Peng et al., 2018) and the activity of burrowing
animals (Vleck, 1981). To study the influence of soil properties on
the distribution of animal burrows and loess caves, we collected
12 samples from the 6 sections across the study area (the yellow
solid points in Figure 1C). Measured soil properties included soil

bulk density, saturated hydraulic conductivity and soil porosity,
all of which may physically affect geomorphic processes. Bulk
density and soil porosity are important soil physical properties
that influence soil water retention capacity and infiltration rate,
while the saturated hydraulic conductivity is a critical soil
hydraulic property that affects water flow (i.e., infiltration and
evaporation) and soil water redistribution. We used metal
cylinders (100 cm3 volume) to collect soil samples in the field.
In the laboratory, the cylinders were wetted with water to
saturation before measuring the saturated hydraulic
conductivity using the constant head permeability test (Hu
et al., 2012). The soil columns were then oven-dried at 105°C
for 24 h to calculate the bulk density from the sample volume and
mass. Soil porosity was estimated from the bulk density and soil

FIGURE 2 | Photographs of typical active animal burrows (A, B and C), an inactive animal burrow (D), and a loess cave (E). The red arrows in panels (A, B, C and
D) point to the entrance of the burrow. The white dashed line in panel (A) indicates the intact freshmound of an active burrow. The white dashed line in panel (B) indicates
a partially visible mound with debris at the entrance of an active burrow. The white dashed line in panel (C) indicates excavation traces on the tunnel sidewall of an active
burrow. The white dashed line in panel (D) indicates the typical entrance of an inactive burrow with obvious grass regrowth and no evidence of current excavation.
The white dashed line in panel (E) indicates a typical loess cave.
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particle density. Soil particle density is generally assumed to be
2.65 g cm−3 (Blanco-Canqui et al., 2006). Soil bulk density and the
saturated hydraulic conductivity were measured in the Key
Laboratory of Western China’s Environmental Systems
(Ministry of Education), Lanzhou University.

We also selected precipitation from nearby weather station,
Yuzhong station (35.87°N, 104.15°E, in Figure 1B), of which the
records are available to cover our investigation period (downloaded
from NOAA’s National Centers for Environmental Information
(NCEI), https://www.ncei.noaa.gov). We prepared the records in
monthly precipitation and showed the results in Figure 4 below.

RESULTS

Spatial Distribution and Temporal Dynamics
of Loess Caves and Animal Burrows
The spatial distribution of loess caves and animal burrows over
the four mapping periods are presented in Figure 3. The density
and numbers of caves and burrows for the six sections are listed in
Table 1 and illustrated in Figure 3. The total density of loess caves
on the N-slope is higher than on the S-slope and the density at the
slope toes is higher than in the other sections (Table 1). The
number of loess caves was relatively stable through time

TABLE 1 | Distribution density of loess caves and animal burrows over the four mapping periods.

Position Period I (Jul 2019) Period II (Nov 2019) Period III (Jul 2020) Period IV (Dec 2020)

Slope
aspect

Slope
section
part

Burrow
density
(ha−1)

Loess
cave

density
(ha−1)

Burrow
density
(ha−1)

Loess
cave

density
(ha−1)

Burrow
density
(ha−1)

Loess
cave

density
(ha−1)

Burrow
density
(ha−1)

Loess
cave

density
(ha−1)

S Top 134 3 221 3 188 3 101 3
Middle 83 0 186 0 124 5 21 15
Toe 0 43 230 43 29 43 0 58
Total 102 7 210 7 149 8 63 13

N Top 156 6 263 9 162 9 196 12
Middle 0 18 7 18 25 18 42 18
Toe 0 32 87 32 134 32 173 39
Total 69 15 134 16 104 16 133 19

Total 84 11 168 12 124 13 102 16

FIGURE 3 | Spatial distribution and temporal dynamics of loess caves and animal burrows. Panels (A, C, E andG) show the distribution of loess caves (orange and
red points) and animal burrows (green points) overlying the orthophotos of the target site for the four survey periods. The seven new loess caves are marked by red points
and numbered in white (1–7). Panels (B, D, F andH) show the density (count·ha−1) of animal burrows. The blue dashed line indicates the collapse and the blue solid line is
the ridge dividing the two slope aspects. The white lines are the boundary of the three equal sections (slope top, slope middle and slope toe) of each slope.
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(Figure 3) and they were located mainly beneath the collapses
(blue dashed lines in Figure 3). During the survey period, seven
new caves started to develop; four were located below the collapse
near the slope toe, while the other three were located above the
collapse near the slope top. These three caves were respectively
developed: 1) at the slope top near the ridge in Nov 2019
(Figure 3C); 2) in the middle of the S-slope in Jul 2020
(Figure 3E); and 3) at the slope top on the N-slope in Dec
2020 (Figure 3G).

For the animal burrows, the total distribution density for the
S-slope was always greater than that for the N-slope, except for
Dec 2020 (period IV, in Table 1). In addition, with the exception
of Nov 2019 (period II), the density at the slope top was always
larger than that at the middle and toe, irrespective of slope aspect
(Table 1). These results indicate that animal burrows have a
significant topographic preference, like loess caves. However,
unlike loess caves, the animal burrows show clear temporal
dynamics (i.e., the counts of animal burrows at slope top
increase from period I to period II then suddenly decrease
from period II to period III) (Figure 4), which is further
illustrated by the kernel density maps (Figures 3B,D,F,H).
Furthermore, animal burrows at the slope top have a high
density (101–263 ha−1) and 75–100% burrows are located
above the collapses with a density of 122–170 ha−1 (Figure 3).

In general, the loess caves and animal burrows show an
opposite tendency in both time and space. The number of
loess caves shows a uniform rate of increase, but the numbers
of animal burrows fluctuate substantially over time (Figure 4).
The loess caves tend to develop downslope below collapses, while
animal burrows tend to be located upslope away from collapses.
However, we did not find any unusual rainfall event during our
investigation period (blue lines with dots in Figure 4). We then
suggest that the opposite tendency of two processes in both time
and space represents their dynamic status in nature. Therefore, it
is noteworthy that the density of animal burrows surrounding
new caves (30 m radius) decreases substantially (∼21–63%). This
phenomenon suggests that the animal burrowing activities are
influenced by geomorphic processes like loess cave formation.

Topographic Preferences of Loess Caves
and Animal Burrows
The distribution of the loess caves and animal burrows reveals
different topographic preferences, such as slope angle, upslope
contributing area, plan curvature, and profile curvature
(Figure 5). The results show that 86% of the animal burrows
are located on slope angles from 10° to 40°, with a median of 36°;
while 67% of the loess caves are located on slope angles from 40°

to 60°, with a median of 44°. This means that animal burrows tend
to be excavated on gentler slopes than loess caves (Figure 5A).
The upslope contributing areas of loess caves are significantly
larger than those of animal burrows (Figure 5B). Most of the
animal burrows (92%) distributed in upslope contributing areas
of <50 m2, but 71% of loess caves require an upslope contributing
area >50 m2. The differences in topographic preference are also
featured in the plan curvature and profile curvature (Figures
5C,D). The loess caves tend to develop in convergent landforms
and concave topography, while the animal burrows have a strong
dependency on convex topography, although there is no
preference of plan curvature. Different from the four new
caves below collapses near the slope toe, the three new caves
located above the collapse near the slope top are all located in
topographic contexts similar to animal burrows. These three loess
caves have slope angles <40° and have upslope contributing areas
<50 m2. In addition, they are all located in convex topographies
and divergent landforms, which are unsuited to loess cave
formation.

Influence of Soil Properties on Loess Cave
Density and Burrowing Activity
Having examined the topographic preferences of loess caves and
animal burrows, we now consider the potential influence of soil
properties on their spatial distribution. The six sections of the
study area differ only slightly in bulk density and porosity but
show significant differences in saturated hydraulic conductivity
(Table 2). The results show that the average porosity and

FIGURE 4 | Counts of animal burrows (A) and loess caves (B) for the six slope sections over the four periods. The blue lines with dots are the monthly precipitation
records during our investigation period.
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saturated hydraulic conductivity on the S-slope are both lower
than on the N-slope. The porosity and saturated hydraulic
conductivity at the slope tops are both generally lower than in
the remaining parts. Although the bulk density on the S-slope is
systematically higher than that on the N-slope, there is no
significant difference within the two slope aspects. We
therefore correlated the density of loess caves and animal
burrows with porosity and saturated hydraulic conductivity.
The results indicate that there is no correlation between loess
cave density and porosity (Figure 6A), while there is a slight
positive correlation between loess cave density and saturated
hydraulic conductivity (Figure 6B). The density of animal
burrows has no correlation with either porosity and saturated
hydraulic conductivity (Figures 6C,D). These results suggest that
the variation of soil properties at the slope scale has little influence
on loess cave development and animal burrowing activity.
Therefore, we conclude that soil properties are not responsible
for the temporal dynamics of loess caves and animal burrows.

DISCUSSION

Topographic Controls on Loess Cave
Development and Burrowing Activity
The distribution of loess caves in the Qingshui Valley shows
topographic preferences in terms of slope angle and upslope
contributing area. More importantly, loess caves tend to develop
in convergent landforms and areas of concave topography
(Figure 5), from which we infer that the loess cave formation
processes depend on surface runoff. This mechanismmay explain
the higher loess cave density at the slope toe compared to the
other slope sections (Table 1). Runoff-induced loess cave
development might be expected given the sparse vegetation
and storm-dominated rainfall in the area, where land cover
has a limited influence on overland flow processes (Hessel and
Van Asch, 2003; Geng et al., 2015). Therefore, the preferred
topographic areas of loess caves are conducive to forming
concentrated flow (Garland and Humphrey, 1992; Faulkner,

FIGURE 5 | Probability histograms comparing the distribution of topographic conditions (A): Slope angle, (B): Upslope contributing area, (C): Plan curvature and
(D): Profile curvature) for loess caves (yellow) and animal burrows (blue). The numbers in gray circles (1–7) correspond to the topographic conditions of the seven new
loess caves.

TABLE 2 | Soil properties of the six slope sections.

Hillslope part Bulk density (g·cm−3) Porosity (%) Saturated hydraulic conductivity
(10−2 cm min−1)

S Slope top 1.17 (1.19, 1.15)a 55.91 (55.13, 56.68) 2.72 (2.49, 2.95)
Slope middle 1.14 (1.12, 1.16) 57.02 (57.85, 56.19) 4.87 (6.35, 3.40)
Slope toe 1.16 (1.16, 1.16) 56.32 (56.42, 56.23) 4.45 (5.03, 3.87)
Mean 1.16 56.42 4.02

N Slope top 1.09 (1.13, 1.06) 58.72 (57.47, 59.96) 3.16 (3.13, 3.18)
Slope middle 1.00 (1.01, 0.99) 62.25 (61.85, 62.64) 4.27 (5.21, 3.33)
Slope toe 1.10 (1.19, 1.15) 58.34 (61.02, 55.66) 6.63 (9.24, 4.02)
Mean 1.07 59.77 4.68

aNote that two samples were collected from each section and their values are shown within parentheses. The other value is the mean.
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2006). The flow could easily erode the well-developed vertical
joints (Xu, 1999) and then cause the expansion and
disaggregation of the surrounding loess particles (Li X.-A.
et al., 2019b), by inference, forming loess caves (Hu et al.,
2020). This is probably why previous studies found that loess
cave formation tended to occur at gully heads or on hillslopes
with furrows and depressions (Zhu, 2006). Thus, the observed
topographic preferences of loess caves in the study area are
consistent with previous research.

Animal burrows also have a topographic preference, tending
to occur on gentle slopes (Figure 5A), with a small upslope
contributing area (Figure 5B) and convex topography
(Figure 5D). We consider it likely that the preferred
burrowing locations of rodents are closely related to their
living habits. The most important aspect of selecting a
habitable environment is a spatial unit that provides the
necessary conditions for survival (Morris et al., 2008). Besides
avoiding predators and seeking an adequate food supply
(Forsman and Martin, 2009), topographic conditions are
crucial in determining a habitable environment on the slope
scale (Bailey, 2005). The preferred burrowing topography is a
location that minimizes the formation of concentrated flow. A
gentle slope angle could facilitate infiltration and decrease the
amount of overland flow (Fox et al., 1997). In addition, a convex
topography is concentrated at the slope top where the upslope
contributing area is small and there is a limited opportunity to
form concentrated flow. Biotic behavior is another reason guiding

the selection of a gentle slope. For example, Seabloom et al. (2000)
found that a steep slope angle will lead to the falling back of
excavated material, which may be the reason why the excavation
angle to the horizontal plane was smaller than the angle of repose
of the loose mound of excavated soil; therefore, a gentle slope will
reduce the cost of excavation (Vleck, 1981). Accordingly, the
topographic preference of animal burrows reflects the survival
needs and minimum excavation cost for the typical subterranean
rodent species in the study area.

We found that both loess cave development and animal
burrowing activity demonstrate significant topographic
controls, although they have different topographic preferences.
However, the variation of soil properties at the slope scale has
little influence on preferred locations. Loess caves are dominantly
developed in the valley below the collapse, while animal burrows
are dominantly located upslope away from collapses. The varied
topographic preferences lead to distinct “topographic niches” for
both biotic and abiotic processes, with little probability for
overlapping in space.

Interaction Between Loess Cave
Development and Animal Burrowing Activity
We observed the initiation of seven new loess caves during the
survey period. Four caves are still located below the collapse
near the slope toe, which is consistent with the concept of
“topographic niches” and with the observations of a previous

FIGURE 6 | Scatter plots of loess cave density and animal burrow density versus porosity (A andC) and saturated hydraulic conductivity (B andD). The black dots
are the average values of loess cave density/animal burrow density for the six slope sections, and the error bars represent the corresponding minimum and maximum.
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study (Zhu, 2012). However, the remaining three caves (No.
1–3 in Figure 3) are all located above the collapse near the
slope top, which is an unexpected location for loess cave
formation based on our statistics. It is surprising that these
three new caves are forming in the typical “topographic
niches” of animal burrows, and we suggest the possibility
that these caves were directly initiated (or “inherited”) from
animal burrows and/or developed under the influence of biotic
activities.

Our observations suggest that loess caves can inherit animal
burrows, and one example is new cave No. 2, in a mid-slope
location and with an average diameter of ∼28 cm and depth of
∼20 cm, that was initiated in Jul 2020 (Figure 7A). In this case
there were visible animal tunnel remnants near the bottom of
the cave (red arrow in Figure 7A). Interestingly, the average
diameter of the entrance of new cave No. 2 (Figure 7B) was
enlarged to 35 cm and the depth deepened to 40 cm by the time
of our final survey (Oct 2021), which provides direct evidence

FIGURE 7 | Evidence that loess caves can “inherit” animal burrows (A, B, D, E and F) and develop under the influence of biotic activities (C and G). Both panel (A
and B) are the No.2 new cave, which were photographed in Jul 2020 andOct 2021 respectively. Panel (C) is the No.3 new cave, which consists of eight sub-caves [such
as sub-cave in panel (D) and sub-cave in panel (E)]. The new cave in panel (F) and themature cave in panel (G) are observed near our study area. The black dashed lines
indicate the entrances of loess caves. The red arrows in panels (A, B, D, E, F, and G) indicate the remaining animal burrows in loess caves.

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 80692110

Geng et al. Biotic Mechanism of Loess Cave

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


for the role of animal burrowing in initiating loess cave
formation.

Other new caves may also have developed under the
influence of biotic activity. New cave No. 3 (Figure 7C) at
the slope top on the N-slope consists of eight sub-caves; one
sub-cave had an average diameter of 30 cm and depth of
20 cm (Figure 7D) and another sub-cave had an average
diameter of 35 cm and depth of 30 cm (Figure 7E). There
are also remnant animal burrows near the base of these sub-
caves (indicated by the red arrows in 7D and 7E). There were
many signs of collapse in new cave No. 3, which were in the
process of expansion. Field observation indicates that animal
burrowing can enhance water infiltration, either by altering
the microtopography and then extending the runoff path, or
by supplying loose material to the surface which promotes
water penetration (Chen et al., 2021). Given the abundant
joints and macropores in the loess (Zhang et al., 2018), the
enhanced infiltration will cause the rapid expansion and
collapse of the loess during rainfall (Zhuang and Peng,
2014), thus accelerating the development of new loess caves.

Our results also show a high level of animal burrow density
around the three new caves before their initiation. For
example, the density for cave No. 1 is 184 ha−1 (30 m
radius); that for cave No. 2 is 279 ha−1; and that for cave
No. 3 is 149 ha−1. Thus, there is both direct and indirect
evidence supporting our speculation that biotic activities can
induce and accelerate the development of loess caves. This
phenomenon is actually very common in the CLP. For
example, of two loess caves observed near our study area,
one is a new cave (Figure 7F) with an average diameter of
28 cm and depth of 50 cm, consisting of two animal burrow
entrances; while the inner part of the cave has collapsed and
expanded to form an integrated cave, suggesting inheritance
from animal burrows. Moreover, there were numerous signs
of animal burrowing on the wall of a mature cave
(Figure 7G), which further verifies the role of animal
burrowing in accelerating the development of loess caves.
Overall, our findings underline the potential role of biological
activity in initiating and developing underground
geomorphic phenomena (e.g., piping). In loess areas in
northern Mississippi, Wilson et al. (2015) suggested that
old roots or other biological channels are highly
susceptible to the formation of soil pipes due to strong
internal erosion. In addition, the burrows of moles and
mice enable immediate water infiltration and direct
vertical and lateral water movement; and earthworms were
found to provide a high transport capacity for soil water via
creating abundant macropores in a loess-rich soil in Germany
(Botschek et al., 2002). Pipe formation resulting from
biological activity can modify soil properties and soil
texture, making the soil prone to erosion by runoff or
groundwater (Verachtert et al., 2013). The existence of
animal burrows as a condition for pipe development has
also been reported in areas without loess (Czeppe, 1960;
Bernatek-Jakiel et al., 2016).

Animal burrowing is a dynamic phenomenon on the annual
scale and is influenced by geomorphic processes such as loess

cave formation. For example, we observed an abrupt decrease
in animal burrow density on the S-slope in Dec 2020, after the
initiation of cave No. 2. We speculate that the formation and
expansion of loess caves may dictate the location of active areas
of biotic disturbance. This is indicated by the significant
decrease in animal burrow density surrounding the newly
formed loess caves after their initiation, which reflects a risk
avoidance strategy for animals in the long-term natural
selection process, which requires that organisms inherit
behaviors in order to avoid risks and enhance survival rates
(Lima et al., 1985; Blanchard et al., 2001; Nemati et al., 2013).
Migration to a safe location is a type of inherited activity,
developed via a long process of random mutation and natural
selection (Kirschvink, 2000). Rodents such as burrowing
animals may have a greater capacity for risk prediction than
animals above ground, because their hearing is extremely acute
(Heffner and Masterton, 1980). We therefore infer that the
excavation activities of animals are indeed restricted by recent
mass movement processes (i.e., cave formation and collapses),
thus promoting their migration.

The proposed interaction between biotic burrowing and
loess cave formation in the Chinese Loess Plateau has
significant implications for landscape evolution. First, the
biotically-induced loess cave formation mechanism is an
important supplement to runoff-induced cave formation.
This biotic mechanism could promote the spatial
heterogeneity of the distribution of loess caves. In this
study, we found that three out of seven new loess caves
were developing via a biotic mechanism. We also found
that 14% of loess caves were located in areas with a convex
topography and divergent landforms (Figure 5), which are
typical “topographic niches” for animal burrows. We propose
tentatively that these caves were all induced by animal
burrowing. Second, the formation of loess caves promotes
the migration of animals, which in turn will extend the area of
burrowing activity and increase the rate of soil loss via
frequent underground excavation. Although biotic
disturbance has been proposed as an important agent of
surface erosion (Reichman and Seabloom, 2002; Gabet
et al., 2003; Stallins, 2006; Winchell et al., 2016). It also
could introduce bias to the sediment flux calculated by
geomorphic transport laws and promote the spatial
heterogeneity of hillslope processes (Roering et al., 1999;
Dietrich et al., 2003). However, this process has not been
comprehensively investigated in the CLP. Further
quantitative studies are needed to determine the
geomorphic contribution of different animals to soil
erosion across the Chinese Loess Plateau.

CONCLUSION

We have investigated the spatial distribution of animal
burrows and loess caves based on field investigations
including UAV mapping of a site in the Qingshui Valley.
We surveyed the site four times, from Jul 2019 to Dec 2020, in
order to track the temporal dynamics of both processes. We
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found that both loess cave development and animal
burrowing activity show a significant topographic control,
although they have different topographic preferences in term
of slope angle, plan curvature, profile curvature, and upslope
contributing area. The preferred topographic areas of loess
caves are conducive to forming concentrated flow, supporting
a runoff-induced mechanism of loess cave development.
Animals prefer topographic contexts that are unlikely to
form concentrated flows. These topographic preferences
lead to distinct “topographic niches” for both biotic and
abiotic processes with little chance for overlapping in space.

Seven new loess caves started to develop during the survey
period. Four of the caves were consistent with their “topographic
niches”, but the other three new caves were developing in the
typical “topographic niches” of animal burrows.We also observed
a significantly high animal burrow density around three new
caves before their initiation. Thus, we conclude that these three
caves were directly initiated from animal burrows and/or develop
under the influence of biotic activities. Animal burrowing activity
is seemingly arbitrary but with a clear risk avoidance strategy,
which leads them to avoid areas of recent mass movement (e.g.,
caves and collapses), concentrated flow paths, and newly formed
loess caves. The formation and expansion of loess caves can
dictate the active areas of biotic disturbance, while biotic
burrowing in turn promotes the spatial heterogeneity of the
loess cave distribution. Our study emphasizes the role of
biological agents in formation of loess caves and provides the
first direct evidence of the interaction between biotic burrowing
and loess cave formation in the CLP.
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