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Increased burrow oxygen levels 
trigger defensive burrow‑sealing 
behavior by plateau zokors
Bin Chu1,2,3,5, Yongliang Tian4,5, Jianwei Zhou1,2,3, Zhuangsheng Tang1,2,3, Kechi Dong1,2,3 & 
Limin Hua1,2,3*

Defensive behaviors are a response to immediate and potential threats in the environment, including 
abiotic and biotic threats. Subterranean rodents exhibit morphological and physiological adaptions 
for life underground, and they will seal with mounds and additional plugs when their burrow opened. 
However, little is known about the factors driving this defensive behavior. In this study, we selected 
a subterranean rodent, plateau zokor (Myospalax fontanieri), as a species to investigate (both in 
the laboratory and in the field) the possible factors responsible for burrow-sealing behavior. Our 
results showed that: (1) In the laboratory, the burrow-sealing frequency of plateau zokor in response 
to five factors were as follows: oxygen (52.63%) > light (34.58%) > temperature (20.24%) > gas flow 
(6.48%) > sound/control (0%). Except for light, the burrow-sealing frequency in response to other 
factors was significantly lower than that in response to oxygen (P < 0.05). (2) Burrow-sealing behavior 
in response to each treatment did not differ significantly between males and females in the laboratory 
experiment. (3) In the field, during the animal’s active periods in both the cold and warm season, 
the burrow-sealing frequency under the oxygen treatment was higher than that under the light and 
temperature treatments. Plateau zokors were found not to be sensitive to these treatments during 
their inactive periods during both the cold and warm season. (4) The latency to reseal the burrow 
showed no obvious differences between each treatment both in the laboratory and in the field. In 
conclusion, the main factor that influences the burrow-sealing behavior of plateau zokors is the 
variation in oxygen concentration, and this defensive behavior is related to their activity rhythm.

Defensive behaviors are a set of responses to threat stimuli and situations that have evolved on the basis of 
their adaptiveness in reducing harm to the threatened organism1. For the vast majority of species, these threat-
response behaviors do not rely on specific experience, but instead are based on instinct. A defensive repertoire 
is constructed of such behaviors, each of which has proved successful in response to particular types of threats 
in particular situations2. Biotic threats, such as predators and conspecifics, may involve an intricate arms race 
that ultimately facilitates the development of elaborate patterns of species-specific defensive behaviors, whereas 
abiotic environmental threats, such as floods or fires, cause relatively few and simple defenses1,3.

Subterranean rodents are small mammals that live in underground tunnels and undergo most of their life 
activities below the soil surface4. Across the globe, subterranean rodents, with at least 140 species belonging 
to 20 genera of 8 families, occur in all continents except Australia and Antarctica5. Compared to aboveground 
rodents, subterranean habitats are considered more stable and buffered than aboveground habitats. This shelter 
not only protects these animals from predators, but also from environmental fluctuations or extremes taking 
place above the ground6. However, sometimes, their tunnels are opened inadvertently because of trampling by 
livestock or researchers using open-hole assessments to monitor their population dynamics7,8. These opened 
tunnels, which constitute a threat to the occupants, will be sealed by the animals with additional plugs. Although 
most researchers have observed this defensive behavior in subterranean rodents, little is known about the factors 
driving this defensive behavior.

Previous studies have focused on the effect of wind and light on burrow-sealing behavior. Yu and Qian9 
concluded that wind stimulated the occurrence of such behavior in Gansu kozor (Myospalax epsilanus Thomas). 
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Han10 suggested that wind and light have a large influence on the burrow-sealing behavior in Transbaikal zokor 
(Myospalax psilurus). However, Chai et al.11 found that this behavior in Transbaikal zokor was unrelated to wind 
and light. In general, burrow systems are characterized by the absence of light, relatively invariant temperatures, 
low ratios of oxygen to carbon dioxide, and gas flow is generally reduced relative to the surface habitat12. In facing 
these challenges, the morphology of subterranean rodents has been molded by convergent evolution to the same 
extent as their physiology. For instance, the dark environment has resulted in small eye sizes that limit the image 
size on the retina, resulting in poor image quality and visual acuity, but they can still detect ambient light levels 
for photoperiodism13. In subterranean ecotypes, olfaction and audition play an important role in the lives of 
these animals that have successfully adapted to life underground. The role of olfaction is one not only of finding 
food, but also in recognizing familiar individuals and choosing mates14,15. However, the spread of predator odor 
over long distances in the subterranean environment is restricted14 and, besides, predators are generally unable 
to open tunnels to prey upon these species16,17. Compared to epigeic generalized rodents, the hearing range of 
subterranean rodents is not restricted, rather, it is shifted towards lower frequencies18. More importantly, poor 
ventilation in subterranean burrows leads to poor levels of oxygen and an abundance of carbon dioxide, and, as 
such, these species have evolved physiological strategies enabling their respiratory and cardiovascular systems 
to cope with hypoxia and hypercapnia19,20. For instance, they have a large oxygen carrying capacity facilitated by 
elevated hemoglobin concentrations, a high intrinsic affinity for oxygen, and large concentration of red blood 
cells21. Moreover, the critical O2 (pO2) partial pressure levels in these mammals are low and metabolic rates can 
be maintained at low pO2

22. Therefore, when a burrow is opened, the atmosphere inside the burrow will become 
richer in oxygen, which may result in harmful effects on these species. Clearly, all of these factors (oxygen, light, 
temperature, sound, gas flow) need to be considered as possible determinants of burrow-sealing behavior, both 
in the laboratory and in field experiments.

In the present study, we selected plateau zokors, belonging to the genus Myospalax5, as our species of subter-
ranean rodent to study. Most plateau zokors live in alpine meadows on the eastern Qinghai–Tibetan Plateau23, 
and like other subterranean rodents, they possess morphological, physiological, and behavioral adaptions for 
digging and living in the underground environment24. Plateau zokors construct complicated burrow systems 
that consist of one or two main nests, foraging and transportation tunnels, food store caches, and blind endings. 
When constructing tunnels, the animals move the loosened soil to the surface and deposit it in mounds23. In 
this study, we conducted laboratory experiments to determine the effects of oxygen, light, temperature, gas flow 
and sound on the burrow-sealing behavior of plateau zokors. In addition, field experiments were conducted 
during both the cold and warm season of 2016. The aims of this research were to (1) reveal the determinants of 
burrow-sealing behavior in plateau zokor, (2) determine whether the latency to reseal the burrow is the difference 
between the responses to different treatments, (3) determine whether burrow-sealing behavior differs between 
the sexes, and (4) determine whether activity rhythm has an influence on burrow-sealing behavior in the field.

Materials and methods
All experimental procedures were permitted by the Institutional Animal Care and Usage Committees of the 
Grassland Science College of Gansu Agricultural University (GSC-IACUC-2015-0011). Our experiments were 
conducted according to their guidelines, which are in accordance with the Guide for the Care and Use of Labora-
tory Animals (the Constitution of Experimental Animal Ethics Committee of Gansu Agricultural University). 
All experiments were performed in accordance with ARRIVE guidelines.

Animals and laboratory conditions.  Adults of both sexes (three males and three females) were captured 
in April 2015. Specifically, the animals were captured in Mayin Tan (37°12′N, 102°46′E; Tianzhu Tibetan Auton-
omous County, China) using live traps25 set at fresh surface mounds. The individuals were then transported to 
the laboratory and housed in an acrylic box with a pipeline covered with soil. The box and pipeline were covered 
by black cloth to simulate the dark environment of plateau zokors. The temperature in the room was maintained 
between 20 and 25 °C. Food was supplied daily and consisted of potatoes, lettuce and carrot. After three days of 
acclimatization to the laboratory the animals were used in the different experiments. Our laboratory is located 
2 km away from the field site. At the end of the experiments all animals were returned to the capture site in good 
health.

Laboratory testing arena.  The experimental setup for the laboratory experiments was as follows 
(Fig.  1): A transparent Perspex tube (8  cm × 8  cm × 80  cm) was joined to the side of the dark acrylic box 
(40 cm × 40 cm × 40 cm). A rubber stopper was inserted into one end of the tube to avoid effects from the exter-
nal environment. Treatment apparatus was placed into the rubber stopper (see “Laboratory treatment apparatus” 
section, below), and, to avoid the apparatus being damaged by the animals, wire mesh (8 cm × 8 cm × 0.5 cm) was 
placed about 15 cm from one end of the tube. A mercury thermometer was inserted into the tube in the middle 
to monitor the tube’s temperature. Between experiments with different animals, the box and tube were wiped 
with 95% alcohol and then with distilled water.

Laboratory treatment apparatus.  A rubber stopper with seven holes was used for plugging one end 
of the tube (Fig. 2). The oxygen concentration, light, temperature, sound and gas flow were considered in this 
design.

Oxygen treatment.  To avoid the oxygen that was delivered into the tube causing the gas to flow too strongly, 
become drier, and create a sound, a steel oxygen cylinder and thin hose (0.3 cm in diameter) were selected, and 
one end of the hose was connected directly to the oxygen cylinder with a humidifier bottle, while the opposite 
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end was inserted into the rubber stopper (Fig. 2). Before beginning the experiment, we allowed the oxygen cylin-
der to sit for two hours at laboratory temperature to remove any temperature effects. A three-parameter soil gas 
analyzer (13.05.03Pro, Shanghai SAFE Biotech Co., Ltd, China) was used to monitor the oxygen concentration 
in the tube (Fig. 2).

Light treatment.  The average light intensity—that is, 360 Lux from 8:00 am to 8:00 pm—was measured in the 
field. One end of a wire was connected to an LED light (1 Watt), and the other end to the power supply (Fig. 2).

Temperature treatment.  The temperature in the burrow entrance in the field was about 3 °C warmer than that 
at a tunnel depth of 10 cm. As such, one end of a wire was connected to a heater strip and the other end to the 
electrical power supply (Fig. 2). A thermometer was inserted into the tube to monitor the temperature inside the 
tube (Fig.1). During the experiment period in the laboratory, we switched on or off to make sure the relatively 
constant temperature inside the tube. The temperature range inside the tube was 3.2 ± 0.27 °C .

Sound treatment.  When a burrow is opened, wind whistle can be produced around the burrow entrance. 
Accordingly, a voice recorder (PCM-D50, frequency response 50 Hz–40 kHz, Sony, Japan) was placed at the 
burrow entrance in the field to record the burrow-entrance sound, the duration of which was 30 min. In the 
laboratory, the two ends of a wire were connected to an AVOXIVY loudspeaker (diameter: 5 cm; impedance: 4 
Ω; 50 Hz–20 kHz) and a voice recorder, respectively (Fig. 2). The recorded sound was played back with a 60 dB 
sound pressure level, as measured at the burrow entrance in the field (XL2 sound level meter, Nti Audion, Swit-
zerland). The sound was repeatedly played within one hour.

Gas flow treatment.  To avoid ambient atmosphere entering the tube, a negative pressure drainage ball with 
plastic tube (12 cm long, 2 cm in diameter) connected the tube through a rubber stopper (Fig. 2). The tunnel gas 
was inhaled by the ball, then we pinched the ball to blow the gas into the tunnel as gas flow treatment.

Field treatment apparatus.  For the field experiment, the apparatus consisted of a tube (40 cm long, 8 cm 
in diameter) and an alarm device. The alarm device was made up of a loudspeaker, two slide rails (15 cm long), 
two metal plates (approximately 7 cm in length and 3 cm in width), and three coiled metal springs (5 cm long, 

Figure 1.   Schematic drawing of the setup used to test burrow-sealing behavior in plateau zokors in the 
laboratory. (1) acrylic box covered with soil 30 cm in depth; (2) experimental animal; (3) mercury thermometer; 
(4) transparent Perspex tube; (5) the pipe’s support clip; (6) wire mesh (8 cm × 8 cm × 0.5 cm); (7) rubber stopper 
(8 cm × 8 cm × 5 cm).

Figure 2.   Schematic diagram of the rubber stopper used to simulate the entrance plug of the burrow. (1) power 
supply; (2) light bulb switch; (3) electric wire switch; (4) oxygen cylinder; (5) in situ three-parameter soil gas 
analyzer; (6) voice recorder; (7) negative pressure drainage device; (8) rubber plug; (9) LED bulb; (10) the iron 
rod; (11) heating cord; (12) AVOXIVY speaker with 5 cm diameter.
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2 cm in diameter). The three springs were joined to one of the metal plates, while the other metal plate was fixed 
on the slide rails. The two metal plates were touched by the plateau zokor when it was plugging, which triggered 
the alarm device, thus enabling us to know whether or not burrow-sealing behavior was occurring (Fig. 3). The 
aluminum tube with an oxygen device was embedded into the burrow. The soil covering the tube served as an 
excellent insulator, buffering the tube from the aboveground temperature (Fig. 4A). A steel oxygen cylinder and 
thin hose (0.3 cm in diameter) were applied by connecting one end of the hose directly to the oxygen cylinder 
with a humidifier bottle, and then the opposite end of the hose was inserted into the tube (Fig. 4A). A three-
parameter soil gas analyzer (13.05.03Pro, Shanghai SAFE Biotech Co., Ltd, China) was used to monitor the 
oxygen concentration in the tube (Fig. 4A). Allowing sunlight to enter the burrow, a glass bottle, open at one 
end but closed at the other, was embedded into the burrow. We also used soil to cover the bottle, and there was 
a 5 cm gap at the surface (Fig. 4B). The aluminum tube with high thermal conductivity was embedded into the 
burrow. Again, we used soil to cover the bottle and retained a 20 cm gap (Fig. 4B).

Procedure.  In the laboratory experiment, we tested three males and three females for their responses to each 
treatment. To avoid generating stress and habituation to treatments, zokors were tested for 12 h each day and 
there was one hour interval between treatments, and five days interval between round of testing for the same 
individual (Table 1). We performed a control experiment in which a rod was inserted into the burrow but no 
further treatment was applied, which allowed us to evaluate whether it was the treatment that was causing the 
burrow-sealing behavior. Before beginning treatment experiment, each zokor was tested 24 times (12 h × 2 days) 
under the control experiment. We determined the rod movement as occurrence of burrow-sealing behavior.

In the field experiment, we tested three zokors (one male, two females), and six zokors were caught in the cold 
season and warm season (three males and three females, respectively). We then fastened radio collars (Ag357, 
Biotrack, Ltd., UK) to each captured individual to allow us to track the position in foraging tunnels of each zokor. 
Each zokor was used three times in the experiments under each treatment, and, after finishing each experiment, 
we changed the position of the foraging tunnel to ensure the test tunnel was not an abandoned tunnel. Accord-
ing to radio-tracking data, the straight-line distance between the test tunnel and the nest for each treatment was 
about 5 m. We conducted a control experiment that whether plateau zokor move to the test tunnel or not during 

Figure 3.   Schematic drawing of the apparatus used to test the burrow-sealing behavior of plateau zokor in the 
field. (1) tube; (2) loudspeaker; (3) slide rail; (4) metal plate; (5) coiled metal springs.

Figure 4.   (A) Schematic drawing of the apparatus used in the oxygen treatment placed in the tunnel of the 
plateau zokor. (B) Schematic drawing of the apparatus used for the temperature and light treatments placed in 
the tunnel of the plateau zokor. (1) tunnel of the plateau zokor; (2) oxygen cylinder; (3) three-parameter soil gas 
analyzer; (4) plateau zokor.
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the time between treatments. In the cold season, from 4 October 2015 to 2 November 2015, the burrow-sealing 
behavior of each zokor was tested under different treatments during their active time (12:00–18:00) and inac-
tive time (09:00–11:00) for a total of 27 days (Table 2). The same was done in the warm season but for a total of 
18 days from 15 May 2016 to 5 June 2016, in which the active time was 14:00–20:00 and the inactive time was 
08:00–13:00 (Table 2).

Data analysis.  The occurrence of burrow-sealing was recorded as “1”, and non-sealing was recorded as “0”. 
The frequency of burrow-sealing was the number of times the burrow was sealed divided by the total number of 
experiments for each treatment26, and we considered the frequency for each individual as a replicate. The latency 
to reseal the burrow was the period from the start of the treatment to the sealing of the burrow, and we consid-
ered each instance of latency to reseal the burrow as a repeat. The latency to reseal the burrow for non-sealing 
under each treatment was unavailable data and was therefore removed. The presence of a normal distribution in 
the initial data was determined using the Kolmogorov–Smirnov test. All data followed a normal distribution. A 
comparison of males and females in their frequency of sealing the burrow and in their latency to reseal the bur-
row under each treatment was performed with an independent-samples T-test. Multiple comparisons were made 
for the frequency of burrow-sealing and the latency to reseal the burrow under different treatments by using the 
least significant difference method at the significance level of P = 0.05. In the field experiment, the number of 
replicates was fewer than three for frequency and the latency to reseal the burrow, we did not conduct multiple 
comparisons.

Preliminary statistical analysis of the data was performed using Excel 2013 and SPSS 19.0. All the figures and 
tables were produced in GraphPad Prism 8.0 and Excel 2013.

Results
Responses of burrow‑sealing frequency and the latency to reseal the burrow to different 
treatments in the laboratory experiments.  Under the sound and control treatment, no burrow-seal-
ing events were observed in 30 tests. Comparing the different treatment groups, the frequency of burrow-sealing 
was highest in the oxygen treatment (52.63%), and significantly higher than in the other treatments (Fig. 5a). 
The lowest frequency of burrow-sealing (6.48%) was in the gas flow treatment. We observed 28 events of bur-
row-sealing in the oxygen treatment during 58 experiments and the average latency to reseal the burrow was 
35.85 min, which was not significantly different to the temperature and light treatments (Fig. 5b). Although the 

Table 1.   Times of the experiments for each treatment in the laboratory simulation. This table only represents 
the times of experiments for one individual from the six individuals that were used in the experiments. O, T, L, 
S and A represent the oxygen, temperature, light, sound and gas flow treatments, respectively.

Testing time

Round of testing

1st 2nd 3rd 4th 5th

08:00–09:00 O T S L A

10:00–11:00 T O L A S

13:00–14:00 L S A O T

16:00–17:00 S A O T L

19:00–20:00 A L T S O

Table 2.   Times of the experiments for each treatment in the active and inactive periods of plateau zokors 
during the warm and cold season. This table only represents the times of experiments for one individual from 
the six and three individuals used in these experiments in the warm and cold season, respectively. O, T and L 
represent the oxygen, temperature, and light treatments, respectively.

Season Activity pattern Testing time

Testing day

1st 2nd 3rd 4th 5th 6th 7th 8th 9th

Warm season

Inactive time

08:00–09:30 O T L

10:00–11:30 T L O

12:00–13:30 L O T

Active time

14:00–15:30 O T L

16:00–17:30 T L O

18:00–19:30 L O T

Cold season

Inactive time 09:00–11:30 O T L O T L O T L

Active time

12:00–13:30 O T L

14:00–15:30 T L O

16:00–17:30 L O T
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latency to reseal the burrow in the gas flow treatment was significantly lower (17.75 min) than in the other treat-
ments, only four events of burrow-sealing in 34 trials were observed (Fig. 5b).

Responses of burrow‑sealing frequency and latency to reseal the burrow in males and females 
to different treatments in the laboratory.  Burrow-sealing behavior in male and female zokors was 
not observed in the sound and the control. The frequency of burrow-sealing and the latency to reseal the bur-
row showed no differences between the sexes under the different treatments (Fig. 6). Specifically, the frequency 
of burrow-sealing in response to oxygen for females and males was 60.00% and 44.78%, respectively, and was 
higher than that in response to other factors. Compared with other factors, although the latency to reseal the 
burrow in response to gas flow was lowest in both females (18.00min) and males (17.50 min), the frequency of 
burrow-sealing was only two times in males and females, respectively. However, the latency to reseal the burrow 
in response to oxygen did not show the same trend.

Response of frequency and latency of burrow‑sealing to different factors in the field.  In the 
laboratory experiments we found that plateau zokors were sensitive to oxygen, temperature and light, and there 
were no differences between the sexes in their response to each treatment. Therefore, we considered these factors 
as treatments for the field experiment and did not consider the difference between the sexes. Plateau zokors did 

Figure 5.   The frequency of burrow-sealing and the latency to reseal the burrow in response to different 
treatments. The upper and lower horizontal lines of the boxes represent the maximum and minimum values, 
respectively. The black plus signs and the central horizontal lines represent the mean and median, respectively. 
Different colored dots in (a) represent the number of zokor individuals (N = 6), while in (b) they represent 
the number of burrow-sealing events. The left-hand values of the pairs of italic numbers in brackets on the 
horizontal axis in (b) denote the number of burrow-sealing events, while the right-hand values are the number 
of experiments. The results of the statistical tests are displayed in the text. Different lowercase letters indicate a 
significant difference (P < 0.05), while the same lowercase letter indicates a non-significant result.

Figure 6.   The frequency of burrow-sealing and the latency to reseal the burrow in response to different 
treatments between the sexes. The results of independent-samples T-tests for the differences (P < 0.05) 
between females (N = 3) and males (N = 3) are displayed. Pink bars and blue bars represent females and males, 
respectively; and pink and blue dots in (b) represent the number of occurrences of sealing burrows in females 
and males, respectively. The italic numbers on the horizontal axis in (a) refer to the number of burrow-sealing 
events (numbers not in brackets) and the number of experiments (numbers in brackets), and “ns” in both panels 
denotes “non-significant”.
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not move to the test tunnel during the time between treatments in the field. Regardless of whether in the cold 
or warm season, the number of burrow-sealing events in the inactive period was lower than that in the active 
period (Table 3). In the warm season, the frequency of burrow-sealing in response to oxygen was significantly 
higher than that in response to temperature during the active period (df = 2, P = 0.01, Table 3), and we found no 
significant difference between oxygen and light (df = 2, P = 0.05, Table 3). In the inactive period during the warm 
season, the frequency of burrow-sealing was low for each treatment (Table 3). In the cold season, the frequency 
of burrow-sealing in response to oxygen was highest in the active period, and the frequency of burrow-sealing 
in response to temperature and light was 0 and 1 in the active period, respectively. Therefore, we did not conduct 
any statistical analysis. In the inactive period during the cold season, we did not find any burrow-sealing behav-
ior under any of the treatments.

The latency to reseal the burrow in response to the oxygen, temperature and light treatments in the inactive 
period during the cold season was absent because no burrow-sealing was observed. Under the oxygen treatment, 
the latency to reseal the burrow was shortest in the active period during the cold and warm season (Table 4). 
In the warm season, the latency to reseal the burrow in response to the light treatment was shorter than in the 
other treatments (Table 4).

Discussion
We examined the burrow-sealing behavior of plateau zokors in response to oxygen, light, temperature, sound 
and gas flow, both in the laboratory and in field experiments. The results indicated that burrow-sealing behavior 
in response to each treatment did not differ significantly between males and females. We also found that oxygen, 
light and temperature had an effect on burrow-sealing in the laboratory experiment—especially a change in the 
oxygen concentration. Accordingly, we selected these three factors to verify the results in the field and found 
that oxygen and light influenced the frequency of burrow-sealing in the active period during the cold and warm 
seasons, but that plateau zokors were not sensitive to these treatments in the inactive period, again during both 
seasons. Therefore, based on laboratory and field experiments, we are able to conclude that the oxygen concen-
tration has a major effect on the burrow-sealing behavior of plateau zokors, and that there are no differences in 
this regard between males and females. The latency to reseal the burrow showed no obvious differences between 
each treatment. We also suggest that this defensive behavior is related to the activity rhythm of plateau zokors. 
Below, we discuss these findings in the context of the wider literature.

Both in the laboratory and in the field, oxygen had the main effect on the frequency of burrow-sealing in pla-
teau zokors. About 11 million years ago, plateau zokors evolved physiological strategies enabling their respiratory 
and cardiovascular systems to cope with hypoxia27,28. Therefore, when the burrow atmosphere becomes richer in 
oxygen when the burrow is opened, harmful effects on these animals might arise. Indeed, an increased oxygen 
concentration in the ambient atmosphere is poisonous to all mammals, regardless of the baseline concentration 
that they are used to, bringing about symptoms such as drowsiness, anorexia, loss of weight, increasing dyspnea 
and cyanosis29. Furthermore, too much oxygen is toxic to the mammalian central nervous system owing to the 

Table 3.   Burrow-sealing frequency in the field under different treatments. Italic numbers not in brackets 
denote the number of burrow-sealing events, while those in brackets are the number of experiments. Different 
lowercase letters indicate a significant difference (P < 0.05), while the same lowercase letter indicates a non-
significant result.

Season Activity pattern

Frequency of burrow-sealing (%)

F POxygen Temperature Light

Warm season

Active time
61.11 ± 5.55a 27.78 ± 10.24b 38.88 ± 5.55ab

5.18 0.01
11 (18) 5 (18) 7 (18)

Inactive time
11.11 ± 7.02 11.11 ± 7.02 5.55 ± 5.55

– –
2 (18) 2 (18) 1 (18)

Cold season

Active time
33.32 ± 19.24 0 11.11 ± 11.10

– –
4 (9) 0 (9) 1 (9)

Inactive time
0 0 0 0

– –
0 (9) (9) 0 (9)

Table 4.   Burrow-sealing latency in the field under different treatments.

Season Activity pattern

Time to seal burrow (min)

F POxygen Temperature Light

Warm season
Active time 61.08 ± 3.91 74.25 ± 0.62 62.67 ± 3.79 3.38 0.065

Inactive time 66.00 87.00 54.00 – –

Cold season
Active time 35.50 ± 1.89 – 54.00 – –

Inactive time – – – – –
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excessive production and accumulation of reactive oxygen species30. Therefore, we infer that oxygen concentra-
tion within zokor’s tissues must be tightly regulated to avoid possible harmful effects, although the response to 
hyperoxia has not been studied in plateau zokors. However, burrow-sealing behavior in response to oxygen is 
dependent on the activity rhythm of plateau zokors. In the field, the burrow-sealing frequency in response to 
oxygen was very low in the inactive period during both the cold and warm season (Table 3). Because plateau 
zokors spend much of their time in their main nest (about 1.5–2.5 m underground) during their inactive period 
and possess a “deep sleep” phenomenon in their nest31,32, they are therefore not sensitive to oxygen during these 
periods.

In our study, we also found that light had a slight effect on burrow-sealing behavior after eliminating oxy-
gen, temperature and other factors. Han10 also suggested that light might trigger burrow-sealing behavior in 
Transbaikal zokor. Subterranean rodents live in a dark environment for a long time and their eyes degenerate as 
a consequence13. Nevertheless, although they cannot see images, these rodents are able to detect photoperiods 
and differentiate light from dark13. We infer that plateau zokors may be able to perceive light in a dark tunnel 
during the process of tunnel inspection and seal the burrow entrance in response. Our results also indicated that 
sound from the burrow entrance does not induce plateau zokors to seal their burrow. In this regard, it is possible 
that the hearing of plateau zokors was not sensitive to the frequency of the sound recording. Indeed, compared 
to aboveground generalist rodents, their hearing range is not restricted but they are more sensitive to the low-
frequency range18. Zhou 33 found that within the auditory range that evoked a response, from 250 to 4000 Hz, the 
average lowest sound that plateau zokor could hear was 53.9 ± 2.8 dB SPL (range: 41–71 dB SPL), although the 
sensitivity of plateau zokor to low-frequency sounds was the worst of the subterranean rodents that have been 
studied. Interestingly, in the laboratory, our results from the gas flow treatment yielded both the shortest latency 
to reseal the burrow and the lowest frequency of burrow-sealing events, which seems contradictory. However, we 
thought that a stress reaction could be the trigger of rapid burrow-sealing behavior in plateau zokors. The shorter 
distance (about 1 m) between the end of tube and the zokor’s nest probably made the zokor feel uncomfortable 
because of the gas flow. Therefore, they would act to seal their burrow rapidly. However, the lowest frequency of 
burrow-sealing in this instance may be beneficial to plateau zokors in terms of conserving energy. Because gas 
flow did not produce a negative physiological response owing to the negative pressure drainage ball with plastic 
tubing used in the laboratory.

In our study, we found that the frequency of burrow-sealing and the latency to reseal the burrow under dif-
ferent treatments did not differ between males and females in the laboratory experiments. In other words, both 
males and females will seal the burrow when it is opened. Unlike social subterranean rodents, plateau zokors 
are solitary animals24 and have their own home ranges. Thus, both males and females must rely on themselves 
to ensure all its own burrow systems are sealed. Furthermore, some researchers have found that both males and 
females have been captured when capturing zokors by using the opening–sealing burrow method34. Therefore, 
we confirm that opening the burrow entrance has the same influence on both males and females. However, we 
do not know whether different ages of individuals have similar responses to these treatments, which needs to 
be studied in future research.

Received: 10 April 2021; Accepted: 9 September 2021

References
	 1.	 Blanchard, R. J., Blanchard, D. C., Rodgers, J. & Weiss, S. M. The characterization and modelling of antipredator defensive behavior. 

Neurosci. Biobehav. R. 14, 463–472 (1990).
	 2.	 Arenas, L. M., Walter, D. & Stevens, M. Signal honesty and predation risk among a closely related group of aposematic species. 

Sci. Rep. 5, 5 (2015).
	 3.	 Dawkins, R. & Krebs, J. R. Arms races between and within species. Proc. R. Soc. Lond. B. Biol. Sci. 205, 489–511 (1979).
	 4.	 Peichl, L. et al. Eye and vision in the subterranean rodent cururo (spalacopus cyanus, octodontidae). J. Comp. Neurol. 486, 197–208 

(2010).
	 5.	 Musser, G. G. & Carleton, M. D. Superfamily Muroidea. (eds. Wilson, D. E., and Reeder, D. M.) 894–1531 (2005).
	 6.	 Begall, S., Burda, H. & Schneider, B. Hearing in coruros (Spalacopus cyanus): Special audiogram features of a subterranean rodent. 

J. Comp. Physiol. A. 190, 963–969 (2004).
	 7.	 Engeman, R. M., Nolte, D. L. & Bulkin, S. P. Optimization of the open-hole method for assessing pocket gopher activity. Can. Field. 

Nat. 113, 241–244 (1999).
	 8.	 Smallwood, K. S. & Erickson, W. A. Estimating gopher populations and their abatement in forest plantations. For. Sci. 41, 284–296 

(1995).
	 9.	 Yu, H. & Qian, J. F. A study on the subterranean life and chemical control measures of mole-rats (Myospalax epsilanus Thomas) in 

North Shensi. J. North. Univ. 1, 13–28 (1958).
	10.	 Han, G. Y. The research of transbaikal zokor control method. J. Hebei For. Sci. Tech. 1, 48–50 (1990).
	11.	 Chai, X. X. et al. Influence of wind and light on the burrow-sealing behavior of Trans Baikal zokor (Myospalax psilurus). Acta 

Theriol. Sin. 36, 215–220 (2016).
	12.	 Nikitina, N. V. & Kidson, S. H. Eye development in the Cape dune mole rat. Dev. Genes Evol. 224, 107–117 (2014).
	13.	 Cernuda-Cernuda, R. et al. The eye of the African mole-rat Cryptomys anselli: to see or not to see?. Eur. J. Neurosci. 17, 709–720 

(2003).
	14.	 Fanjul, M. S., Zenuto, R. R. & Busch, C. Use of olfaction for sexual recognition in the subterranean rodent Ctenomys talarum. Acta 

Theriol. 48, 35–46 (2003).
	15.	 Burda, H. Individual recognition and incest avoidance in eusocial commonmole-rats rather than reproductive suppression by 

parents. Experientia 51, 411–413 (1995).
	16.	 Wei, W. H., Zhou, W. Y. & Fan, N. C. Habitat selection, feeding and caring for the young of alpine weasel. Acta Theriol. Sin. 14, 

184–188 (1994).
	17.	 Yang, S. M. et al. The predation risks of the plateau pika and plateau zokor and their survival strategies in the alpine meadow 

ecosystem. Acta Theriol. Sin. 27, 4972–4978 (2007).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19088  | https://doi.org/10.1038/s41598-021-98551-2

www.nature.com/scientificreports/

	18.	 Knotková, E., Šumbera, R. & Sedlácek, F. Vocalization and behavioral hearing range in silvery mole-rat (Heliophobius argenteoci-
nereus). in Ninth International Mammalogical Congress (2005).

	19.	 Shams, I., Avivi, A. & Nevo, E. Oxygen and carbon dioxide fluctuation in burrow of subterranean blind mole-rats indicate tolerance 
to hypoxic-hypercapnic stress. Comp. Biochem. Physiol. A. 142, 376–382 (2005).

	20.	 Tian, Y. L. et al. A study of gas environment in foraging tunnel of plateau zokor (Myospalax baileyi) in the eastern Qilian Mountain 
region. Acta Theriol. Sin. 37, 152–161 (2017).

	21.	 Okrouhlík, J. et al. Surprisingly low risk of overheating during digging in two subterranean rodents. Physiol. Behav. 138, 236–241 
(2015).

	22.	 Arieli, R. & Nevo, E. Hypoxic survival differs between two mole rat species (Spalax ehrenbergi) of humid and arid habitats. Comp. 
Biochem. Physiol. A. 100, 543–545 (1991).

	23.	 Zhang, Y. M. & Liu, J. K. The biological characteristics of subterranean rodents and their roles in ecosystem. Acta Theriol. Sinica 
22, 144–154 (2003).

	24.	 Zhang, Y. M., Zhang, Z. B. & Liu, J. K. Burrowing rodents as ecosystem engineers: the ecology and management of plateau zokors 
Myospalax fontanierii in alpine meadow ecosystems on the Tibetan Plateau. Mammal Rev. 33, 284–294 (2003).

	25.	 Hua, L. M., Ji, W. H., Zhou, J. W. & Zuo, S. T. A Live trapping technique for subterranean zokors (Rodentia). Mammalia 79, 487–490 
(2014).

	26.	 Ren, B. P., Xia, S. Z. & Li, Q. F. Male copulatory patterns in captive Sichuan snub-nosed monkeys. Acta Zool. Sin. 48, 577–584 
(2002).

	27.	 Zheng, S. H., Zhang, Z. Q. & Cui, N. On some species of Prosiphneus (Siphneidae, Rodentia) and the origin of Siphneidae. Vertebr. 
Palasiatica 42, 297–315 (2004) (In Chinese).

	28.	 Flynn, L. J. The antiquity of rhizomys and independent acquisition of fossorial traits in subterranean muroids. Bull. Am. Mus. Nat. 
Hist. 331, 128–156 (2009).

	29.	 Binger, C. A. L., Faulkner, J. M. & Moore, R. L. Oxygen poisoning in mammals. J. Exp. Med. 45, 849–864 (1927).
	30.	 Dean, J. B. et al. Hyperoxia, reactive oxygen species, and hyperventilation: oxygen sensitivity of brain stem neurons. J. Appl. Physiol. 

96, 784–791 (2004).
	31.	 Zhou, J. W. et al. Field evaluation of three type of radio transmitters in ecological study on plateau zokor (Myospalax baileyi). Chin. 

J. Vector Biol. Control 24, 486–490 (2013).
	32.	 Lin, G. H. et al. Adaptive evolution of flaky thumb claw and elongated compulsory arousal duration in the subterranean rodent 

plateau zokor. Ethol. Ecol. Evol. 23, 77–80 (2011).
	33.	 Zhou, J. W. Studies on the seismic communication of plateau zokor. PhD thesis. (Gansu Agricultural University, 2020).
	34.	 Zhou, Y. S. et al. The relationship between the productive characteristics of plateau zokor (Eospalax baileyi) and its rangeland 

habitat condition. Acta Theriol. Sin. 37, 87–96 (2016).

Author contributions
All authors designed the study. B.C., Y.L.T., J.W.Z. and K.C.D. performed laboratory and field experiment. B.C. 
drafted out this manuscript, which was revised by Z.S.T. and L.M.H.

Funding
This work was supported by Industrial Technology Research and Development Funds, Bureau of Education, 
Gansu, China (2021CYZC-05). Scientific Research Start-up Funds for Openly recruited Doctors (GAU-
KYQD-2020-19), Key Research and Development Program of Gansu Province (17YF1NA059), and Discipline 
Construction Fund Project of Gansu Agricultural University (GSAU-XKJS-2018-006).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Increased burrow oxygen levels trigger defensive burrow-sealing behavior by plateau zokors
	Materials and methods
	Animals and laboratory conditions. 
	Laboratory testing arena. 
	Laboratory treatment apparatus. 
	Oxygen treatment. 
	Light treatment. 
	Temperature treatment. 
	Sound treatment. 
	Gas flow treatment. 

	Field treatment apparatus. 
	Procedure. 
	Data analysis. 

	Results
	Responses of burrow-sealing frequency and the latency to reseal the burrow to different treatments in the laboratory experiments. 
	Responses of burrow-sealing frequency and latency to reseal the burrow in males and females to different treatments in the laboratory. 
	Response of frequency and latency of burrow-sealing to different factors in the field. 

	Discussion
	References


