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1 Introduction

In the past decades, the release of SO2 and NOx from fossil
fuel combustion has led to a 20%–70% increase in atmo-
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A B S T R A C T

Excessive acid deposition causes soil acidification, and changes the soil microhabitat, thus affecting
the survival and reproduction of soil organisms. Folsomia candida (Collembola, Isotomidae), as a
model organism, is widely used to assess the chemical toxicity in soil, and its avoidance response
can indicate the environmental changes. In this study, we used Folsomia candida to assess the risks
of acid deposition on soil ecosystems. Different pH (3.0, 3.5, 4.0, 4.5, 5.0, and 5.5) treatments were
set up in petri dish experiments, and the avoidance behavior of Folsomia candida was measured
after 12, 24, and 48 h exposure to the pH conditions. The results indicated that (1) both the exposure
duration and pH level influenced avoidance behavior of collembolan. (2) After 12 h exposure, most of
the individuals showed avoidance behavior but without significant differences among the treatments.
(3) After 24 h exposure, significant avoidance behavior was observed at pH 3.0, 3.5, and 4.0.
(4) After 48 h exposure, avoidance behavior was found in all treatment conditions except for pH 5.5.
This study clarified the direct responses of soil fauna to acid deposition, and indicated that both pH
and length of exposure influenced the avoidance behavior of Folsomia candida. During the
experimental period, the collembolan reacted negatively and showed consistent avoidance behavior
at pH 3.0, 3.5, and 4.0. Reversed avoidance behavior was apparent between pH 4.5 and 5.0 and not
observed at pH 5.5, indicating that the latter was the preferred pH environment.
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H I G H L I G H T S

• This study clarified the direct responses of
soil fauna to acid deposition.

• Soil fauna showed a certain adaptability to
the changing pH of acid deposition.

• There was interaction between pH and
exposure duration on the avoidance beha-
viors.

• Folsomia candida showed signifcant avoid-
ance behavior at pH<4.5.
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spheric acid deposition compared to that before the industrial
revolution (Lu et al., 2014). With continuing economical and
industrial development, acid deposition is predicted to
increase dramatically in the coming decades. The proportion
of nitric acid deposition is also continually rising (Mei et al.,
2010). Excessive nitrogen deposition in the environment
adversely affects the natural balance, resulting in detrimental
effects on both organisms (Zhang, 2010; Li et al., 2019) and
ecosystems (Xie et al., 2010; Qiu et al., 2013; Chen et al.,
2015). However, nitrogen is also an essential element in living
organisms, and the complex effects of nitrogen deposition on
organisms may occur depending on both the nitrogen amount
and its chemical form (Qiu et al., 2013; Cheng et al., 2017).
Although there is a growing consensus on the effects of
nitrogen deposition on water bodies (Xu et al., 2016; Liu et al.,
2018) and plants (Huang et al., 2007; Li et al., 2015; Mao
et al., 2018; Qu et al., 2019), the effects on soil animals are
poorly understood (Ayu et al., 2013; Nijssen et al., 2017).

Soil fauna act as the good indicator of environmental
change. When habitats change, producing stress and
environmental pressure, the soil fauna can escape and
move to more suitable habitats; this is described as avoidance
behavior (Cecília et al., 2013). The avoidance reaction of
terrestrial invertebrates is frequently used as an index of soil
quality (ISO, 2011). The springtail Folsomia candida (Collem-
bola, Isotomidae) is widely distributed with large populations
(Lin et al., 2019; Bellinger et al., 2020), which plays an
important role in soil ecosystems (Fountain and Hopkin,
2005), and is responsive to small changes in the environment
(Chen et al., 2007; Xu et al., 2007; Sun et al., 2014). In
addition, F. candida is easily bred in the laboratory (Fountain
and Hopkin, 2005; Lin et al., 2019), making it an ideal
organism to assess soil quality and environmental pollution
(Chen et al., 2007), and it has become the standard model
organism in ecotoxicology (Fountain and Hopkin, 2005).
However, the application of Folsomia candida in ecotoxicol-
ogy has mostly concentrated on the effects of pesticides
(Talyta et al., 2018; Tiago et al., 2019; Fernanda et al., 2019)
and heavy metals (Andressa et al., 2016; Zhang et al., 2019;
Lin et al., 2019), while it has seldom been used as an indicator
of the effect of acid deposition.

Krogh (1995) suggested that springtails could migrate by
“perceiving” the presence of soil pollutants, and Heupel (2002)
believed that avoidance behavior of springtails could be used
as an early indicator of soil pollution. In this study, F. candida
was used as the indicator organism with a filter paper contact
method for mimicking acid deposition, to investigate the
effects of acid deposition on the avoidance behavior of
F. candida.

2 Materials and methods

2.1 Acid solutions preparation

According to the chemical composition of acid rain in China

(Zhang, 2004), we used sulfuric acid and nitric acid to prepare
a solution with the molar ratio of SO4

2– : NO3
– = 2 : 1. The pH

values of the solution was diluted to pH = 3.0, 3.5, 4.0, 4.5, 5.0
and 5.5, respectively, by adding deionized water. The pH
values of these solutions were adjusted with a pH meter. To
this end, these diluted acid solutions were stored at 4°C.

2.2 Collembola cultures and synchronizing

F. candida cultures were maintained in laboratory on a moist
substrate of plaster of paris and activated charcoal (8:1 ratio),
at 20±1°C, under a photoperiod of 16:8 (light:dark). The
organisms were fed twice a week with dried yeast (Angel
Yeast CO., LTD). Synchronized cultures were established for
the experiments, stimulating egg laying by transferring adults
into new breeding substrate. After 48 h, the eggs were laid and
the adults removed. The eggs hatched after approximately 12
days, and 10–12 days juveniles were used for the avoidance
test. All tests were conducted in the same laboratory under
similar climatic conditions.

2.3 Avoidance test

The avoidance test was conducted based on the guideline
ISO 17512-2 (2011). At the beginning of the experiment, a
piece of quantitative filter paper was cut into two pieces with
equal size (A and B). The filter paper A was soaked into
deionized water, and held in the air by tweezers until drips
stopped, and slowly moved into a culture dish. The filter paper
B was soaked in an acid solution, and placed in the same
culture dish in the same way. There is an interval of about
1 mm between the filter papers to avoid any contaction. After
that, 20 collembola (Folsomia candida) synchronized to 12-
14 d were placed in the interval. The collembola were cultured
at 18±2°C under a photoperiod of 16:8 (light:dark). At 12 h,
24 h, and 48 h, collembolan individual were counted on filter
paper A and B in each culture dish, respectively. We repeated
each pH treatment by 18 times. However, at 12 h, we counted
the number of collembola only in 10 dishes.

Avoidance response (A) was calculated as follows:

A ¼ ðC –TÞ=N� 100

where C is the number of collembolans observed in the filter
paper A; T is the number of collembolans observed in the filter
paper B; N is the total number of collembola per replicate. The
tests would be invalid if the number of dead or/and missing
were larger than 20% per treatment (Cecília et al., 2013).

2.4 Data analysis

All data were examined for both normality and homogeneity of
variance (Kolmogorov–Smirnov test). Log-transformation was
applied to obtain normal distribution of the data. LSD test was
used to further determine differences among different means
at the 95% confidence level. Two way analysis of variance

Xiaofeng Luo et al. 165



(ANOVA) was performed to assess effects of pH and
experimental duration of acid deposition on the avoidance
responses of Folsomia candida. Statistical analyses were
conducted using Microsoft Excel and IBM SPSS Statistics 25
software.

3 Results

3.1 Effects of pH and experimental duration

Two-way ANOVA was used to determine the effects and
interactions of pH and duration of exposure on the avoidance
responses of F. candida. The results showed that the pH
levels and experimental duration, separately and together,
had significant effects on the avoidance responses of F.
candida (P<0.05, Table 1).

3.2 Effects of pH levels on springtail behavior

Springtails in all pH treatments, except for pH 5.5, exhibited
avoidance responses in the first 12 h. However, there were no
significant differences among the treatments (Fig. 1A). After
24 h, avoidance responses were only observed at pH 3.0–4.0
with apparent non-avoidance responses at pH 4.5-5.5
(Fig. 1B).

Significant changes in the springtail avoidance responses
were observed after 48 h for most of the pH treatments, while
the tendency responses were not observed in pH 5.5
treatment. The avoidance responses in the pH 3.0-4.0 were
significantly higher than those in the pH 4.5-5.0 range
(P<0.05, Fig. 1C).

3.3 Dynamics of springtail behavior during the experimental
period

During the experimental period, springtails reacted negatively
and showed consistent avoidance behaviors in the pH 3.0,
3.5, and 4.0 treatments. This behavior showed reversal
between pH 4.5–5.0, and at pH 5.5, the collembolan
individuals did not show avoidance behavior (Fig. 2)

Table 1 Effects of pH and experimental duration of acid deposition
on the avoidance responses of Folsomia candida

df MS F P

Duration

pH

Duration * pH

2

5

9

3894.063

5718.057

3824.452

4.194

6.158

4.119

0.016

0.00

0.00

Fig. 1 Avoidance responses of springtails under to different pH levels of acid deposition. Avoidance responses are expressed as mean

values±standard error.
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4 Discussion

4.1 Effects of acid deposition on springtail behavior

Chapman et al. (2013) and Jänsch et al. (2005) found that the
springtail F. candida is adaptable to a wide range of pH
environments, for example, pH 3.2-7.7, even reaching pH 3.0
or lower, but with the optimal pH being 6.0. Rusek and
Marshall (2000) reported that egg production is the highest
between pH 5-7 but still occurs at pH 3.3 although with only
10% of the normal rate. Greenslade and Vaughan (2003)
reported that soils with pH 5.4–6.6 were optimal for the egg
production of F. candida. In artificial soils, Sandifer and
Hopkin (1996) found an overall decrease in the reproduction
of F. candida at pH 5.0 and 4.5 compared to pH 6.0. In the
avoidance tests with F. candida performed in our study,
overall, we observed an avoidance response at acid levels
with pH between 3.0–4.0, with no avoidance response
occurring between pH 4.5-5.5; no mortality was observed at
any of the treatment levels. The different results above may be
attributed to differences in the test substrate, the time of
exposure to the acid environment, and the evaluation index.
Generally, studies describing avoidance responses in
F. candida have used different soils (Andressa et al., 2016;

Fernanda et al., 2019). However different natural soils varied
with the acidity and the potential buffering capacity, which may
reduce the pH change. In this study, a direct contact method
was used which avoided the potential complications of acid
buffering in natural soil as well as the influence of acidity on
soil properties, both of which could influence the behavior of
springtails (Amorim et al., 2005), especially short-term
behavioral changes under acid deposition. The tolerance
range and the optimum pH for the springtail F. candida in an
acidic environment influence their mortality, growth, and
reproductive rates. In contrast to the springtails’ short-term
behavior, it was observed that the collembolans did not die or
showed growth inhibition under acid conditions, indicating that
they have strong environmental adaptability and tolerance of a
wide range of acidity. The avoidance response is a short-term
response to stress which may be the initial step in a process of
long-term tolerance and optimal acidity monitoring. This
indicates that the collembolan's approach and avoidance
behavior is a sensitive response to changes in environmental
acidity. The springtail F. candida is capable of survival over a
relatively wide pH range (Chapman et al., 2013), demonstrat-
ing that it has strong environmental adaptability. While it is
possible that there may be a precise acidity threshold beyond
which the springtails’ physiological and ecological behavior is
irreversibly altered.

Fig. 2 Changes in springtail behavior with time under different pH conditions.
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4.2 Dynamic avoidance behavior of springtails

Ethological observations have indicated that F. candida
prefers weakly acidic environments and that strongly acidic
environments induce stress. The behavior of springtails has a
clear time dynamic and reflects specific environmental
stresses. In this study, it was found that over a 12-48 h
period, the springtails showed the greatest avoidance reaction
at pH 3.0-4.0. At 12 h, there was an initial avoidance response
at pH 4.5-5.5 (Fig. 1). From 24 h to 48 h, the highest
avoidance response occurred in strongly acidic environments
with a stable non-avoidance response in the weakly acidic
environment, indicating that both exposure time and acid
treatment played important roles in the springtail behavior
(Table 1). In the short term, strong acid deposition directly
affected springtail behavior.

With the extension of the exposure time (12–48 h), the
collembolan appeared to gradually acclimate to the acid
condition. This suggests that the springtails underwent a
process of transient adaptation with a gradually decreasing
response amplitude, and then changes from a non-avoidance
to an avoidance response (Fig. 2). Zhang (2004) found that,
during a six months’ incubation, soil faunas gradually adapted
to the weak acid environment of pH values between 5.0 and
5.5, and the community density went through four stages,
namely, reduction, rebound, recovery, and stability. Finally, the
abundance of the soil fauna community essentially returned to
the level of the control treatment. Therefore, the degree and
duration of acid deposition should be considered in evaluating
the effect of acid deposition on the environment. A high
degree of acid deposition can have a direct effect in a short
time, while, on the other hand, a less intense deposition will
result in chronic accumulation over a prolonged time. Boxman
et al. (1998) found that high acid deposition could inhibit soil
fauna while Magill et al. (2000) observed that moderate to low
acid deposition could increase biodiversity. Thus, the short-
term behavioral response of the F. candida represents an
important ecological advantage that allows an advanced
detection of the change in environmental acidity. In the future
monitoring and evaluation the effect of acid deposition, it is
necessary to combine short-term acute toxicity testing and
long-term chronic toxicity testing, direct and indirect effects,
laboratory and field experiments, to maintain the consistency,
integrity, and comprehensiveness of data, and provide a
theoretical basis for the ecological risk assessment of acid
deposition.

5 Conclusion

In this study, acid treatment acted as an independent factor
inducing avoidance behaviors in soil fauna over a specific
period. Although springtails are tolerant of a relatively wide pH
range, their preference for different acidity differs significantly,
showing an avoidance reaction to strongly acidic environ-
ments and a non-avoidance to weakly acidic conditions. In

addition, the collembolan also showed clear stress behavioral
responses to environmental changes in acidity. The results
show that:

1) F. candida showed a significant avoidance response to
environments below pH 4.0 but did not show clear avoidance
to environments at pH>4.0.

2) The collembolan species F. candida has an obvious
stress response to changes in environmental acidity.
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