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In the future, the frequency, duration, and intensity of extreme weather may

increase, thus posing a threat to soil biodiversity in farmlands, particularly in

agricultural production bases. However, little is known about the e�ect of cold

wave events on the soil fauna community compared with other extremeweathers.

Laboratory experiments fail to capture the complicated field environment of

cold wave events. We investigated soil fauna communities in facility farmland

(strawberry) and open farmland (green cabbage) during a cold wave event in

Ningbo City, southeastern China. The results showed that the taxonomic richness

of the total soil fauna community in facility farmland was significantly lower than

that in open farmland, but the di�erence in abundance was not significant. The

taxonomic richness and body size of soil mites and collembolan communities

in facility farmland were significantly lower than those in the open farmland.

Obvious di�erences in abundance, mean body length, mean body width, and

ratio of body width to body length of Scheloribatidae, Galumnidae, Onychiuridae,

Entomobryidae, and Enchytraeidae were detected between facility farmland and

open farmland. The results of this study showed that the taxonomic richness,

abundance, and body size of the soil fauna community in open farmland were

significantly higher than those in facility farmland during a cold wave event. We

suggested that the open farmland could be a “refuge” and “hot spot” of soil fauna

community during the cold wave events.
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1. Introduction

Current and future global change is one of the most serious challenges that ecosystems
and biodiversities face. Global warming is causing drastic increase in the frequency, intensity,
and duration of various abiotic stresses, such as extremely high temperatures, drought,
and cold waves (Organization WWM, 2020). These stresses negatively affect agricultural
ecosystems and soil biodiversity (Rivero et al., 2021).

Most studies performing controlled experiments have focused on the effects
of high temperature and drought on tolerance (Xie et al., 2023), reproduction
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(Organization WWM, 2020), biomass (Thakur et al., 2023), and
vertical distribution (Dooremalen et al., 2012) of soil fauna
populations and communities. However, few studies have focused
on the effects of cold waves on soil fauna diversity, particularly
through field experiments.

Owing to global warming, the increased frequency of soil
freeze-thaw cycles featuring low temperatures have reduced the
reproductive success of the soil nematode population (Scottnema

lindsayae) in Taylor Valley, Antarctica (Knox et al., 2016). In fact,
some soil invertebrates exhibit strong cold hardiness in the field. In
the continental areas of Northeast Asia, some insects overwinter in
a supercooled state and survive at temperatures ranging from −12
to −35◦C, and earthworms can withstand temperatures ranging
from −5 to −45◦C in a frozen state (Berman and Leirikh, 2018).
However, some soil invertebrates, such as termites (Reticulitermes

flavipes), are not cold-tolerant. Termites likely rely on burrowing
into the deep soil layers to avoid extremely low temperatures
(Clarke et al., 2013).

Body size is a central functional trait in the community ecology
of soil fauna (Andriuzzi and Wall, 2018). The temperature–size
rule states that the adult body size of most ectotherms decreases
with warming (Atkinson, 1994; Pequeno et al., 2018). Climatic
changes may contribute to extreme body size diversity in terrestrial
invertebrates (Karagkouni et al., 2016). Climate warming directly
and indirectly results in body size changes in soil fauna (Frelich
et al., 2012). For example, a warmer climate leads to higher litter
quality, which indirectly promotes the replacement of small-bodied
detritivores with large-bodied exotic earthworms (Frelich et al.,
2012). Fluctuation around a mean temperature of 12◦C affected
nematode body size to a greater extent than when the average
temperature was constant (Cedergreen et al., 2016). Although a
few studies have focused on the relationship between temperature
and the body size of soil fauna, the effects of cold waves featuring
low temperatures on the body size of soil fauna communities is
poorly understood.

China has experienced an unprecedented frequency of cold
events (Chang and Xiao, 2023). Cold air influences high and
low latitudinal areas (Abdillah et al., 2021). An extreme high–
temperature event in the summer of 2022 had a negative
effect on soil fauna diversity in agricultural ecosystems in
Ningbo City, southeast China (Gao et al., 2023). Subsequently,
a cold wave event affected the same area in January 2023.
Cold wave events are often accompanied by extremely low
temperatures and rapid temperature drops (Chang and Xiao,
2023), resulting in more frequent exposure to extremely low
temperatures and sudden temperature fluctuations for the soil
fauna community.

China is the largest producer of greenhouse vegetables (facility
farmlands) worldwide (Yuan et al., 2022). Sunlight, temperature,
and humidity inside the facility farmland are controlled for the
production of high-quality vegetables, fruits, and crops throughout
the year; thus, the microclimate inside the facility is significantly
different from that of an open farmland (Liu et al., 2021). Therefore,
we hypothesized that (1) the richness and abundance of the soil
fauna community in the facility farmland was higher than that in
the open farmland during the cold wave event, as it was protected
from cold air and strong temperature fluctuations, and (2) the body
size of the soil fauna community in the facility farmland was smaller

than that in the open farmland during cold wave events based on
the temperature–size rule.

To identify the composition and body size of the soil fauna
community during the cold wave event of January 2023, we
investigated the soil fauna community in facility farmland and open
farmland in Ningbo, southeastern China. We expected that the
facility farmland would be a refuge and shelter for the soil fauna
community during the cold wave event. Therefore, we assumed that
a “hot spot” of the soil fauna community would be observed in the
facility farmland.

2. Materials and methods

2.1. Study area

The study area is located in the Ningbo city (28◦51′-30◦33′

N, 120◦55′-122◦16′ E) in Zhejiang Province, southeastern China.
Ningbo is an important port city on the southeast coast of China
and an economic center in the southern wing of the Yangtze River
Delta. At the end of 2022, the permanent resident population
of Ningbo was 9.618 million, and the proportion of the urban
population to the total population (i.e., urbanization rate) was
78.9%. Ningbo has a dominant subtropical monsoon climate. The
mean annual temperature is 16.4◦C. The highest temperature in
July is 28.0◦C, and the lowest in January is 5.4◦C. The mean
annual precipitation is approximately 1,480mm, and rainfall in
May–September accounts for 60% of the annual precipitation. The
plain area of Ningbo accounts for 40.3% of its land area (http://
www.ningbo.gov.cn/col/col1229099787/index.html).

During the summer of 2022 (June–August), Ningbo reported
an extremely high temperature event (Ningbo Climate Center,
2022; Gao et al., 2023). Subsequently, Ningbo was affected by a
strong cold wave in January 2023 (winter). The temperature in
Ningbo dropped from 17.5◦C (January 13) to 1.7◦C (January 15)
and−5.3◦C (January 23) (Ningbo Climate Center, 2023) (Figure 1).
During the cold wave period, some crops, vegetables, and fruits
in open farmlands exhibited cold-related damage (Ningbo Climate
Center, 2023). However, plants grown in facility farmlands were
not affected by the strong cold wave event because of the relatively
warm and stable temperatures inside the facility (field survey data).

2.2. Experimental design and sample
collection

The study was conducted at the Feihong Farm (29.99N,
121.56 E) located in Zhenhai District, Ningbo. Feihong Farm was
established in 2006 and covers an area of 46.66 hm2. There were
33.33 hm2 facility farmland structures in steel sheds. In 2007,
the vegetable output of Feihong Farm was more than 1500 tons,
making it an important “vegetable basket” for Ningbo. In recent
years, the main planting mode in facility farmlands has been
tomato/strawberry rotation. Simultaneously, farmers also grow
various vegetables in small areas of open farmlands adjacent to
facility farmlands. The main planting mode in open farmland was
a green cabbage/lettuce/carrot/onion rotation, which depends on
the preferences of workers and farmers. These vegetables were
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FIGURE 1

Maximum and minimum temperatures in Ningbo from 1 January 2022 to 30 June 2023.

mainly used as food resources for workers in Feihong Farm and
were not sold. When this experiment was conducted, strawberry
and green cabbage were planted in the facility and open farmlands,
respectively (Figure 2). The soil types of both farmlands were red
soil (Argi-Udic Ferrosols under the Chinese Soil Taxonomy and
Adults under the USDA soil classification system) (Gong et al.,
2007). The facility farmland was irrigated using drip irrigation
tubes. There was no irrigation system in the open farmland, and soil
water mainly originated from rainfall and casual manual watering
from canals.

Three plots (covering areas of 3×3 m2 and set 50m apart) were
set up as three replicates in both the facility and open farmlands.
The facility farmland covered an area of 4,320 m2 with a width of
60m and length of 72m. For open farmland, at least one canal with
a width of 2m and a height of 1.5m separated each plot. Three
cylindrical soil cores (7-cm diameter, 15-cm depth) were randomly
collected from each of the six plots. The samples were collected on
January 21, 2023 (winter). In total, 18 samples (three replicates in
each plot × three plots for each type of farmland × two types of
farmlands) were collected.

2.3. Soil fauna extraction and taxon
identification

A Berlese–Tullgren funnel was used to extract the soil fauna
(Straalen and Rijninks, 1982). The soil samples were placed on
a sieve (2 mm-meshed diameter) above a funnel and exposed to
ambient temperature for 10 days. Soil fauna were collected in plastic
bottles with 95% alcohol and preserved in a refrigerator at−20◦C.

All extracted soil fauna were picked out for further study. The
soil fauna were calculated and identified under a stereo-microscope
(Olympus Lympus SZX16 and Nikon Eclipse 80i) according to
past studies (Bellinger et al., 1996–2012; Yin et al., 1998; Krantz
and Walter, 2009). Collembola, oribatids, and Enchytraeidae were
identified at the family level, whereas other soil fauna were
identified at the order level and labeled as different taxa. Body
length (µm) and body width (µm) were measured using a stereo-
microscope (Olympus SZX16) and Image View software (Moretti
et al., 2017). The body width to body length (body ratio) was
calculated. Soil water content was measured gravimetrically by
drying the soil samples at 105◦C for 48 h. Soil water content was
described as a percentage of dry weight (Lu, 2000).

2.4. Data analysis

Taxonomic richness (taxonomic number) and abundance
(individual number) were used to describe the diversity of the
soil fauna community. Mean body length (mm), mean body width
(mm), and body ratio were used to describe the body size features
of the soil fauna community.

Community dominance degree was calculated to reveal the
dominance of soil fauna taxon in abundance:> = 10% of the total
abundance of individuals represented the dominant taxon (+++);
1–10% the common taxon (++); and < 1% was rare taxon (+)
(Wei et al., 2022).

Differences in richness, abundance, mean body length, mean
body width, body ratio, and soil water content between the
facility and open farmlands were examined using a nonparametric
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FIGURE 2

Experimental plots and soil core samples from facility (A, B) and open farmlands (C, D).

Mann-Whitney U test. A linear mixed effect model was used to
evaluate the effects of soil water content on richness, abundance,
mean body length, mean body width, and body ratio of soil fauna
and abundance of each taxon using the function “lmer” in the
“lme4” package (Bates et al., 2015). The fixed effect was soil water
content and the random effect was the two types of farmlands.
Principal component analysis (PCA) was performed to evaluate
the associations among richness, abundance, mean body length,
mean body width, and body ratio of soil fauna using the functions
“prcomp” and “fviz_pca_biplot” in the “tidyverse” (Wickham et al.,
2019) and “factoextra” (Kassambara and Mundt, 2020) packages.
All calculations were performed in the R 4.2.2 (R Core Team, 2022).

3. Results

3.1. Community composition and
abundance

In total, eight taxa were recorded in the facility farmland,
whereas 19 taxa were collected from the open farmland. Isotomidae
and Mesostigmata sp.1 were the dominant abundant taxa in the
facility farmland. Mesostigmata sp.1 was the dominant taxon in
the open farmland (Table 1). The density of the total soil fauna
community was 3,637.83 ± 2,268.58 individuals/m2 in the facility
farmland, and 4,850.44 ± 2,083.56 individuals/m2 in the open
farmland (Table 1).

The taxonomic richness of the total soil fauna community
in the facility farmland was significantly lower than that in the
open farmland (p < 0.01) (Figure 3A). Soil fauna abundance did
not differ significantly between the facility and open farmlands
(Figure 3B).

The taxonomic richness of the soil mites (p < 0.01; Figure 4A)
and collembolan (p < 0.01; Figure 4C) communities in the facility
farmland was significantly lower than that in the open farmland.
However, no significant difference was detected in the abundance
of soil mites and collembolan communities between the two
farmlands (Figures 4B, D).

The abundances of Scheloribatidae (p < 0.01; Figure 5A),
Galumnidae (p < 0.05; Figure 5B), Onychiuridae (p <

0.01; Figure 5C), Entomobryidae (p < 0.05; Figure 5D), and
Enchytraeidae (p < 0.05; Figure 5E) in the facility farmland were
significantly lower than those in the open farmland.

3.2. Mean body length, mean body width,
and body ratio

Mean body length, mean body width, and body ratio of the total
soil fauna community in the facility and open farmlands was 918.83
± 989.72mm and 1,107.07± 296.91mm, 213.34± 145.26mm and
296.77± 74.61mm, 0.23± 0.09 and 0.27± 0.1, respectively. There
was no significant difference in mean body length, mean body
width, or body ratio of the total soil fauna communities between
the facility and open farmlands (Figures 6A–C).

Except the mites community (Figure 7A), mean body lengths of
the collembolan community (p < 0.01; Figure 7B), Scheloribatidae
(p < 0.01; Figure 7C), Galumnidae (p < 0.05; Figure 7D),
Onychiuridae (p < 0.01; Figure 7E), Entomobryidae (p < 0.05;
Figure 7F), and Enchytraeidae (p < 0.05; Figure 7G) were
significantly difference between facility and open farmlands.

Mean body width of the soil mite community (p < 0.05;
Figure 8A), collembolan community (p < 0.05; Figure 8B),
Scheloribatidae (p < 0.01; Figure 8C), Galumnidae (p < 0.05;
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TABLE 1 Composition and abundance of soil fauna communities in facility and open farmlands during the cold wave event.

Facility farmland Open farmland

Taxon Abundance Percentage (%) Abundance Percentage (%)

Oppiidae 1 0.79 (+) 3 1.79 (++)

Scheloribatidae 15 8.93 (++)

Galumnidae 13 7.74 (++)

Eremobelbidae 2 1.19 (++)

Mesostigmata sp.2 1 0.79 (+) 1 0.6 (+)

Mesostigmata sp.1 39 30.95 (+++) 50 29.76 (+++)

Mesostigmata sp.3 7 4.17 (++)

Mesostigmata sp.4 2 1.19 (++)

Isotomidae 69 54.76 (+++) 5 2.98 (++)

Hypogastruridae 4 2.38 (++)

Onychiuridae 15 8.93 (++)

Entomobryidae 13 7.74 (++)

Neanuridae 5 2.98 (++)

Staphylinidae 3 2.38 (++)

Diptera (larva) 9 7.14 (++) 2 1.19 (++)

Spider 3 2.38 (++) 2 1.19 (++)

Enchytraeidae 1 0.79 (+) 21 12.5 (+++)

Microcoryphia 3 1.79 (++)

Aphid 1 0.6 (+)

Taxa 8 19

Abundance 126 168

Density (mean± SD; ind/m2) 3,637.83± 2,268.58 4,850.44± 2,083.56

+++,++, and+ represent dominant, common, and rare taxa, respectively.

Figure 8D), Onychiuridae (p < 0.01; Figure 8E), Entomobryidae (p
< 0.05; Figure 8F), and Enchytraeidae (p < 0.05; Figure 8G) were
significantly different between the facility and open farmlands.

The body ratio of soil mite community (p < 0.01; Figure 9A),
collembolan community (p < 0.05; Figure 9B), Scheloribatidae
(p < 0.01; Figure 9C), Galumnidae (p < 0.05; Figure 9D),
Onychiuridae (p < 0.01; Figure 9E), Entomobryidae (p <

0.05; Figure 9F), and Enchytraeidae (p < 0.05; Figure 9G) was
significantly different between the two farmlands.

3.3. E�ects of soil water content on
taxonomic richness, abundance, body size,
and taxon abundance

Mean soil water content was 28.49% and 27.90% in the facility
farmland and open farmland, respectively, exhibiting no significant
variation. The mean soil water content had no significant effect
on taxonomic richness, abundance, mean body length, mean body
width, and body ratio of the total soil fauna. Mean soil water
content significantly affected abundance (F = 9.94, p< 0.01), mean
body length (F = 8.68, p < 0.01), mean body width (F = 9.65, p <

0.01), and body ratio (F = 10.22, p < 0.01) of Mesostigmata sp.3,
and body ratio of Staphylinidae (F = 4.95, p < 0.05) (Table 2).

The first two components, accounted for 72.7% of the
cumulative variation. Significant correlations were identified
between mean body length and mean body width, richness, and
body ratio (Figure 10).

4. Discussion

4.1. Taxonomic richness and abundance of
soil fauna community during the cold wave
event

Contrary to the first hypothesis of this study, the richness and
abundance of the soil fauna community in the facility farmland was
lower than that in the open farmland after the cold wave event.

The taxonomic richness of the total soil fauna community was
more than two-fold higher in the open farmland than in the facility
farmland, which was a significant difference. The abundance of the
total soil fauna community in the open farmland was one-third
higher than that in the facility farmland, although the difference was
not statistically significant. Previous studies in temperate regions
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FIGURE 3

Taxonomic richness (A) and abundances (B) of total soil fauna communities in facility and open farmlands during the cold wave event. NS, not

significant; **p < 0.01.

have demonstrated that the richness, abundance, and biodiversity
indices of soil fauna communities in facility farmlands were lower
than those in open farmlands (Dong et al., 2008; Wang, 2008; Chen
et al., 2019). This study exhibited a similar finding for richness
in the subtropical region during the cold wave event but not for
abundance. After continuous investigation of more than a year
in the study areas, researchers reported that the daily maximum
and daily minimum temperatures in facility farmlands that planted
strawberry were higher by 5–10◦C and 3–6◦C, respectively, than
that in open farmlands (Fu et al., 2011). In fact, the temperature
was warmer by approximately 11◦C in the facility farmland
(20◦C at 10 a.m., field measurement using a thermometer) than
that in open farmland (8.5◦C on average, https://m.tianqibag.
com/ningbo2yuetianqi/). Furthermore, soil water content had no
significant effect on the richness or abundance of the total soil
fauna community in either farmland types during the experimental
period (Figure 10). Therefore, we were unable to determine the
impact of the cold wave event and sudden temperature drops
on the differences in richness and abundance of the total soil
fauna community between the facility and open farmlands.
We speculate that overfertilization, over irrigation, pesticide
application, and continuous monocropping in facility farmland
might have contributed to this observed phenomenon, as these
factors cause considerable soil degradation and soil-borne disease
spread (Wan et al., 2023), and they may have contributed to the
decreased soil fauna diversity (Jiang et al., 2019).

Soil mites and collembolan communities were dominant in
both the facility and open farmlands during the cold wave event,
which is consistent with the results of other studies (Dong et al.,
2008; Wang, 2008). For example, the abundance of both soil

mites and Collembola accounted for 56.9% (Dong et al., 2008)
and 91.9% (Wang, 2008), respectively, of the total abundance of
soil fauna communities in facility farmlands in temperate regions.
Additionally, soil collembolan communities were dominant in
the facility farmland (54.80%) in the present study, whereas
the soil mite community was dominant in the open farmland
(55.40%). A study in temperate regions also reported that the
abundance of Collembola rather than soil mites prevailed in
facility farmlands during different years of cultivation (Wang,
2008). Winter air temperature regulates soil mite and Collembola
populations at the local scale in Arctic ecosystems (Coulson et al.,
2023). A higher abundance was observed for Oribatid in the
environment at −2◦C compared with that at +2◦C in a sub-arctic
soil (Sjursen et al., 2005). In a study on black soil farmlands,
the richness and abundance of soil mites were significantly
higher than those of Collembola, indicating that soil mites are
more tolerant to cold winter temperatures in temperate regions
(Zhang et al., 2020). Additionally, Scheloribatidae, Galumnidae,
Onychiuridae, and Entomobryidae were significantly abundant in
the open farmland in the present study but absent in the facility
farmland. Similarly, a different study observed the abundance
of Onychiuridae and Entomobryidae in open corn farmlands
adjacent to facility farmlands (Chen et al., 2019). Therefore, we
speculated that the low temperature constrained the abundance of
the Collembolan community rather than that of soil mites in the
open field, indicating that soil mites were better able to withstand
the low temperature in open farmland during cold wave events.

Enchytraeidae are important biological indicators that are
sensitive to chemical stress in farmlands (Didden and RoKmbke,
2001). Therefore, the obvious preference of Enchytradae worms for
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FIGURE 4

Taxonomic richness and abundances of soil mite (A, B) and collembolan (C, D) communities in facility and open farmlands during the cold-wave

event. NS, not significant; **p < 0.01.

open farmland rather than facility farmland can be attributed to
the chemical stress from intensive management such as fertilization
and pesticide application in the facility farmland. Precipitation,
temperature, and pH influence species composition rather than
mean abundance in Enchytraeid communities (Didden, 1993).
Enchytraeids prefer habitats with sufficient moisture, organic
matter, and oxygen (Niva et al., 2015). However, the facility
farmland with relatively warmer air temperatures and moist soil
failed to maintain a relative abundance of worms, indicating
that the cold temperature during the cold wave event was not a
significant regulator of Enchytraeidae worms.

Isotomidae thrived on facility farmland with 13 times more
abundance in the facility farmland than in the open farmland.
A previous study reported that Isotomidae showed dominant
abundance in facility farmlands in temperate regions (Chen et al.,
2019). However, in this study, only one family of Collembola existed
on the facility farmland. Some Collembola have been proposed

as potential regulators that suppress pathogens and diseases in
facility farmlands by promoting the activities of soil microbes
and feeding on pathogens (Zhang et al., 2023). For example,
Folsomia hidakana (Isotomidae) suppresses damping-off disease in
cabbage by feeding on Rhizoctonia solani (Shiraishi et al., 2003) and
Proisotomaminuta (Isotomidae) suppresses pathogens and diseases
in cotton (Lartey et al., 1994) in facility farmlands. Common
diseases that have been reported in strawberry facility farmlands in
Ningbo include powdery mildew, Verticillium wilt, downy mildew,
anthracnose, gray mold, sharp eyespot, and spot blotch (Lian et al.,
2018). Pathogens of these diseases may serve as food resources for
Isotomidae in the facility farmland. However, direct evidence for
Isotomidae feeding on pathogens is limited to the study area, and
further studies are needed to validate this claim.

In this study, Staphylinidae were detected in the facility
farmland and not in the open farmland during the cold wave event.
This could be attributed to their sensitivity to the temperature
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FIGURE 5

Taxonomic abundances of Scheloribatidae (A), Galumnidae (B), Onychiuridae (C), Entomobryidae (D), and Enchytraeidae (E) in facility and open

farmlands during the cold wave event. *p < 0.05; **p < 0.01.

in farmlands (Porhajašová et al., 2018). Staphylinidae (Quedius
pellax) is a winter-active taxon with a preferred distribution
among habitats with relatively high winter temperatures and humid
environments (Topp and Smetana, 1998). This suggests that the low
temperature and sudden temperature drop (particularly at night)
(Lima et al., 2015) in the open farmland constrained the activity
of Staphylinidae. Another possible reason is the relatively sufficient
food resources available for Staphylinidae at the facility farmland.
Staphylinidae is an important pest predator that suppresses the
soil-dwelling life stages of western flower thrips (Li et al., 2019)
and controls fungus gnats (Jandricic et al., 2006) andmaggot (Read,
1962) in facility farmlands. Natural predators that control pests in
open farmland are usually absent in the facility farmland, resulting
in a more rapid and severe development of pests in the facility
farmland than in the open farmland (Thao et al., 2022). Therefore,
Diptera larva, mites (Perumalsamy et al., 2009), Collembola
(Jaloszynsk, 2012), and other possible pests in the facility farmland
might provide more food resources for Staphylinidae.

Soil parameters (Minor et al., 2016) and cover crops (Madzaric
et al., 2017) affected the composition and diversity of soil fauna
community in facility farmland and in cold field environment.
Soil water content did not significantly affect taxonomic richness

and abundance of total soil fauna community, and abundance of
each taxon, except for Mesostigmata sp.3 in this study. Numerous
studies have found that soil fauna, such as Collembola (Dombos,
2001), oribatid mites (Jakšová et al., 2020), and spider mites
(Gill et al., 2023) respond to changes in soil water content.
However, certain studies reported that soil water content did not
affect soil fauna communities (Sinka et al., 2007; Gergocs and
Hufnagel, 2009). The low soil moisture difference between the
facility and open farmlands might not result from their own
textural characteristics but from irrigation management. Soil water
content in the facility farmland in the present study primarily
originated from irrigation; however, that in the open farmland
primarily originated from rainfall and casual manual irrigation.
In fact, irrigation also affected the richness and abundance of
Collembola (Cutz-Pool et al., 2007) and oribatid mites (Iglesias
et al., 2019) except for rainfall in farmlands. Therefore, sources
of soil water, that is irrigation and rainfall, might affect soil
fauna in both farmlands. Additionally, crop rotation affected
the richness and abundance of Collembola (Twardowski et al.,
2016), oribatid mites (Bosch-Serra et al., 2023), and other soil
fauna (O’Rourke et al., 2008). A tomato/strawberry rotation with
intensive management was performed in the facility farmland,
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FIGURE 6

Mean body lengths (A), mean body widths (B), and body ratios (C) of total soil fauna communities in facility and open farmlands during the cold wave

event. NS, not significant.

FIGURE 7

Mean body lengths of mite community (A), collembolan community (B), Scheloribatidae (C), Galumnidae (D), Onychiuridae (E), Entomobryidae (F),

and Enchytraeidae (G) in facility and open farmlands during the cold wave event. NS, not significant; *p < 0.05; **p < 0.01.

whereas a green cabbage/lettuce/carrot/onion rotation system
with less intensive management was conducted in the open
farmland. The soil management, fertilization, and pest and
disease control were less intensive and casual in the open

farmland, and depended on the preferences of the farmers and
workers. Therefore, soil parameters and different management
strategies, including the irrigation and rotation system, should be
studied further.
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FIGURE 8

Mean body widths of soil mite community (A), collembolan community (B), Scheloribatidae (C), Galumnidae (D), Onychiuridae (E), Entomobryidae

(F), and Enchytraeidae (G) in facility and open farmlands during the cold wave event. *p < 0.05; **p < 0.01.

FIGURE 9

Body ratios of soil mite community (A), collembolan community (B), Scheloribatidae (C), Galumnidae (D), Onychiuridae (E), Entomobryidae (F), and

Enchytraeidae (G) in facility and open farmlands during cold wave event. *p < 0.05; **p < 0.01.
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TABLE 2 E�ects of mean soil water content on richness, abundance, mean body length, mean body width, and body ratio of soil fauna community, and

on abundance of each taxon.

Diversity Body length Body width Body ratio

F p F p F p F p

Abundance of total soil fauna 0.00 0.99

Richness of total soil fauna 0.01 0.94

Body size of total soil fauna 0.61 0.45 0.03 0.86 0.74 0.40

Collembolan abundance 0.09 0.77 0.10 0.75 0.43 0.52 0.15 0.70

Collembolan richness 0.28 0.60

Mite abundance 0.22 0.65 0.77 0.39 2.15 0.16 1.56 0.23

Mite richness 0.01 0.92

Oppiidae abundance 0.65 0.43 0.83 0.38 0.86 0.37 0.59 0.45

Scheloribatidae abundance 2.10 0.17 1.00 0.33 1.52 0.24 1.84 0.20

Galumnidae abundance 2.83 0.11 4.49 0.05 4.39 0.05 4.35 0.05

Eremobelbidae abundance 0.09 0.77 0.10 0.76 0.09 0.77 0.08 0.78

Mesostigmata sp.2 abundance 0.07 0.79 0.03 0.87 0.01 0.94 0.04 0.85

Mesostigmata sp.1 abundance 0.41 0.53 0.01 0.92 0.03 0.87 0.28 0.60

Mesostigmata sp.3 abundance 9.94 0.01 8.68 0.01 9.65 0.01 10.22 0.01

Mesostigmata sp.4 abundance 1.27 0.28 1.27 0.28 1.27 0.28 1.27 0.28

Isotomidae abundance 0.01 0.91 0.03 0.86 0.13 0.72 0.08 0.78

Hypogastruridae abundance 0.08 0.79 0.02 0.88 0.16 0.69 0.01 0.94

Onychiuridae abundance 0.02 0.88 0.88 0.36 1.01 0.33 0.33 0.57

Entomobryidae abundance 1.15 0.30 0.02 0.88 0.02 0.90 0.00 0.98

Neanuridae abundance 1.01 0.33 1.03 0.33 0.97 0.34 1.12 0.31

Staphylinidae abundance 5.55 0.03 2.93 0.11 4.02 0.06 4.95 0.04

Diptera abundance 0.06 0.81 0.02 0.89 0.16 0.70 1.70 0.21

Spider abundance 2.24 0.15 0.80 0.38 1.34 0.26 5.01 0.05

Enchytraeidae abundance 0.03 0.87 0.10 0.75 0.18 0.68 0.05 0.82

Microcoryphia abundance 1.36 0.26 0.57 0.46 0.51 0.49 0.92 0.35

Aphid abundance 0.43 0.52 0.43 0.52 0.43 0.52 0.43 0.52

4.2. Body size of soil fauna community
during the cold wave event

The body sizes, including the mean body length, mean body
width, and body ratio, of soil mites and collembolan communities
in the facility farmland were significantly smaller than those in
the open farmland. The body sizes of Scheloribatidae, Galumnidae,
Onychiuridae, Entomobryidae, and Enchytraeidae in the facility
farmland were also significantly smaller than those in the open
farmland. Soil water content significantly affected mean body
length, mean body width, and body ratio of Mesostigmata sp.3 and

body ratio of Staphylinidae, but not for any other soil fauna.
Temperature is an important factor that affects the body size

of soil fauna (Cedergreen et al., 2016). Climate warming is often
more detrimental to fauna with relatively large body sizes than to
those with relatively small body sizes (Thakur et al., 2023). The total

biomass of soil Collembola declined in warm soil primarily because

the species density decreased as the body size increased (Thakur
et al., 2023). The adult body size of spider mites (Tetranychus ludeni

Zacher) (Ristyadi et al., 2021) and Enchytraeidae decreases with

increasing temperature (Didden and RoKmbke, 2001; Holmstrup
et al., 2022). Therefore, we inferred that the reduction in
the body sizes of soil mites and collembolan communities
possibly resulted from the relatively warmer and more stable
temperature in the facility farmland compared with those in the
open farmland.

Additionally, the distribution of soil fauna depends on
aggregate pores (Quénéhervé and Chotte, 1996). For example,
soil pore space influences the nematode body size (Briar et al.,
2011). Intensive management of farmland results in increased
soil compaction and bulk density and decreased total porosity
and capillary porosity (Wang et al., 2010). Therefore, the small
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FIGURE 10

Biplot of principle component analysis (PCA). The x-axis and y-axis represent principal component 1 (Dim1) and principal component 2 (Dim2),

respectively. The percentages on the x- and y-axes represent the variance explained by each principal component (% variances explained). The abun,

rich, length, width, and ratio represent abundance, richness, mean body length, mean body width, and body ratio, respectively.

body sizes of soil mites and Collembola might allow for easy
movement and increased activity within small soil pore spaces in
facility farmlands.

However, no significant difference in the body size of the total
soil fauna community was detected between the facility and open
farmlands. Given that the body size of soil fauna varies remarkably
(Andriuzzi and Wall, 2018), we were unable to account for the
considerable heterogeneity in the body sizes of different taxa and
identify any significant differences between the body sizes in the
facility and open farmlands in the present study.

Bottom-up and top-down effects have been reported with
respect to body size determination in soil fauna communities
and soil parameters (Andriuzzi et al., 2020), resource availability
(Andriuzzi and Wall, 2018), habitat type (Palmer, 1994), and
disturbance (Tyler, 2008) have been proposed as significant
underlying reasons. Compared to the open farmland, soil water
content in vertical distributionmight bemore even due to thorough
irrigation and plowing in the facility farmland. Considering the
characteristics of the strong vertical stratification of soil fauna
(Dooremalen et al., 2012), soil fauna with small body sizes might

remain active in the top soil layer without being affected by
drought. Although we did not detect significant effects of soil water
content (top soil) on the body sizes of collembolan and soil mites
communities and taxa abundances, soil water content in vertical
layers should be studied further. Additionally, soil temperature
has been identified as an important factor affecting body size of
soil fauna (Xu et al., 2012; Lindo, 2015; Thakur et al., 2023).
Moreover, other soil parameters, such as soil pH, soil texture, soil
compaction, total carbon, soil organic matter, and aridity exhibited
significant effects on the body size of soil fauna (Costa-Milanez
et al., 2017; Schmidt F. A. et al., 2017; Andriuzzi et al., 2020; Wang
et al., 2023). Agricultural fertilization (Liu et al., 2015; Niu et al.,
2022), management intensification (Yin et al., 2020), herbivores
and grazing (Andriuzzi and Wall, 2018), crop rotation (Postma-
Blaauw et al., 2010), crop diversity (Postma-Blaauw et al., 2010),
and plant presence (Gao et al., 2022) were found to affect the
body sizes of soil fauna. Unfortunately, this study did not consider
other factors except for soil water content; more environmental
and human factors should be considered in future research studies.
To reveal the objective of this study and avoid the influences of
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planting time, crop variety, and agricultural management among
other factors, one farmland (Feihong Farm) was selected in the
present study. This limitation would be resolved through selecting
more farms in future studies. Additionally, comparing the facility
farmland with adjacent soil with non-agricultural activity in the
future would be beneficial to constructing “baseline data” of soil
quality and biodiversity. This analysis would reveal the general
effect of air and soil temperature changes in the study area.

Additionally, soil fauna have been used as biological control
agents and indicators for facility farmland management (Campos-
Herrera and Gutiérrez, 2009; Schmidt J. M. et al., 2017). The study
results suggested that facility farmland failed in the provision of
refuge or shelter for soil fauna community in cold wave events. By
providing habitats, refuge, and food resources for pests and their
natural enemies, open-field crops around facility farmlands could
affect pest dynamics in facility farmlands (Doehler et al., 2023).
Therefore, pest management methods in facility farmland should
consider using the surrounding environment (Doehler et al., 2023).
Installing hedgerows around facility farmlands to maintain natural
enemies and encourage biological pest control is a useful practical
management strategy (López-Felices et al., 2022). However, local
farmers are reluctant to implement these measures despite the
obvious economic and environmental advantages (López-Felices
et al., 2022). According to the study results, open field farmlands
could be a hotspot, refuge, shelter, and recruitment pool for soil
fauna communities for facility farmlands. The study results also
indicate the usefulness of more open farmlands with small areas
adjacent to facility farmlands. We believe having open farmlands
near the facility farmlands would not cause conflict in the demands
of agricultural products; Moreover, their areas and shapes vary
and they require non-intensive management. The soil biodiversity
of facility farmlands can be recovered and rescued through such
suitable management strategies. The study findings indicate that
the management of open farmlands adjacent to facility farmlands
is a relatively effective and economical restoration method and
conservation strategy for agricultural management.

5. Conclusions

This study aimed to reveal the diversity and body size of the
soil fauna community in facility and open farmlands during a
cold wave event in Ningbo in the winter of 2023. The richness,
abundance, and body size of the soil fauna community in the
facility farmland were significantly lower than those in the open
farmland, indicating that the facility farmland failed to be a refuge
or shelter for soil fauna communities during the cold wave event.
This study also suggests that the open farmland adjacent to the
facility farmland is a “hot spot” for the soil fauna community
during cold wave events in subtropical regions. However, more
factors including soil parameters, food resources, and agricultural
managements, which were important factors affecting soil fauna
community, should be further studied. The results of this
study emphasize that the maintenance mechanisms of soil fauna
communities are affected by cold wave events and provide useful
information for soil biodiversity restoration in intensively managed
facility farmlands.
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