
Contents lists available at ScienceDirect

Applied Soil Ecology

journal homepage: www.elsevier.com/locate/apsoil

Phase changes of continuous cropping obstacles in strawberry (Fragaria ×
ananassa Duch.) production

Peng Chena, Yu-zhu Wangb, Qi-zhi Liua,⁎, Yun-tao Zhangb, Xing-yue Lia,c, He-qin Lia,d,
Wei-hua Lia,e

a Laboratory of Entomology and Nematology, College of Plant Protection, China Agricultural University, Beijing 100193, China
b Beijing Academy of Forestry and Pomology Sciences, Beijing Academy of Agriculture and Forestry Science, Beijing 100097, China
c Institute of Plant Protection, Sichuan Academy of Agricultural Science, Chengdu 610066, China
d Shandong Provincial Key Laboratory of Dryland Technology, College of Agronomy, Qingdao Agricultural University, Qingdao 266109, China
e Key Laboratory of Drinking Water Science and Technology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

A R T I C L E I N F O

Keywords:
Cultivated strawberry
Land degradation
Continuous cropping obstacle
High throughput
Soil environment

A B S T R A C T

Soil ecology plays an important role in the growth and health of plants. Research suggests that long-term
monocropping may lead to soil ecological disorders. In this study, we aimed to understand the reasons for the
decrease in plant productivity stemming from long-term monoculture cropping. Greenhouse studies were con-
ducted to determine the cause of continuous cropping (CC) obstacles in soils under 12 years of continuous
strawberry (Fragaria × ananassa Duch.) production. The data suggested that CC led to three phases of changes in
abiotic and biotic soil factors. In phase I (CC for 2–6 years), significant changes were observed only in soil
physicochemical properties, such as the pH, total nitrogen (TN), ammonium nitrogen (NH4

+-N), available
phosphorus (AP), available potassium (AK) and soil organic matter (SOM), which obviously changed from the
second year to the sixth year. In phase II (CC for 6–8 years), two biotic factors, key fungi such as Fusarium,
Humicola and Arthrobotrys and soil nematodes, i.e., populations and communities of nematodes, started to
change significantly in terms of their abundance. In phase III (CC for> 8 years), the accumulation of phenolic
acids, i.e., p-hydroxybenzoic acid (p-HBA), ferulic acid (FA), p-coumaric acid (p-CA) and cinnamic acid (CA),
significantly inhibited crop growth, and the abundance of key bacteria, including Bacillus, Sphingomonas and
Sphingopyxis, started to change significantly from the eighth CC year. The results in this study provide useful
information for solving CC obstacles in strawberry production.

1. Introduction

Soil is an important component of terrestrial ecosystems. Human-
induced changes lead to various forms of land degradation, such as soil
salinity, acidification, nutrient loss and soil structure deterioration
(Chen et al., 2012; Hassan et al., 2016). Land degradation is often
caused by various agricultural management practices, e.g., non-
sustainable cropping systems, overuse of fertilizers, and overgrazing.
Long-term monoculture cropping systems in which the same crop spe-
cies or its relatives are grown in the same field continually typically
give rise to continuous cropping (CC) obstacles. CC obstacles, of which
land degradation is considered a common type, are caused by over-
cultivation (Qin et al., 2017), which leads to a reduction in crop pro-
ductivity (Xiang and Lin, 1995). The mechanisms of this well-known
phenomenon are complex and are accompanied by a reduction in both

soil quality and biodiversity (Aparicio and Costa, 2007; Chen et al.,
2012; Li et al., 2015a, 2015b; Li et al., 2018; Li and Liu, 2018; Li et al.,
2016a). Many perennial and annual crop species are threatened by CC
problems associated with reduced plant growth and vigor as well as
reduced crop yields and quality (Aparicio and Costa, 2007; Chen et al.,
2012; Li et al., 2015a, 2015b; Li et al., 2018; Li and Liu, 2018; Li et al.,
2016a).

Strawberry (Fragaria × ananassa Duch.), a widely grown octoploid
species, is a member of the genus Fragaria in the family Rosaceae. This
species produces some of the most delicious soft fruit and is planted
throughout all arable lands worldwide. Strawberry fruit are also a
major economic fruit for thousands of farmers in China and are widely
cultivated there. Because of the limited available land and the lack of
practical planting systems, strawberry is usually cultivated in CC sys-
tems. However, the cultivation of strawberry, a typical annual plant
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species, is severely threatened by CC problems. Strawberry CC obstacles
are associated with abiotic factors such as reductions in land fertility
and the accumulation of autotoxic substances (e.g., phenolic acids) and
biotic factors such as changes in soil microbial and nematode commu-
nities (Li et al., 2015a, 2015b; Li et al., 2018; Li and Liu, 2018; Li et al.,
2016a, 2016b).

Under continuous rotation, long-term monoculture significantly
disturbs soil physicochemical properties, which leads to an imbalance
in plant-available nutrients. For example, long-term monoculture re-
duces the soil pH as well as available nitrogen (N), phosphorus (P), and
potassium (K) contents (Aparicio and Costa, 2007; Tian et al., 2010; Yu
et al., 2017). Moreover, replanting accelerates the accumulation of
plant autotoxins in continuously cropped species. Allelopathy plays an
important role in CC obstacles (Li et al., 2015a, 2015b; Li et al., 2016a,
2016b; Li et al., 2012). Toxic substances such as phenolic acids that
inhibit the growth of the same plant species have been detected in
continuously cropped soils of cucumber, Rehmannia, strawberry and
tobacco (Asao et al., 2008; Chen et al., 2011; Kitazawa et al., 2005; Li
et al., 2015a, 2015b; Li et al., 2012; Wu et al., 2009). The accumulation
of phenolic acids in the soil after CC significantly affects the rhizosphere
ecosystem, for instance, by inducing changes in microbial populations,
soil enzyme activity and nutrient cycling (Blum and Shafer, 1988;
Halvorson et al., 2009; Inderjit and Mallik, 1997; Inderjit and So,
2003).

Owing to their ability to respond sensitively to environmental
changes, soil microorganisms that play significant roles in many pro-
cesses of soil ecosystems are used as ideal biological indicators of soil
health and quality (Avidano et al., 2005; Brussaard et al., 2007). Stu-
dies have shown that long-term CC can affect soil microbial community
structure and diversity (AC, 1999; Atul et al., 2010; Elsas et al., 2002);
for example, long-term CC can reduce the size of beneficial soil mi-
crobial communities and increase the size of harmful microbial com-
munities (Caporaso et al., 2012; She et al., 2017; Wu et al., 2017). In
three soils continuously cropped with tobacco at different for different
durations, bacterial diversity and abundance of beneficial bacteria
significantly decreased (She et al., 2017). Similarly, CC of konjac and
potato altered the structure and diversity of the soil bacterial commu-
nity (Liu et al., 2014; Wu et al., 2017). CC usually results in the en-
richment of soil-borne plant pathogens such as Fusarium in rhizosphere
soils (Caporaso et al., 2012; Yang et al., 2012; Zhou and Wu, 2012).
Nematodes, which are very abundant and ubiquitous in all soils, re-
present another effective biological indicator for assessing soil health
(De Ruiter et al., 2005). Nematodes, which occupying important posi-
tions within soil detritus food webs, are sensitive to changes in the soil
environment and agricultural management, such as monocropping
(wheat and jujube), intercropping (wheat/jujube), and CC (peach and
strawberry) (Li et al., 2015a, 2015b; Li et al., 2016a, 2016b; Liu et al.,
2016; Liu et al., 2015; Zhao et al., 2014).

As we suspected, CC leads to complex changes in the soil environ-
ment, and these changes lead to obstacles. In this study, we aimed to
understand the causes of obstacles related to CC and to clarify the
factors governing their potential occurrence after CC. Using strawberry
(Fragaria × ananassa Duch.) continuously cropped in greenhouses for
different years as a crop example, we investigated changes in soil
properties, phenolic acids, soil microbial communities and nematode
communities. By analyzing the relationships among these factors, we
can determine the variation tendency of each factor and its response to
CC. This collective knowledge could provide more information about
the potential mechanisms of strawberry CC obstacles than has been
discovered in previous studies that aimed to identify individual influ-
ential factors. This paper will provide useful information for developing
land management strategies for the CC of strawberry.

2. Materials and methods

2.1. Site descriptions and sampling

This experiment was performed at the Beijing Academy of Forestry
and Pomology Sciences, Haidian district, Beijing, China (40°1′21″N,
116°16′32″E). The mean annual temperature and rainfall in this area
during the growing season were approximately 12.5 °C and 628.9 mm,
respectively. The soil is considered a fluvo-aquic type. The character-
istics of the soil are as follows: pH, 8.27 ± 0.06; soil total nitrogen
(TN), 0.85 ± 0.02 g/kg; ammonium nitrogen (NH4

+-N),
18.75 ± 0.07 mg/kg; available phosphorus (AP), 15.39 ± 0.04 mg/
kg; available potassium (AK), 47.20 ± 0.12 mg/kg; and soil organic
matter (SOM), 10.62 ± 0.03 g/kg (Li and Liu, 2018). Strawberry
(Fragaria × ananassa Duch. cv. Benihoppe) seedlings were transplanted
into the beds within greenhouses, and of which were located in the
same field and covered with polyethylene film. Each greenhouse had 80
strawberry beds that were 800 cm in length × 40 cm in width × 40 cm
in height. The strawberry seedlings were arranged in two rows per bed,
with approximately thirty seedlings per row. The temperature ranged
from 10.4 °C to 26.7 °C in the greenhouses, and the water was supplied
by trickle irrigation. All the plants were maintained with the same til-
lage management practices, which included the following basic ferti-
lizer applications: 29,985 kg/ha farm manure, with> 25% organic
matter, and 300 kg/ha NPK compound fertilizer, with ≥45%
N + P2O4 + K2O.

In this paper, there were seven treatment groups (0_Y, 2_Y, 4_Y, 6_Y,
8_Y, 10_Y and 12_Y), totaling 630 rhizosphere soil samples. The samples
were taken from soils of noncontinuously cropped (NCC) strawberry
(0_Y) and from soils with 2, 4, 6, 8, 10 or 12 years of CC of strawberry
(2_Y, 4_Y, 6_Y, 8_Y, 10_Y and 12_Y, respectively). NCC (0_Y) strawberry
plants were initially cultivated in the greenhouses, and CC strawberry
plants were monocultivated in the greenhouses for different durations.
The roots of the strawberry plants were carefully removed from the soil
with a depth of 0–20 cm. Each root was carefully removed, and any soil
particles were removed by shaking. The soil located within 2 mm of the
root surfaces was considered rhizosphere soil. The rhizosphere soil
samples (630 in total) were collected from twenty-one greenhouses at
130 days after strawberry transplanting in the same year. Each sample
group consisted of three replicates. Each replicate, consisting of 30
subsamples, was taken from a different greenhouse. In each replicate,
the 30 soil subsamples were collected from different sites in a Z-pattern,
after which they were thoroughly mixed in an aseptic bag to form a
composite sample replicate. The soil samples were immediately trans-
ported to the laboratory and homogenized through a 2-mm mesh sieve.
Each sample was divided into two parts: one was dried at 60 °C for soil
physicochemical property analyses, and the other was stored at −80 °C
for DNA extraction.

2.2. Soil chemical property and phenolic acid analyses

Soil chemical property analyses were based on previous methods
(Sarkar, 2010). The soil pH was measured by a pH meter, and the TN
was measured by an automatic Kjeldahl distillation titration unit (Foss,
Sweden). NH4

+-N was measured colorimetrically via automated seg-
mented flow analysis (Bran+Luebbe AAIII, Germany) (Chu and
Grogan, 2010). The AP content was determined according to the mo-
lybdenum blue colorimetric method, and the AK content was de-
termined by a flame spectrophotometer. SOM was assayed according to
the vitriol acid potassium dichromate oxidation method (Nelson et al.,
1996).

Phenolic acids were collected and extracted from the soil according
to previously described methods (Wang et al., 1967). Phenolic acids
were measured by an Agilent 1100 LC/MSD Trap VL system (Agilent,
USA) equipped with a high-performance liquid chromatography
(HPLC) Symmetry® C18 column (2.1 mm × 10 cm × 3.5 μm) at
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245 nm (Li et al., 2015a, 2015b). Phenolic acids were identified and
quantified by comparing their retention time and plot area with those of
HPLC-grade standards. Phenolic acid addition was performed in pot
experiments. The soil for the pot experiments was collected from the
field at a depth of 0 to 20 cm and presented p-hydroxybenzoic acid (p-
HBA), ferulic acid (FA), p-coumaric acid (p-CA) and cinnamic acid (CA)
contents of 6.63, 7.44, 4.88 and 0.58 μg/g, respectively. The soils were
treated with a mixture of these four phenolic acids (1:1:1:1, w/w/w/w)
in 20% aqueous ethanol solution at concentrations of 0 mg/ml to 8 mg/
ml to obtain final concentrations of 0 (control), 50, 100, 200, and
400 μg/g soil at 15 days after planting. A total of 45 pots were prepared
for the 5 treatments. After 30 days, the plants were destructively
sampled; the roots were washed with tap water and then with distilled
water. The length of the main root (root length) and the dry weight of
roots were measured.

2.3. High-throughput sequencing of soil microbial communities

Soil total DNA was extracted from fresh soil samples (500 mg) with
a PowerSoil® DNA Isolation Kit (MO Bio Laboratories, San Diego, CA,
USA). The universal primer pairs 338F (5′-GTACTCCTACGGGAGGCA
GCA-3′) and 806R (5′-GTGGACTACHVGGGTWTCTAAT-3′) for the
bacterial 16S ribosomal RNA gene were used to identify soil bacterial
communities and species (Kim et al., 2011), and the universal primer
pairs ITS1-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2-R (
5′-TGCGTTCTTCATCGATGC-3′) for the internal transcribed spacer
(ITS) region were used to characterize soil fungal communities and
species (Martin, 2011). After PCR amplification, the products were
purified with an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
USA). The purified DNA was quantified via QuantiFluor™-ST (Promega,
USA) and subsequently sequenced (PE300) on an Illumina MiSeq
platform (Illumina Inc., USA).

The Precluster tool of the Quantitative Insights into Microbial
Ecology (QIIME version 1.2.1) package was used to remove low-quality
sequences. Operational taxonomic units (OTUs) were assigned at a 97%
similarity level and clustered via UPARSE (version 7.1) (Edgar, 2013).
UCHIME was then used to identify and remove chimeric sequences
(Edgar et al., 2011).

2.4. Extraction and identification of nematodes

Nematodes were extracted from 100 g of fresh soil from each sample
according to a washing-sieving sugar flotation and centrifugation pro-
cedure (Courtney et al., 1955). For each soil sample, 300–500 nema-
todes were identified to the genus level under a Leica compound mi-
croscope (400×) (Li et al., 2016a, 2016b). Each nematode was assigned
to one of four trophic groups: bacterivores (Ba), fungivores (Fu), om-
nivores (Om), and herbivores (He).

2.5. Data analysis

The data were analyzed by one-way analysis of variance (ANOVA)
via SPSS 20.0 (SPSS Inc., USA). Differences at a P-value ≤0.05 were
considered statistically significant. Figures were created by GraphPad
Prism 7.0, ScienceSlides and Microsoft PowerPoint 2016.

3. Results

3.1. Soil environmental conditions

All soil physicochemical properties were significantly affected by
CC. The soil pH gradually decreased after CC of strawberry, and sig-
nificant changes began in the fourth year (Fig. 1a). Significant increases
in TN began in the second year and stabilized after 10 years of CC of
strawberry (Fig. 1b). NH4

+-N decreased significantly starting from the
sixth year but then decreased slowly (Fig. 1c). The AP concentration

increased significantly beginning in the second year and stabilized after
the sixth year (Fig. 1d). AK and SOM decreased; significant changes
began during the second year, but the decrease leveled off after the
sixth year (Fig. 1e–f).

3.2. Phenolic acid compositions and effects

The four main types of phenolic acids, namely, p-HBA, FA, p-CA and
CA, in the soil samples were monitored. The levels of all four phenolic
acids increased significantly (P < 0.05) with increasing years of
strawberry CC (Fig. 2a). In the pot experiment, the length and dry
weight of the strawberry roots were affected by different concentrations
of phenolic acids, and the growth of the strawberry plants was sig-
nificantly inhibited (P < 0.05) when the contents of the four phenolic
acid mixture components were ≥100 μg/g (Fig. 2b). Therefore, the
inhibitory action of phenolic acids on continuously cropped strawberry
might occur after the eighth year of CC.

3.3. Soil microbial diversity

The relative abundance of the dynamic bacterial and fungal taxa
(OTUs) significantly changed in different soil samples with different
years of CC of strawberry. The enriched OTUs were classified tax-
onomically by the default settings of QIIME (phylum to genus). Analysis
of the taxonomic information at the bacterial and fungal genus level via
a heatmap (Fig. 3) revealed the relative abundances of the top 30 en-
riched OTUs of the bacteria and fungi in each soil sample. From the 60
enriched OTUs, six genera (Bacillus, Sphingomonas, Sphingopyxis, Fu-
sarium, Humicola and Arthrobotrys), which were significantly related to
strawberry CC in our previous studies (Li et al., 2018; Li and Liu, 2018),
were selected to represent changes in microorganisms after CC of
strawberry. In the bacterial community, for example, OTUs belonging
to Bacillus were more enriched in the second strawberry CC year than in
the other years but then gradually decreased with continued CC years
(Fig. 4a). The abundance of Bacillus decreased significantly beginning
in the tenth year. The abundance of Sphingomonas decreased slightly in
2_Y and 4_Y but increased significantly beginning in the tenth con-
tinuous year (Fig. 4b), and the abundance of Sphingopyxis increased
significantly from the eighth strawberry CC year (Fig. 4c). Within the
fungal community, the abundance of three key fungi changed sig-
nificantly beginning in the sixth strawberry CC year. The relative
abundance of Fusarium gradually increased with increasing years of CC,
and a significant increase occurred in the sixth year (Fig. 4d). The
abundance of Humicola also increased significantly beginning in the
sixth year (Fig. 4e), and the abundance of Arthrobotrys increased before
the fourth continuous year but then decreased significantly in the sixth
year (Fig. 4f).

3.4. Soil nematode diversity

The nematode densities clearly fluctuated among different straw-
berry CC years. The smallest number of nematodes was recorded in the
sixth CC year. The total populations of nematodes were significantly
lower in the 6_Y, 8_Y, and 10_Y plots than in the 0_Y plots (P < 0.05).
Communities of nematodes, including Ba, Fu, Om and He, were de-
tected in this study. As the years of CC increased, the proportion of
bacterivorous nematodes decreased gradually but increased sig-
nificantly after the tenth year (Fig. 5a). The abundance of plant-feeding
nematodes, which severely harm plants, increased significantly begin-
ning in the sixth year (Fig. 5b).

3.5. Soil dynamics in response to CC

Strawberry CC strongly shifted the soil community composition. We
summarized the soil dynamic changes in response to strawberry CC,
including changes in both abiotic factors (physicochemical properties
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and autotoxic substances) and biotic factors (microorganisms and ne-
matodes) (Fig. 6). With respect to physicochemical properties, the pH
and NH4

+-N, AK and SOM contents of the continuously cropped soils
were lower than those of the NCC soils. However, the concentrations of
TN and AP increased significantly in the continuously cropped soils. In
addition, the contents of all the autotoxic substances (p-HBA, FA, p-CA
and CA) were greater in the continuously cropped soils than in the NCC
soils, and their levels significantly increased as the strawberry planta-
tion age increased. Microorganisms, which included mainly bacteria
and fungi, were affected by the land degradation resulting from
strawberry CC obstacles. The abundance of Sphingopyxis, Fusarium, and
Humicola increased in the continuously cropped soil. However, the
abundance of Bacillus and Arthrobotrys first increased but then de-
creased, while that of Sphingomonas exhibited the opposite trend. The
population of nematodes decreased after CC. In the nematode com-
munity, the proportion of Ba decreased in the continuously cropped
soil, while that of Fu and He significantly increased. The proportion of
Om in the nematode community exhibited no regular pattern.

3.6. Various factors that affect CC at different periods

Analysis of soil environmental variables in the treatments differing
in the number of years of strawberry CC revealed that the continuously
cropped soil environment changed with time. These changes could be
divided into three phases. In phase I (CC for 2–6 years), as abiotic
factors, the soil physicochemical properties varied beginning in the
second CC year. Most of these properties clearly changed from the
second year to the sixth year but then stabilized. In phase II (CC for
6–8 years), two biotic factors, including fungi and nematodes, began to
change. Most fungal networks were negatively related to continuously
cropped strawberry and changed significantly beginning in the sixth
year. Soil nematodes, another biological indicator of soil health, also
varied significantly beginning in the sixth continuous year. After
8 years of CC, all negative factors analyzed could be considered po-
tential obstacles to future continuously cropped strawberry production.
For example, the soil physicochemical properties remained low, the
abundance of fungi and soil nematodes changed, and other two factors,
namely, bacteria and autotoxic substances, also began to change.
Moreover, the abundance of certain beneficial bacterial groups changed

Fig. 1. Effects of long-term continuous cropping (CC) of strawberry for different years on soil physicochemical properties such as (a) soil pH, (b) total nitrogen (TN),
(c) ammonium nitrogen (NH4

+-N), (d) available phosphorus (AP), (e) available potassium (AK) and (f) soil organic matter (SOM). The letters above the values
indicate significant differences among the different years of continuously cropped strawberry (analysis of variance [ANOVA]: Duncan test; P < 0.05).

Fig. 2. Effects of long-term continuous cropping (CC) of strawberry for different years on phenolic acids. (a) Phenolic acid contents (μg/g). p-HBA, p-hydroxybenzoic
acid; FA, ferulic acid; p-CA, cinnamic acid; CA, p-coumaric acid. The red dotted line represents 100 μg/g. (b) Effects of phenolic acids on strawberry growth in a pot
experiment. The letters above the values indicate significant differences after different durations of CC of strawberry (analysis of variance [ANOVA]: Duncan test;
P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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significantly after the eighth year.

4. Discussion

The mechanisms of CC obstacles are very complex, yet it is im-
portant to explore them for the sustainable management of agricultural
ecosystems (Qin et al., 2016). We previously reported that CC led to

changes in abiotic and biotic factors in the soil and that these changes
resulted in obstacles to CC of strawberry (Li et al., 2015a, 2015b; Li
et al., 2018; Li and Liu, 2018). The results presented here are the first to
analyze comprehensively why these obstacles occur after CC. Our study
provides vital information on the potential changes in soil environ-
mental conditions, including changes in abiotic factors (deterioration of
soil physicochemical properties and accumulation of autotoxic

Fig. 3. Heatmap of operational taxonomic units (OTUs) in the bacterial and fungal communities (top 30 most abundant) that were enriched within each soil sample.
The intensity of the color in the heatmap is proportional to the relative abundance of the taxon. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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substances) and biotic factors (variety of microbial communities and
proportions of nematode communities), after CC. On the basis of these
changes, three phases could be identified during CC: phase I, phase II,
and phase III.

In phase I, which corresponds to the early stage of CC (CC for
2–6 years), most physicochemical properties clearly changed (Figs. 1,
7). Soil physicochemical properties changed first after CC, which then
affected the abundance of microorganisms and soil-dwelling animals
(Xie et al., 2017). However, the soil pH always decreased with in-
creasing duration of strawberry CC (Fig. 1a). This soil acidification
might be caused by the overuse of chemical fertilizers and the accu-
mulation of phenolic acids under CC conditions (Agegnehu et al., 2016;
Schroder et al., 2011). The change in pH might affect the growth of
plants; limit the growth of roots; and affect the absorption of N, P and K
by plant roots (Li et al., 2016b). Nutrient imbalance, such as a lack of
NH4

+-N, AK and SOM and excess TN and AP, was caused by pre-
ferential absorption by plants. Thus, CC could lead to the deterioration
of soil physicochemical properties. Therefore, we can improve straw-
berry rhizosphere soil by adding appropriate nutrients during phase I.

In phase II (CC for 6–8 years), two biotic factors, key fungi and soil
nematodes, started to change significantly in terms of their abundance.
The present study provides evidence that the diversity of the fungal
community is closely associated with CC obstacles (Wu et al., 2015).
Our previous studies showed that the abundances of Fusarium, Humicola
and Arthrobotrys significantly changed after CC (Li and Liu, 2018). The
accumulation of soil-borne disease pathogens such as Fusarium oxy-
sporum is one of the main causes of CC obstacles (Gullino et al., 2002).
The abundance of Fusarium, which includes many pathogenic species,
increased after the sixth CC year (Fig. 4d) and might lead to many plant
diseases, such as stalk rot. Humicola species are commonly isolated from
the soil, compost habitats, rotting plant materials, and indoor en-
vironments (Tiscornia et al., 2009; Touche, 1965; Wang et al., 2016). In
our study, the abundance of Humicola, the species of which can be used
as potential fertilizers or as biocontrol agents of certain plant diseases,
for instance, Verticillium wilt of cotton, increased beginning in the sixth
CC year (Lang et al., 2012; Wenhsiung et al., 2011). Arthrobotrys, a
nematode-trapping fungus, can form complex traps to capture nema-
todes (Song et al., 2017; Yang and Zhang, 2014). In our research, the

Fig. 4. Effects of long-term continuous cropping (CC) of strawberry for different years on several key microorganisms. (a) Bacillus; (b) Sphingomonas; (c) Sphingopyxis;
(d) Fusarium; (e) Humicola; (f) Arthrobotrys. The letters indicate significant differences among the different years of continuously cropped strawberry (analysis of
variance [ANOVA]: Duncan test; P < 0.05).

Fig. 5. Effects of long-term continuous cropping (CC) of strawberry for different years on nematode communities. (a) Changes in the abundance of individuals per
100 g of soil; (b) percentage of trophic groups (100%). The letters indicate significant differences among different years of continuously cropped strawberry (analysis
of variance [ANOVA]: Duncan test; P < 0.05).
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Fig. 6. Effects of long-term continuous cropping (CC) of strawberry for different years on various factors. The green color indicates downregulation after CC of
strawberry, the red color indicates upregulation after CC of strawberry, and the black color indicates both downregulation and upregulation after CC of strawberry.
The intensity of the color in the arrows is proportional to the extent of the changes. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Time frame of various factors caused by long-term continuous cropping (CC) of strawberry. The intensity of each color is proportional to the extent of the
changes. The red color indicates physicochemical properties, the green color indicates autotoxic substances, the blue color indicates bacteria, the orange color
indicates fungi, and the black color indicates nematodes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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abundance of Arthrobotrys peaked at 4 years of CC but then decreased
significantly beginning in the sixth year. Similarly, the nematode in-
dividuals reached their lowest level after the peak period of Arthrobotrys
(6_Y). Therefore, the increased proportions of Fu and He might be due
to the low abundance of Arthrobotrys and to vulnerable plants (Li and
Liu, 2018). The nematode biodiversity and community structure sig-
nificantly changed during phase II. Our previous findings showed that
altered nematode diversity was affected by the toxicity of phenolic
acids, loss of ecosystem stability, and alteration of the dominant de-
composition pathway (Li et al., 2015a, 2015b). The clear variation in
nematode diversity and community structure started in the sixth CC
year, which included a decrease in the number of individuals and al-
tered feeding habits (both bacteria and fungi becoming phytophagous).

In phase III, after the eighth CC year, which was accompanied by
sustained changes in the abundance of fungi and soil nematodes, the
other two factors, i.e., bacteria and autotoxic substances, started to
change significantly. As strawberry CC was prolonged, the concentra-
tion of phenolic acids increased gradually in the soil beneath the
strawberry plants (Fig. 2) (Li et al., 2015a, 2015b). Similar results were
reported in the rhizosphere soils of continuously cropped cucumber and
peanut plants (Huang et al., 2013; Yunhua et al., 2005). Studies have
shown that low concentrations of allelochemicals can inhibit or pro-
mote plant growth and that high concentrations inhibit plant growth (Li
et al., 2015a, 2015b; Uribe-Carvajal et al., 2008). In the pot experiment,
strawberry plant growth was significantly affected when the phenolic
acid content surpassed 100 μg/g. In the eighth year of CC, the phenolic
acid content surpassed 100 μg/g; thus, consideration should be given to
eliminating the effects of phenolic acids after the eighth year of CC.
Bacteria play a very important role in the function of ecosystem com-
munities in complex soil ecosystems (Barberán et al., 2012; Chen et al.,
2018; Li et al., 2015a, 2015b). We previously identified several bac-
terial genera that were involved in strawberry CC (Li et al., 2018; Li and
Liu, 2018). Bacillus, the amended group, is often treated as a primary
soil conditioner and can act as a biocontrol agent (EA and J, 2010; Li
et al., 2018). In our study, the abundance of Bacillus increased slightly
in response to the continuously cropped soil during the first few years of
CC (phase I, 2_Y to 6_Y, Fig. 4a). However, the number of these bacteria
began to decrease after the eighth CC year (phase III) with the con-
tinued deterioration of the soil (Fig. 4a). Sphingomonas species are
widely distributed in nature and are often isolated from contaminated
environments (Yabuuchi et al., 2013). Our findings on Sphingomonas
showed that the degraded soil in the tenth CC year suited their growth
environment (Fig. 4a). Sphingopyxis was found by the subdivision of
Sphingomonas (Takeuchi et al., 2001). Sphingopyxis is an oligotrophic
ultramicrobacterium and is adapted to heterotrophic growth under
nutrient-depleted conditions, such as those caused by activated sludge
and sewage dumps (Kämpfer et al., 2002; Pooja et al., 2010; Williams
et al., 2009). The increase in Sphingopyxis showed that the continuously
cropped soils presented nutrient-depleted conditions after the eighth
year of CC (Fig. 4c).

The productivity of plants in agricultural systems is determined by
interactions between the plants and the soil environment (Ehrenfeld
et al., 2005). Our study provided valuable insights into the dynamic
changes in the soil environment after years of strawberry CC. Overall,
this research also provides comprehensive models for solving straw-
berry CC problems. For example, in phase I (before the sixth CC year),
only appropriate nutrients need to be added; in phase II (CC for
6–8 years), growers should start considering fungal diseases (Fusarium)
and nematode diseases (plant-feeding nematodes); and in phase III
(after the eighth year), in addition to the above measures, certain
beneficial bacteria (Bacillus) and substances that decompose phenolic
acids should be added.

5. Conclusions

CC has strong effects on abiotic factors such as soil physicochemical

properties, autotoxic substances and biotic factors such as soil microbial
communities and nematode communities, and these effects generate
obstacles. This study showed that these changes can be divided into
three main phases. In phase I (CC for 2–6 years), the soil physico-
chemical properties change significantly. In phase II (CC for 6–8 years),
biotic factors such as key fungi and soil nematode communities start to
vary significantly in terms of their abundance. In phase III (CC for>
8 years), autotoxic substances start to inhibit strawberry growth sig-
nificantly, and the abundance of key bacteria begins to change sig-
nificantly. This study is the first to analyze comprehensively why these
obstacles exist after CC and will provide useful information for solving
problems associated with CC. In the future, integrated management
practices for CC might overcome the obstacles related to CC.
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