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Earthworms and arbuscular mycorrhizal fungi (AMF) interact to regulate plant nitrogen (N) supply, but the
mechanisms through which they aﬀect plant N uptake are unclear. We hypothesized that earthworms, plants and
the associated AMF exhibit diﬀerent preferences for diﬀerent forms of inorganic N (NH4+ and NO3−), which
could regulate the eﬀect of earthworms and AMF interaction on plant N acquisition. We outlined three independent but complementary experiments to test this hypothesis in the context of exotic earthworm,
Pontoscolex corethrurus. The earthworm is dominating the plantation forests in subtropical and tropical regions of
China, which have their understory dominated by the fern Dicranopteris dichotoma. By employing an excised root
15
N incubation experiment and a ﬁeld in situ 15N experiment, we found that the fern prefers to use NH4+ rather
than NO3−. Then we did a 2 × 2 factorial microcosm experiment using AMF (Rhizophagus intraradices) and
earthworms (P. corethrurus). The exotic earthworm increased soil NH4+ concentration but did not aﬀect soil
NO3− concentration, while the AMF decreased soil NH4+ concentration but had no eﬀect on soil NO3− concentration. The increase in soil NH4+ induced by the earthworms was eﬃciently utilized by the AMF, and
signiﬁcantly increased the total N uptake by the fern. In contrast, the AMF alone increased the N concentration of
leaves and coarse roots, but not the total plant N uptake, primarily due to the lower levels of available NH4+
compared with the earthworm treatments. The uninoculated fern did not beneﬁt from the earthworm-induced
increase in soil NH4+, suggesting that the root of the fern cannot access the ‘NH4+ hotspots’ created by the
earthworms. Our work suggests that successful cooperation of earthworms and AMF on plant N uptake depends
on the correct match in N-form.

1. Introduction
Linkages between above- and below-ground biota are a cornerstone
of modern ecology; they are critical in regulating ecosystem functioning
∗

(Wardle et al., 2004). Soil organisms aﬀect nutrient supply for plants
not only by decomposition but also through parasitism and mutualism.
Thus, nutrient supply is best interpreted in the context of interactions
between soil organisms (Lavelle et al., 2006; Wall and Bardgett, 2012).
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In the present experiment, we focused on the interactive eﬀects of
the exotic earthworm P. corethrurus and the AMF Rhizophagus intraradices on D. dichotoma N uptake. We outlined three independent but
complementary experiments. First, we asked which form of soil inorganic N (NH4+ or NO3−) the fern prefers; this involved two approaches; a lab experiment that measured uptake of 15N-substrates by
excised root segments, and a ﬁeld 15N labeling experiment. Second, we
asked which form of soil inorganic N the earthworms tend to stimulate
and the AMF tend to absorb. We approached this by determining soil
NH4+ and NO3− in a 15N-microcosm experiment, in which earthworm
and AMF abundance were manipulated as factors. Third, we asked
whether N-uptake by the fern was inﬂuenced by the diﬀerential eﬀects
of earthworms and AMF on the balance of NH4+ vs. NO3− in the microcosm experiment.

Earthworms and arbuscular mycorrhizal fungi (AMF) each trigger inﬂuences on plant nutrients, stimulating decomposition and root uptake,
respectively (Hodge and Storer, 2015; Lavelle, 1988). How earthworms
and AMF interact with each other, however, to aﬀect plant nutrient
uptake, has not been represented in perspectives on the linkages between above- and below-ground biota (Fitter and Garbaye, 1994;
Paudel et al., 2016).
Soil nitrogen (N) is the main limiting nutrient for plant growth in
most ecosystems (Chapin et al., 2011). Most soil N is present in organic
forms; however, plants take up N mainly in inorganic forms (NH4+ and
NO3−) (Vitousek and Howarth, 1991). Earthworms can enhance organic N mineralization by feeding, digestion and casting activities,
which often lead to increased soil inorganic N (Araujo et al., 2004; Blair
et al., 1997). This increase in N availability has been recognized as,
perhaps, the most important eﬀect of earthworms on plant growth
(Brown et al., 2004; Barot et al., 2007), but it is still unclear whether
plant N-uptake beneﬁts from the increased N availability induced by
earthworms (Blouin et al., 2006; Cao et al., 2016; Domínguez et al.,
2004; Lubbers et al., 2011). Earthworms may have diﬀerent eﬀects on
soil NH4+ and NO3−, and subsequently on N acquisition of plants
(Domínguez et al., 2004; Hale et al., 2008; Lubbers et al., 2011). Such
results may be because plant species prefer diﬀerent inorganic N forms
in diﬀerent soil conditions. In general, plants that are adapted to low pH
and reducing soil conditions tend to take up NH4+, whereas plants that
adapted to higher pH and more aerobic soils prefer NO3− (Maathuis,
2009; Masclaux-Daubresse et al., 2010). Therefore, a focus on soil inorganic N forms can improve predictions of the interactions between
earthworm activities and plant N acquisition.
Another important determinant of plant N uptake is AMF, which
form symbioses with more than two thirds of terrestrial plants (Hodge
and Storer, 2015). However, it is unclear how their function responds to
earthworms. AMF take up soil N and transport it to host plants (Jin
et al., 2012; Thirkell et al., 2016). Most AMF species predominantly
utilize NH4+, having low NO3− assimilation rates (Cheng et al., 2012;
Hodge and Storer, 2015; Perez-Tienda et al., 2012; Tanaka and Yano,
2005).
The cumulative inﬂuences of earthworms and AMF on plant N acquisition are complex. Earthworms may reduce AMF abundance by
eating fungal hyphae or destroying them as they move through the soil.
But earthworms may enhance AMF abundance by dispersing spores
(Paudel et al., 2016). Earthworms may aﬀect AMF functioning by enhancing N availability and altering the forms in which N occurs. Previous work has emphasized the amount, over the form, of N that may be
present and available for AM fungal uptake (Li et al., 2013; Cao et al.,
2016). Here, we propose that the eﬀects of earthworms, AMF, and their
interaction with AMF on plant N-uptake are strongly driven by inorganic N forms.
Introduced earthworms now occur in most terrestrial biogeographic
regions (Hendrix et al., 2008). Previous studies suggests the eﬀects of
exotic earthworms on aboveground biota are mediated by AMF
(Lawrence et al., 2003; Nuzzo et al., 2009), so AMF-mediated eﬀects of
exotic earthworms on ecosystems might be common (Paudel et al.,
2016).
Earthworm invasion is common in disturbed plantations and secondary forests in southern China (Du et al., 2008; Gao et al., 2010;
Zhang et al., 2010). These forests commonly have an understory that is
dominated by a fern (Dicranopteris dichotoma) which grows rapidly
when light intensity is high. D. dichotoma often forms a dense mat-like
understory layer. This inﬂuences the soil microclimate (Zhao et al.,
2013, 2012), nutrient cycling (Liu et al., 2012; Wu et al., 2011), biodiversity (Zhao et al., 2013, 2012), erosion and nutrient leaching
(Zheng et al., 2008), and even overstory tree growth (Wan et al., 2014).
In our study site, the pantropical peregrine earthworm P. corethrurus
(González et al., 2006) accounts for 95% of the earthworm biomass,
while D. dichotoma accounts for 40% of the understory plant biomass;
they most likely co-exist (unpublished data).

2. Materials and methods
2.1. Field site
The ﬁeld site is located in a plantation mono-cultured with Schima
superba Gardn. et Champ, at the Heshan National Field Research Station
of Forest Ecosystem (112°54′E, 22°41′N), Chinese Academy of Science
(CAS), Guangdong Province, China. The climate is subtropical monsoon
with distinct wet (from April to September) and dry (from October to
March) seasons. The mean annual precipitation is 1580.4 mm and the
mean annual temperature is 21.9 °C from 1985 to 2014 (Gao et al.,
2017). The soil is an Acrisol (FAO, 2006), the sand, silty and clay
content are 48.5%, 13% and 38.5%, respectively. The soil C and, N
contents are 56.1 and, 4.3 g kg−1 dw soil, respectively. The soil pH was
3.7. The understory vegetation is dominated by D. dichotoma; other
common understory plants include Miscanthus sinensis and Rhodomyrtus
tomentosa.
2.2. Excised root segment experiment
An excised root technique was adopted to assay the physiological
uptake capacity of D. dichotoma roots for NH4+ and NO3− (Rothstein
et al., 2000). In April 2017, three clusters of D. dichotoma were collected
and brought to the laboratory within hours. Fine roots (< 1 mm) of
each cluster were removed and washed under 0.5 mM CaCl to maintain
membrane integrity. Fifteen 0.1 g fresh weight subsamples of ﬁne roots
from each cluster were used to assay for 15N uptake rate. Three kinds of
labeling markers were used, 15NH4NO3 (10 atom% 15N) with nitriﬁcation inhibitor dicyandiamide (DCD), 15NH4NO3 (10 atom% 15N)
and NH415NO3 (10 atom% 15N). Each form of N label was tested at ﬁve
concentrations (10, 50, 100, 250, and 500 μM). For all
15
NH4NO3+DCD solutions, the concentration of DCD was 120 μM. DCD
was used to inhibit the conversion of NH4+ to NO3− (McGeough et al.,
2016); therefore, the uptake rate for NH4+ estimated by the treatment
15
NH4NO3+DCD may be more accurate than the results from the
treatment without DCD. However, DCD may be toxic for some plants
(Reeves and Touchton, 1986), so the treatment 15NH4NO3 without DCD
was kept. All uptake solutions contained 0.5 mM CaCl and 1% sucrose.
Each subsample was incubated in 100 ml labeling solution for 30 min.
After incubation, roots were washed three times (with about 100 ml
each time) with 5 mM KCl and 0.5 mM CaCl to remove any 15N labeling
marker absorbed by the root surface. The 45 labeled root samples and 3
unlabeled root samples (one per cluster) were oven dried at 60 °C for 3
days, then ball milled and sieved to 100 mesh before analyzing them for
total N content and atom% 15N of the root samples by an elemental
analyzer (Vario EL Cube, Elementar Analysensysteme GmbH, Germany)
interfaced to a IRMS (Iso-prime 100 IRMS, Isoprime Co., UK).
Atom% excess 15N (APE) was calculated as the atom% 15N diﬀerence between labeled samples and unlabeled samples. The 15N uptake
rate by roots was estimated by 15N excess in unit mass of root per unit
time (μg 15N excess g−1 dw root h−1). This is calculated as:
352
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Fig. 1. Uptake pattern of the fern for NH4+ and NO3−. 15N
uptake rate by the fern estimated by excised root experiment (A) and ﬁeld in situ estimation experiment (B).
Diﬀerent letters means that the diﬀerence of the means
between treatments was signiﬁcant (LSD test, P < 0.05).

ﬁeld site. The soil was collected from 0 to 20 cm soil layer of the ﬁeld
site, the rocks and earthworms in the soil were removed by sieving
through 2 mm mesh and hand sorting. The AMF inocula was
Rhizophagus intraradices BGC JX04 B (formerly known as Glomus intraradices).
Each microcosm was constructed by ﬁlling a plastic pot with 1.5 kg
soil. The diameter of the opening and the bottom of the pot were 16 and
13 cm, respectively. The height of the pot was 17.5 cm. A hole of 2 cm
diameter was drilled in the bottom of each to maintain drainage. The
soil was packed in a nylon bag (20 cm wide × 40 cm long, mesh
size = 0.25 mm) before placing it into the pot to prevent earthworms
from escaping through the bottom (Huang et al., 2015). A 4 cm wide
velcro tape was pasted onto the inner rim of the pot to prevent earthworms from escaping out the top of the pot (Lubbers et al., 2011). To
simulate the litter fall layer in the forest, 10 g fresh and partially decomposed litter collected from the forest ﬂoor was add to the surface of
each microcosm, which was equal to the litter standing crop of the ﬁeld
site (about 500 g m−2). The %N of litter was 1.9%. D. dichotoma was
transplanted into the microcosms (in June 2014) by placing a section of
live coarse root with associated ﬁne roots and new shoots (the root
sections were 10 cm long and about 24 g in fresh weight). To simulate
the soil condition during raining season, soil moisture was maintained
at or above ﬁeld capacity by watering with deionized water once a day
until small amount of leachate came out the bottom. After 3 months,
the shoots had grown to 5 cm height. At that time, for treatments with
AMF inoculated plants, 50 g R. intraradices inocula consisting of sand
mixed with R. intraradices hyphae and spores (BGC JX04 B) was mixed
into the upper 5 cm of the soil. To maintain similar conditions between
treatments with or without AMF inocula, 50 g sterilized R. intraradices
inocula was added into each microcosm for treatments without AMF
inoculation. Two months later, 8 adult P. corethrurus individuals
(0.205 ± 0.006 g fresh weight per individual) were added per microcosm for treatments with earthworms (in December 26, 2014). The
population density of 8 individuals per microcosm (ca. 400 individuals
m−2) was a little high compared to the average density of P. corethrurus
in the plantations (ca. 100 individuals m−2). However, in ﬁeld, P.
corethrurus distributed in an aggregated pattern where the population
size can reach to 322 individuals m−2 (Personal observation). Therefore, eight individuals per microcosm would be reasonable to reﬂect the
real eﬀects of P. corethrurus population. All microcosms were then
moved to a chamber in the greenhouse; the temperature was maintained at 25 °C during the following experimental period. The day that
earthworms were introduced was deﬁned as day-0 of the experiment.
At day-24, three 5.3 ml 15NH415NO3 (10 atom% 15N, 5.2 mM) solutions
which was equal to 2.34 mg N were injected into 3 points of the surface
soil, each point distributed at a distance of 3 cm from the plant as
mentioned above. Each microcosm was then watered with 150 ml

APE / 100 × N% / 100 × Root Biomass (g) × 106 (μg g−1) / Root
Biomass (g) / 0.5 (h).

2.3. Field in situ uptake estimation experiment
Although the excised root technique may give an accurate estimation of plant physiological preference for diﬀerent forms of N, it cannot,
by itself, indicate the real uptake pattern for NH4+ and NO3− under
ﬁeld conditions. To address in situ uptake preferences, in April, 2017 we
randomly selected twenty-eight clusters of D. dichotoma in the ﬁeld site.
The clusters were divided into three groups with each group including 8
individual plants. Each group of plants was labeled with one of the
three labeling solutions, 15NH4NO3 (10 atom% 15N) with nitriﬁcation
inhibitor dicyandiamide (DCD), 15NH4NO3 (10 atom% 15N) and
NH415NO3 (10 atom% 15N). DCD was applied at a rate 10 μg g−1 dry
soil (McGeough et al., 2016). In detail, three 30 ml labeling solutions
(6929 μM 15NH4NO3 or NH415NO3) which account for 7.02 mg N were
injected into 3 points of the surface soil, each point distributed at a
distance of 5 cm from the plant, which was treated as the center of a
triangle deﬁned by the three points. The other four clusters of plants
were treated as unlabeled controls; deionized water was injected into
the soil in the same manner and volume as the isotope solutions had
been. For each group, four clusters were harvested 3 h after the injection, while the remaining four clusters were sampled 24 h after injection. The harvested plants were broken down into: leaves, stems, coarse
roots (2–3 mm) and ﬁne roots (< 1 mm). Root samples were rinsed
with 0.5 mM CaCl solution to remove any 15N tracers adhering to the
root surface before drying. Then all vegetation samples were prepared
for isotopic analysis as described above (drying and grinding). 15N
uptake by plants was estimated by calculating 15N excess in each plant
part (APE/100 × biomass × N%/100) and then summing the total
taken up into all components; this was then dived by root biomass to
generate uptake per unit root mass. This was expressed as μg 15N g−1
dw root h−1 (Xu et al., 2014).
2.4. Microcosm experiment
2.4.1. Microcosm setup
The experiment was conducted in a greenhouse in the South China
Botanical Garden, Guangzhou, China. The microcosm experiment was a
2 × 2 factorial experiment with a completely randomized design. There
were four treatment combinations: soil with plant (P), soil with plant
and inoculated with earthworms (P+E), soil with plant and inoculated
with AMF (P+A), soil with plant and both inoculated with AMF and
earthworms (P+A+E). Each treatment had 5 replicates. The earthworm P. corethrurus and the plant D. dichotoma were collected from the
353

Soil Biology and Biochemistry 116 (2018) 351–359

X. He et al.

Table 1
Eﬀects of earthworm (E), AMF (A) and their interaction on soil NH4+-N and NO3−-N
amount on two sampling times (T), which were estimated by repeated-measures ANOVA.
NO3−-N

NH4+-N
F(1,16)

P

F(1,16)

P

Between subjects
E
18.33

0.001

0.297

0.594

A

8.75

0.009

0.94

0.347

E*A
Within subjects
T
E*T
A*T
E*A*T

0.30

0.591

0.30

0.592

49.75
2.03
0.415
1.712

< 0.001
0.174
0.529
0.209

21.04
0.868
1.828
0.468

< 0.001
0.365
0.195
0.504

‘ ’ indicates there was an increase when earthworms or AMF were inoculated.
‘ ’ indicates there was a reduction when earthworms or AMF were inoculated.
The P values which are smaller than 0.1 have been shown in bold.
Fig. 2. The soil N-ammonia and N-nitrate amount. Means with standard error (n = 5).
Bars with diﬀerent letters vary signiﬁcantly (LSD test, P < 0.05).

determined using a microscope (AX70, Olympus) under 200 x magniﬁcation.

deionized water to distribute the tracer evenly in the soil.

2.5. Statistical analyses
For the excised root experiment, because 15N uptake kinetics appeared linear with tracer concentration, we calculated the ﬁrst order
rate constant k (uptake rate = a + k * [N-tracer type]) by performing
linear regression for each tracer type in which ‘15N uptake rates’ and
‘Tracer Concentration’ were chosen as dependent variable and independent variable, respectively. Uptake preference was assessed by
comparing k values, with a higher value indicating a greater preference
for that N-form. However, k values were compared indirectly by analysis of covariance (ANCOVA) in which ‘Tracer Type’ and ‘Tracer
concentration’ were chosen as ﬁx factor and covariate factor, respectively; ‘Least Signiﬁcant Diﬀerence (LSD)’ test was used to compare the
diﬀerences of estimated marginal means between tracer types.
For the ﬁeld in situ experiment, the eﬀect of ‘Tracer Type’ on 15N
uptake rates of root were determined by a generalized linear model for
each sampling time (3 or 24 h after labeling), in which “linear model”
and “wald chi square test” were chosen, and post hoc contrasts were
conducted with LSD test.
For the microcosm experiment, two-way analysis of variance
(ANOVA) was performed to analyze the eﬀects of ‘Earthworm’, ‘AMF’
and their interaction on the following variables: root AMF colonization,
plant biomass, the plant N amount, the 15N tracer recovery in plants,
MBC, and MBN. Residual normality and homoscedasticity were veriﬁed
using Kolmogorov-Smirnov and Bartlett tests, respectively. Log10
transformation was used for variables to meet normality and homogeneity assumption if needed. Soil NH4+-N and NO3−-N were analyzed
using repeated-measures ANOVA with ‘Sampling Time (sampling at day
16 and 46)’ as repeated factor and ‘Earthworm’, ‘AMF’ as factors. The
eﬀects of ‘Earthworm’, ‘AMF’ and their interactions on MBC/MBN
ratio were determined by generalized linear model, in which “Gamma
model” and “wald chi square test” were chosen. Multiple comparison of
means were determined by LSD test. To test the eﬀects of ‘AMF’ on
earthworm growth (earthworm number and biomass), two-tailed t-tests
were made between treatments P+E and P+A+E.
Unless otherwise stated, results are shown as mean ± standard
error. All statistics were performed in IBM SPSS Statistics 20 (IBM
Corporation, New York, USA).

2.4.2. Sampling and analyses
On day-0, a small amount of soil and plant leaf were sampled from
each microcosm to determine the 15N atom% before labelling. On day14, about 10 g soil was sampled per microcosm to measure soil NH4+-N
and NO3−-N. The experiment lasted for 46 days, with a destructive
sampling on 8 February, 2015. The nylon bag was drawn from the
microcosm, then soil was separated from the plant by shaking gently.
Soil that still adhered to the roots was rinsed oﬀ with tap water.
Earthworms were collected, and the number of surviving earthworms in
each microcosm was recorded. Earthworm biomass was determined by
cleaning worms in water and drying them with a paper towel, before
weighing them. A part of the soil was kept under 4 °C to measure soil
NH4+-N, NO3-N and soil microbial biomass carbon (C) and N (this was
done within 3 days of sampling). Soil NH4+-N and NO3−-N were extracted by 2 M KCl (soil:solution ratio of 1:5) and determined with
QuikChem® methods 10–107–04–1–A and 10–107–06–2–A on a Lachat
ﬂow injection analyzer (Lachat Instruments, Milwaukee, WI, USA).
Microbial biomass C and N (MBC, MBN) were determined using the
chloroform fumigation-direct extraction method (Brookes et al., 1985).
The leaf, stem, coarse root and ﬁne root of each plant were separately
collected. The soil and plant materials were dried and ground for isotopic analysis as described above.
Atom% excess 15N of each plant part was calculated as the atom%
15
N diﬀerence between samples before labeling and samples collected
at the end of the experiment. Atom% excess 15N (APET) of the 15N tracer
was calculated as the atom% 15N of diﬀerence between the tracer and
the background value in soil samples collected before labeling.
BiomassS was the biomass of the plant samples. WeightT was the weight
of the tracer applied in each pot. %NS and %NT was the N concentration
of the sample and tracer, respectively. Recovery of the 15NH415NO3 in
plant tissues can be used to estimate how much N plants took up during
the labeling period. Recovery of the 15N tracer in leaf, stem coarse root
and ﬁne root were estimated by calculating as:
%RecoveryS = (BiomassS × %NS / 100 × APES / 100) / (WeightT × %
NT/ 100 × APET / 100) × 100.
Recovery of the 15N tracer in the total plant biomass was the sum of
the 15N tracer recovered in each plant part.
Mycorrhizal colonizations in the roots of D. dichotoma were measured by the method of McGonigle et al. (1990). The percentages of
roots colonized by mycorrhizal hyphae, arbuscules and vesicles were

3. Results
3.1. The preference of the fern D. dichotoma for NH4+ vs. NO3−
In the excised root experiment, there was no signiﬁcant diﬀerence
354
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P = 0.347, Table 1, Fig. 2B).

Table 2
Eﬀects of earthworm (E), AMF (A) and their interaction on soil microbial biomass C
(MBC), microbial biomass N (MBN) and the ratio of MBC to MBN, which were estimated
by ANOVA or generalized linear model.
a

a

MBC

b

MBN

3.3. Soil microbial C and N pool

MBC/MBN

F (1, 16)

P

F (1, 16)

P

Wald χ (1)

P

E
A

1.023
3.632

0.325

0.00004
14.347

0.985
< 0.001

0.837
18.219

0.36

0.075

E*A

0.907

0.355

0.008

0.928

3.028

0.082

2

AMF inoculation increased the amount of soil microbial biomass N
(MBN) to 3.3 fold of that without AMF inoculation (F1, 16 = 14.347,
P < 0.001, Table 2, Fig. 3B), but the earthworms did not exert a
signiﬁcant eﬀect (F1, 16 = 0.00004, P = 0.985, Table 2, Fig. 3B). The
soil microbial biomass C (MBC) pool also tend to increase when AMF
inocula were applied, though the diﬀerences between treatments were
not signiﬁcant (F1, 16 = 3.632, P = 0.075, Table 2, Fig. 3A). Furthermore, the ratio of MBC to MBN decreased when the AMF inocula were
applied (F1, 16 = 18.219, P < 0.001, Table 2, Fig. 3C).

< 0.0001

‘ ’ indicates there was an increase when earthworms or AMF were inoculated.
‘ ’ indicates there was a reduction when earthworms or AMF were inoculated.
The P values which are smaller than 0.1 have been shown in bold.
a
indicates the variable was estimated by ANOVA.
b
indicates the variable was estimated by generalized linear model.

3.4. Plant growth and nitrogen uptake

between k value for NH4+ with or without DCD (P = 0.091, Table S1,
Fig. 1A), suggesting there was limited nitriﬁcation during the assay.
However, the k value for NH4+ uptake was much higher than that for
NO3− (P < 0.05, Table S1, Fig. 1A), indicating that the fern “prefers”
NH4+ over NO3+.
The ﬁeld experiment showed the same preference trend as did the
excised root study: 15N was taken up faster from 15NH4+ than from
15
NO3−. This was true at each sampling time (3 h and 24 h; P < 0.05,
Fig. 1B). DCD did not change the 15N uptake patterns signiﬁcantly
(P = 0.38, P = 0.79, after 3 h and 24 h, respectively).

Plant shoot, root, total biomass and shoot/root biomass ratio were
not signiﬁcantly aﬀected by earthworms, AMF, or their interactions
(Table 3). Although not signiﬁcant, AMF tended to increase coarse root
biomass (F1, 16 = 3.26, P = 0.09), interaction between earthworms and
AMF tended to increase total shoot biomass (F1, 16 = 3.073, P = 0.1,
Table 3).
AMF increased the N concentration of leaves signiﬁcantly (F1,
16 = 12.43, P = 0.003) and coarse roots at marginally signiﬁcant level
(F1, 16 = 3.99, P = 0.06, Table 4). Meanwhile, the C/N ratios of leaves
and coarse roots were decreased by AMF (F1, 16 = 14.337, P = 0.002
and F1, 16 = 5.936, P = 0.027, respectively, Table 4). In addition,
earthworm presence increased the N concentration of ﬁne roots (F1,
16 = 5.07, P = 0.04) and then decreased the C/N ratio signiﬁcantly (F1,
16 = 5.224, P = 0.039, Table 4). Although not signiﬁcant, interaction
between AMF and earthworms tended to increase ﬁne roots N concentration (F1, 16 = 4.083, P = 0.06) and decreased their C/N ratio (F1,
16 = 3.387, P = 0.084, Table 4).
Two-way ANOVA results showed that AMF signiﬁcantly aﬀected the
N amount in shoots (F1,16 = 6.547, P = 0.021) and in total plant
biomass (F1,16 = 7.022, P = 0.017). Although not signiﬁcant, interaction between AMF and earthworms tended to increase it in shoot (F1,
16 = 3.305, P = 0.088) and in total plant biomass (F1, 16 = 3.087,
P = 0.098, Table 5, Fig. 4A). Further, one-way ANOVA results showed
that the N amount in shoots and in total plant biomass increased only
when both AMF and earthworms were inoculated (Fig. 4A). Similarly,
the two-way ANOVA results showed that AMF signiﬁcantly aﬀected the
15
N recovery in shoots (F1,16 = 4.78, P = 0.044) and in total plant
biomass (F1,16 = 7.099, P = 0.017), while interaction between AMF
and earthworms aﬀected it in shoot signiﬁcantly (F1, 16 = 6.161,
P = 0.025) and in total plant biomass at marginally signiﬁcant level (F1,
16 = 4.417, P = 0.052, Table 5). One-way ANOVA results further
suggested that the 15N recovery in shoot and in total plant biomass

3.2. Which form of inorganic N the earthworms tends to stimulate and the
AMF tend to take up
For the microcosm experiment, the earthworm addition and AMF
inocula application treatments were successful. An average of
4.6 ± 0.45 earthworms survived in each microcosm, and individual
fresh body weight increased to 111 ± 4.7% of the initial fresh body
weight. Neither the number nor the biomass of surviving earthworms
was aﬀected by AMF (P > 0.1, Fig. S1). AMF inoculation increased the
average percentage of mycorrhizal colonization of roots (increasing
from 23% ± 0.6% without inoculation to 76% ± 0.9%). However,
earthworms, and interaction of earthworms and AMF did not aﬀect root
AMF colonization (P > 0.1, Fig. S2).
NH4+ was the predominant available N form on both sampling
dates; NO3− was generally less than one tenth of soil NH4+ concentrations (Fig. 2). Earthworms signiﬁcantly increased the concentration of soil NH4+ (F1, 16 = 18.33, P = 0.001, Table 1, Fig. 2A),
but had no signiﬁcant eﬀect on soil NO3− concentration (F1,
+
16 = 0.297, P = 0.594, Table 1, Fig. 2B). AMF decreased soil NH4
signiﬁcantly when earthworms were present (F1, 16 = 8.76, P = 0.009,
Table 1, Fig. 2A), but did not change the soil NO3− (F1, 16 = 0.94,

Fig. 3. The soil microbial biomass C, N (MBC, MBN) and MBC/MBN. Means with standard error (n = 5). Bars with diﬀerent letters vary signiﬁcantly (LSD test, P < 0.05).
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Table 3
Biomass (g) of leaf, stem, shoot (leaf + stem), coarse root, ﬁne root, root (coarse root + ﬁne root), and total plant, and shoot biomass/root biomass ratio, means with standard error
(n = 5).
Shoot
Leaf
P
2.6(0.3)
P+E
1.9(0.4)
P+A
2.5(0.5)
P+A+E
3.0(0.6)
ANOVA: full factorial, †, *
E
0.83ns
A
0.23ns
A×E
0.19ns

Root

Total biomass

Shoot/root

Stem

Total

Coarse root

Fine root

Total

2.6(0.3)
2.6(0.4)
2.4(0.3)
4.1(0.8)

5.2(0.5)
4.3(0.8)
4.9(0.6)
7.1(1.3)

4.6(0.7)
4.8(0.5)
5.0(0.2)
6.2(0.5)

9.0(0.7)
7.6(1.0)
7.5(0.9)
6.4(0.8)

13.6(1.2)
12.4(0.9)
12.5(0.7)
12.6(1.2)

18.8(1.5)
16.7(1.4)
17.5(0.6)
19.7(2.1)

0.38(0.04)
0.35(0.07)
0.41(0.07)
0.56(0.10)

0.11ns
0.21ns
0.12ns

0.78ns
0.18ns
0.100

0.17ns
0.09†
0.34ns

0.14ns
0.12ns
0.86ns

0.59ns
0.66ns
0.55ns

0.96ns
0.59ns
0.18ns

0.40ns
0.11ns
0.19ns

Levels of signiﬁcance for ANOVA: ‘†’ < 0.1; ‘∗’ < 0.05; ‘∗∗’ < 0.01; ‘ns’ not signiﬁcant.
The P values which are smaller than 0.1 have been shown in bold.

can indicate that earthworms stimulated N mineralization (Dick, 2011).
We found relatively little nitriﬁcation (Fig. 1); this is most likely explained by the soil's low pH (3.7), which is known to repress nitriﬁcation (Sahrawat, 1982; Ste-Marie and Pare, 1999). However, the soil clay
content was also high (38.5%) and we maintained the microcosms at a
relatively high moisture (at or above ﬁeld capacity); this could create
anaerobic conditions (Lavelle et al., 1987), which would suppress nitriﬁcation and stimulate denitriﬁcation, each of which would reduce
soil NO3− (Robertson, 1989). Furthermore, earthworms can either be
regarded as compacting species or decompacting species, due to their
diﬀerent inﬂuences on soil porosity (Blanchart et al., 2004, 1999;
Blouin et al., 2007); P. corethrurus is a compacting species, which could
enhance anaerobiosis (Chauvel et al., 1999). So, the combination of low
pH, high soil moisture, and the earthworm species we introduced may
all have stimulated NH4+ accumulation. An alternative mechanism that
earthworm may increase soil NH4+ accumulation was the input of N
from dead earthworms. In the present experiment, on average 3.4
earthworm individuals died per microcosm, which was equal to
18.6 mg N input (Table S2). However, a previous study showed that
only 4–7% of the N from earthworm tissues was transformed to mineral
N (Whalen et al., 1999). Meanwhile, on average earthworm addition
increased 49 and 47 mg NH4+-N per microcosm in Day16 and 46, respectively. Thus, the dead earthworms derived N may had minor eﬀects
(i.e., < 18.6 × 7%/49 ≈ 3%) on the increased NH4+ content, which
also was supported by the insigniﬁcant correlations between the
number of dead earthworms and soil NH4+-N concentration (Fig. S3).
Unexpectedly, the uninoculated fern could not beneﬁt from the increased soil NH4+ induced by the exotic earthworms. This may result
from the low accessibility of the earthworm-induced soil NH4+ -N. The
NH4+ that accumulates from the activity of the exotic earthworms may
not be evenly distributed in soil; rather it likely accumulates in ‘NH4+
hotspots,’ such as earthworm casts, which are temporally and spatially

increased only when both AMF inocula and earthworms were applied
(Fig. 4B). Earthworms alone did not aﬀect either the N amount or the
15
N recovery in plants (Table 5, Fig. 4.).
4. Discussion
In the present experiments, the eﬀects of both the earthworms and
AMF on soil inorganic N accumulation and/or uptake by the fern primarily relied on their inﬂuences on NH4+-N related processes. The
exotic earthworm P. corethrurus increased soil NH4+ concentration but
did not aﬀect that of soil NO3−. The fern preferred to take up NH4+
over NO3−, but could not eﬃciently utilize the earthworm-induced soil
NH4+ without the help of AMF. As a result of enhanced NH4+ production with earthworms and the NH4+-preference by the fern and the
associated AMF, the combination of both organisms substantially increased N-acquisition of the fern.
The excised root experiment showed that the physiological uptake
capacity of the fern D. dichotoma for NH4+ was larger than for NO3−;
the ﬁeld experiment reinforced the conclusion that D. dichotoma uses
more NH4+ than NO3− under in situ conditions. Our results thus agree
with the general pattern that plants adapted to low pH and reducing
soil conditions tend to take up NH4+ (Miller and Cramer, 2005).
Meanwhile, the earthworm P. corethrurus increased soil NH4+-N
supply considerably. The fact that earthworms increased soil NH4+ and
NO3− to diﬀerent extents has been reported previously (e.g. Blair et al.,
1997; Domínguez et al., 2004; Lubbers et al., 2011). In this study, the
dominance of NH4+ and the tendency of exotic earthworms to stimulate soil NH4+ may be explained by soil conditions and earthworm
species characteristics. First, soil NH4+ is produced by mineralization of
organic N (Booth et al., 2005), and earthworms can accelerate this
process. We detected enhanced activity of the soil enzyme β-N-acetylglucosaminidase by the exotic earthworms (unpublished data), which

Table 4
N concentration and C/N ratio of leaf, stem, coarse root, ﬁne root, means with standard error (n = 5). Diﬀerent letters means that the diﬀerence of the means between treatments was
signiﬁcant (LSD test, P < 0.05).
Treatment

N concentration (%)
Leaf

P
1.21(0.06)a
P+E
1.14(0.02)a
P+A
1.40(0.06)b
P+A+E
1.33(0.05)b
ANOVA: full factorial, †, *, **
E
0.22ns
A
0.003**
A×E
0.99ns

C/N
Stem

Coarse root

Fine root

Leaf

Stem

Coarse root

Fine root

0.26(0.05)a
0.32(0.09)a
0.35(0.08)a
0.31(0.04)a

0.52(0.02)a
0.56(0.05)a
0.64(0.04)a
0.61(0.03)a

0.38(0.02)a
0.39(0.02)a
0.37(0.02)a
0.45(0.02)b

40(2.2)ab
42(0.8)a
34(1.4)c
36(1.5)b

200(30.4)a
190(37.5)a
156(24.2)a
166(21.0)a

105(6.9)a
94(9.1)b
82(5.5)b
85(4.3)b

128(5.8)a
125(5.5)a
132(6.4)a
109(4.7)b

0.94ns
0.55ns
0.49ns

0.9ns
0.06†
0.45ns

0.04*
0.17ns
0.06†

0.17ns
0.002*
0.91ns

0.99ns
0.26ns
0.74ns

0.53ns
0.027*
0.36ns

0.039*
0.17ns
0.084†

Levels of signiﬁcance for ANOVA: ‘†’ < 0.1; ‘∗’ < 0.05; ‘∗∗’ < 0.01; ‘ns’ not signiﬁcant.
The P values which are smaller than 0.1 have been shown in bold.
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Table 5
Two-way ANOVA table showing F-values for the eﬀects of earthworm (E), AMF (A) and
their interaction on amount of N and the recovery of the 15N tracer in shoot, root, and the
total plant, and shoot/root ratio, respectively.
Dependent variable
Total N amount:
Shoot

Independent variable

E
A
A×E
Root
E
A
A×E
total
E
A
A×E
shoot/root
E
A
A×E
The 15N tracer recovery:
Shoot
E
A
A×E
Root
E
A
A×E
Total
E
A
A×E
shoot/root
E
A
A×E

df

F-value

P-value

1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16

0.256
6.547
3.305
0.173
1.316
0.669
0.091
7.022
3.087
0.227
2.093
1.015

0.62
0.021
0.088
0.683
0.268
0.426
0.767
0.017
0.098
0.64
0.167
0.329

1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16

2.98
4.78
6.161
0.348
2.926
1.604
1.208
7.099
4.417
0.044
0.136
0.999

0.104
0.044
0.025
0.564
0.106
0.223
0.288
0.017
0.052
0.837
0.717
0.332

Fig. 4. The total amount of N and 15N tracer recovery in the shoot, root, and the total
biomass of the plant, and the shoot/root ratio. Means with standard error (n = 5). Bars
with diﬀerent letters vary signiﬁcantly (LSD test, P < 0.05).

transferred to the host plant was controlled by soil NH4+ supply.
Furthermore, given that AMF may require a lot of N to support their
growth and activity (Corrêa et al., 2015), thus, AMF may compete with
their plant hosts for N (Eisenhauer et al., 2009; Wurst et al., 2004),
especially when soil NH4+ supply is low. Disturbance or feeding on
fungi mycelia and spores by earthworms did not aﬀect root AMF colonization, thus this eﬀect of earthworms may have had minimal inﬂuence on AMF mediated plant N-uptake. Although earthworms may
selectively feed on fungal mycelia in some case (Bonkowski et al.,
2000), the exotic earthworm P. corethrurus may not do this due to its
geophagous feeding behavior.
Individually, the AMF and the exotic earthworms each had minor
impacts on plant N uptake. Acting together, however, they stimulated
plant N-uptake substantially. The mechanism that N forms mediate
earthworm-AMF interaction on plant N uptake could be a general mechanism for explaining other soil fauna-AMF interactions on plant N
uptake. In plantations that dominated by the fern D. dichotoma and the
exotic earthworm P. corethrurus, the application of the AMF inocula
may enhance plant N uptake, while reducing the risk of N loss caused
by the invasion of the exotic earthworms.

The P values which are smaller than 0.1 have been shown in bold.

variable (Lavelle et al., 1992). Such heterogeneity may be driven particularly by endogeic earthworms such as P. corethrurus because they
feed on soil organic matter and dig impermanent burrows (Lavelle,
1988). N mineralization in soil microsites can profoundly inﬂuence N
cycling in the whole soil (Schimel and Bennett, 2004). The roots of the
fern may fail to respond rapidly enough to forage N in hotspots, such as
those created by burrowing earthworms. This might explain why the
exotic earthworms did not increase plant N uptake in treatments
without AMF inoculation.
However, the earthworm induced soil NH4+-N can be utilized efﬁciently by the fern with AMF inoculation. AMF was reported to prefer
NH4+ over NO3− (Cheng et al., 2012; Jin et al., 2005; Toussaint et al.,
2004) and can transport N to host plants (Fellbaum et al., 2012). AMF
hyphae are at least three orders of magnitude thinner than roots (Smith
and Read, 2010), can extend more than 10 cm beyond the root surface
(Cavagnaro et al., 2015, 2005), and have short lifespans (5–7 days;
Treseder and Allen, 2000); this allows AMF to colonize hotspots quickly
and extensively. In the present experiment, AMF inoculation decreased
soil NH4+ (sampled at Day 46) by 34 mg N kg−1 dw soil when earthworms were present. Moreover, AMF inoculation also increased microbial biomass N by 11 mg N kg−1 dw soil (16.5 mg N per microcosm),
and reduced the ratio of microbial biomass C/N. Although the initially
introduced AMF inocula may theoretically contributes to the increased
MBN, however, our present data partially indicated that the initial N
input from AMF inocula was not the main source. Assuming that all the
increased MBC induced by AMF inoculation (54 mg) was derived from
the AMF inocula, then the associated input of MBN was 5.4 mg per
microcosm (C:N of the AMF R. intraradices was 10:1 according to Larsen
et al., 2008). Therefore, we considered that at least the extra 11 mg
increased MBN per microcosm may primarily result from the increased
uptake of NH4+-N rather than from the added biomass N of AMF spores
and hyphae.
Note that AMF increased plant total N uptake only when soil NH4+
concentration was increased by the exotic earthworms. AMF alone increased N concentrations in plant leaves and coarse roots, but did not
aﬀect total plant N uptake. This implies that the amount of N
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