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Abstract: Earthworms are highly active in Southeast Asian paddy fields, yet their activity
is challenging to measure in flooded soils. Therefore, this study investigates the influence
of the subaquatic earthworm Glyphidrilus papillatus (Michaelsen, 1896) on soil properties
and rice (Oryza sativa L.) physiology in Northern Vietnam, specifically focusing on rice
cultivation at three distinct water levels: 5 cm above the soil surface (HIGH), at the soil level
(ZERO), and 5 cm below the soil surface (LOW). Our findings indicate that water levels
significantly affect earthworm activity, with the lowest activity observed at the shallowest
water depth, as evidenced by reduced pore production in the soil and fewer casts on the
surface. While earthworms are typically associated with enhanced soil fertility, this study
did not confirm this relationship. Consequently, despite the substantial reorganization of
soil structure, no significant interactions were found between earthworm presence and
rice biomass, physiological parameters (such as leaf stomatal conductance to water vapor,
chlorophyll content, and maximum quantum yield of PSII), or overall yield. In conclusion,
this research highlights the critical role of the water level in influencing both earthworm
activity and rice development. It underscores the necessity of considering additional
ecological factors, such as carbon dynamics, greenhouse gas emissions, and plant resilience
to environmental stressors.

Keywords: Glyphidrilus papillatus; soil-saturated conditions; bioturbation; porosity; nutrient
cycling; rice physiology

1. Introduction

Rice (Oryza sativa L.) is a vital staple food crop in Southeast Asia, where it contributes to
the food security of the population, as well as rural livelihoods and national economies [1,2].
However, the increasing demand for higher rice yields is often met through agricultural
intensification that involves the use of increasing amounts of fertilizers and pesticides
and emits growing quantities of greenhouse gas. This can lead to severe environmental
and societal consequences, including the degradation of soil and water quality, the loss of
biodiversity, and ultimately, the jeopardization of farmers’ livelihoods [3-6]. In this context,
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the development of sustainable agro-ecological practices, rooted in the ecosystem services
provided by biodiversity, presents a critical challenge for rice cultivation in Southeast Asia.

Soil biodiversity is crucial for sustainable agricultural practices, as it significantly
enhances soil health, fertility, and resilience [7]. Among the diverse soil organisms, those
classified within the soil engineering group [8,9] play essential roles in regulating soil
structure, water dynamics, nutrient cycling, and organic matter decomposition. Agricul-
tural practices that foster the activity of these organisms are often associated with more
sustainable crop yields, reduced reliance on chemical inputs, and minimized environmen-
tal impact. The beneficial effects of earthworms on soil fertility, plant development, and
productivity are well documented in temperate and tropical environments [10-12]. In ter-
restrial ecosystems, earthworms contribute to plant growth through various mechanisms,
including nematode feeding, alterations in soil structure, mineralization of soil organic
matter, or the production of hormone-like substances by associated microbes [13,14]. While
“casthills” (sensu Choosai et al. [15]) are conspicuous features of many paddy fields in Asia,
research focusing on these habitats remains limited [15,16]. These small tower-shaped
casts are produced by a diversity of species, mostly from the Glyphidrilus and Drawida
genera [17-19]. In natural environments, these tropical species live in the mud, in swamps
and marshes. They can also be observed along the shoreline in proximity to the freshwater,
as well as below several cm of water [20-22]. In paddy fields, they excrete surface casts
that tend to accumulate at the base of tillers. These earthworm species are considered
to inhabit the rhizosphere zone of paddy plants under submerged conditions [17], with
positive [15,17], neutral [23], and sometimes negative impacts on rice production [24-26].

The ecology of sub-aquatic species inhabiting paddy fields is not well understood,
primarily due to the limited visibility of their activities, which are most noticeable at the
onset of the rainy season when the soil is exposed and covered by a thin layer of water.
Earthworm activity is also conspicuous at the end of the rainy season, when casthills at the
base of rice stems are clearly visible [15]. This seasonal pattern and the challenges associated
with the observation of earthworms in flooded cultivated plots hinder our understanding
of their functional impacts within paddy fields. In particular, basic questions such as
how water influences earthworms impacts on soil properties and rice productivity remain
unanswered even though it has been established that both earthworm activity and ecology
depend on the availability of water [27]. This question is of great importance in Southeast
Asia, and particularly in the Red River delta, in Vietham, where the agricultural sector
is experiencing increasing periods of water shortage or flooding leading to reduction
in productivity [28].

Consequently, the objective of this study was to investigate the influence of water
level on earthworm bioturbation and its subsequent effects on soil properties and rice
productivity. We hypothesized that optimal water levels near the soil surface, akin to
conditions observed at the onset of the rainy season when earthworm activity is typically
heightened, would create the most favorable environment for earthworms. This, in turn,
would enhance soil fertility and boost rice productivity. Conversely, we hypothesized that
both water scarcity and an excessive level of water hinder earthworm activity, thereby
limiting their positive impact on soil fertility and rice yields.

2. Materials and Methods
2.1. Soil Properties and Earthworm Model

The soil used in this study was collected from the first 10 cm of the soil layer in paddy
fields located in Van Con village, in the Red River delta in Northern Vietnam (20°59'03” N

105°41'09” E). The soil was air-dried for one month to eliminate earthworms. The study site
area is covered by fluvial sediments, and soils are described as dytric and eutric fluvisols [29,30].
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Clay mineralogy is dominated by illite and kaolinite (>55% of the soil mineral composition) [31].
The annual rainfall precipitation is greater than 1600 mm year~!, of which 80-85% occurs
from April to October. The air humidity is always high, between 75% and 100%. The mean
daily temperature varies from 15 °C to 25 °C. In this environment, earthworm populations are
dominated by Glyphidrilus papillatus (Almidae family, [32]). Individuals belonging to this species
were hand-sorted in paddy field in April 2023, when paddy fields started to be partially flooded.

2.2. Experimental Design

The experiment was carried out in a greenhouse at the Soil and Fertilizer Institute
(average T°C ~20 °C, humidity ~80%). The experiment was set up in 7.8 L polyvinyl
chloride (PVC) cylinders (20 cm & x 25 cm high), each filled with 20 cm of soil (~5 kg
dry soil) until reaching a bulk density of ~0.78 g cm 3. The upper half of soil (10 cm) was
mixed with buffalo dung (Nota1 = 0.72%; P (P205) = 1.39%, and K (K;0) = 1.19%, 16 g per
cylinder, ~5 tons ha™1). The cylinders were submerged in larger (30 cm & x 29 cm high)
buckets containing water. Cylinders had holes in their sides to allow water transfer between
the bucket and cylinder. The inside of the cylinders was lined with nylon cloth (mesh
size ~200 um) to prevent soil loss and earthworm exit. Rice (Oryza sativa L.) was sown
directly in the cylinders (three plants per cylinder) in the absence or presence of earthworms
(10 individuals, including 5 adults and 5 subadults, with a fresh weight of ~4.65 g per cylin-
der, on average), for 3 months (July—September 2023). An additional treatment consisted
of the comparison of three water levels in the cylinders: (i) water level 5 cm above the
soil surface throughout the experiment (HIGH), (ii) water level at the soil surface (ZERO),
and (iii) water level 5 cm below the soil surface (LOW). Water in the buckets was replaced
weekly to prevent algal growth. The number of replicates was 5 for each treatment.

2.3. Earthworm Development and Bioturbation Activity

At the end of the experiment, earthworms were hand-sorted, counted, and weighted
(total fresh weight). Bioturbation was assessed by the amount of casts on the soil surface
and by soil porosity. All the aboveground casts were collected, oven-dried at 40 °C for
two days, and weighted. In parallel, the soil porosity of the LOW, ZERO, and HIGH soil
columns was assessed by X-ray-computed tomography, using a medical scanner (Siemens
Siemens Healthineers, Erlangen, Germany) at Medlatec Hospital (Hanoi, Vietnam) [33,34].
The scanner settings were 140 kV and 50 mA, and the acquired images were in DICOM
format (16-bit, 512 x 512 pixels). Resolutions were 0.60 mm in the vertical direction and
0.45 mm in the horizontal direction. Image processing and analysis were performed with
Avizo software, version 2024.2 (https:/ /www.thermofisher.com, accessed on 1 December
2024). Images were rendered isotropic with a pixel size of 0.45 mm. A volume of interest
was selected beneath surface casts and several millimeters away from the edge of the PVC
cylinder. Anisotropic diffusion and SNN filters were applied to accentuate differences
between the pores (dark grey), organic matter fragments (medium grey), and the soil
matrix (light grey). After filtering, segmentation of the three phases was performed in 3D
using the Auto Thresholding tool (Auto Threshold Three phase, Criterion = Factorization)
(see Supplementary File). Only pores superior to 300 voxels, equivalent to 27 mm?, were
selected. The global thresholding “Otsu” method [35] was selected because it effectively
separated the imaged pores from the soil matrix and organic fragments. The pore volume
was expressed as a percentage (pore volume/volume of interest x 100). Additionally,
the percentage of the pore volume fraction located in the first 10 cm of the soil cylinder
was calculated.
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2.4. Rice Development and Yield

At the end of the experiment, the aboveground rice biomass (straws and grains) was
collected 3 cm above the soil surface, and oven-dried at 40 °C for two days. The number
of tillers and the number of tillers with grains were counted, while the average weight of
50 grains was measured from five randomly chosen tillers per cylinder. For each plant,
the maximum height of the plant and collar height of the youngest leaf were measured
at different time points. However, since differences in growth development were not
observed, only the final values were presented in this study. Rice yield was measured as
the total weight of kernels per plant. During the experiment, the stomatal conductance to
water vapor (gs), chlorophyll content, and maximal quantum yield of PSII (F, /Fm) were
measured on fully developed leaves 77 and 82 days after sowing (DAS), respectively, and
at 68 DAS, only for chlorophyll content and Fy /F. Measurements were made on one leaf
of each of the three plants present in each cylinder and values were averaged. Stomatal
conductance was measured on the abaxial leaf surface, using an SC-1 leaf porometer
(Decagon, Pullman, WA, USA), at ambient temperature and light conditions [35]. Leaf
chlorophyll content was quantified using a SPAD device (Konica Minolta, Tokyo, Japan)
and expressed as SPAD units [36]. Maximal quantum yield of PSII [37] was measured with
a HandyPEA fluorometer (Hansatech, Pentney, UK) on leaves that were dark acclimated for
at least 30 min, using Dark Adaptation Clips (Hansatech, Pentney, UK). After measurement
of the minimum fluorescence in the dark-adapted state (Fy), a short strong pulse of red
light was applied to obtain the maximal fluorescence (F,). Maximal quantum yield of PSII
was calculated using the equation Fy /Fy, = (Fm — Fg)/Fm. All the measurements were
made following the manufacturer’s instructions.

2.5. Soil Analyses

Soil physical and chemical properties were measured from samples from LOW and HIGH
treatments and compared to the treatments without (control) or with earthworms. In the treatments
with earthworms, aboveground casts were sampled and compared to the surrounding soil without
visible casts (topsoil, 0-3cm depth). Soil samples were air-dried for four days. Particle size distribu-
tion was determined in water, after removal of soil organic matter with hydrogen peroxide (H,O»).
Complete dispersion was achieved with Calgon (i.e., a combination of Na-hexametaphosphate
and sodium carbonate) and shaken for 16 h [38]. Three particle size classes were considered: clay
(<2 pm), silt (2-50 um), and sand (50-2000 pm). Soil pH was determined using water and 1 M
KCl in a soil /water suspension (soil:solution = 1:5, w/v) (ISO 10390: 2021). The organic carbon
(C) was measured using the Walkley and Black wet oxidation method [39]. The total N contents
was determined using the Kjeldahl digestion method, with titanium dioxide (TiO) as the catalyst
(ISO 11261:1995). The available N (N mineral: ammonium and nitrate) was extracted with 1M KCl
(soil:solution = 20:40, w/v) and measured using the steam distillation method with Devarda’s alloy.
The availability in P was measured using a modified P-Olsen-based method [40]. The available K
was extracted with IM NH4OAc at pH = 7 (soil:solution = 1:10, w/v) [41] and measured by Atomic
Absorption Spectroscopy (AAS; Perkin Elmer A Analyst 200). Phytoliths were estimated using the
1% NapCOs3 method outlined by DeMaster [42] (detailed protocols described by Nguyen et al. [31]).
The plant-available Si was estimated using 0.5 M acetic acid (Sipjoac) (soil:solution = 1:10, w/v, 1 h
shaking [43] or 0.01 M CaCl, (Sic,cr) (soil:solution = 1:20, w/v, 16 h shaking [44] or HyO (Sitp0)
(soil:solution = 1:10, w/v, 4 h shaking [45]).

2.6. Statistical Analyses

With the exception of variables describing rice physiology, data were balanced (equal
number of observations for each factor). Homoscedasticity and the normal distribution of
residues were tested using the Levene and Shapiro-Wilk tests. One- or two-way ANOVA
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was used to look at differences in earthworm development and biostructure formation, soil
properties, and rice biomass and production, with the water level and earthworm biomass
measured at the end of the experiment as dependent variables. The LSD test was performed
to assess differences between treatment means. Pairwise comparisons were made with
the Wilcoxon test with a false discovery rate correction when ANOVA assumptions were
not met. For variables regularly measured during the experiment and describing rice
physiology, a linear mixed effect model was implemented with plant physiology as a
function of earthworm presence and watering treatment (LOW, ZERO and HIGH) and
date (68, 77, and 82 DAS) as fixed effects, including all the interactions among these factors.
To account for potential variation between pots, we included pot number as a random
effect, allowing each pot to have its own baseline value (random intercept). Since the data
were unbalanced, a mixed-effect model was analyzed through a type I Wald x> ANOVA
test. Differences among treatments were declared significant at the p < 0.05 probability
level. All statistical analyses and visualizations were carried out with R version 4.3.1
(https:/ /www.r-project.org/; access on 12 May 2025) with the packages car [46] nmle [47]
and ggplot2 [48].

3. Results
3.1. Development of Earthworms and Bioturbation

Table 1 displays the impact of the water level on earthworm abundance and biomass at
the end of the experiment. Significantly fewer earthworms (Kruskal-Wallis test, p-value = 0.015)
and a lower earthworm biomass (F3 15 = 10.97, p-value < 0.001) were observed when the water
level was below the soil surface (p-values > 0.05 between ZERO and HIGH).

Table 1. Average values and standard deviation (n = 5) of earthworm number and biomass
(g) for each treatment at the end of the experiment (LOW, water level below the soil surface; ZERO,
water level at the soil surface; and HIGH, water level above soil surface). Different letters indicate
significant differences between groups (p-values < 0.05).

Earthworm Number Earthworm Biomass

(g
LOW 8.2 (1.3) 4.3 (0.9)
ZERO 10.0 2 (0.0) 6.12(0.1)
HIGH 10.22 (0.4) 7.1 (1.0)

Similarly, soil porosity was significantly lower when the water level was below the
soil surface (Fp 11 = 9.60, p-value = 0.004) (Table 2). The excavation of soil, in the form of
casts, accumulated mostly along the wall of PVC cylinders, almost reaching the top of the
cylinder in the case of ZERO and HIGH treatments (Figure 1). Conversely, hardly any
casthills were observed along the rice stem in the center of the cylinder. Moreover, pores
were mostly located in the lower part of the column for LOW (F; 11 = 28.55, p-value < 0.001),
while ZERO and HIGH treatments were characterized by a higher proportion of pores near
the soil surface (Figure 1).
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Table 2. Average values and standard deviation (n = 5) of the percentage of pores localized in the
upper part of the soil cylinders (i.e., first 10 cm), total volume percentage of pores from the entire
soil column scan, and surface casts’ weight for each treatment (LOW, water level below the soil
surface; ZERO, water level at the level of the soil surface; and HIGH, water level above the soil
surface) at the end of the experiment. Different letters indicate significant differences between groups
(p-values < 0.05).

Pores .
Upper Part of the Cylinder Total E’orosﬁy Surface Casts
o (%) (g)
(%)
LOW 25.99 b (7.54) 4.08°(0.77) 227.61 P (85.50)
ZERO 63.94 2 (18.34) 6.09 2 (0.93) 674.312 (134.64)
HIGH 80.04 2 (7.68) 6.352 (0.95) 835.01 2 (447.47)

LOW

ZERO

HIGH

Figure 1. CT scan of the whole column describing burrow systems made by Glyphidrilus papillatus
when the water level was 5 cm below the soil surface (LOW), at the level of the soil surface (ZERO),
and 5 cm above the soil surface (HIGH). Note that casts were accumulated along the wall of the PVC
cylinder, and not at the base of the rice stem, as usually observed in the field. Different pore colors
indicate unconnected individual pores.

3.2. Effect of Water Level and Earthworms on Rice Development and Productivity

The presence of earthworms did not influence the yield or aboveground biomass of
plants (Table 3). On the other hand, both parameters were significantly impacted by the water
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level. Grain production and rice aboveground biomass were higher when the water level was
above the soil surface in comparison with the LOW treatment (p-values < 0.05). Intermediate
values were measured for the ZERO treatment (p > 0.05 between both) (Figure 2a,b).

Table 3. Results of the two-way ANOVA (F and p-values) testing the effects of the water level and
earthworm biomass on rice height, leaf collar height, the weight of grains and the aboveground
biomass of rice plants, the number of tillers, and the 50-kernel weight. Significant values are high-
lighted in bold characters.

. . Leaf Collar Grain . . Tiller 50-Kernel
Rice Height Height Biomass Rice Biomass Number Weight
Water Fyy3=148 Fr23=0.14 Fp04=3.65 Fr03=3.64 Fy23=1.65 Fro3=121
p=0.248 p=0.871 p =0.042 p =0.042 p=0215 p=0.317
Fi123=1.0 F123=0.69 Fi124=125 Fi123=1.25 F123=0.11 F123=0.05
Earthworms p=0.750 p=0416 p=0.274 p=0.274 p=0.745 p=0.821
Water x F2/23 =0.39 F2’23 =0.12 F2/24 =0.02 F3’31 =0.02 F3/31 =0.02 F3/31 =0.67
Earthworms p =0.683 p=0.890 p=0.980 p=0.980 p=0.981 p=0.519
(a) ab a
. T a
30 b ab
G -
P b 7
@
kel
o]
©
c
@
o
o
O | - - -
a
ab a T
1 ——
9 40
172}
w
@
S
L
AL
@
S
o
0 - - - - - -
LOW ZERO HIGH

Figure 2. The rice-kernel (a) and aboveground plant (b) biomass (in g) when the water level was 5 cm
below the soil surface (LOW), at the level of the soil surface (ZERO), and 5 cm above the soil surface
(HIGH), in the absence (grey) or presence (black) of earthworms. Histograms with different letters
are significantly different at p < 0.05 (n = 10).

All the tillers produced grains, independently of the treatments. The average weight of
50 grains, the number of tillers, rice height, and leaf collar height were not influenced by either
of the treatments. During the experiment, plant physiological parameters (stomatal conductance
(gs), chlorophyll content and Fy /Fp,) significantly decreased (p-value < 0.001) between 68 and
82 DAS (Table 4). Water level alone significantly impacted gs (p-value = 0.015) but not the
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presence of earthworms (p-value = 0.863). However, both treatments interacted significantly on
gs (p-value = 0.042). Neither the water level nor the presence of earthworms affected the other
plant physiological parameters (chlorophyll content and F, /Fp) (p-value > 0.05).

Table 4. Influence of water level (LOW, ZERO, and HIGH) and the presence of earthworms (+EW)
or not (—EW) on plant physiological parameters at 68, 77, and 82 days after sowing (DAS). Values
show the mean (+SE) and different letters indicate significant differences between treatments for
the same day (Tukey HSD post hoc test, p-value < 0.05). Results of the three-way ANOVA (Type
1T Wald x? tests) testing the effects of the water level, the presence of earthworms, time, and the
interaction between water level and earthworms are shown in the right part of the table. Wald x>

(W(a)) values and parameter significance are shown. Significant results are highlighted in bold. n.d.,
non determined.

Time
68 DAS 77 DAS 82 DAS Source of Deviance
—EW +EW —EW +EW —EW +EW Water Earthworms E Water x Time
arthworms
Stomatal LOW nd. nd. 229 (18.9) @ 306.1 (37.1) 2P 134.5 (24.2) @ 189.5 (27.6) 3P Wiy =839 W) =003 Wiy =635 W) =381
c(‘xi‘if]“““ce ZERO nd. nd. 28714143 2877(66.6)2P 16932552 1806 (36.5) P ,,(=) 0.015 }7(:) 0.863 P( 2 0.042 p( 2) 0.001
Ty H20 HIGH nd. nd. 3932(386)P 34135063  2365(127)P  167.1(202)2b
Chiorophyll LoW 41(1.3)2 407 (1.1)2 385(11)2 383 (1.5)2 35.0 (1.4) @ 369 (1.7)2 Woon = 068 W =259 Woon =058 Woon =522
content ZERO 416 (22)2 42.8(0.6)2 39.2(1.5)@ 38.2(0.8) 2 33.3(1.7)2 38.5(1.7) 2 @=" == @ =™ (2) = >~
(SPAD units) HIGH 414212 408 (07)2 35.7(1.5)@ 39.6 (1.1) 2 34.2(1.6)2 367 (2.1)2 p=0712 p=0.107 p=0748 p <0.001
LOW 0.79 (0.01)2 0.81 (0.01) 2 0.79 (0.01)2 0.78 (0.01)2 075 (0.03) 2 0.68 (0.08) @ W =192 W =073 Wi =218 Wi 306
Fv/Fm ZERO 0.78 (0.01) @ 0.8 (0.01) 2 0.75 (0.01) @ 0.79 (0.01) @ 0.70 (0.04) @ 0.73 (0.05) @ @@= =" @ == (2) ==
HIGH 081 (0) 2 0.81(0.01) 3 0.80 (0.01) 0.80 (0.01) @ 0.70 (0.04) @ 077 (0.02) @ p=0382 p=039% p=0337 p<0.001
3.3. Effect on Soil Properties
At the end of the experiment, the control soils without earthworms (—EW LOW vs.
—EW HIGH) were very similar, with the exception of the contents in K, Sipppo, and Sic,cpp
that were significantly more important in LOW than in HIGH (Table 5). In the presence
of earthworms (+EW), casts had similar properties than the surrounding soil, with the
exception of the K content that was higher in casts than in the surrounding soil, although
the difference was significant only in LOW. No significant difference in soil properties
was measured between —EW and the surrounding non-cast soil from the +EW treatment.
In contrast, clear differences were found between earthworm casts and the —EW soil.
While casts had the same clay and sand contents as the -EW soil, casts were impoverished
in silt in LOW, while they were enriched in silt in HIGH. Casts were also enriched in
K in comparison with the —EW for LOW. Soil pHp0 was higher in casts than in —EW
for HIGH.
Table 5. Influence of water level (LOW vs. HIGH) and the presence of earthworms (+EW, comparison
between earthworm casts and the surrounding soil), or not (—EW), on soil properties (pHio, pPHkcl,
percentage of clay, silt and sand, and the contents in C and N, Nmin (NH4* and NO3 ™), K and P, and
Si availability (Sitpo, Sicaciz, Sitoac), and phytoliths). Bold p-values and different letters indicate
significant differences between treatments (p < 0.05). *** < 0.001, * < 0.05.
LOW HIGH
+EW +EW p-Values
—EW —EW
Soil Cast Soil Cast
PHE0 6.043P (0.16) 6.182 (0.07) 6.212 (0.34) 596 (0.07) 5.99ab (0.10) 6.20 (0.10) 0.017 *
pHy 531b¢ (0.10) 5,54 b¢ (0,05) 5493 (0.30) 5.26 € (0.06) 5.26 € (0.12) 5.41.3b¢ (0,08) 0.023 *
Clay (%) 24.59 (2.33) 25.24 (1.11) 27.00 (3.03) 27.08 (0.47) 25.40 (2.96) 25.40 (1.49) 0.123
Silt (%) 55.99 b (1.87) 54.17 b¢ (1.45) 51.84 € (3.24) 54.20 b€ (0.95) 54,58 2b (0.74) 56.94 (2.84) 0.014*
Sand (%) 19.42 (0.58) 20.59 (1.96) 21.15 (2.83) 18.72 (1.13) 20.02 (1.74) 19.32(0.32) 0.243
Cgkg™1) 15.24 (0.52) 15.44 (1.09) 15.62 (0.48) 14.98 (0.52) 15.46 (0.89) 15.64 (0.48) 0.681
N(gkg™1) 2.26 (0.05) 236 (0.23) 2.27 (0.07) 2.30 (0.10) 2.30 (0.08) 2.28 (0.07) 0.960
Nmin (mg kg’l) 671.2 (60.0) 687.2 (94.5) 658.4 (106.8) 726.4 (158.0) 752.0 (155.8) 696.0 (116.9) 0.828
K (mgkg~1) 64.4b (93) 59.2b¢ (6.4) 82.82 (10.3) 55.6 € (2.5) 55.4°C(32) 63.8P¢ (5.4) <0.001 ***
P (mgkg~1) 126.45 (27.8) 106.7 (17.6) 945 (36.3) 134.4 (17.5) 89.6 (15.7) 106.5 (34.1) 0.080
Sifpo (mg kg~ 1) 59.62 3 (6.58) 62.90 3P (6.62) 65.76 2 (5.07) 52.09 € (2.23) 51.11 € (3.80) 57.05b¢ (4.11) <0.001 ***
Sicacr (mgkg™ 1) 53.99 abC (6.65) 55.02 3P (9.41) 59.39 2 (4.54) 46,034 (2.11) 4697 <4 (2.76) 51.00 bed (3.72) 0.013 *
Sitj0nc (Mg kg™ 1) 95.93 (13.01) 88.13 (11.31) 88.89 (4.94) 74.33 (6.37) 85.76 (13.02) 87.05 (6.04) 0.0515
Phytoliths (mg SiOy -
ka1 1.956 (0.255) 2,003 (0.492) 2.544 (0.900) 2.159 (0.791) 2257 (0.394) 2.083 (0.545) 0.683
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4. Discussion
4.1. Effect of Water Level on Earthworm Activity

Along with species from the Drawida genus, Glyphidrilus spp. are commonly observed
in paddy fields in Asia [27,30,49]. While flooding events are considered as adverse periods
limiting the activity of macrofauna such as earthworms [50,51], and consequently their
effects as ecosystem engineers, we confirmed that water is necessary to the activity of
Glyphidrilus papillatus. Indeed, we found that the highest production of surface casts and
the highest volume of pores, mainly galleries found close to the surface, were observed
when the water level was the highest. As suggested by Choosai et al. [15], high earthworm
activity during flooding questions the necessity for earthworms to be, at least temporarily,
as close as possible to the surface of the water. This strategy might increase the redox
potential of their habitat, i.e., increase the availability of O, content to earthworms and to
their associated microorganisms [52]. In the field, the accumulation of casts at the base of
rice stems is usually explained by both the tendency for earthworms to aggregate [53] and
the favorable trophic and abiotic properties in the rhizosphere. Indeed, earthworms can feed
on a diversity of resources (i.e., roots, root exudates, dead tissues, microbial populations) in
this functional domain [54]. The higher O, content in the vicinity of rice roots [55,56] can
also be favorable for earthworm development. However, our experiment conducted in a
controlled environment showed that earthworm casts did not accumulate along rice clumps
but rather along the wall of the PVC cylinder. Furthermore, bioturbation was observed
throughout the entire soil column, rather than being limited to the rhizosphere beneath the
rice clumps. This suggests that the accumulation of earthworm casts around rice clumps
in field conditions may be more closely linked to the mechanical support offered by the
clumps than to any habitat-specific effects of the rice plants.

Differences in bioturbation activity seemed to coincide with variations in earthworm
development. The earthworm population remained constant with ~10 individuals per
cylinder, while their biomass increased in the ZERO and HIGH treatments. Conversely,
a reduction in earthworm individuals, and thus in earthworm biomass, was measured
in LOW. These changes are weaker than those observed by Dhar and Chaudhuri [17],
who reported a 2- to 3-fold increase in earthworm population (from 10 to approximately
25-30 individuals per pot) and a substantial production of juveniles under similar experi-
mental treatments. This difference suggests that the high levels of bioturbation observed
in our experiment likely indicates that our design offered an environment favorable to
earthworm development in the ZERO and HIGH treatments, while water limitation in
LOW reduced their development and survival rate. Therefore, our study underscores this
critical need for G. papillatus to inhabit soil saturated with water, and we confirmed the
findings of Sobhana and Nair [27], who considered that the breeding and development of
G. papillatus are highly dependent on the availability of water in the surface soil layers.

4.2. Effect of Glyphidrilus sp. on Soil Properties and Rice Growth

While our study confirmed the importance of the water level on rice productivity [57],
the most striking findings of this study were that earthworms had a very limited effect
on soil properties and that they did not impact rice growth and yield. Such observations
were comforted by the weak impact of earthworms on plant physiology. Only stomatal
conductance was significantly impacted by water level and earthworms, suggesting a
modulation of water availability [58] by earthworms. This effect could be related to a
homogenization of soil water distribution [59,60] through bioturbation as suggested by
the fact that in the absence of earthworms, stomatal conductance was negatively impacted
by the decrease in water level while this effect was no longer visible in the presence of
earthworms. The other physiological parameters (chlorophyll content and F, /Fy,) were
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not significantly influenced by water levels or earthworm presence. This is in accordance
with the fact that these parameters are involved in long-term response in comparison to
the stomatal conductance [61]. Overall, the strong decrease in all parameters observed
between 68 and 82 days after sowing is likely due to leaf natural senescence since flowering
occurred at 52 days [62].

The positive impact of earthworms in paddy fields is usually discussed through the
production of casts that are enriched in organic matter, nutrients (N mineral, P and K) [17,63,64],
or silicon [30] in comparison with the soil non-impacted by earthworms. While we confirmed
the higher amount of K in earthworm casts in LOW, we did not measure higher amounts of
C, N, and available P in casts. Several studies have demonstrated the beneficial impact of Si
availability on rice production and resistance to environmental hazards [65]. Since Si might
be exported from fields by removing straw residues with the harvest [66], a higher amount
of available Si in earthworm casts could have positive effects on rice in certain circumstances
(drought, attack by pests, etc.). However, although higher concentrations in Sifjo and Sicacrp
were measured in casts in comparison with the surrounding soil, results were non-significant,
and therefore did not allow us to confirm the positive effect of earthworms on Si availability. We
attribute these differing results to the likely fact that plants were not limited by silicon availability,
given the already high levels of silicon in the reference soil [67], as well as to the possibility that
the positive effects of earthworms on nutrient cycling were outweighed by the incorporation
of cow dung. Therefore, additional studies are required to assess whether the findings of this
study would be confirmed in a sandier soil, where nutrient and silicon limitations are more
pronounced. Finally, Dhar and Chaudhuri [17] explained the positive impact of earthworms on
rice because of the production of galleries, which act as ideal channels for root growth. While
our study confirmed the significant impact of earthworms on soil porosity through the creation
of galleries, soil bulk density was very low in our experiment (<0.8 g cm~2). Therefore, soil
compaction was probably not a problem for roots to grow. In field conditions, the dynamics may
differ, particularly due to the presence of a plough pan that restricts root growth in deeper soil
layers. In such scenarios, the existence of galleries within the plough pan could be advantageous
for rice plants, enabling them to extend their root systems into deeper soil layers and potentially
reducing their vulnerability to water limitations in the topsoil.

4.3. Concluding Remarks

This study suggests that earthworm bioturbation, including gallery formation and
cast production, is likely an adaptive response to irrigation and water levels in paddy fields,
and that it may represent a key survival strategy for earthworms in flooded environments.
Surprisingly, our study did not evidence a positive influence of earthworms on rice growth
and productivity. However, as raised by John et al. [23], the influence of earthworms on rice
systems cannot be summarized by their effects on rice growth and yield. Other ecological
functions could also be impacted by earthworms. For instance, more research is now
needed to determine if their influence on soil porosity impacts greenhouse gas emission,
rice straw residue recycling, and C sequestration, and if the presence of earthworms
improves the resistance of rice against parasites or environmental hazards in the field. This
study, therefore, advocates for a more holistic perception of the role of earthworms in order
to define more sustainable rice production in Asia.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agronomy15051245/s1. Figure S1: Workflow for image pro-
cessing and pore extraction from X-ray-computed tomography scans. From left to right: original
grayscale image, filtered image, definition of the volume of interest (VOI, shown in red), three-phase
segmentation (matrix in dark blue, pores in black, and organic fragments in light blue), and final
selection of pores larger than 300 voxels for further analysis.
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