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Soil health is supported by diverse communities of organisms, including springtails and earthworms, 
facilitating essential processes such as nutrient cycling, organic matter decomposition, and soil 
structure maintenance. Cultural control methods promoted through Integrated Pest Management 
(IPM) are often assumed to be environmentally friendly, and their potential effects on soil health have 
received limited attention. Biofumigation, a cultural tactic, utilizes cruciferous plants like Brassica 
juncea (Brassicales: Brassicaceae), or their byproducts, to control soil-borne pests, yet their impacts 
on non-target organisms remain understudied. In this greenhouse study, we evaluated the impact 
of soil biofumigation with brown mustard seed meal (BMSM) on the springtail Folsomia candida 
(Entomobryomorpha: Isotomidae) and the earthworm Eisenia fetida (Opisthopora: Lumbricidae). 
An 85% reduction in springtail populations was recorded within 1 h of BMSM application. However, 
the springtail population recovered and surpassed the number of springtails in untreated media 
after 26 days. Earthworms preferred untreated media over BMSM-treated media immediately after 
incorporation. However, earthworms reared in the biofumigated media had higher body weight and 
produced more viable cocoons compared to those reared in untreated media. The negative effects of 
biofumigation on springtails and the deterrence of earthworms appeared to be short-lived and may 
later contribute to their reproductive fitness.

Keywords  Integrated pest management (IPM), Collembola, Earthworms, Brown mustard seed meal, 
Cultural control, Soil health

Soil health is vital to sustainable agricultural production systems, supporting not only crop productivity but also 
the complex ecosystem services that maintain agroecological stability1,2. A key component of soil health is the 
diverse communities of organisms that facilitate essential processes, including organic matter decomposition, 
nutrient cycling, and soil structure maintenance3,4. Earthworms and springtails are important contributors to 
these processes and are key members of the soil ecosystem5. Earthworms serve as “ecosystem engineers”, due to 
their ability to modify existing habitats and establish new ecological niches for various organisms6. This is done 
through a combination of biological processes, including organic matter fragmentation, tunneling activities, 
waste deposition, surface feeding, and nutrient translocation7. These activities collectively contribute to improved 
soil structure, aeration, fertility, and enhanced microbial activity8. Similarly, springtails increase decomposition 
and mineralization in the soil and are an efficient tool for toxicity assessments in soil habitats9. However, some 
species are also known to become pestiferous in large numbers, and when resources become limited10,11.

The functional roles of springtails and earthworms in an ecosystem are also influenced by inter- and intra-
specific interactions within their subterranean community. For example, some springtails (i.e., F. candida) are 
reported to prefer the soil previously inhabited by the earthworms (i.e., Aporrectodea caliginosa, Savigny, 1826, 
and Lumbricus terrestris L.)12. Such interactions are also known to be species-specific; although L. terrestris 
burrows (i.e., casting tunnels) are attractive to the springtails Isotomiella minor Schaeffer and Isotoma notabilis 
Schaeffer, others, like Isotoma viridis Bourlet, Protaphorura cf. nemorata Absolon, and Lepidocyrtus lignorum 
(Fabricius, 1775) avoided the earthworms’ tunnels13. Therefore, in evaluating the impacts of agricultural and pest 
management practices on subterranean organisms’ behavior and biology, the interspecific interactions should 
also be considered.

Integrated Pest Management (IPM) promotes ecological-based control strategies and biorational use of 
pesticides according to a set of decision-making guidelines to manage pests and improve the sustainability of 
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agroecosystems14,15. Various combinations of host plant resistance, cultural, chemical, and biological approaches 
are often used during the IPM implementation process16–18.

Cultural control tactics, such as crop rotation, tillage, cover crops, planting date, harvest date, and sanitation, 
are widely used practices in conventional and organic production systems19. These tactics can provide crops with 
a competitive edge against pests, reducing the need for frequent pesticide applications. Cultural management 
methods are generally accepted as safer alternatives to synthetic pesticides20. However, some cultural practices, 
such as biofumigation, may also disrupt soil structure and other soil health parameters critical in ensuring the 
sustainability of production systems21,22.

Soil biofumigation is a practice that involves the soil incorporation of cruciferous plants (plants from the 
family Brassicaceae) as fresh plant material, also known as green manure, or their byproducts (i.e., seed meal), 
to control soil-borne pests and promote soil health by supplying nutrients23. Cruciferous cover crops are also 
known to improve soil organic matter and structure24, while reducing nitrogen leaching25 and soil erosion26.

The biocidal effects of some cruciferous species, such as brown mustard, Brassica juncea (L.) Czern 
(Brassicales: Brassicaceae) are due to the plant’s glucosinolate contents, which are converted to isothiocyanates 
(ITCs) upon exposure to moisture following the breakdown of plant tissues27,28. Isothiocyanates are known 
to reduce insect growth, delay development, and sometime cause mortality when exposed through contact or 
fumigation29–31. Their toxic effects are due to the depletion of glutathione (GSH)32, an antioxidant that insects 
use to neutralize harmful compounds, as well as the inhibition of detoxification enzymes such as glutathione 
S-transferases (GST) and esterases31.

These isothiocyanates can be incorporated into the soil through additions of green manure or seed meal33,34. 
Seed meal is a residual byproduct of oil extraction from cruciferous plants35, therefore, using it as a biofumigant 
is not only an effective way to recycle this organic waste, but may enhance environmental sustainability36. 
For example, a higher level of biological activity has been observed with seed meal as compared to the green 
manure, as the glucosinolates are primarily concentrated in the seed and are retained throughout processing37. 
Additionally, seed meal can be stored for a longer period with stable glucosinolates due to their low moisture 
content38. Moreover, a uniform distribution and application rate control are possible with seed meal38. These 
benefits make seed meal applications an increasingly favored management option among organic producers39,40.

Isothiocyanates vary among plant species, resulting in different degrees of efficacy against various pest 
and pathogen groups41–46. For example, yellow mustard (Sinapis alba L.) primarily contains sinalbin, which 
hydrolyzes to ionic thiocyanate (SCN¯)37, a compound with herbicidal effects47, but no efficacy against 
subterranean pests such as wireworms48. In contrast, brown mustard (B. juncea L.) contains sinigrin, which 
produces allyl isothiocyanate49, a volatile and highly bioactive compound shown to be effective against 
subterranean arthropods50 and nematodes45,51,52. While the efficacy of B. juncea and B. carinata A. has been 
demonstrated against several species of subterranean pests and pathogens34,44,53–55, no measurable suppression 
of pests has been reported for B. napus L.56–58.

The biocidal effects of isothiocyanates may also result in unintended negative effects on non-target 
subterranean organisms that contribute to soil health59,60. For instance, the effectiveness of entomopathogenic 
nematodes (e.g., Steinernema carpocapsae (Weiser), S. glaseri (Steiner), and S. riobrave (Cabanillas, Poinar & 
Raulston, 1994)) (Heterorhabditis bacteriophora (Poinar 1976), H. marelatus (Liu 1996), and H. megidis (Poinar, 
Jackson & Klein 1987)) in controlling plant parasitic nematodes was reduced when the soil was treated with 
B. juncea extract and green manure59. Similarly, soil incorporation of B. carinata Braun seed meal, while 
detrimental to Columbia root-knot nematode (Meloidogyne chitwoodi Golden, O’Bannon, Santo & Finley, 1980), 
reduced the efficacy of the entomopathogenic nematodes S. feltiae (Filipjev, 1934) and S. riobrave61. Additionally, 
biofumigation using B. oleracea L. purple sprouting broccoli and wild B. oleracea L. was found to negatively 
affect the survival and reproduction of springtails (Folsomia candida) as well as the reproduction of earthworms 
(Eisenia andrei Bouche)60. Despite these studies, the impact of biofumigation with B. juncea seed meal, which 
has a high glucosinolates concentration62, on non-target and beneficial soil organisms, such as earthworms and 
springtails, remains poorly understood and requires further investigation.

In the present study, we evaluated the potential impacts of soil biofumigation with brown mustard seed 
meal (BMSM) on the springtail F. candida (Entomobryomorpha: Isotomidae), and the earthworm E. fetida 
(Opisthopora: Lumbricidae) in the greenhouse. Specifically, we examined the initial impact of BMSM 
biofumigation on springtail survival and evaluated the recovery of the population over time. The impact of 
biofumigation was also examined on earthworm media preference, body weight, and reproduction in the 
presence or absence of springtails. Understanding the impacts of soil biofumigation on non-target organisms 
can enable the development of pest management protocols that support the sustainability of the agroecosystem 
and mitigate environmental risks.

Material and methods
Potting soil and brown mustard seed meal
Sta-Green™ potting mix (Sta-Green Inc., Mooresville, NC), formulated with composted pine bark, sphagnum 
peat moss, horticultural perlite, and ground dolomitic limestone, was used in this study. The potting mix (pH 
5.6) was sterilized at 93 °C for 1.5 h using a Pro-Grow SS-15 soil sterilizer (Pro-Grow Supply, Brookfield, WI) 
before use.

Brown mustard seed meal (B. juncea) was obtained from BuildAsSoil LLC (Montrose, CO) and applied at the 
label rate of 5.9 tons/ha, per manufacturer’s recommendation.

Biofumigation effects on springtail population
The springtail F. candida Willem was obtained from West Coast Creatures (Bellingham, WA) to establish a 
laboratory colony at the Southern Piedmont Entomology Laboratory, Blackstone, Virginia. Pint-sized glass 
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jars containing a 9:5 mixture of plaster of Paris and charcoal at the bottom as the substrate were used to rear 
the springtails63. The jars were kept out of direct sunlight at room temperature (22 °C), and baker’s yeast was 
sprinkled weekly as a food source.

The experiments were conducted using square plastic pots (10 cm L × 10 cm W × 8 cm H). Throughout the 
experiment, the greenhouse temperature was recorded at 23.9 ± 2.8  °C (mean ± se). All pots were lined with 
folded pieces of fine plastic mesh (0.2 mm) at the bottom to keep springtails from escaping. Pots were filled with 
approximately 150 g of sterilized potting mix. The moisture content and the temperature of the potting mix were 
measured using a VG-METER-200™ (Vegetronix, Inc., Riverton, UT) and a pocket dial thermometer (VEE GEE 
Scientific, Inc. Vernon Hills, IL), respectively. The average moisture and temperature of the potting mix was 
35.4 ± 0.81% (mean ± se) and 17.9 ± 0.59 °C, respectively.

One hundred milliliters of tap water was added to the surface of each pot, after which 20 springtails of same 
size (to reduce age-based variability in response) were introduced. A wet paper towel was placed on top of each 
pot to prevent the springtails from escaping; springtails tend to jump to relocate, and this approach was effective 
in containing the individuals, as confirmed in preliminary trials. The springtails were left undisturbed for 24 h as 
described by OECD guidelines 23264, to establish and habituate in the potting mix prior to biofumigation (i.e., 
brown mustard seed meal soil incorporation).

The brown mustard seed meal (BMSM)-treated treatment had 6 g of BMSM (equivalent to an application 
rate of 5.9 tons/ha) added to each pot and mixed gently using a lab spatula into the top 6–8 cm of the potted soil 
. The untreated control pots were also mixed gently to simulate similar conditions to treated pots. Each pot was 
watered on a weekly basis with 100 ml of tap water.

The experiment included a total of 140 pots divided into two groups: 70 of the pots treated with BMSM, 
and 70 untreated control pots. To determine the initial impact of BMSM application on springtail populations, 
10 pots in each of the two groups were inspected after 1 h. The remaining observations were performed at 7 
(N = 10), 12 (N = 10), 19 (N = 10), 26 (N = 10), 33 (N = 10), and 40 (N = 10) days after soil incorporation; these over 
time observations aimed to assess the recovery time of the springtail populations after BMSM biofumigation. 
Recovery time in our study is defined as the first time point at which the total springtail population in the BMSM 
treatment reaches statistically similar levels to the control treatments. This experiment was repeated twice (two 
time-blocks). The 7th day observation time was included only in the second time block.

At each observation time, the medium from each pot was gently spread in a 41 × 27 × 9  cm 
(length × width × depth) plastic tray partially filled with approximately 1.5 L of water. Springtails are hydrophobic 
and float on the surface of the water, facilitating the counting process60,65,66. For the first four observation times 
(1 h, 7 d, 12 d, and 19 d), all individual springtails were counted (absolute numbers) due to the relatively lower 
numbers. For the remaining 3 observation times (26 d, 33 d, and 40 d), as the numbers increased greatly, a grid-
based estimation method was adopted. Each tray was photographed60 using a Canon EOS Rebel T7 camera 
equipped with an EF-S 18–55 mm lens mounted on a tripod, 112 cm above the tray (Supplementary Materials, 
Fig. S1). Each image was then pasted into a standardized (33.7 × 19.05 cm2) PowerPoint slide, and a 6 × 10 grid 
(2.5 cm2 /grid cell) was layered over the image. The number of springtails in five random grid cells were counted, 
averaged, and then multiplied by 60 to estimate the total number of springtails in each pot. The error rate of the 
grid-based estimation method was determined for ten pots from day 26 observation to validate the accuracy of 
our approach, using the formula below (Eq. 1). The error rate averaged 8.3% with a standard deviation of 5.7%.

	
Error Rate (%) = Grid based estimate − Absolute numbers

Absolute numbers
× 100� (1)

Biofumigation effects on earthworms
Earthworm preference
The earthworms used in this study were obtained from HomeGrownWorms (Grand Junction, CO) and were 
kept in cocopeat in the greenhouse setting throughout the experiment (23.8 ± 2.8  °C). Dried cow manure 
(10 g), collected from pasture-based livestock maintenance facility Southern Piedmont AREC, was used as food 
substrate, added and gently mixed into each pot on a weekly basis. Earthworm preference was assessed through 
dual- choice experiments conducted in two-way polyvinyl chloride (PVC) olfactometers (300 PVC, 3.8  cm) 
(Supplementary Materials, Fig. S2), a modified version of the olfactometer used by Zirbes et al.67. In our study 
each olfactometer consisted of a central 4 cm pipe (5 cm, diameter) fitted with two 10 cm pipes on each side of 
the central piece (Supplementary Materials, Fig. S2). Two elbow pieces (31–1220 2A) (Supplementary Materials, 
Fig. S2) were fitted onto each end of the 10  cm pipes, facing up. A 1.5  cm diameter hole was drilled into a 
central pipe, through which the earthworm was introduced. The experimental setup included the following 
comparisons: i) biofumigated soil with brown mustard seed meal vs. untreated soil, ii) biofumigated soil with 
brown mustard seed meal containing springtails vs. untreated soil and iii) soil with only springtails vs. untreated 
soil. For treatments that included springtails, 0.2 mm cloth mesh pouches filled with 1 g of sterilized potting 
mix, and 50 springtails were used (Supplementary Materials, Fig. S3). The same size pouches, filled with only 
sterilized potting mix, were placed on the untreated side of the olfactometer. These pouches were placed in the 
potting mix medium on the opposite ends of the olfactometer immediately after BMSM applications.

The olfactometer was filled with sterilized potting mix (Sta-Green Inc., Mooresville, NC), leaving some 
airspace for crawling. To generate BMSM treatment on one side of the olfactometer, 2 g of BMSM (equivalent 
to 5.9  ton/ha) was added to the surface of the media at one end of the olfactometer and mixed gently. After 
biofumigation, the media exposed on each side of the olfactometer with the elbow were moistened with 2 ml 
of water and covered with plastic for 5 min. The moisture content and the temperature of the potting mix were 
measured using a VG-METER-200™ (Vegetronix, Inc., Riverton, UT) and a pocket dial thermometer (VEE GEE 
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Scientific, Inc. Vernon Hills, IL), respectively. The average moisture of the media was 45.4 ± 2.4% before adding 
water, and the average soil temperature in olfactometers was 20.5 ± 3.1 °C.

The earthworms were deprived of their food substrate (cow manure) for one week prior to the test. In each 
test, a single earthworm with well-developed clitellum was introduced into the central portion of the olfactometer 
immediately after the incorporation of BMSM and left undisturbed for 30 min. After 30 min, the olfactometer 
was disassembled, and the location of the earthworm was recorded. Earthworms found in the middle portion of 
the olfactometer would have been considered non-responsive; however, all the earthworms were responsive in 
this bioassay. Each pairwise bioassay was replicated 20 times.

BMSM effects on earthworm fitness traits
Impact of biofumigation on body weight: Earthworm weight change following BMSM applications was evaluated 
in 4 × 21 cm (diameter (D) × height (H)) Ray Leach cone-tainers™ filled with 144 g of sterilized potting mix. Three 
treatments were imposed: i) recommended rate of brown mustard seed meal (8 g/cone-tainer, 5.9 tons/ha), ii) 
high rate of brown mustard seed meal (10 g/cone-tainer, 7.4 tons/ha), and iii) untreated control. Earthworms 
(juveniles) were weighed before and after the study21, using a Scout™ pro Electronic Balance, Ohaus-SP2001 
(OHAUS Corporation, Parsippany, NJ). To weigh, earthworms were removed from cocopeat (before the 
experiment) or potting mix (after the experiment), gently washed, dried on paper towels, and placed on the 
scale in a 20 ml weighing dish/boat. The earthworms used in the experiments weighed between 105 and 515 mg.

Each treatment was replicated ten times, and the experiment was repeated twice (two time-blocks). Brown 
mustard seed meal was applied at the specified rates and mixed gently using a laboratory spatula. Dried cow 
manure (10 g) was added to each cone-tainer as a food substrate at the start of the experiment as previously 
described. The moisture content and the temperature of the potting mix were measured using a VG-METER-200™ 
(Vegetronix, Inc., Riverton, UT) and a pocket dial thermometer (VEE GEE Scientific, Inc. Vernon Hills, IL), 
respectively. The average media moisture in the olfactometer was 54.6 ± 3.2% and the average soil temperature 
was 22.7 ± 2.6 °C. Two earthworms were placed on the surface of the media in each cone-tainer and 5 ml of water 
was added to the surface. The cone-tainers were then sealed with a fine plastic screen (0.3 mm mesh) at both 
the top and bottom to prevent earthworm escape. The cone-tainers were then wrapped with plastics for 24 h to 
maximize earthworm exposure to the biofumigant following BMSM application in BMSM treatments.

Earthworms were kept for 28 days, and the cone-tainers were watered on a weekly basis (5 ml/cone-tainer). 
T﻿he percentage change relative to the initial weight68 was calculated as follows (Eq. 2):

	
P ercentage change relative to initial weight (%) = [W eight (t2) − W eight (t1)]

W eight (t1) × 100� (2)

where Weight (t2) is the average weight of two earthworms at the end of the experiment, and Weight (t1) is the 
initial average weight of the two earthworms.

Impact of biofumigation on reproduction: Food grade plastic containers (946  cc; 12 × 14-cm (D × H) were 
modified by puncturing approximately 100 randomly placed holes around each container, using an insect 
dissecting needle. An 8 cm (D) hole was cut out from each of the lids and covered with 0.3 mm cloth mesh 
to allow airflow into the containers. The study consisted of three treatments: i) recommended rate of brown 
mustard seed meal (10  g/container, 5.9  tons/ha), ii) high rate of brown mustard seed meal (13  g/container, 
7.4 tons/ha), and iii) control (no brown mustard seed meal).

Each container was filled with 180 g of sterilized potting mix (as previously described), and brown mustard 
seed meal was applied to the surface at the specified rates and mixed gently into the top 6–8 cm of the media using 
a laboratory spatula. Dry cow manure (10 g) was added as a food substrate at the start of the experiment. Two 
adult earthworms were introduced into each container, and 5 ml of water was added to the media surface. The 
moisture content and the temperature of the potting mix were measured using a VG-METER-200™ (Vegetronix, 
Inc., Riverton, UT) and a pocket dial thermometer (VEE GEE Scientific, Inc. Vernon Hills, IL), respectively. The 
average moisture was 48.6 ± 3.3%, and the average soil temperature was 17.2 ± 2.4 °C. The containers were sealed 
with plastic wrap for 24 h after BMSM application.

Earthworms were maintained in containers for 60 days, receiving 5 ml of water weekly. After 60 days, the 
contents of the containers were hand-sorted, as described by Fouche’ et al.21 and OECD guideline for testing 
chemicals: earthworm reproduction test69, to count the unhatched cocoons and newly hatched juveniles. The 
unhatched cocoons were kept for another 30 days to assess the hatching success rate. The hatched juveniles 
and adult earthworms were discarded from the containers. Each treatment was replicated ten times, and the 
experiment was repeated twice. The cocoon hatch rate was calculated as follows (Eq. 3):

	
Hatch rate = Hatched juveniles

T otal Cocoons (Unhatched cocoons + hatched juveniles) � (3)

Statistical analysis
Statistical analyses were performed using IBM-SPSS ver.29 (IBM, Armonk, NY). Generalized linear mixed 
models (GLMM) with time and treatment as the fixed factors and repeat (time-block) as a random factor were 
used to compare springtail populations between BMSM-treated and untreated treatments. Springtail counts 
were square root log-transformed to meet GLM assumptions. The least significant difference (LSD) was used for 
pairwise comparisons.

Two-tailed sign test was used to analyze earthworm preference. Analysis of variance (ANOVA) with treatment 
as the fixed factor was used to compare earthworms weight change, followed by Tukey honestly significant 
difference (HSD) tests for pairwise comparisons.
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The nonparametric Kruskal–Wallis test, followed by Wilcoxon signed rank tests for pairwise comparisons, 
was used to compare the number of cocoons between treatments. The cocoon hatch rate of earthworms was 
compared between treatments using a one-way ANOVA followed by Tukey HSD for pairwise comparison.

Results
Biofumigation effects on springtail population
Overall, springtail populations were significantly affected by BMSM application (F1,245 = 114.3, P < 0.001; 
Fig. 1). Changes in the springtail population were also significantly influenced by time (F6,237 = 817.9, P < 0.001). 
Moreover, there was significant interaction between treatment and time (F6,245 = 115.6, P < 0.001; Fig. 1).

An 85% reduction in springtail population was observed within an hour of biofumigation in treated pots 
compared to the control (P < 0.001). A similar pattern was observed at 7- and 12-days post-treatment, where 
control pots had 4.5- and 2.7-fold higher populations than the BMSM-treated pots, respectively. However, the 
difference in springtail numbers between the BMSM-treated and control pots disappeared by day 19 (P = 0.36) 
(Fig. 1). The trend then reversed, with the springtail population in biofumigated pots significantly exceeding those 
in control pots by day 26 (1.73-fold higher, P < 0.001), 33 (1.99-fold higher, P < 0.001), and 40 (3.97-fold higher, 
P < 0.001) (Fig. 1). A supplementary figure using untransformed data (actual average numbers of springtails) is 
also included (Supplementary Materials Fig. S4), with a bar graph (days 1- 40) and an inset focusing on the early 
phase (days 1–19) to better visualize initial treatment effects.

Earthworm preference
Earthworms displayed a significant preference toward the untreated soil over BMSM-treated soil (sign test: 
N = 20; P < 0.001) (Fig. 2a). This preference remained significant when earthworms were given a choice between 
soil treated with BMSM containing springtails and the non-treated soil (N = 20; P = 0.01) (Fig. 2b). However, 
no preference was detected between soil containing only springtails and control soil (N = 20; P = 0.1) (Fig. 2c.).

BMSM effects on earthworm fitness traits
Impact of biofumigation on earthworm body weight: There was a significant (F2, 57 = 57.33, P < 0.001) effect of 
treatment on earthworm body weight, as the earthworms exhibited an increase in body weight in soils treated 
with the high (P < 0.001) and recommended (P < 0.001) rates of BMSM compared to the untreated control, where 
weight loss was reported. There was no significant difference in weight gain between earthworms exposed to the 
recommended rate and the high rate of BMSM (P = 0.86) (Fig. 3).

Impact of biofumigation on earthworm reproduction: A significant treatment effect was observed on the 
number of cocoons deposited in the media (ꭓ2

2 = 30.12, P < 0.001) and the cocoons hatch rate (F2,57 = 5.66, 
P = 0.0057).

The average number of cocoons per earthworm (± SE) was significantly higher in the high (15.7 [± 0.54], 
P < 0.001) and recommended (14.7 [± 0.54], P < 0.001) rates of BMSM compared to the untreated control (9.2 
[± 0.46]). However, no significant difference was observed between the two BMSM application rates (P = 0.61) 
(Fig. 4).

The average hatch rate [± SE] was significantly higher in the high rate of BMSM (0.63 [± 0.01], P = 0.005) 
compared to the untreated control (0.57 [± 0.02]). In contrast, the hatch rate at the recommended BMSM rate 
(0.60 [± 0.02], P = 0.07) did not differ significantly from the control or from the high BMSM rate (P = 0.54) 
(Fig. 5).

Discussion
The springtail F. candida and the earthworm E. fetida are both significant contributors to soil health8,70–72, and 
our results demonstrated that soil biofumigation with brown mustard seed meal (BMSM) can affect different 
aspects of their biology and ecology.

Fig. 1.  Average square root log transformed number of springtails in soil treated with brown mustard seed 
meal (BMSM) and untreated soil 1 h, 7, 12, 19, 26, 33, and 40 days after biofumigation. Significant differences 
(P < 0.05) are indicated by asterisks. Error bars represent standard errors (± 1SE).
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Within an hour of biofumigation, springtail populations experienced a sharp decline, with mortality rates 
reaching 85%. This observation supported a previous study showing the toxicity of B. oleracea glucosinolates 
as a green manure on F. candida survival60. Despite this initial negative impact, the springtail population in 
BMSM-treated media recovered and ultimately surpassed that of the untreated control group. This suggests that, 
as expected, biofumigation effects were temporary and in the form of acute toxicity, due to the breakdown of 
isothiocyanates (ITCs)73–76. The exponential increase in springtail populations after BMSM application may be 
explained by the increase in the availability of nitrogen and organic matter following BMSM incorporation27. An 
increase in soil nitrogen content following fertilization is known to contribute to high springtail densities77,78. 
Alternatively, or in addition, hormoligosis following exposure to sublethal doses of isothiocyanates in springtails 
that survive the initial impact, may also explain the significant increase in reproduction in comparison to the 
untreated controls79–81. Future studies are needed to identify the underlying mechanism of this over-time 
reproduction success in springtail populations following BMSM applications.

The initial mortality of springtails highlights a potential risk associated with the use of biofumigation 
in agricultural systems, as they play a crucial role in residue decomposition and nutrient cycling5 and their 
reduction could temporarily affect these processes. However, the recovery of the springtail population suggests 
that biofumigation can still be a viable IPM tool. Moreover, the temporary delay in decomposition and nutrient 

Fig. 3.  Percentage change relative to initial earthworm weight after biofumigation with the high and the 
recommended rates of brown mustard seed meal (BMSM), and in comparison, with the untreated control. 
Significant differences (P < 0.05) are indicated by different letters. Error bars represent standard errors (± 1SE).

 

Fig. 2.  Earthworm preference in dual-choice bioassays: brown mustard seed meal (BMSM) vs. control (a); 
brown mustard seed meal with springtails (BMSM + Springtails) vs. control (b), and springtails vs. control (c). 
Significant differences (P < 0.05) are indicated by an asterisk.
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cycling may not be entirely negative. It is possible that such a delay could better synchronize nutrient release 
with the crop’s demand during the later developmental stage, potentially enhancing nutrient use efficiency82. 
Nevertheless, field studies are needed to confirm the greenhouse results.

Despite their role in decomposition and nutrient cycling, springtails can become pestiferous when their 
population densities are high and soil organic matter or food sources are limited in the soil10,11. For instance, 
F. candida has been documented to cause damage in lettuce83 and sugar beet seedlings84, but the inflicted 
damage was reduced when an alternative food source was provided83. In our study, while the initial mortality 
demonstrated the BMSM biocidal effect against springtails, the same biocidal isothiocyanates can also cause 
crop damage due to their known phytotoxic properties38. The reported phytotoxicity and the observed increase 
in springtail populations over time following BMSM applications highlight the importance of further research 
on the timing of applications in different soil types (i.e., organic matter contents) to maximize crop development 
and minimize phytotoxicity.

Fig. 5.  Impact of biofumigation with the high and the recommended rates of brown mustard seed meal 
(BMSM), and in comparison, with the untreated control, on earthworm hatch rate. Significant differences 
(P < 0.05) are indicated by different letters. Error bars represent standard errors (± 1SE).

 

Fig. 4.  Impact of biofumigation with the high and the recommended rates of brown mustard seed meal 
(BMSM), and in comparison, with the untreated control, on the total number of cocoons produced by 
earthworms. Significant differences (P < 0.05) are indicated by different letters. Error bars represent standard 
errors (± 1SE).
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The earthworm E. fetida showed a preference for untreated soil media over BMSM-treated media regardless 
of the presence of springtails. Earthworms are able to detect and avoid harmful substances in the soil as shown in 
previous studies85–87. Exploiting this evasive behavior, mustard extracts have also been used to extract earthworm 
from the soil as they try to escape the released isothiocyanates (ITCs)88–90. The observed earthworm avoidance 
of the BMSM-treated soil may be concerning as this behavioral response could influence their distribution and 
activity in biofumigated fields. Field studies are needed to trace earthworm movement through the soil profile 
over time after biofumigation.

Despite the observed earthworm avoidance of the BMSM-treated soil, no earthworm mortality was observed 
in BMSM-treated or untreated soil. Moreover, the observed positive impacts of BMSM on the earthworms’ body 
weight and reproduction in the present study contrasts earlier reports noting negative effects of biofumigation 
on earthworm reproduction60. There are several variables that may explain the observed inconsistency in 
findings including the species of mustard and the type of media. In our study, E. fetida were exposed to the 
B. juncea seed meal mixed into composted pine bark potting mix, whereas Zuluaga and colleagues60 used B. 
oleracea plant material (leaf) as a biofumigant incorporated into a peat-based potting mixture. Our results 
indicate that earthworms can survive and later benefit from the BMSM-treated soil, likely due to increased 
nitrogen availability in the soil91. Additionally, the observed positive impacts on earthworms’ body weight and 
reproduction rate, despite initial avoidance of BMSM- treated soil suggest that once isothiocyanates released 
following BMSM breakdown, earthworms could redirect their preference toward treated soil . However, future 
studies are warranted to validate this contention.

Moreover, our results showed no significant difference in weight gain and oviposition of the earthworms 
between the recommended and higher rates of BMSM. This indicates that if higher rates of B. juncea are required 
to achieve effective pest suppression, they can be applied without adversely affecting earthworm growth and 
reproduction. Future field studies should further explore the relationship between application rates, soil 
conditions, and efficacy to optimize biofumigation protocols for different agricultural systems.

Overall, these findings suggest that biofumigation could be incorporated into IPM strategies, but caution 
must be exercised to ensure that the benefits of pest control do not come at the expense of soil health and 
ecosystem function. Strategies that minimize the negative effects on the non-target organisms, such as the timing 
of biofumigation application to coincide with periods of low biological activity92,93 or using lower concentrations 
of biofumigant, should be explored.

One limitation of our study is that it does not represent a real-world scenario of an agroecosystem. Our 
study used by-products of brown mustard (BMSM), focusing on high glucosinolate content under controlled 
environmental conditions. However, under field conditions, factors like soil type, soil moisture, temperature, 
organic matter, and microbial communities could influence the release and the dispersal of the biofumigants and 
subsequently the impact on non-target organisms94–98. Additionally, our study only focused on two organisms, 
however, other crucial soil fauna like microbial communities may also be affected by biofumigation99–102 and 
warrants further research. In relation to this, it has been documented that a continuous inclusion of Brassica 
napus L., which contains considerably less concentrations of glucosinolates compared to B. juncea, into the 
crop rotation schedule in wheat (Triticum aestivum) production systems can negatively impact soil microbial 
activity103. The long-term impacts of repeated soil biofumigation remain unclear, and future studies should 
address these gaps to better understand the broader ecological effects of biofumigation.

Soil biofumigation with brassica green manures and their by-products are promoted as contributors to soil 
health and alternative to systemic pesticides. Our results demonstrate that while BMSM biofumigation causes 
initial mortality in springtails, both springtail and earthworm populations can recover and ultimately benefit 
from this practice. These findings fill a critical knowledge gap by demonstrating that non-target effects of 
biofumigation are more complex than previously understood and provide evidence that B. juncea seed meal 
effects are reversible and may enhance soil organisms fitness over time.

Data availability
The data sets generated during the study are available on request from the corresponding author.
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