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Abstract 

Background Fungicides are an effective tool for protecting crops and maintaining a steady food supply. How-
ever, as pathogens continue to evolve, it is crucial to prolong the effectiveness of fungicides by delaying resistance 
development. A key strategy to achieving this is to combine or rotate fungicides with different modes of action. 
As fungicides lack specificity, they inevitably affect both pathogenic and non-pathogenic fungi when surrounding 
environments are unintentionally contaminated. Our study aims to investigate the effects of recommended appli-
cation methods to prevent resistance development, specifically repeated-single fungicide, simultaneous mixture, 
and sequential applications on non-target soil fungi, and the subsequent impacts on important soil processes. We 
used fungicides with different modes of action on soil microcosms inoculated with fungi at varying levels of diversity 
(3, 5, and 8 species) isolated from a protected grassland.

Results We found that repeated treatments of individual isopyrazam and prothioconazole differentially inhibited 
fungal activity. Although mixture applications are considered more protectant against crop pathogen resistance 
than repeated application, our study revealed stronger negative effects of simultaneous application on saprobic 
fungi and consequently on soil processes. However, contrary to expectations, higher fungal diversity did not translate 
to improved soil function under these conditions.

Conclusions The simultaneous application of fungicides with different modes of action (MoA) has more pronounced 
non-target effects on soil compared to the individual or sequential application of fungicides. These non-target 
effects extend beyond the intended control of pathogenic fungi, impacting saprobic and beneficial soil microbes 
and the critical processes they drive. When fungicides are applied concurrently, microbial activities in the soil are 
significantly altered, even in soils with high microbial diversity. Our study emphasizes the importance of carefully 
considering the unintended consequences of fungicide use in agriculture. As we strive for a secure food supply, it 
is crucial to investigate the broader environmental impacts of these chemical interventions, including their effects 
on non-pathogenic fungi and overall soil health.
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Introduction
To ensure a steady global food supply, fungicide use is 
recognized as an indispensable measure against crop 
fungal infestation. In Europe, pesticide sales in 2022 
totaled 322 million kilograms, marking a 10% decrease 
from 2021. Fungicides and bactericides were the most 
sold chemicals, accounting for 43% of the total sales [1]. 
Pesticides undergo strict regulation processes to ensure 
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effectiveness and minimize impacts on human health, 
animal health, and the environment. Registration pro-
cedure scrutinizes pesticide ingredients, the crop it is 
intended to be used, the amount and frequency of appli-
cation as well as storage and disposal [2, 3]. Although this 
intervention is intended to protect crops from pathogens, 
the massive and indiscriminate use of fungicides has 
resulted in numerous environmental and health concerns 
[4, 5]. For example, improper use and application prac-
tices have exposed not only the farmers to toxic ingredi-
ents but also individuals who are not directly involved in 
handling these agricultural products [6, 7]. Environmen-
tal contamination is also widespread as the prevalence 
of fungicides both in surface waters and in soil implies 
chronic exposure of aquatic biota and terrestrial organ-
isms to these compounds [5, 8–11]. Animal exposure 
through inhalation, direct deposition on skin, and con-
sumption of contaminated products produce acute and 
chronic effects [12–14]. Surprisingly, fungicides were 
also reported to even increase infection and mortality 
of a tree frog species by an amphibian fungal pathogen 
[15]. In plants, non-target effects of pesticide applica-
tion include metabolic disorders, hampered growth and 
development and oxidative stress, among others [16, 17]. 
Soil fungi are important in litter decomposition and soil 
aggregate formation [18–20]. Additionally, arbuscular 
mycorrhizal fungi (AMF) play crucial roles in maintain-
ing soil fertility in agroecosystems, improving plant toler-
ance to stress and resistance against pathogens [21–23]. 
As fungicides are mostly not species-specific, they may 
also inhibit these beneficial soil fungi alongside fungal 
pathogens. Consequently, important soil processes where 
fungi play important roles may be altered, resulting in 
poor soil health and low plant diversity and productivity 
[24].

Unsurprisingly, pesticides are widely distributed in 
European agricultural topsoil [8]. Among these are 
broad-spectrum fungicides (with maximum content of 
residues detected), such as boscalid (0.41 mg  kg−1), azox-
ystrobin (0.25  mg   kg−1), epoxiconazole (0.16  mg   kg−1), 
tebuconazole  (0.19  mg   kg−1), and prothioconazole 
(0.14  mg   kg−1) [8]. But their presence extends beyond 
conventional farms. Organic farms and extensively man-
aged grassland sites, where pesticides, fertilizers, and 
manure are not applied, are also subject to the uninten-
tional exposure and distribution of pesticides from sur-
rounding areas [10, 11]. Hence, the ill effects of these 
chemicals on non-target organisms and areas might be 
exacerbated by highly persistent and toxic compounds. 
Despite these, fungicides remain an integral part of safe-
guarding food supply. Hence, efforts are necessary to 
ensure the efficiency of these compounds and prevent the 
development of antimicrobial resistance. As part of the 

resistance management program, the Fungicide Resist-
ance Action Committee (FRAC) recommends combin-
ing fungicides with different modes of action (MoA). 
Fungicides act against pathogenic fungi in different ways 
or MoA, such as by inhibiting respiration, nucleic acid 
metabolism, and protein synthesis, destroying membrane 
integrity, and inhibiting enzyme activity important for 
membrane synthesis [25]. Repeated application of a sin-
gle MoA favors resistance development; hence, two or 
more fungicides with different MoA are ideally applied 
either simultaneously in tank mixes or sequentially [26]. 
Sequential application involves the application of two 
or three fungicides in series within the cropping season. 
Combining fungicides broadens the spectrum of dis-
ease control by the additive or synergistic interactions of 
the component fungicides [26–28]. Results of available 
studies have been inconclusive; however, most of them 
reported that simultaneous application provides better 
protection than the sequential or alternating application 
[29, 30]. The success with these two strategies greatly 
depends on the choice of the mixed compounds, their 
dose, relative efficacy, and the persistence of the fungi-
cides in the combination [30, 31]. As these two applica-
tion methods are targeted against resistance development 
in pathogenic fungi, their indirect side effects on non-
target soil microbiota, particularly on fungi, are not given 
much attention. Additionally, broadening the spectrum 
of disease control inadvertently increases the risk to ben-
eficial soil fungi once these compounds reach the soil [32, 
33].

In this study, we evaluate and compare the effects on 
soil processes of the FRAC-recommended fungicide 
application strategies aimed against resistance develop-
ment. We tested two broad-spectrum fungicides with 
different modes of action, specifically a demethylation 
inhibitor (DMI) which inhibits sterol biosynthesis, and a 
succinate dehydrogenase inhibitor (SDHI) which disrupts 
cellular respiration. The DMI fungicide prothioconazole, 
commonly used to control cereal pathogens, has been 
available for over 20  years, whereas the SDHI fungicide 
isopyrazam, approved by the European Union in 2012, is 
a relatively newer product. These fungicides were applied 
individually and in combination using simultaneous and 
sequential application methods in soil microcosms inoc-
ulated with soil fungi. The fungal species used had no 
known resistance against these fungicides and were iso-
lated from a protected grassland with no history of delib-
erate fungicide exposure. Given the crucial role of fungi 
in various soil processes, such as nutrient cycling and soil 
structure formation, fungal inocula were prepared to cre-
ate communities with varying compositions and levels of 
diversity. This approach aimed to determine the impact 
of fungal diversity on maintaining a stable environment 
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under fungicide stress. Fungal species included in our 
study have varying sensitivities to the test fungicides 
[34]. Moreover, Lehmann et al. [35] reported the varying 
aggregation capabilities of these fungi, from poor to good 
aggregate formers. Fungi contribute to soil aggregation 
by forming hyphal networks that enmesh soil aggregates 
and by exuding biopolymers that act as natural adhe-
sives [19]. Given that phylogenetic relationships signifi-
cantly influence fungal responses to fungicides and their 
capacity for aggregation, we selected species from three 
distinct phyla, namely, Ascomycota, Basidiomycota, and 
Mucoromycota. We investigated the effects of fungicide 
treatments to known proxies of soil health including soil 
respiration, soil aggregation, fluorescein diacetate (FDA) 
hydrolysis, and enzyme activities involved in nutrient 
cycling using soil microcosms. Microcosms were pre-
pared from grassland soil with no history of fungicide 
application to eliminate confounding effects of back-
ground fungicide contamination. Here, we hypothesized 
that the fungicides would differ in their individual effects 
by virtue of their modes of action. Additionally, the fun-
gicide mixture will negatively affect the soil parameters 
more strongly than the individual components poten-
tially due to complementary or additive interaction. As 
ecosystem process rates are often well correlated with 
species diversity [36], we also hypothesized that the nega-
tive effects of fungicides are weaker in soils with higher 
fungal diversity. Our findings aim to provide insights 
into how fungicide application strategies aimed at delay-
ing resistance to fungicide might impact soil processes, 
informing best practices for sustainable agriculture.

Methodology
Selection of test organisms Eight fungal isolates were 
chosen from a set of filamentous, saprobic soil fungi 
originally isolated from a natural grassland in Mallnow 
Lebus, Brandenburg in Germany [37]. These cultures 
have been extensively studied in the lab to characterize 
a wide array of traits including aggregation potential, 
enzymatic capabilities, spore production, and fungicide 
sensitivities among others [34, 35, 38–40]. Sensitivity 
to the fungicides prothioconazole and isopyrazam has 
been tested in a previous study [34]. Fungal cultures 
were chosen based on the following criteria: (1) taxo-
nomic affiliation covering three phyla; (2) sensitivity to 
the fungicides; and (3) soil aggregate formation ability. 
These important traits may influence their responses to 
fungicide application and in turn affect soil properties 
and functions. Species names with the unique identifiers 
(RilligLab Coreset, RLCS) used in this study and their rel-
evant traits are included in Table  S1. Eight species rep-
resenting three major fungal phyla were used namely: 
Ascomycota (Fusarium sp., Chaetomium angustispirale, 

Fusarium gibbosum, Gliomastix sp.); Basidiomycota 
(Pleurotus sp., Clitopilus sp.); and Mucoromycota (Mucor 
fragilis, Umbelopsis isabellina). Spores were harvested 
from 14-day-old fungal cultures grown in Potato Dex-
trose Agar and quantified microscopically [38]. Suspen-
sions of the individual isolates were brought to 5 ×  104 
spores concentration using phosphate-buffered saline 
(PBS) solution. From these, fungal inocula with different 
levels of diversity (F3, F5, and F8) were prepared by mix-
ing 50 μL from each isolate. Random draws from a pool 
of 8 isolates were done corresponding to the diversity 
level such that F3 had 3 draws, F5 had 5 draws and F8 
had 8 draws. Each diversity level had 6 replicates and for 
each replicate, sampling was done without replacement 
(see Table  S2 for combinations). This design focuses on 
the diversity level of fungi in the inoculum rather than on 
the identity and composition. Inocula were re-adjusted 
to a final working concentration of 5 ×  104 spores per 
ml with PBS solution using a dilution method, so that 
each sample received the same overall load of spores. To 
confirm viability, aliquots of the spore suspensions were 
inoculated on freshly prepared Potato Dextrose Agar.

Preparation of fungicides The physicochemical prop-
erties, chemical structures, and recommended field rate 
of prothioconazole (Sigma-Aldrich, ≥ 98% purity) and 
isopyrazam (Sigma-Aldrich, ≥ 98% purity) are detailed 
in Table S3. These fungicides are used to eliminate fun-
gal pathogens of cereals and other crops such as vegeta-
bles due to their broad-spectrum activity. Additionally, 
their effects on the growth rates of RLCS coreset fungi 
are known [34]. The stock solutions were prepared by 
initially dissolving the compounds in DMSO and subse-
quently adding deionized water. From these, final work-
ing concentrations of 2  mg  L−1 were prepared. This 
application concentration is known to reduce fungal 
growth but is not lethal [34].

Soil microcosm preparation Soil microcosms were pre-
pared from fresh soil (Albic Luvisol, 73.6% sand, 18.8% 
silt, and 7.6% clay) collected from a grassland field site 
of Freie Universität Berlin, Germany. To remove large 
debris and obtain a homogenized sample, soil was sieved 
using a 2 mm metal sieve. Each 25 g soil was thoroughly 
mixed with 5 g sand using metal spatula to partially com-
pensate for anticipated nutrient release during steriliza-
tion [41]. These were then carefully transferred to 50 mL 
polypropylene conical tubes (Fisherbrand™, Fisher Scien-
tific), covered with caps modified with rubber stopper to 
facilitate respiration measurements during the study. The 
microcosms were sterilized (121 °C, 20 min) twice with at 
least 24 h in between to eliminate viable microbial prop-
agules from the soil. Sterile deionized water amended 
with glucose (4 mg  g−1 soil) [42] was added to the tubes 
to achieve 60% final water holding capacity allowing the 
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water to passively spread throughout the microcosm. 
Glucose is used to stimulate the growth of the fungi with-
out interfering with soil aggregate formation [42–44]. 
Control groups received the same amount of water and 
glucose addition.  Each soil microcosm received 1  ml of 
the spore suspension. Soil microcosms including the 
control tubes were mixed manually using a sterile metal 
spatula.

Experimental design
Inoculated tubes were pre-incubated for 7 days without 
fungicide treatment to allow spore germination and accli-
mation. Baseline soil respiration was measured to verify 
growth after this period. Fungicide treatments were then 
applied (1) repeatedly as a single compound, (2) simulta-
neously as a mixed solution, or (3) sequentially (alternat-
ing application of two fungicides) (Table S4). Sequential 
applications were done in two ways (SeqPI and SeqIP). In 
SeqPI, prothioconazole was first added on day 1 of treat-
ment, followed by isopyrazam on the next day and so on 
until the 7th day. In SeqIP, the sequence was reversed so 
that the isopyrazam is added first. Fungicide treatment 
was done in a dose-day approach by gradually adding 
0.1 ml of fungicide solution every 24 h for 7 days (Figure 
S1). This simulates repeated contamination and accumu-
lation of sub-lethal concentrations in soil. Independent 
of application type, each microcosm received 0.2  µg of 
total fungicides per day. At the end of the experiment, a 
total of 0.046  mg fungicide  kg−1 dry soil is added. This 
concentration is comparable to the detected fungicide 
residue of prothioconazole (median = 0.04 mg   kg−1) and 
overall fungicide (maximum range = 0.01–0.41 mg   kg−1) 
in agricultural soil [8]. For the control groups, 0.1 ml of 
sterile distilled water without fungicide was added daily. 
Soil mixing after fungicide addition was skipped to sim-
ulate natural conditions where concentration gradients 
develop in soil. In total, 108 experimental units were 
prepared (5 fungicide treatments × 3 inoculum diversity 
levels × 6 replicates = 90) including untreated soil samples 
(3 inoculum diversity levels × 6 replicates = 18). Tubes 
were loosely capped and sealed with parafilm to allow gas 
exchange and minimize contamination and placed in a 
randomized manner inside an incubator set at 25 °C for 
7 days.

Measurement of fungal activities and soil properties
Microbial activities Soil respiration was measured after 
7 days of pre-incubation before introducing the fungicide 
treatments (baseline respiration) and on the last experi-
mental day (7  days after treatment). Prior to measure-
ments, tubes were flushed with  CO2-free air for 10 min 
to eliminate background  CO2 and kept in an incubator 
for 2  h. Approximately 1  ml of extracted gas samples 

was injected into an infrared gas analyzer (LI-6400XT, 
LI-COR Inc., Bad Homburg, Germany) and reported as 
 CO2 concentration (ppm  h−1  g−1 soil). Enzyme activities 
were measured using high-throughput microplate assays 
and quantified using a microplate reader (Bio-Rad Lab., 
Hercules, USA). Fluorescein diacetate (FDA) hydrolytic 
activity involves a wide spectrum of enzymes, such as 
lipase, protease, and esterase, and correlates well with 
the amount of fungal biomass [45, 46]. Hence, it was used 
to measure total fungal activity in soil [47]. Additionally, 
to assess the ability of the added fungal community to 
acquire nutrients, activities of β-glucosidase (cellobiose 
degradation), phosphatase (organic phosphorus miner-
alization), and N-acetyl-β-D-glucosaminidase (nitrogen 
mineralization) were measured.

Water-stable aggregates Using a wet sieving apparatus 
(Eijkelkamp, Giesbeek, Netherlands), water-stable aggre-
gates (> 250  µm) were determined following an estab-
lished method [44, 48]. More detailed procedures are 
included in the Supplementary Information.

Statistical analysis
The effects of the different fungicide application strate-
gies on microbial activities and soil functions were ana-
lyzed using linear models and multiple comparisons tests. 
Model residuals were checked to validate assumptions of 
normality and homogeneity of variances. Generalized lin-
ear models (glm) followed by a post hoc Tukey test in the 
R package “multcomp” were used to make comparisons 
among treatments. Additionally, perMANOVA (permu-
tational multivariate analysis of variance) was used to 
determine the main effects and interactions of fungicide 
treatments and inoculum diversity level on the measured 
parameters using the R package “vegan”. Treatment effect 
sizes were calculated using the R package “dabestr” [49]. 
This approach included the calculation of the 95% confi-
dence interval (CI) of unpaired mean differences (treat-
ment minus control). To evaluate the correlation among 
the tested parameters under the fungicide and diversity 
treatments, principal component analysis (PCA) was per-
formed. All variables were scaled to mean = 0 and stand-
ard deviation = 1 before PCA. The significance of the 
principal components and corresponding contributions 
of each variable was evaluated using a permutation-based 
test of the function PCAtest () [50]. Data included were 
obtained from measured proxies for soil microbial activi-
ties, such as soil respiration and FDA hydrolysis activ-
ity. In addition, data on measured soil processes, such 
as water-stable aggregation and enzyme activities asso-
ciated with nutrient cycling (i.e., β-glucosidase, phos-
phatase, N-acetyl-β-D-glucosaminidase activities), were 
also included. All plots were generated with the package 
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“ggplot2” [51]. All statistical analyses and data visualiza-
tion were performed in R version 4.2.1[52].

Results
Negative effects on microbial activities (soil respiration 
and FDA hydrolysis)
Growth on Potato Dextrose Agar (PDA) confirmed 
viability of the fungal spores used for inoculation. Like-
wise, initial respiration measured before the fungicide 
addition confirmed growth of inoculated fungi in the 
soil microcosms (Figure S2). After the treatments, estab-
lished proxies for soil health were measured includ-
ing parameters for microbial activities (soil respiration 
and FDA hydrolysis activity) and soil functions (enzyme 
activities and water-stable aggregation). Soil respiration, 
FDA hydrolysis, and soil aggregation were the highest in 
F8-inoculated untreated soil samples (Control F8). Con-
versely, F3-inoculated soil (Control F3) had the lowest 
fungal activities among the control groups. The enzyme 
activities, however, displayed a variable pattern across the 
different inoculum diversity levels (Figure S3).

Fungicide treatments, regardless of the application 
technique, significantly reduced soil respiration in the 
F8 inoculum, with the most pronounced negative effect 

observed under simultaneous treatment (SM) (Fig.  1). 
Similarly, in the F3 and F5 inoculum, a strong negative 
effect was evident under the SM treatment, though this 
effect was not observed in other fungicide applications. 
Effects of repeated prothioconazole application (RP) 
on soil respiration were comparable to that of repeated 
isopyrazam (RI) treatments (Table  S5). Likewise, effects 
of sequential applications (SeqPI and SeqIP) did not 
differ significantly from each other. Among the differ-
ent diversity levels, effect sizes (treatment minus con-
trol) were most evident in the F8-inoculated soil (Fig. 1, 
Table  S5). FDA hydrolysis, another known indicator of 
microbial activity, was significantly inhibited when fun-
gicides are applied as mixtures but not as individual fun-
gicides (Fig.  2). However, in the F8 inoculum, repeated 
isopyrazam (RI) application had significantly lower FDA 
hydrolysis than the prothioconazole counterpart (RP). 
On the other hand, effects of mixture treatments (SM, 
SeqPI and SeqIP) were not distinct in all diversity levels.

Limited effects on soil functions (soil enzymes 
and water‑stable aggregation)
Fungicide treatments slightly increased β-glucosidase 
(Figure S3A) and phosphatase activity (Figure S3B). 

Fig. 1 Effects of fungicide treatments on soil respiration. Upper panel shows raw data (gray) presented as swarm plots with the corresponding 
mean and standard deviation (n = 6, blue). The multi-group estimation plot (lower panel) displays the unpaired mean difference between each 
treatment and the shared control. Soil samples with different levels of fungal diversity (F3, F5, F8) and without added fungicides were used 
as control groups separately. Density plot shows data distribution including the mean (dot) and 95% confidence interval (vertical line), black are 
significant effects and gray are neutral effects. RP repeated prothioconazole, RI repeated isopyrazam, SM simultaneous mixture, SeqPI sequential 
prothioconazole-isopyrazam, SeqIP sequential isopyrazam-prothioconazole. Model outcomes are presented in Table S5
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Significantly higher activity of these two enzymes 
was noted on SM-treated soil inoculated with F3 and 
F5, but not F8. However, the overall effect of fungi-
cides to β-glucosidase, phosphatase and N-acetyl-β-D-
glucosaminidase (Figure S3C) activities remained neutral. 
For all three enzymes, there was no difference in effect 
between the repeated treatments (RP and RI). Likewise, 
sequential treatments (SeqPI and SeqIP) were also com-
parable. Like enzyme activities, there were no remarkable 
differences observed in the water-stable soil aggregation 
of fungicide-treated soil and the control groups for both 
F3- and F5-inoculated soil samples (Figure S4). However, 
repeated prothioconazole application reduced soil aggre-
gation significantly in the F8-inoculated soil.

Correlation among soil parameters and samples
The general relationships among the different soil param-
eters tested and the individual samples were evaluated 
using principal component analysis (Fig.  3). We found 
that 30.7% and 21.4% of the variability in soil parameters 
tested were accounted for in the first and second PC axes, 
respectively. Variables related to fungal activity loaded 
on the first axis, while enzyme activities loaded on the 
second axis, differentiating fungicide treatments from 

control. Soil respiration was positively correlated with 
FDA hydrolysis. Enzyme activities pertinent to nutri-
ent cycling were also well correlated. Control groups 
and samples treated with repeated application of single 
fungicides were mostly clustered in the quadrant where 
microbial activity is high, while the simultaneous treat-
ment (SM) clustered in the opposite quadrant. A clear 
separation was also evident between the low diversity 
(F3) and the high diversity (F8) as well as the control 
groups. Moreover, perMANOVA analyses confirmed 
that measured soil parameters are affected by fungicide 
treatments (p-value = 0.001) and inoculum diversity level 
(p value = 0.010). Likewise, the interaction effects of these 
two factors significantly contributed to the observed vari-
ation in effect sizes (p value = 0.015), suggesting that the 
effects of fungicide treatments are highly influenced by 
the fungal diversity in the soil.

Discussion
Sub-lethal concentrations of prothioconazole and 
isopyrazam resulted in an overall reduction in soil res-
piration and FDA hydrolysis indicating reduction in fun-
gal biomass and microbial activities [45, 47, 53–55]. Soil 
samples treated with F8 exhibited the most substantial 

Fig. 2 Effects of fungicide treatments on FDA hydrolysis. Upper panel shows raw data (gray) presented as swarm plots with the corresponding 
mean and standard deviation (n = 6, blue). The multi-group estimation plot (lower panel) displays the unpaired mean difference between each 
treatment and the shared control. Soil samples with different levels of fungal diversity (F3, F5, F8) and without added fungicides were used 
as control groups separately. Density plot shows data distribution including the mean (dot) and 95% confidence interval (vertical line), black are 
significant effects and gray are neutral effects. RP repeated prothioconazole, RI repeated isopyrazam, SM simultaneous mixture, SeqPI sequential 
prothioconazole-isopyrazam, SeqIP sequential isopyrazam-prothioconazole. Model outcomes are presented in Table S5
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deviation from their corresponding control group (Con-
trol F8) compared to those with lower diversity (F3 and 
F5). This significant treatment effect is influenced by the 
higher respiration rates in the F8-inoculated untreated 
soil compared to the F3- and F5-inoculated soils, i.e., fun-
gicide additions reduced the activity of diverse soil to an 
activity level of less diverse soils. Despite the difference 
in modes of action, repeated application of the individ-
ual fungicides had comparable effects on soil respiration. 
However, the effects of these individual fungicide applica-
tions on FDA hydrolysis varied significantly, particularly 
in the F8-inoculated soil. The lower FDA hydrolysis in soil 
treated repeatedly with isopyrazam can be attributed to 
the ability of the fungicide to inhibit succinate dehydro-
genase (SDHI), a functional enzyme in fungal respiration 
[56]. Isopyrazam, a protective fungicide, also prevents 
spore germination, potentially resulting in lower fungal 
biomass [57–59]. In contrast, prothioconazole, a dem-
ethylation inhibitor (DMI) fungicide, inhibits ergosterol 
synthesis required in the formation of cell membranes 
[60]. Unlike isopyrazam, this fungicide allows spore ger-
mination, but fungal growth stops once ergosterol from 
the spore membrane is depleted [61–63]. Our findings 
aligned with previous reports on the inhibitory effects 
of SDHI and DMI fungicides on soil respiration [64, 65] 

and FDA hydrolysis [66]. Tebuconazole, a DMI fungicide, 
for example, was also found to inhibit substrate-induced 
respiration after 7 days of incubation in a concentration-
dependent manner [64]. Similar concentration-depend-
ent inhibition of soil respiration by boscalid, an SDHI 
fungicide, was observed by Xiong et  al. [65]. However, 
they reported that at the highest concentration tested 
(200 mg  kg−1), soil respiration was not distinct from the 
control group. This was attributed to lower degradation 
potential at higher concentrations. While persistent fun-
gicides may be beneficial in controlling pathogens, they 
could be more detrimental to non-target organisms, 
such as soil-borne fungi. Prothioconazole degrades rap-
idly in soil with half-lives of 5.8  days [67]. However, its 
main degradation product, prothioconazole-desthio is 
found to be more persistent in environmental matrices 
[67, 68]. In another study involving yeast, Parker et  al. 
[69] attributed the antifungal activity of prothioconazole, 
specifically in the inhibition of ergosterol biosynthesis, to 
prothioconazole-desthio. Isopyrazam, on the other hand, 
is reported to have medium to high persistence in soil, 
while its metabolites have low to very high persistence 
[70].

Prothioconazole and isopyrazam were also evaluated 
as a mixture, either simultaneously in a solution or by 

Fig. 3 Principal component analysis (PCA) projecting the correlation between the different soil parameters tested and the soil samples inoculated 
with different levels of fungal diversity under the different fungicide application strategies. Samples are distributed in the two-dimensional space 
represented by principal component axes 1 and 2 explaining 30.7 and 21.4% of variance, respectively. The soil parameters include soil respiration, 
FDA hydrolysis, water-stable aggregates (WSA), β-glucosidase, phosphatase and N-acetyl-β-d-glucosaminidase (NAGase). Arrows indicate direction 
and weight of variables. Fungicide treatments are denoted by different shapes with concentration ellipses. Colors indicate data distribution 
by fungal diversity level (F3, F5 and F8). RP:Repeated prothioconazole, RI:Repeated isopyrazam, SM:Simultaneous mixture, SeqPI:Sequential 
prothioconazole-isopyrazam, SeqIP:Sequential isopyrazam-prothioconazole
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sequentially adding one fungicide after the other. Our 
findings supported our second hypothesis that mixture 
treatments, particularly simultaneous (SM) fungicide 
application, had the strongest negative effects on soil 
microbial activities. Additionally, the reduction in FDA 
hydrolysis under sequential (SeqPI and SeqIP) treatments 
was significantly different from the individual treatments. 
Prothioconazole and isopyrazam are broad-spectrum 
fungicides that inhibit fungal growth via different modes 
of action. When applied as a mixture, fungicides act in 
a complementary manner with expected combined tox-
icity to be higher than their respective components [27, 
71]. While these strategies are targeted at delaying patho-
gen resistance [26], fungicides reaching the soil during 
field application are inevitable, resulting in unintentional 
exposure of soil microbes to the toxic effects of fungi-
cides. Our results showed that even short-term expo-
sure to sub-lethal doses of fungicide mixtures affects soil 
microbial activities. Accumulation via prolonged or con-
tinuous application may result in more drastic changes. 
In another study, Wang et al. [72] reported that low doses 
of tebuconazole and carbendazim, applied individu-
ally and in combination, had no negative effects on res-
piration but higher doses produced a more pronounced 
inhibition. This is because fungicides at higher concen-
trations have a slower biodegradation rate particularly 
when they are applied in combination [64, 72].

Fungicide treatments had neutral to slightly positive 
effects on soil enzymes essential for nutrient cycling, 
namely, β-glucosidase, phosphatase and N-acetyl-β-D-
glucosaminidase activities. Stimulation of β-glucosidase 
and phosphatase activity in soil treated with fungicide is 
potentially due to the ability of the innately more toler-
ant fungal species to utilize low concentrations of fun-
gicides as carbon substrates [73]. This result was similar 
to the findings of Xiong et  al. [65], who reported that 
short-term exposure to boscalid, an SDHI fungicide, had 
stimulatory effects on β-glucosidase activity. Another 
DMI fungicides, tebuconazole (single and in mixture 
with carbendazim) were reported to have a neutral to 
stimulatory effect on the β-glucosidase activity at low 
concentrations [72, 74]. In nature, β-glucosidase is essen-
tial in carbon acquisition. Agroecosystems, for example, 
are abundant in cellulose, the main polymer in plant cell 
walls [75]. Cellulose is converted to cellobiose, and with 
the aid of β-glucosidase cellobiose is further converted 
to glucose. This is then utilized by several soil microbes 
as energy source for growth and various activities [76]. 
Previous reports showed that large doses and longer 
incubation had negative effects on β-glucosidase [64, 
65, 77]. Therefore, accumulation and continuous expo-
sure to fungicides and their metabolites may potentially 
result in decreased, rather than enhanced β-glucosidase 

activity, potentially due to the elimination of relevant 
soil fungi. Like β-glucosidase, phosphatase is also impor-
tant for nutrient acquisition. This essential enzyme sup-
ports the phosphorus cycle in soil by hydrolyzing esters 
and anhydrides of phosphoric acid into orthophosphate 
[78], which is the form taken up by plants [79]. Repeated 
prothioconazole (RP) application and simultaneous (SM) 
application of prothioconazole and isopyrazam stimu-
late phosphatase activity. Previous reports attributed the 
increase in phosphatase activity to the fungicide being a 
substrate for tolerant microbes [74, 80–82]. On the con-
trary, the toxicity of fungicides may also be exhibited as 
reduced phosphatase activity under different application 
regimes. Reduction varied depending on concentration 
and exposure time for solo one-time fungicide applica-
tion [72, 73, 83–85], solo repeated application [86], as 
well as mixture application [72, 83, 87]. Finally, N-acetyl-
β-d-glucosaminidase (NAGase) is involved in N and C 
cycling in soil [88]. In nature, the enzyme is also involved 
in chitin degradation, the second most abundant polysac-
charide after cellulose [89]. In the current study, the fun-
gicides did not produce a significant change in NAGase 
activity. Riah-Anglet et  al. [90] reported that as high as 
1000×, the recommended field rate of epiconazole did 
not affect NAGase activity. This was attributed to the 
potential adsorption of some free enzymes to organic 
matters in soil that may have stabilized the activity of the 
enzyme despite fungicide treatment [90]. Additionally, 
as the enzyme is carried by a large group of organisms 
including fungi, compensation among functionally simi-
lar species may also play a role [91–93].

Short-term fungicide treatments had limited effects 
on water-stable aggregates. However, the repeated appli-
cation of prothioconazole significantly reduced soil 
aggregation in the F8-inoculated soil compared to its 
corresponding control group. Additionally, the mixture 
of the two fungicides added sequentially reduced soil 
aggregation in F5-inoculated soil. Ergosterol synthe-
sis inhibitors like prothioconazole can alter fungal cell 
membrane morphology and functions and consequently 
affect hyphal production and network formation [94, 
95]. This resulted in substantially lower soil aggrega-
tion. Mixing fungicides with different mechanisms of 
inhibiting fungal growth may have led to reduced bio-
mass particularly to soil with lower fungal diversity. With 
higher diversity, more tolerant fungal species may have 
utilized low doses of fungicide and dead cells as sub-
strate to support growth. Consequently, surviving fungi 
may have compensated for the deaths or inhibition of 
more sensitive species. This supports previous findings 
highlighting the positive contribution of filamentous 
fungi on soil aggregate formation [19, 35, 96]. Fungal 
hyphal networks, together with adhesive exudates (e.g., 
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exopolysaccharides, glycoprotein mucilages) excreted by 
fungal hyphae can bind soil particles together enhancing 
aggregate formation [20, 97].

The strong negative effect of simultaneous fungi-
cide addition on non-target soil fungi resulting in lower 
microbial activity was clearly illustrated in the PCA plot. 
Conversely, samples treated with single fungicides had 
comparable effects with the control groups, clustering 
in areas indicating higher fungal activity as evidenced by 
FDA hydrolysis and soil respiration. Our results showed 
an inverse relationship between soil enzyme activi-
ties and fungal activities (i.e., soil respiration and FDA 
hydrolysis). This suggests that despite the inhibitory 
effects of fungicides on fungal respiration and biomass 
production, more tolerant isolates with the relevant func-
tional capabilities may have compensated for the death or 
inhibition of the sensitive species. Isolates varied widely 
in their individual responses to both fungicides [34], with 
some isolates being tolerant to one fungicide and sensi-
tive to another. Such innate tolerance of the individual 
isolates to the fungicides is an important factor as more 
tolerant species may offset the loss or inhibition of the 
sensitive ones, safeguarding the process. This supports 
the findings of Baudy et al. [98], that community compo-
sition of aquatic fungi and not the function was altered 
upon exposure to environmentally relevant concentra-
tions of fungicides. Also in this paper, they reported that 
interaction among surviving species have changed from 
complementarity to competition [98]. Finally, the distinct 
difference in treatment effects observed between low 
diversity (F3) and high diversity (F8) soils demonstrated 
that fungal diversity levels significantly influence the 
response to fungicide treatments. One limitation of this 
experiment is that, under field conditions, soil contains a 
diverse range of microbes, not just fungi, which contrib-
ute to the degradation of active substances and influence 
overall soil properties and chemistry. As a result, biodeg-
radation processes could either diminish or amplify the 
toxicity of the fungicide, thereby affecting soil fungi in 
various ways. Additionally, the fungi used in this experi-
ment were selected based on their sensitivity to fungi-
cides. Although the community members were chosen 
randomly, natural soil fungi can exhibit a broad spectrum 
of sensitivities. As this current study involved fungi that 
co-existed in a grassland site with no known history of 
deliberate fungicide application, other agroecosystems 
may differ in response, particularly those consistently 
exposed to fungicides. In agricultural fields, for example, 
where sensitivity gradients may develop due to repeated 
or regular fungicide treatment, eventual changes in com-
munity composition may occur allowing more tolerant 
and resistant species to dominate. This may result in 
altered soil multifunctionality, perhaps to an even greater 

extent than what was observed in the grassland soil used 
in this study [66, 99–101].

Conclusion
Our study presents the impacts of fungicide application 
strategies aimed at delaying fungicide resistance on non-
target soil fungi and soil processes. Fungi isolated from a 
protected grassland site and added to soil microcosms at 
increasing diversity levels were exposed to two fungicides 
with different modes of action. Our findings reveal that 
simultaneous application of the fungicides had stronger 
negative effects on soil compared to repeated application 
of individual fungicide and sequential application. Initial 
exposure of grassland soil fungi to concurrent fungicide 
stress limits their ability to maintain soil processes even 
in high diversity soil. As the global population contin-
ues to grow steadily, cultivated farmlands are also rap-
idly expanding, leading to unintentional exposure of the 
surrounding environment and their beneficial soil fungi 
to the toxic effects of fungicides. We recommend further 
studies taking into account fungal attributes and func-
tional diversity in investigating fungicide effects on soil 
processes.
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