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A B S T R A C T

Plant materials that have been in contact with pesticides can be incorporated into the soil, posing a potential risk 
to non-target soil organisms and, hence, soil functions. This study investigated effects of two pesticides applied to 
maize leaves on the soil microbial community, activity and function. The herbicide prosulfocarb (PSC) and the 
fungicide boscalid (BSC) were applied alone or in combination to fresh or aged maize leaves, which were 
incorporated into soil. During a 56-day incubation we quantified pesticide residues in soil and maize leaves as 
well as maize-derived C incorporation into different microbial fractions (CO2, extractable organic carbon, mi
crobial biomass and main microbial groups). Prosulfocarb residues on maize and in soil decreased to below 5 % 
after 56 days. However, BSC residues were transferred from maize into the soil, as indicated by an increase in 
BSC residues in soil of around 15 %. Prosulfocarb initially inhibited the synthesis of soil bacterial phospholipids 
by 25–45 %, which was accompanied by a decrease in the incorporation of maize-derived C into microbial 
biomass by 68–70 %. Following this, microorganisms shifted their nutrient acquisition strategy towards carbon 
and phosphorus, which led to increased utilization of easily available maize-derived C. Boscalid transiently 
inhibited the growth of soil fungi, reduced soil respiration, and mineralization of maize. In the future, pesticide 
accumulation through transfer from plant material into soils and the mode of action dependent effects on soil 
microorganisms need to be considered for risk assessment.

1. Introduction

Intensively used agricultural fields are frequently treated with pes
ticides to control pests and to ensure both harvest quality and quantity. 
Their use can result in pesticide dispersal to other compartments of the 
environment where they may pose a hazard to non-target organisms, e. 
g., in soil and aquatic ecosystems (Abrantes et al., 2010; Karpouzas et al., 
2016). Recent studies have found that pesticide residues are frequently 
detected in agricultural soils, including organic farming systems (Riedo 
et al., 2021; Froger et al., 2023; Silva et al., 2023). Pesticide residues are 
regularly found on vegetables and fruits, whereas stems, leaves and 
other plant parts can remain on the fields and are eventually incorpo
rated into the soil. This can facilitate a transfer of pesticide residues from 
plant remnants to the soil, potentially increasing their residue levels in 

soils.
There, non-target soil microorganisms are also subjected to pesticide 

exposure. While microorganisms are capable of degrading various pes
ticides (Helweg et al., 1998; Jacobsen et al., 2008), thereby yielding 
energy or nutrients, they might simultaneously be exposed to toxic ef
fects from pesticides (Karpouzas et al., 2016). The extent of these effects 
can vary with concentration, chemical characteristics and application 
frequency of the pesticides (Wu et al., 2014; Zhang et al., 2016; 
Wirsching et al., 2020), as well as with abiotic variables such as soil 
properties (Nguyen et al., 2016). In addition, the mode of action de
scribes the mechanistic effects of the pesticides on the target organisms. 
However, they can also potentially interfere with processes present in 
non-target soil microorganisms. While some of these interactions have 
been investigated, mainly for fungicides (Yang et al., 2011; Yao et al., 
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2022), many modes of action have not been studied yet for their inter
ference with non-target processes. By altering the abundance and 
composition of the soil microbial community, pesticides can also disrupt 
essential ecosystem functions provided by soil microorganisms, 
including key soil processes such as litter degradation and nutrient 
cycling regulation (Madsen, 2011; Hobara et al., 2014). Riah et al. 
(2014) reviewed the effects of pesticides on enzymes involved in carbon 
(C)-, nitrogen (N)- and phosphorus (P)-cycling and found both inhibition 
and stimulation of enzyme activities depending on the pesticide applied. 
Other studies found decreases in soil enzymatic activities after pesticide 
application (Sahu et al., 2014; Sanchez-Hernandez et al., 2017; Rou
hi-Kelarlou et al., 2024).

Agricultural practices often include the application of multiple pes
ticides, either simultaneously or sequentially. While most studies focus 
on the application of one pesticide, a combination of pesticides might 
have interactive effects on soil microorganisms. Meidl et al. (2024)
investigated the impact of up to ten pesticides in combination on soil 
processes and found negative effects in combination treatments, 
whereas single applications showed no or positive effects. They sug
gested potential interactive behaviors among pesticides, highlighting 
the importance of assessing pesticide mixtures. Similarly, we previously 
observed interactive, synergistic, as well as antagonistic effects of up to 
three pesticides on the soil microbial community and the degradation of 
glyphosate (Mäder et al., 2024).

Plant materials that are incorporated into agricultural fields may 
increase pesticide levels in soil by transferring pesticide residues into the 
soil during the degradation of the plant material. Yet, to our knowledge, 
this pathway has not been investigated yet. Additionally, this might be 
important when considering the bioavailability of the pesticide, which 
depends on adsorption/desorption properties of soils and organic sub
strates, and governs the contact of microorganism with the pesticide 
(Zabaloy et al., 2011). Also, during the degradation of the organic ma
terial, dissolved organic matter can play a minor role by competing with 
pesticides for binding sites, thereby increasing its bioavailability (Spark 
and Swift, 2002). At the same time plant materials are also able to 
stimulate the degradation of pesticides due to co-metabolic activities of 
soil microorganisms (Tran et al., 2013; Siedt et al., 2021). This effect was 
measured for the dissipation of MCPA and other herbicides (Saleh et al., 
2016; García-Delgado et al., 2018). While the additional nutrients from 
the plant material might increase the degradation of the pesticides, the 
quality of the plant material plays an important role for the interactions. 
Differences in the quality of organic amendments affect the microbial 
community and along with these changes, both directly and indirectly, 
the fate of pesticides in soils (Oleszczuk et al., 2014; Safaei Khorram 
et al., 2016; Egamberdieva et al., 2021). As such, simple substrates 
generally increase microbial activity and pesticide degradation, whereas 
more complex substrates reduce bioavailability through adsorption, 
thereby reducing the toxic effects of pesticides (Mukherjee et al., 2016; 
Siedt et al., 2021). These studies have focused on the effects of organic 
amendments on pesticide degradation, but the effect of pesticides on 
litter degradation itself has been less frequently investigated. Recently, 
Meidl et al. (2024) found a decrease in litter decomposition rate in the 
presence of five and ten pesticides, which they attributed to synergistic 
effects of the pesticides on microbial function. When applied as seed 
dressings, pesticides had mixed results, with either no effect or a nega
tive effect on litter degradation (Zaller et al., 2016; van Hoesel et al., 
2017).

This study aimed to investigate the effects of two pesticides applied 
alone or in combination on the soil microbial community and their ac
tivity in the presence of maize leaves that differed in substrate quality. 
We aimed to improve the mechanistic understanding of these in
teractions using model pesticides with modes of action that could 
potentially affect non-target soil organisms. These pesticides were 
applied to maize leaves to simulate the incorporation of agricultural 
crop residues exposed to pesticides into the soil and to investigate the 
impact of a possible transfer of pesticide residues into the soil. Maize 

leaves were used as a proxy for residues of an agricultural crop due to its 
natural 13C enrichment, which allowed us to track the carbon utilization 
by microorganisms. Two substrate qualities were used to investigate if 
this affects the effects of pesticides on soil microorganism due to changes 
to microbial functioning. Fresh litter contains a broad spectrum of 
organic substrates, ranging from easily available (e.g., sugars) to more 
recalcitrant compounds (e.g., lignin). In contrast, artificially aged litter 
provides a reduced fraction of easily available compounds (Jian et al., 
2016). We hypothesized that (I) pesticide residues can be transferred 
from maize leaves into soil during degradation of the maize leaves. We 
further hypothesized that (II) fresh maize leaves mitigate pesticide ef
fects on microbial activity and community structure by supplying easily 
available C in contrast to aged maize, which provides lower nutrient 
availability especially in the initial decomposition stages. Regarding 
pesticide specific effects, we hypothesized that (III) the mode of action of 
the pesticides is not limited to their target organisms, but can affect 
non-target soil microorganisms according to their mode of action. We 
selected the herbicide prosulfocarb (PSC) (further details in Supp. 
Table 1) due to its adsorption to organic matter (Nègre et al., 2006) and 
its mode of action as a lipid synthesis inhibitor (EFSA, 2007), where we 
hypothesized that (IV) this mode of action can inhibit the formation of 
soil microbial phospholipid fatty acids (PLFAs). As a second pesticide, 
the fungicide boscalid (BSC) (further details in Supp. Table 1) was 
selected due to its widespread use and frequent detection in European 
soils (Riedo et al., 2021; Sabzevari and Hofman, 2022; Silva et al., 
2019). We hypothesized that (V) BSC would inhibit soil respiration, due 
to its mode of action as a succinate dehydrogenase inhibitor (Avenot and 
Michailides, 2010). Both pesticides represent model substances that are 
used for both pre- and post-emergent treatments and were tested in this 
study due to their characteristics.

2. Materials and methods

2.1. Soil and maize preparation

We used the standard soil 2.2 from LUFA Speyer (Speyer, Germany) 
classified as sandy loam (pH 5.6, SOC 1.84 %) and with no prior history 
of maize cultivation or pesticide application. The soil was sieved to 2 
mm, stored at 4 ◦C and preincubated for one week prior to the start of the 
experiment in the dark at 20 ◦C. Air dried organic maize leaves were cut 
into 5 × 5 mm pieces. Half of the maize leaves received no further 
treatment and were stored in the dark, those will be referred to as fresh 
maize. The other half of the maize leaves was submerged in H2Odeion. (1 
g maize leaves in 100 ml) for 24 h, drained and refilled for two addi
tional 24 h cycles. This was done to simulate an organic substrate after 
early aging processes, where easily soluble compounds are leached (Poll 
et al., 2008). These maize leaves will be referred to as aged maize, a 
simplified term that describes its difference to the fresh maize. Both aged 
and fresh maize were dried at 40 ◦C to achieve similar starting condi
tions and stored in the dark until used. The leachates obtained after each 
24 h cycle were measured on the TOC-TNb Analyzer Multi-N/C 2100S 
(Analytik Jena, Jena, Germany). The leachates of the aged maize con
tained 69, 12.5 and 3.6 μg C ml− 1 as well as 8.5, 1.6 and 0.8 μg N ml− 1 

after 24, 48 and 72 h, respectively. The dried maize leaves were ground, 
weight into tin capsules and measured on an elemental analyser (EA, 
Euro EA 3000, Euro Vector, Milan, Italy) coupled with a Delta Plus XP 
mass spectrometer (Thermo Finnigan MAT, Bremen, Germany), where C 
and N content as well as the δ13C content of both fresh and aged maize 
was obtained. The C/N ratio of the maize increased from 12.5 in the 
fresh maize to 14.7 in the aged maize after the third washing cycle.

2.2. Experimental setup

Either fresh or aged maize (0.52 or 0.5 g) was weighed into glass 
microcosms (volume: 500 ml) into which either boscalid (2 mg kg− 1 DW 
soil), prosulfocarb (20 mg kg− 1 DW soil), or their mixture (2 + 20 mg 
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kg− 1 DW soil, respectively) diluted in acetone was applied directly onto 
the fresh or aged maize. The applied concentrations were calculated 
based on the active ingredient (ai) of the commercial products with their 
respective application recommendation for a single application event 
(BSC: Filan®, 50 % w/w boscalid, 0.5 kg ha− 1 maximum individual dose 
and PSC: Prosulfocarb 800 EC, 800 g ai L− 1, 3 L ha− 1 application rate) 
and the bulk density of the soil (1.21 g cm− 3) calculated per ha per 
centimeter depth of soil (see Supp. Table 2). Maize weights were chosen 
to cover the whole bottom of the microcosms, allowing for proper 
treatment with the pesticides, and are slightly higher than in the OECD 
216 test for lucerne meal (5 g kg− 1) and adjusted to compensate for C 
content differences. The weights correspond to approx. 1.13 and 1.18 t 
ha− 1. An additional treatment with acetone and without pesticides was 
used as control. After 24 h, allowing the acetone to evaporate, 80 g dry 
weight (DW) soil was mixed with either aged or fresh maize in the mi
crocosms, and H2Odeion. was added to reach a gravimetric soil water 
content of 15 %. All microcosms were closed air-tight with a rubber seal. 
A total of 164 microcosms were used, consisting of 4 replicas for the 8 
treatments on 5 sampling days plus 4 empty microcosms used as blanks. 
Microcosms were placed in the dark at 20 ◦C for 56 days. On days 3, 7, 
14, 28, and 56, four replicas per treatment were removed and sampled 
destructively. All microcosms were aerated once per week. The maize 
was separated from the soil via sieving and hand picking and both soil 
and maize were stored separately at − 20 ◦C.

2.3. Pesticide residues

The extractions of BSC and PSC were performed following an adap
tion to the QuEChERS method as described by Silva et al. (2019). These 
included only the extractable parent compounds. Briefly, 1 g 
post-incubation soil or 0.5 g post-incubation freeze-dried maize was 
mixed with 10 ml acetonitrile, 5 ml H2Odeion. and an internal standard. 
Samples were shaken for 15 min at 900 rpm and QuEChERS salts 
(Agilent, Santa Clara, CA, USA) were added. After manual shaking for 
10 s, samples were placed in an ice bath, followed by shaking (1 min. 
900 rpm) and centrifugation (5 min at 3000 rpm). Supernatants were 
diluted with acetonitrile and measured using an Agilent 1200 chro
matographic system (Agilent, Santa Clara, CA, USA) connected to an 
ESI/QqQ mass spectrometer Agilent Triple Quad 6410 (Agilent, Santa 
Clara, CA, USA). The non-detectable pesticide fraction was calculated by 
subtracting the extracted residues from maize and soil from the initially 
added amount and includes non-extractable residues, transformation 
and mineralization products, and analytical losses.

2.4. Microbial respiration

Titration (DIN EN ISO 16072:2011–09) was used to measure soil 
microbial respiration. Carbon dioxide traps containing 2 ml of 1 M 
NaOH were fitted to the lids on the microcosms that would be sampled 
on the last day. On each respiration measurement day (1–7, 9, 11, 12, 
14, 16, 18, 21, 23, 25, 28, 32, 36, 42, 49 and 56), 0.5 ml of the NaOH 
were mixed with 0.5 ml 1 M BaCl2 and titrated with 0.1 M HCl solution 
to neutral using phenolphthalein as indicator. The remaining NaOH was 
removed from the CO2 trap and refilled with fresh 1 M NaOH before 
sealing the container. For determination of the δ13C content in CO2, the 
remaining 1.5 ml NaOH were mixed with 1.5 ml 1 M BaCl2 and 40 ml of 
H2Odeion. The solution was vortexed, centrifuged and after the super
natant was discarded, and washed with H2Odeion. two additional times. 
After drying at 60 ◦C, the precipitated BaCO3 was weighted into tin 
capsules and δ13C was measured on an elemental analyser (EA, Euro EA 
3000, Euro Vector, Milan, Italy) coupled with a Delta Plus XP mass 
spectrometer (Thermo Finnigan MAT, Bremen, Germany).

2.5. Microbial biomass

Microbial biomass C (Cmic) was analyzed via chloroform fumigation 

extraction (CFE) (Joergensen, 1996). In short, 10 g post-incubation soil 
was put into a chloroform atmosphere (fumigation) under vacuum for 
24 h and subsequently extracted using 40 ml 0.025M K2SO4 solution. As 
background, 10 g of field fresh soil was directly extracted with the same 
solution. Samples were measured on the TOC-TNb Analyzer Multi-N/C 
2100S (Analytik Jena, Jena, Germany). Values were converted to mi
crobial biomass carbon using a factor of 0.45, giving the extractable 
fraction of total microbial biomass C (Joergensen, 1996). The mea
surement of the unfumigated samples was additionally used to calculate 
the extractable organic carbon (EOC). Extracts were concentrated in a 
rotary evaporator (RVC 2–25, Christ, Osterode am Harz, Germany) and 
the resulting salt was weighed into tin capsules. The δ13C content was 
determined using an elemental analyzer (EA, Euro EA 3000, Euro Vec
tor, Milan, Italy) coupled with a Delta Plus XP mass spectrometer 
(Thermo Finnigan MAT, Bremen, Germany).

2.6. Phospholipid fatty acid analysis

Phospholipid fatty acid analysis was performed according to Fros
tegård et al. (1991). Briefly, 4 g post-incubation soil was extracted with 
chloroform, methanol, and citrate buffer (pH 4) (1:2:0.8 v/v/v) (Bligh 
and Dyer, 1959). Using silica acid SPE cartridges (Bond Elut SI, 500 mg, 
3 ml, Agilent Technologies Inc, Santa Clara, CA, USA) the extract was 
fractionated such that only phospholipid fatty acids were collected. 
Using an alkaline methanolysis (Kramer et al., 2012), these were 
transformed into fatty acid methyl esters (FAMEs) and measured on an 
Agilent 8860 gas chromatograph with a 5977B mass selective detector 
(MSD) (Agilent, USA). The abundance of specific PLFA markers was 
indicative for the respective microbial groups. In accord with Ruess and 
Chamberlain (2010) we classified FAMEs i15:0, a15:0, i16:0, and i17:0 
as gram positive bacteria (G+), cy17:0 and cy19:0 as gram negative 
bacteria (G-), and the sum of G+ and G- markers together with 16:1ω7 as 
the total bacterial FAMEs. Abundance of fungi was represented by the 
FAME 18:2ω6,9. A four-step fractionation was carried out to determine 
the δ13C content in the PLFAs using n-hexane and acetone in increasing 
concentrations (99:1; 96:4; 90:10; 0:100, v/v) in Ag+-SPE cartridges (6 
ml, Supelco, Palo Alto, USA) according to Kramer et al. (2012). This 
process removed monoenoic trans- and cis-FAMEs (2nd and 3rd frac
tions) while retaining the saturated (1st fraction) and dienoic FAMEs 
(4th fraction). Samples were measured on a gas chromatograph (6890 
series, Agilent Technologies, Santa Clara, CA, USA) coupled to a gas 
chromatography incinerator III Interphase (Thermo Finnigan, Waltham, 
MA, USA) connected to a Delta Plus XP mass spectrometer (Thermo 
Finnigan MAT, Bremen, Germany).

2.7. Enzymatic activity

The activities of four enzymes involved in C-, N-, and P-cycling were 
determined according to Marx et al. (2001) using fluorogenic 4-methyl
umbelliferone (MUF) substrates. They were β-glucosidase (BG) (EC 
3.2.1.21), β-xylosidase (XYL) (EC 3.2.1.37), N-acetyl-β-glucosaminidase 
(NAG) (EC 3.2.1.52) and acid phosphatase (AP) (EC 3.1.3.2). Substrates 
as well as MES buffer were prepared according to Poll et al. (2006). One 
gram post-incubation soil was mixed with 50 ml H2Odeion. and dispersed 
using an ultrasonic disaggregator (50 J s− 1) for 2 min. While stirring on a 
magnetic stir plate, 50 μl of the suspension was transferred into 96-well 
microplates (PP F black 96 well, Greiner Bio-one GmbH, Germany) to 
which 50 μl of 2-(N-morpholino)ethanesulfonic acid (MES) buffer and 
100 μl of the enzyme-specific substrate solution were added. Standards 
were created using 50 μl of the soil suspension with 0, 100, 200, 500, 
800 or 1200 pmol MUF well-1, yielding a final volume of 200 μl. After 30 
min pre-incubation in the dark at 30 ◦C, the plates were exposed to a 
wavelength of 360 nm using a microplate fluorescence reader (Bio-Tek 
Instruments Inc., FLX 800, Germany) and fluorescence intensity was 
measured at 460 nm. For temporal resolution, the fluorescence was 
measured at 0, 30, 60, 120 and 180 min. Enzymatic activity (in nmol g− 1 
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h− 1) was calculated using the linear correlation between the measured 
fluorescence intensity and the enzymatic activity of the standards.

2.8. Metabolic quotient, carbon use efficiency, specific enzymatic activity 
and enzyme activity vector length and angles

The metabolic quotient (qCO2), commonly used as an indicator of 
environmental stress (Anderson and Domsch, 2010), was calculated by 
dividing the amount of CO2-C produced by the microbial biomass C 
following Anderson and Domsch (1985) with equation (1): 

qCO2 =
Respiration-C

Biomass-C
(1) 

Carbon use efficiency (CUE), used to quantify how carbon from a 
specific source is allocated between respiration and growth (Manzoni 
et al., 2012), was calculated following Geyer et al. (2016) with equation 
(2): 

CUE=
13Cmic

13Cmic +
13CO2

(2) 

where 13Cmic represents the amount of maize-derived C in the microbial 
biomass and 13CO2 the amount of maize-derived C in the evolved CO2.

Specific enzymatic activities (SEA), providing a microbial biomass 
independent measure of enzymatic activity, were calculated for the four 
enzymes by dividing the enzymatic activity by the microbial biomass C 
following Waldrop et al. (2000) with equation (3): 

SEA=
E

Cmic
(3) 

where E represents the enzyme activity of a given enzyme (BG, XYL, 
NAG or AP).

Vector lengths and vector angles were calculated according to 
Moorhead et al. (2016), to quantify relative C versus nutrient limitation 
and relative P versus N limitation, respectively (Moorhead et al., 2016) 
using equations (4) and (5), respectively: 

Vector length=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
(4) 

Vector angle= atan 2(x, y) (5) 

where x represents the ratio of the activity of C-acquiring enzymes (BG 
+ XYL) and P-acquiring enzymes (AP) and y represents the ratio of ac
tivity of C- and N-acquiring enzymes (NAG). Higher vector lengths 
indicate higher C limitation, whereas smaller vector lengths indicate less 
C limitation. Higher vector angles suggest comparable higher P limita
tion and smaller vector angles N limitation (Moorhead et al., 2016).

2.9. Statistics

All statistical analyses were performed using R 4.2.2 (R Core Team, 
2022). Normality was tested by graphical inspection of QQ plots and the 
Shapiro-Wilk test; variance homogeneity was tested using the Levene’s 
test. For all respiration-related data, linear mixed effect models were 
applied with the package nlme (Pinheiro et al., 2023), where the mi
crocosms were used as random factor to account for repeated measures. 
For all other data, we applied a linear model with the R function lm from 
the package stats (R Core Team, 2022). For both, fixed factors consisted 
of sampling day, maize treatment and the presence of BSC and/or PSC. 
Using the R function anova from the package stats (R Core Team, 2022), 
F and p-values were extracted from ANOVAs applied to the models. 
Tukey tests were performed using the TukeyHSD function from the 
package stats (R Core Team, 2022) for individual days and maize 
treatments.

3. Results

3.1. Extractable pesticide residues

Extractable residues of PSC in soil decreased from 26 to 33 % of the 
initially applied amount to 1–6 % after 56 days, while residues on both 
aged and fresh maize decreased from 28 to 36 % to <1–2 % during the 
same period (Fig. 1a). An initial lag phase in PSC dissipation in soil was 
observed which lasted until Day 14, while PSC residues on maize 
decreased rapidly during the first days of the incubation. Compared to 
PSC, BSC residues (Fig. 1b) were more persistent. Boscalid residues 
decreased in both maize treatments from 52-73 % to 12–27 %, while in 
soil they increased from 22-27 % to 37–44 % of the initial applied 
concentration. In the mixed treatment of BSC with PSC, the decrease in 
BSC residues on fresh and aged maize exhibited a lag phase, similar to 
PSC, which also lasted until Day 14. The maize quality had no detectable 
effect on the pesticide residues.

3.2. Extractable organic carbon and maize quality

Maize treatments differed in their EOC contents (Supp. Fig. 1), with 
initially almost double the EOC in fresh maize as compared to aged 
maize. While EOC in fresh maize remained fairly constant throughout 
the experiment, EOC levels in aged maize increased until Day 14. The 
presence of the pesticides tended to increase EOC in aged maize on Day 
56 but had no effect on EOC in fresh maize. The EOC of the pesticide free 
treatment tended to be higher than that of the pesticide treatments in 
fresh maize on Day 56, but was lower on Day 56 for the aged maize.

The maize-derived C in EOC (Supp. Fig. 2) was higher in fresh maize 
until Day 14, dropping to lower values and slowly decreasing towards 
the end of the experiment. In the aged maize, an initial increase of 
maize-derived C could be observed, reaching levels comparable to fresh 
maize by Day 28. The maize-derived EOC in the aged maize was initially 
84–97 % lower than the maize-derived EOC in the fresh maize. Only BSC 
had transient effects on the maize-derived C in EOC with an increase in 
aged maize on Day 3 and in fresh maize on Day 7. Prosulfocarb alone 
and in combination with BSC, decreased the maize-derived C in EOC on 
Day 14–50 % of the control. For aged maize, PSC increased values on 
days 7 and 14. The interaction of the two pesticides tended to mainly 
follow the patterns of PSC, with similar changes compared to the control 
on various days throughout the experiment. The maize-derived EOC 
decreased on Day 14 in the fresh maize to the same level as the single 
PSC treatment. Contrary the mixture treatment did not increase the 
maize-derived EOC on Day 28, where the single PSC treatment increased 
it, therein being on the same level as the single BSC treatment and the 
control. In the aged maize treatment on Day 14, the maize-derived EOC 
increased to similar levels as the single PSC treatment.

3.3. Soil microbial community and activity

The pattern of CO2 release differed strongly in both maize treat
ments: CO2 release from fresh maize peaked early (Day 2), whereas the 
aged maize showed a maximum CO2 release in a later phase of incu
bation (11–14 days) (Fig. 2, Supp. Fig. 3). Boscalid initially decreased 
the respiration rate significantly, especially in aged maize up to Day 9. In 
contrast, PSC initially increased the respiration rate especially in the 
aged maize. This led to significantly higher cumulative CO2 production 
in PSC and lower cumulative CO2 production in BSC in aged maize 
compared to the control. Microbial biomass remained constant in fresh 
maize, whereas it decreased in the first two weeks in aged maize and 
recovered by Day 56 (Supp. Fig. 4). The presence of PSC significantly 
decreased the microbial biomass in fresh maize on Day 7 by 8 %, and 
decreased it in the aged maize treatments on Day 56 by 14.6 %. Boscalid 
tended to decrease qCO2 (Supp. Fig. 5) for days 3 and 14 in fresh, and on 
days 3 and 7 in aged maize. Prosulfocarb temporarily increased qCO2 for 
fresh maize on Day 7 by 11 %. The abundance of G+, G- (Supp. 
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Figs. 6–7) and fungal FAMEs (Fig. 2) was higher in fresh maize 
compared to aged maize throughout the experiment. Prosulfocarb ten
ded to reduce the abundance of G+ and G- FAMEs on days 7 and 28 
compared to the control in aged maize and in fresh maize on Day 28. 
While PSC affected the bacterial groups, BSC initially decreased the 
fungal FAME in fresh maize until Day 14 (Fig. 2) by 18 % on Day 3 and 
14.7 % on Day 7, after which its abundance increased in the BSC 
treatments for the remainder of the incubation compared to the control.

3.4. Utilization of maize

The rate of respired maize-derived C (Supp. Fig. 8) was higher in 
fresh maize until Day 14, after which the rates were higher in aged 
maize. Consequently, the cumulative maize-derived C (Supp. Fig. 9) 
respiration exhibited an initial lag phase in the aged maize while in fresh 
maize a sharp increase was observed. Boscalid tended to a negative ef
fect on the cumulative maize-derived C respiration for both maize 
treatments.

The incorporation of maize-derived C into microbial biomass (Fig. 3
a, Supp. Fig. 10) was significantly higher in fresh maize compared to 
aged maize, except for Day 7 where PSC containing treatments 

decreased towards values of the aged maize. The presence of PSC 
increased the incorporation of maize-derived C in aged maize following 
Day 14, whereas in fresh maize transient fluctuations were observed on 
days 7 and 14 with a decrease by 68 % (PSC) and 70 % (PSC + BSC), and 
an increase by 22 % (PSC) and 32 % (PSC + BSC). In fresh maize, 
incorporation of maize-derived C into microbial biomass in both the 
single PSC treatment and the mixture treatment first decreased and then 
increased compared to the control. Boscalid however, showed no clear 
effects. Prosulfocarb decreased CUE (Supp. Fig. 11) on Day 7 in the fresh 
maize and increased it on Day 14, whereas in aged maize, an increase on 
both days 7 and 14 was observed.

Incorporation of maize-derived C into the G+ and G- FAMEs (Fig. 3 b 
+ c, Supp. Figs. 12 + 13) was generally higher in fresh maize. After an 
initial increase of G+ in the presence of the pesticides, PSC treatments 
decreased the incorporation of maize-derived C in fresh maize (-25 % for 
PSC at Day 7, -25.8 % for PSC + BSC at Day 56), but had no effect in aged 
maize. The patterns observed for G+ in fresh maize were less pro
nounced in G-; however, decreases under PSC alone on Day 7 and in the 
mixture on Day 56 were greater, decreasing by 45 % and 40 %, 
respectively. In contrast to G+, the incorporation of aged maize-derived 
C into G-increased with the pesticide treatments following Day 14 by up 

Fig. 1. Pesticide residues of a) prosulfocarb (PSC) and b) boscalid (BSC) as % of the initially applied concentration over the 56 days of incubation in/on fresh and 
aged maize, soil and the non-detectable fraction (n = 4).
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to 2.3-fold. Prosulfocarb appeared to have a greater impact on aged 
maize incorporation by fungi compared to its effect in fresh maize (Supp. 
Fig. 14), with decreases on days 3 and 28. In fresh maize no clear pat
terns were observed concerning the studied bacterial groups.

3.5. Enzymatic activity

Enzymatic activities of BG, XYL, and NAG (Supp. Figs. 15–17) were 
higher in fresh maize than in aged maize. In contrast the activity of AP 
(Supp. Fig. 18) was slightly increased in aged maize on several days 
throughout the experiment.

Prosulfocarb increased the activity of BG and AP on different days 
throughout the experiment. For both BG and AP on Day 7 and for BG on 
Day 14, this increase was observed in both the single and mixed treat
ments. Further, these increases tended to be more pronounced in the 
fresh than the aged maize treatment. In line with this, the SEAs of BG, 
XYL and AP (Supp. Figs. 19–21) increased in the presence of PSC on Day 
7. Boscalid had only minor effects on the enzymatic activity and the SEA, 
with transient increases in BG and transient decreases in NAG (Supp. 

Fig. 22).
Vector lengths (Fig. 3 d, Supp. Fig. 23), quantifying relative C to 

nutrient limitation increased in pesticide treatments for the fresh maize 
until Day 14. Vector angles (Supp. Fig. 24), quantifying relative P to N 
limitation were not significantly different in the presence of the pesti
cides. Vector angles were higher for the aged maize compared to the 
fresh maize.

4. Discussion

This study showed a potential transfer of BSC from maize to soil, 
which to our knowledge has not been reported to date. Both pesticides 
investigated in this study affected the soil microorganisms according to 
their mode of action, leading to changes in abundance, activity and 
function.

4.1. Pesticide residues

Typical characteristics of pesticides that determine their fate in soils 

Fig. 2. Microbial parameters mainly responding to the addition of boscalid. Respiration rate during the first 14 days for a) fresh and b) aged maize (n = 4). Fungal 
phospholipid fatty acid abundance in c) fresh and d) aged maize (n = 4). Error bars indicate standard deviation. PSC = prosulfocarb, BSC = boscalid. Significance 
codes: p < 0.05*, p < 0.01**, p < 0.001***.
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are adsorption and desorption mechanisms, which affect their 
bioavailability (Gavrilescu, 2005; Barchańska et al., 2020). Here, the 
functional groups of a pesticide play an important role in adsorption 
(Sadegh-Zadeh et al., 2017). Adsorption and desorption are further 
influenced by soil properties such as the content of organic matter or 
clay content which serve as sorption sites (Li et al., 2003; Barchańska 
et al., 2020). These parameters, together with the chemical structure of 
the pesticide, can influence the bioavailability and consequently its 
biodegradability by microorganisms (Sánchez et al., 2004; Gavrilescu, 
2005).

As such, the residues of the readily degradable pesticide prosulfocarb 
(PSC) decreased both in soil and on the maize. We observed a lag phase 
in the decrease of residues in the soil up to Day 28, regardless of maize 
quality or co-presence of boscalid (BSC). This was also observed by 
Barba et al. (2019) who reported a lag phase of 9–14 days due to initial 
sorption of this hydrophobic pesticide. While visible for soil, such a 
sorption effect was not visible on the maize, probably due to stimulated 
co-metabolic PSC degradation in the vicinity of maize. The presence of 

plant litter has been shown to enhance the degradation of pesticides 
(Pagel et al., 2016; Nowak et al., 2020), which is primarily caused by a 
general increase in microbial activity in the presence of a C source (Tran 
et al., 2013; Siedt et al., 2021).

In contrast to PSC, the persistent fungicide BSC showed a decrease in 
residues bound to maize and alongside a simultaneous increase in soil. 
This indicates a transfer of the pesticide from the maize to the soil, even 
though the total amount of BSC decreased over the duration of the 
experiment. A pre-requisite for this mechanism would be that BSC was 
desorbed from the maize and transferred onto soil particles, e.g., SOM or 
clay minerals (Li et al., 2003; Barchańska et al., 2020). Another possi
bility is that the maize was disaggregated into smaller particles during 
incubation, leading to their pesticide content being measured together 
with the soil fraction.

Interestingly, the presence of PSC with BSC led to a lag phase in the 
dissipation of BSC residues in both maize treatments, indicating an 
interactive effect between the pesticides. Similarly, a decrease in 
degradation rates of pendimethalin was observed in the presence of 

Fig. 3. Microbial parameters mainly responding to the addition of prosulfocarb. Amount of maize-derived C in the fresh maize treatment for a) the microbial 
biomass, b) the gram positive bacterial FAMEs and c) the gram negative bacterial FAMEs as well as d) the vector length as indicator for carbon vs. nutrient limitation 
over the 56 days incubation (n = 4). PSC = prosulfocarb, BSC = boscalid. Error bars indicate standard deviation. Significance codes: p < 0.05*, p < 0.01**, p 
< 0.001***.
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mancozeb and thiamethoxam (Swarcewicz and Gregorczyk, 2012). 
While physicochemical interactions of multiple pesticides can increase 
the desorption and mineralization of individual components (Munira 
and Farenhorst, 2017; Mäder et al., 2024), we did not observe an 
increased dissipation of PSC. Another possible explanation might be 
given by microbial degradation dynamics. The presence of PSC might 
have exerted a toxic effect on BSC degraders and thereby inhibited the 
degradation of BSC. This is supported by the observation that the lag 
phase ended between Day 14 and Day 28, when PSCresidues already 
decreased, especially in maize. As there are, to our knowledge, no mo
lecular markers for either BSC or PSC degraders, it is difficult to clarify 
the exact mechanisms here.

Interactions between pesticides on the potential degradation kinetics 
of individual pesticides pose challenges as they may complicate pre
dictions of environmental persistence compared to single applications. 
This is particularly relevant given the various pesticide mixtures that are 
used in modern agriculture (Tang and Maggi, 2021; Knuth et al., 2024). 
The interactions are likely to depend on the characteristics of the pes
ticides present, warranting future investigations. These could investi
gate if similar behavior of a particular group of pesticides could enable 
us to make more accurate predictions within this group.

4.2. Effects on soil microorganisms

Independently of the pesticide treatments, reduced microbial activ
ities and abundances in the aged maize treatment were due to the dif
ference in substrate quality of the maize, and have been observed with 
other organic amendments (Nicolardot et al., 2007; Dungait et al., 
2013). With an increased amount of both EOC and maize-derived EOC in 
fresh maize, microorganisms had ample supply of easily available C 
substrates to mineralize, which was reflected in the initial increase of 
respiration, indicating that they rapidly adapted to the fresh maize 
addition. In contrast, microorganisms in aged maize were only able to 
adapt to the nutrient regime (Luu et al., 2022) after about 7 days, 
resulting in a delayed peak in respiration.

As such, the initial increase in respiration in the presence of PSC in 
the aged maize suggests two possibilities: either PSC was used as a C 
source or the mineralization of maize was increased. Since the non- 
detectable fraction of PSC on Day 3 corresponded to 4.15 μg C g− 1 

DW and the increased cumulative respired CO2-C between the PSC 
treatment and the control on Day 3 was 20.46 μg C g− 1 DW, the 
degradation of PSC is only responsible for 20 % of the observed increase, 
which does not fully explain the initial increase in respiration. Instead, 
the observed transient increase in the maize-derived CO2 rate on Day 3 
in the aged maize leads us to the conclusion that the microorganisms 
mainly utilized the maize to gain energy and to compensate for potential 
toxic effects of PSC. Such an increase in microbial activity is indicative of 
a stress reaction as it has been observed for other pesticides (Kelarlou 
et al., 2023; Mäder et al., 2024). This effect of PSC was not observed in 
fresh maize, which could be explained by a general increase in respi
ration that masks the effect of PSC. In contrast, the decrease in 
maize-derived CO2 in the presence of BSC is likely linked to the fungi
cide’s mode of action. Boscalid acts as succinate dehydrogenase inhib
itor (SDHI), targeting a broad spectrum of fungal species inhibiting 
respiration (Avenot and Michailides, 2010). Therefore, the initial 
decrease in respiration may have been due to a decrease in fungal 
respiration by BSC. This accords with the observed decrease in fungal 
PLFA abundance. Consistent with this, thifluzamide, another SDHI 
fungicide, has been shown to reduce fungal abundance and function 
(Yao et al., 2022). The similarity of effects observed in the mixed 
treatment further suggests that BSC dominates the effect on the micro
bial community even when another pesticide is present, an observation 
we previously reported for mixtures of the fungicide difenoconazole, the 
herbicide MCPA and the herbicide glyphosate (Mäder et al., 2024).

While fungal PLFA abundance in fresh maize recovered along with 
the respiration rates, fungal PLFA abundance in aged maize did not 

recover as fast due to a longer inhibition of the respiration by BSC. This 
difference in effect size and duration is likely due to the substrates’ 
quality, with both fungi and bacteria benefiting from the wider range of 
compounds available in the fresh maize treatment, resulting in the 
observed initial peak in respiration and the rapid recovery from the 
negative effect of BSC. We further speculate that different microbial 
community structures are present in the aged and fresh maize treat
ments, resulting from the different substrates present, and change over 
the duration of the experiment. Pesticide disturbance may also have 
caused a change in the function and community structure of the fungi, as 
observed by Tagele and Gachomo (2024). The community in the fresh 
maize treatment may have consisted of more copiotrophic fungi that 
responded to the higher carbon availability present (Ho et al., 2017). At 
the same time, the initial decline indicates these copiotrophic fungi were 
more sensitive to the pesticide addition. On the contrary in aged maize, 
oligotrophic fungi have a higher substrate utilization efficiency (Ho 
et al., 2017), which may have compensated for negative effects on 
fungal abundance. Interestingly, Zhang et al. (2014) also observed this 
initial decline and a subsequent recovery of the fungal community using 
the fungicide tetraconazole, despite not having added any substrate. In 
their experiment, fungi recovered to control soil levels, whereas in our 
study, fungi increased above control levels in the fresh maize treatment. 
This may indicate that the observed decline was primarily 
pesticide-induced and the recovery above control levels was increased 
by additional nutrients from the maize. Another possible explanation for 
the increase in fungal markers is provided by Bending et al. (2007), who 
argued that after the initial death of microorganisms, their biomass can 
be used as substrate for growth by other microorganisms. Although no 
decrease of bacterial PLFA was reported, we did observe a decrease in 
the fungal PLFA on days 3 and 7. We therefore propose that there could 
have been cross-feeding within the fungal community, where certain 
fungi benefit from the death of other fungi. Cho et al. (2017) argued that 
Ascomycota and Zygomycota benefited from dead cells following 
disturbance. This dynamic may also explain the response of the fungal 
community to pesticide-induced disturbance in our study.

While fungi were likely affected by the fungicide BSC, the herbicide 
PSC affected soil bacteria, reducing their abundance and increasing their 
requirement for C and P. This was evidenced by a decrease in maize- 
derived C in the microbial biomass as well as maize-derived C in the 
PLFAs of G+ and G-on Day 7, suggesting that PSC inhibited bacterial 
growth soon after application. As the maize-derived C in PLFAs is in 
newly synthesized PLFAs, our data suggest that PSC, which acts as a lipid 
synthesis inhibitor in plants (EFSA, 2007), may also inhibit lipid syn
thesis in bacteria, thereby reducing biomass formation. At the same 
time, the reduction in CUE in the presence of PSC indicated a microbial 
stress response, where less maize-derived carbon was allocated to 
growth and instead was respired (Manzoni et al., 2012). This is consis
tent with the increase in the vector length in the presence of PSC on Day 
7, indicating a shift in C limitation (Moorhead et al., 2016), towards a 
higher requirement for C. Combined with an increase in the SEA of C and 
P enzymes, nutrient acquisition strategies changed, resulting in a higher 
requirement for C and P. We propose that microorganisms increased 
nutrient acquisition efforts and maintenance activities, such as enzyme 
regeneration and cell repair, rather than growth (Bradley et al., 2018). 
This response is also supported by the transient decrease in microbial 
biomass on Day 7. As biomass production declined, maintenance 
mechanisms to acquire C and P were enhanced, leading to increased 
utilization of readily available maize-derived EOC. Consequently, the 
incorporation of maize-derived C in the microbial biomass C on Day 14 
indicates that the microorganisms recovered and resumed utilizing the 
maize-derived C source, forming a new steady state attributed to mi
crobial resilience (Hodgson et al., 2015). At the same time the decrease 
in PSC residues on the maize was observed, which could indicate that 
the toxic effects of PSC were only transient. On the other hand, residues 
were still comparable to the initial concentration on Day 14 and only 
decreased after the microorganisms recovered. As there is no 
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information on the degradation pathway of PSC and genetic markers for 
the degrader community have, to our knowledge, not been discovered 
yet, it is difficult to argue what caused this. We speculate that a com
munity more tolerant to PSC and capable to degrade PSC was formed 
during the first 14 days. Such a shift in the community was observed for 
other pesticides, e.g., MCPA (Wirsching et al., 2020; Mäder et al., 2024).

Although observed in fresh maize, the effects of PSC were not 
detectable in aged maize. This might be explained by different dynamics 
of the maize treatment and their interaction with the pesticide. We as
sume that PSC affects the microbial community between days 7 and 14, 
irrespective of maize treatment. Microbial activity in fresh maize 
initially increased, due to readily available nutrients, but declined 
rapidly after nutrients had been utilized. During this decline in activity 
the effect of PSC occurred, leading to the observed effects as the mi
crobial community might have been less resistant to disturbance. In 
contrast, in aged maize, microbial activity increased towards Day 14, 
when C supply from maize increased due to an adaption to the nutrient 
regime and the breakdown of recalcitrant substrate (Luu et al., 2022), 
possibly compensating for the negative effect of PSC. This highlights the 
importance of substrate quality, which influences the nutrient regime at 
the time of a pesticide disturbance and can shape the magnitude and 
direction of the effect in the microbial community.

5. Conclusion

This study provides first mechanistic insights into the interactive 
effects of pesticides and substrate quality on soil microorganisms and 
their function. We have identified a transfer of pesticide residues from 
plant material directly to soils and an accumulation of residues in soils, 
which may have implications for pesticide residue prediction and 
modelling, where input via carriers such as plant material is currently 
insufficiently considered. This has to be further evaluated for different 
pesticides and organic inputs since the observed transfer is likely 
pesticide and carrier specific. Especially properties of the pesticides that 
increase or decrease adsorption to such carriers e.g., water solubility and 
the potential biodegradability by microorganisms have to be studied, as 
these aspects likely lead to an over- or underestimation of pesticide 
residues. In more detail, pesticide residues might not reach the soil 
directly, as they are initially on treated plants, and at the same time that 
these residues may be incorporated only at a later stage. Regulators and 
the risk assessments for pesticides need to consider such additional input 
pathways, as real-world exposure might not be fully covered with the 
existing exposure scenarios.

We could further show that this transfer was not affected by the two 
maize qualities used in this experiment, yet other organic substances, e. 
g., biochar might result in different behaviors. The microbial results 
highlight the individual effects that pesticides can have, depending on 
their mode of action, reducing microbial activity and abundance and 
altering their function. These effects were also dominant in the mixed 
treatment, where interactive effects were less pronounced than expected 
and single pesticide effects predominated. The absence of an interactive 
effect could also be linked to the individual characteristics of the pes
ticides. While aspects such as competitive adsorption could not be 
determined here, they need to be considered and investigated in future 
studies. The fact that PSC and BSC affected different microbial groups 
(bacteria and fungi, respectively) and different processes could further 
explain that interactive effects were less pronounced. A classification 
based on the modes of action could be discussed in the future, with 
extensive comparisons between effects of pesticides with the same mode 
of action. Such results could help to further group pesticide effects on 
non-target organisms and to predict their effects. Extending from this, 
the combination of different modes of action could be tested to inves
tigate whether their combination results in similar effects even with 
different pesticides used.

Future studies should aim to improve the mechanistic understanding 
of the effects of pesticides on soil microorganisms. They could benefit 

from including environmental conditions that could interfere with these 
effects and that are typically present in agricultural scenarios. Therefore, 
next steps should include the investigation of such dynamics in field 
experiments using agricultural practices, to validate the observation in 
this study.
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Bílková, Z., Osman, R., Khurshid, C., Navarro, I., de la Torre, A., Sanz, P., Ángeles 
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