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Abstract

Temperature and soil moisture are known to control pesticide mineralization.

Half-life times (DT50) derived from pesticide mineralization curves generally

indicate longer residence times at low soil temperature and moisture but do

not consider potential changes in the microbial allocation of pesticide-derived

carbon (C). We aimed to determine carbon use efficiency (CUE, formation of

new biomass relative to total C uptake) to better understand microbial utiliza-

tion of pesticide-derived C under different environmental conditions and to

support the conventional description of degradation dynamics based on miner-

alization. We performed a microcosm experiment at two MCPA (2-methyl-

4-chlorophenoxyacetic acid) concentrations (1 and 20mg kg�1) and defined

20�C/pF 1.8 as optimal and 10�C/pF 3.5 as limiting environmental conditions.

After 4weeks, 70% of the initially applied MCPA was mineralized under opti-

mal conditions but MCPA mineralization reached less than 25% under limiting

conditions. However, under limiting conditions, an increase in CUE was

observed, indicating a shift towards anabolic utilization of MCPA-derived

C. In this case, increased C assimilation implied C storage or the formation of

precursor compounds to support resistance mechanisms, rather than actual

growth since we did not find an increase in the tfdA gene relevant to MCPA

degradation. We were able to confirm the assumption that under limiting con-

ditions, C assimilation increases relative to mineralization and that C redistri-

bution, may serve as an explanation for the difference between mineralization

and MCPA dissipation-derived degradation dynamics. In addition, by introduc-

ing CUE to the temperature- and moisture-dependent degradation of pesti-

cides, we can capture the underlying microbial constraints and adaptive

mechanisms to changing environmental conditions.
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1 | INTRODUCTION

Pesticide residues in European arable soils have become
an environmental threat of great concern (Silva
et al., 2019). Microbial degradation is the most important
process to reduce this pesticide contamination (Schwarz
et al., 2022), whereby degradation rates depend primarily
on soil temperature (Helweg, 1993). How accessible the
pesticide residues are to microbial degradation is influ-
enced by the soil moisture content (Schroll et al., 2006).
A very common method to determine the degradation
rate and residence time under various temperature and
soil moisture conditions is to evaluate the mineralization
of 13C/14C-labelled pesticides (Bouseba et al., 2009;
Dörfler et al., 1996; Helweg, 1987; Helweg, 1993; Schroll
et al., 2006). However, assessing pesticide degradation
and pesticide persistence based on mineralization curves
alone does not address how microbial C-allocation of
pesticide-derived C changes in response to soil tempera-
ture and moisture. Shifts in microbial C allocation alter
microbial carbon use efficiency (CUE), defined as the
ratio of newly synthesized biomass C to total C uptake. A
low CUE is characterized by a relatively high mineraliza-
tion rate, while a high CUE is an indication of enhanced
growth and potential C stabilization in soils (Manzoni
et al., 2012). Considering that pesticides are linked to the
carbon (C) cycle when pesticides serve as the sole source
of C and energy (Pagel et al., 2016), CUE can be used to
evaluate the fate of pesticides under changing environ-
mental conditions and support the interpretation of pesti-
cide degradation based solely on mineralization curves,
as CUE allows us to predict whether more C will be
respired or utilized to form new biomass and eventually
stored as biomass residues (bioNER) in the soil (Muskus
et al., 2019). Consequently, increased CUE may indicate
that mineralization-derived half-lives anticipate longer
residence times that do not match the dynamics of actual
pesticide decline.

Generally, CUE increases with declining temperature
during soil organic matter degradation, indicating an
increase in the relative allocation of assimilated C to
growth (Allison et al., 2010). For specialized pesticide
degraders, this has not yet been proven. Even though a
temperature increase from 10 to 20�C has been shown to
accelerate pesticide mineralization (Choi et al., 1988;
Helweg, 1987; Muskus et al., 2020; Thirunarayanan
et al., 1985), lower temperatures do not always lead to a
significant decrease in degradation. Lower temperatures
may instead lead to a C redistribution within the micro-
bial cell, where less CO2 is emitted, as more C is used to
maintain existing biomass (Allison et al., 2010). Muskus
et al. (2019) found that a temperature drop from 20 to
10�C resulted in less mineralization of labelled 13C3,

15N-glyphosate, but promoted the formation of 13C non-
extractable residues (NER; proteins+ other remaining
bioNER+ sorbed and sequestered compounds (xen-
oNER)). However, because bioNERs were only deter-
mined after the death of the microorganisms,
information on C dynamics during pesticide turnover
was lost. Soil moisture is one of the most important
parameters regulating biological activities in soils
(Schroll et al., 2006) and can influence pesticide fate in
soils by facilitating the contact between degraders and
pesticides due to diffusion and mass flow (Jury
et al., 1987). Increasing water content within a soil water
potential range of �1.5 to �0.015MPa (Moyano
et al., 2013; Schroll et al., 2006) intensifies the degrada-
tion of pesticides (Griffin, 1981; Helweg, 1987). For exam-
ple, 2-methyl-4-chlorophenoxyacetic acid (MCPA)
persists 10 times longer in dry soils than in moist soils
(Audus, 1952) due to the moisture-sensitive exponential
growth of microbes (Helweg, 1987). As aridity increases,
microorganisms must invest more energy (Parr
et al., 1981) in overcoming the suction tension that holds
the water in the soil (Griffin, 1969). As energy require-
ments in drier soils increase, it is conceivable that the
way microbes allocate C will have a profound impact on
pesticide mineralization rates. Specifically, drought-
tolerant microbes invest heavily in the formation of extra-
cellular enzymes to maintain C uptake for the synthesis
of stress response compounds such as osmolytes, cryopro-
tectants, and chaperones (Schimel et al., 2007) to stabilize
cell pressure (Manzoni et al., 2014). This would imply
that pesticide degradation still occurs under low soil
moisture conditions, but it is not reflected in the 14C min-
eralization which is no longer proportional to the
dynamic of the overall degradation processes. This mech-
anism has already been demonstrated for soil C turnover
by Zeglin et al. (2013), in which soil C sequestration
potential was higher under dry conditions.

The degradation rate also depends on the initial pesti-
cide concentration (Karanasios et al., 2012; Schoen &

Highlights

• Limiting environmental conditions (low soil
moisture and temperature) reduce MCPA
mineralization.

• MCPA-derived C utilization shifted towards an
anabolic metabolism under limiting
conditions.

• A higher CUE could explain the differences
between mineralization and MCPA residue-
derived degradation dynamics.

2 of 14 WIRSCHING ET AL.



Winterlin, 1987; Wirsching et al., 2020). Pesticide degra-
dation at low concentrations usually follows first-order
kinetics and is often astonishingly fast (Fomsgaard &
Kristensen, 1999; Helweg et al., 1998). In contrast, pesti-
cide degradation at high concentrations is initially lim-
ited by the number of microorganisms, leading to a lag
phase and the typical S-shaped mineralization curve. The
onset of microbial growth is decisive for effective degra-
dation here (Wirsching et al., 2020). With respect to
C-allocation, in a previous study (Wirsching et al., 2020),
we demonstrated that the predominantly catabolic use of
MCPA at concentrations ≤1 mg kg�1 shifted towards a
gradually increasing anabolic metabolism at concentra-
tions ≥5 mg kg�1. If initial pesticide concentration deter-
mines C use by microbial pesticide degraders, the
impacts of temperature and moisture on C allocation
may also depend on pesticide concentration.

In this study, we aimed to link pesticide degradation
to CUE. CUE as a metric to describe pesticide-derived C
allocation could explain differences in the dynamics of
pesticide mineralization and dissipation under changing
environmental conditions. We used 14C-labelled MCPA
as a model compound since it is a weakly adsorbing pesti-
cide (Patzko, 2009) that is readily soluble in water
(Fredslund et al., 2008) and highly biodegradable (Oh
et al., 1995). Moreover, the functional genes involved in
MCPA degradation have been well characterized
(Nicolaisen et al., 2008). We hypothesized that
(i) reducing soil temperature and moisture increases the
anabolic utilization of MCPA and that this (ii) could
explain the differences in mineralization and dissipation
dynamics. We also expected that (iii) the effect size would
be more pronounced at higher initial MCPA concentra-
tions. To test these hypotheses, we determined the tem-
poral relationship between mineralization (14CO2) and
biomass formation (14Cmic, i.e., CUE), and measured
alterations in microbial degradation activity (tfdA
mRNA) and MCPA-degrading genetic potential
(tfdA DNA). To complement the experimentally deter-
mined CUE, we calibrated a gene-centric model using
the experimental data (mineralization, tfdA mRNA, and
tfdA). Based on the calibrated model, we predicted two
model-based CUEs to interpret the pesticide-derived C
use of MCPA-specific degraders.

2 | MATERIALS AND METHODS

2.1 | Soil origin and sampling

The study site was in the central region of the Ammer
catchment in southwest Germany (48�33024.66400,
8�52031.25900). Soil samples were taken in March 2019

from an Ap-horizon (0–30 cm) of a silty Luvisol (World
Reference Basis for Soil Resources). According to farmers'
records of their cultivation and spraying programs dating
back to 1990, MCPA had never been applied to the agri-
cultural field. The main pesticides applied were chlorida-
zone and metamitron. After sampling, the soil was sieved
(2 mm), homogenized, and stored at �20�C (�80�C for
mRNA samples) to prevent further biological reactions.
The main characteristics of the soil are shown in Table 1.

2.2 | Experimental design

The experimental setup consisted of two soil tempera-
tures (10 and 20�C), two soil moisture levels (pF 1.8 and
3.5), and two concentration treatments of 14C ring-
labelled MCPA (1 and 20mg kg�1 dry weight) plus one
control treatment without MPCA application. In this
study, we defined 10�C, pF 3.5, and the lower MCPA con-
centrations as limiting conditions, and 20�C, pF 1.8, and
the higher MCPA concentration as optimal conditions for
microbial degradation. We chose concentrations based
on Wirsching et al. (2020) because first-order degradation
is very rapid at 1mg kg�1 and microbial growth does not
occur until 20mg kg�1. Additionally, 20mg kg�1 repre-
sents typical applications of MCPA in the field. A set of
microcosms with all treatment combinations consisted
of 36 samples (2 soil moisture levels� 2 soil temperature
levels� 3 MCPA concentrations (including the con-
trol)� 3 replicates). Four of these sets were prepared,
yielding in total of 144 microcosms (Figure S1). MCPA
solution was uniformly applied to adjust gravimetric soil
water content to 39.6% (pF 1.8) and 29.1% (pF 3.5). Subse-
quently, after thoroughly mixing the soil with the MCPA
solution, cylinders (diameter= 5.6 cm, height= 4 cm)
were filled with 100 g of soil and compacted to a bulk
density of 1.2 g cm�3 (height of the soil core was 3 cm). In
three of these sets (108 microcosms), 14C-ring labelled
MCPA with an activity of 15 kBq (99% purity, specific
activity 50–60mCimmol�1; BIOTREND Chemikalien
GmbH, Germany) was applied. One set was sacrificed at
each of three-time points (5, 15, and 28 days, sampling
schedule Table S2) to quantify 14C incorporation into
microbial biomass (14Cmic). Time points were selected
according to the evolution of the 14CO2 mineralization
curve, i.e., in the initial lag phase (no 14CO2 evolution),
in the exponential degradation phase (maximum 14CO2

evolution), and in the final saturation phase (renewed
decrease in 14CO2 evolution). In the last sacrificed set,
14CO2-respiration was measured every second day. In the
fourth set (36 microcosms) only unlabeled MCPA (ana-
lytical MCPA purity 99.2%, Sigma-Aldrich, Germany)
was applied. A series of subsamples (on every second
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day) was taken and stored at �20�C for MCPA quantifi-
cation and at �80�C for RNA/DNA co-extraction (RNA
stability can only be guaranteed at �80�C) until the
analysis.

2.3 | MCPA dissipation analysis

MCPA was extracted from 2 g of soil dissolved in a sus-
pension of 10 mL methanol/water (1:1) as described by
Pagel et al. (2016). MCPA was quantified by HPLC-MS/
MS analysis (tandem mass spectrometry; Agilent
6490 iFunnel Triple Quadrupole (QqQ), Waldbronn-
Germany). The recovery of total MCPA from soil samples
was greater than 98% with a detection limit of
13 mg kg�1 (detailed information in the Supplement).

2.4 | MCPA mineralization (14CO2)

To determine the MCPA-derived 14CO2 respiration, an
aliquot of 1mL was taken every second day from a trap
containing 2mL 1M NaOH set up in the microcosm. It
was then mixed with 4mL of scintillation liquid
(Rotiszint Eco Plus, Carl Roth GmbH+Co. KG) in a
5mL scintillation vial (LDPE). The decay rate in becquer-
els (Bq) was measured using a scintillation counter
(Wallac 1411, Liquid Scintillation Counter, USA, detailed
information in the Supplement). The half-life times
(DT50MIN) derived from the cumulative mineralization
curves were calculated from the estimated parameters of
equations 1 and 2 (see also Duo-Sen and Shui-Ming
(1987) and Wirsching et al. (2020)):

C¼C0 � 1� 1
1� f kð Þ � ek1 � tþ f k

� �
ð1Þ

DT50MIN ¼ 1
k1

� ln 1
1� f k

þ1

� �
ð2Þ

where C is the MCPA-derived 14CO2 (% of MCPA initially
applied), C0 is the total mineralizable MCPA that was not
immediately incorporated into the microbial biomass or
bound to the soil organic matter after application (% of
MCPA initially applied), k1 (d�1) is the rate constant of

MCPA degradation per day, and and f k is a dimension-
less parameter, where the range of f k is constrained as 0
≤ f k < 1 (Wirsching et al., 2020).

2.5 | Microbial biomass (Cmic)

Microbial biomass was estimated using the chloroform
fumigation extraction method (CFE) developed by Vance
et al. (1987), adapted by Poll et al. (2010) for an additional
14C determination. To obtain the 14C content in Cmic,
1mL of the CFE supernatant was mixed with 4mL scin-
tillation liquid (Rotiszint Eco Plus, Carl Roth GmbH+Co.
KG) in a 5mL scintillation vial (LDPE). Subsequently,
the decay rate in Bq was determined using a scintillation
counter (Wallac 1411, Liquid Scintillation Counter,
USA). Calculation of the incorporated 14C was performed
as described for the Cmic content in the Supplement.

2.6 | MCPA degrader abundance and
activity

2.6.1 | DNA/RNA co-extraction

For RNA and DNA extraction, 2 g frozen soil was
weighed into 15 mL bead-beating tubes and extracted
using the RNAeasy PowerSoil Total RNA Kit for soil
(Qiagen, Germany) and the RNAeasy PowerSoil DNA
Elution Kit (Qiagen, Germany) in a co-extraction method
following the manufacturer's protocol. Before using the
RNA samples for Real-Time quantitative PCR (qPCR),
the possible remaining DNA in the RNA samples was
digested using the TURBO DNA-free™ Kit (Invitrogen,
Thermo Fisher Scientific, Germany, Table S3).

2.6.2 | Real-time quantitative PCR

For gene quantification (bacterial 16S rRNA and func-
tional genes), qPCR assays were applied using an
ABI Prism 7500 Fast system (Applied Biosystems,
Germany) with SYBR Green detection. The primer and
qPCR conditions used are listed in Table S5. Each SYBR
Green reaction contained 7.5 μL of Power SYBR®

Green PCR master mix (Applied Biosystems, Germany),

TABLE 1 Chemical and physical soil properties.

Soil horizon Depth pH Corg Nitrogen Phosphate Sand Silt Clay

Ap [cm] [CaCl2] [mg g�1] [mg g�1] [mg g�1] [%] [%] [%]

0–30 6.48 18.4 2.1 1.038 2.26 72.04 23.8
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0.75.μL of each primer (5 μM), 0.375 μL of T4gp32
(MP Biomedicals, Germany), 3.625 μL water and 2 μL
diluted template DNA or cDNA (3 ng μL�1) for func-
tional genes (tfdA and cadA). For 16S rRNA, 1 μL diluted
template DNA or cDNA (3 ng μL�1) and 4.625 μL of
water were used. For quantification, standard plasmid
DNA was used with a dilution series from 108 to 101 cop-
ies μL�1 according to Ditterich et al. (2013). CadA
showed no response to MCPA addition and was therefore
not considered during the study.

2.7 | Gene-centric modelling of MCPA
biodegradation

We used a recently developed modelling approach Cha-
vez Rodriguez et al. (2020) to simulate MCPA mineraliza-
tion (CP [mmol g�1]), tfdA genes and transcripts [copies
g�1], and CUE. The original modelling approach was
extended to account for constitutive gene expression and
to include a temperature response function as follows:

1. We assumed gene expression to be in quasi-steady
state described by the Hill function, including consti-
tutive gene expression that is potentially important at
low concentrations

mdRNA¼ f T �
CL
P

� �nH
CL
P

� �nH þ KGð ÞnH þ
α

f T

 !
ð3Þ

where f T represents the number of transcripts per gene,
nH [�] and KG [mmol cm�3] are the Hill exponent and
Hill constant respectively, α is the constitutive gene
expression coefficient set to 1:2 �10�5 transcripts per gene
(Leveau et al., 1999), and CL

P [mmol cm�3] is the solution
phase concentration of MCPA.

2. We used the temperature response function f R Tð Þ
from Sierra et al. (2015), which influences microbial
growth, but also the decay rate, exogenous and endog-
enous maintenance rates, and decay rate of NER, and
is defined as follows:

f R Tð Þ¼ Q10ð Þ T�10C
10Cð Þ ð4Þ

where Q10 [�] is the temperature function constant, and
T is the temperature in �C.

The full model description, process formulations, and
model equations can be found in the Appendix S1:
Section 1.7. Model parameter ranges are found in
Table S6.

2.7.1 | Model calibration

We performed a hierarchical model calibration using the
parameter ranges from Table S6. Model calibration was
achieved by minimizing the sum of squared error (SSE)
with the optimization algorithm Simulated Annealing
from MATLAB:

SSE¼
Xn
i¼1

yimeasured� yisimulated

� �2
σ2i

ð5Þ

where ymeasured is the mean value of the ith observation,
ysimulated is the corresponding ith simulated value, and σ2

is the standard deviation of the corresponding
observations.

The hierarchy of parameter groups was formed by
assuming: (i) different bacterial subpopulations under
the two different initial concentrations of MCPA (C),
(ii) possible physiological and morphological bacterial
changes under different moisture levels (W) that were
not well captured by moisture functions found in the
literature, and (iii) specific soil-dependent parameters
(S). Thus, parameters for calibration were grouped
according to the proposed hierarchy (Table S6).

Model outputs corresponding to the measured data
for model calibration are the following:

Mineralization %½ � ¼
14CO2 �100%

14C0
MCPA

ð6Þ

Genes copies g�1
� 	¼CB

f 1
ð7Þ

Transcripts copies g�1
� 	¼mdRNA �CB

f 1
ð8Þ

Residual MCPA mgkg�1� 	¼CL
P �

θ

ρ
þKP � CL

P

� �nP ð9Þ

DT50RES d�1� 	¼Time Residual MCPA¼ 0:5 �C0
MCPA

� �� 	
ð10Þ

where f 1 [mmol gene�1] is the conversion factor cell to C
(Table S6). Incorporation of 14C into the microbial bio-
mass (Cmic) as well as CUE were not used for model
calibration.

We complemented our model calibration with a
local sensitivity analysis of our parameter fits through
the sensitivity coefficient (Ingalls, 2008; Zi, 2011), iden-
tifiability score (Malwade et al., 2017; Yao et al., 2003),
and error (Malwade et al., 2017) of estimated
parameters.
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2.8 | Carbon use efficiency

We derived CUE both experimentally and with two
model-based CUES:

1. CUEM : experiment-based CUE used for labelled sub-
stances (Geyer et al., 2016)

CUEM ¼
14Cmic

14Cmicþ14CO2
ð11Þ

where: 14Cmic is the C uptake in microbial biomass, and
14CO2 is the mineralized MCPA-derived C.

2. CUEE: environmental model-based CUE adapted from
Geyer et al. (2016).

CUEE ¼ C14
B

C14
B þ14CO2

ð12Þ

3. CUEC: community model-based CUE adapted from
Geyer et al. (2016) and Manzoni et al. (2018).

CUEC ¼ 1� r14respirationþ r14m�endogenousþ r14m�exogenousþ rNERdecay

r14respirationþ r14growthþ r14m�exogenous

ð13Þ

2.9 | Statistical analysis

A linear model with mixed effects as part of the “nlme”
package using the lme function (Pinheiro et al., 2020)
implemented in R version 3.5.2 was applied, specifying
concentration, soil moisture, temperature, and their
interactions as fixed effects, with microcosms as random
effects. Response variables were 14C mineralization rate,
14C uptake, CUE, tfdA gene expression, and tfdA abun-
dance. Model assumptions from ANOVA were visually
confirmed by residual diagnostic plots (Kozak &
Piepho, 2018). For the specification of contrasts between
the influencing factors relevant to the verification of our
hypothesis, a post-hoc comparison was conducted using
the package “emmeans” (Lenth et al., 2020). With this
package, the estimated marginal means were calculated,
and interaction plots were made by using the “emmip”
function to display the interactions between the variables
soil moisture, temperature, and concentration. The influ-
ences of the variables were compared pairwise with the
Tukey method, and the standard error (SE) and p-value
for each result were simultaneously computed.

3 | RESULTS AND DISCUSSION

3.1 | Enhanced MCPA mineralization
under elevated temperature and moisture

Pesticide degradation studies often fail to consider the
possibility that the efficiency of microbial C utilization
can shift in response to environmental factors (Allison
et al., 2010; Manzoni et al., 2012). Our study, therefore,
analysed microbial utilization of the pesticide MCPA in
response to limiting (10�C/pF 3.5) and optimal (20�C/pF
1.8) environmental conditions. In addition to estimating
the mineralization of 14C-labelled MCPA and the dynam-
ics of specific degraders, we calculated the CUE to evalu-
ate microbial C allocation to catabolic and anabolic
processes. Our analyses were complemented by a mecha-
nistic gene-based model fitted to the experimental data
(Table S8).

Maximum microbial MCPA mineralization among
treatments was determined by accumulated 14CO2 pro-
duction at the end of the incubation period
(Figure 1a–d). Under optimal soil conditions (20�C, pF
1.8) and 20mg kg�1, nearly 70% of the initially applied
14C-labelled MCPA was mineralized. Under limiting con-
ditions (10�C, pF 3.5) and 1mg kg�1, mineralization was
significantly reduced and peaked at only 23%. These
results were confirmed by our model simulations, which
accurately depicted the measured mineralization
(Figure 1a–d).

3.1.1 | Temperature response

As a single factor, a temperature increase from 10 to
20�C resulted in an increase in 14CO2 mineralization of
10.5% (F1,16= 73.9, p<0.01). However, the effect was sig-
nificantly more pronounced at high MCPA concentra-
tions (+17.7%) than at low MCPA concentrations
(+3.4%, F1,16= 35.2, p<0.001; Figure 1a–d). Comparable
temperature-dependent increases in mineralization were
demonstrated in studies by Nowak et al. (2020) and
Muskus et al. (2020) for glyphosate, Helweg (1993) for
mecoprop (MCPP), and Bouseba et al. (2009) for 2,4-D.
These increases in 14C mineralization appeared to be
independent of the chemical properties and associated
behaviours of those pesticides in soils. In our experiment,
an explanation could be found in the temperature
sensitivity of the enzyme-catalysed reactions of MCPA
degradation, which are associated with inherent kinetic
properties (intrinsic temperature sensitivity) and a
concentration-dependent response of mineralization rates
to temperature (apparent temperature sensitivity;
Davidson & Janssens, 2006).
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3.1.2 | Soil moisture response

As a single factor, reduced soil moisture at pF 3.5 resulted
in the strongest decrease in 14CO2 mineralization
(�16.2% F1,16= 136, p<0.01). This effect was most pro-
nounced at the high MCPA concentration (F1,16= 17.9,
p<0.001), where total mineralization was 21.3% higher
at pF 1.8 as compared to pF 3.5 (Figure 1a,b). At the low
MCPA concentrations, this increase was only 11.0%
(Figure 1c,d). Microbial activity typically decreases with
increasing osmotic potential, as demonstrated by Sparling
et al. (1989). According to Ilstedt et al. (2000), the reason
a reduction in water content also reduces the maximum
mineralizable 14C fraction of MCPA is related to substrate
diffusion limitation due to the reduced thickness of the
water film on soil particles as osmotic potential declines

(Papendick & Campbell, 1981). Schroll et al. (2006) deter-
mined a water potential for aerobically degradable che-
micals of �0.015MPa, which corresponds to a pF value
of about 2.2, slightly below the pF-value of 1.8. Evalua-
tion of MCPA residues (Figure 1e–h) indicated almost
complete degradation, especially in the 1mg kg�1 treat-
ment at 20�C, in which MCPA was no longer detectable
after 10 to 15 days. Ten percent of the initially applied
MCPA remained in the soil only under the treatment
combination of 20mg kg�1, 10�C and pF 1.8. In the treat-
ment combination of pF 3.5 and 20�C, no MCPA could
be extracted after 20 days. If the incubation took place at
10�C, MCPA was no longer detectable after 25 days. Simi-
lar detection times for MCPA were reported by Baelum
et al. (2006), Baelum et al. (2006), Hiller et al. (2009), and
Peña et al. (2015).

FIGURE 1 Measured (dots) and simulated (lines) of cumulative 14CO2 mineralization at two MCPA concentrations as a function of

temperature and soil moisture over time (a–d), Residual MCPA expressed as mg kg�1 over time (e–h), tfdA genes during the MCPA

biodegradation experiment expressed as gene copies g�1 dw (i–l), tfdA transcripts quantities during MCPA degradation expressed as

copies g�1 dw (m–p). tfdA genes and transcripts are expressed at log-scale. Error bars represent standard errors of the mean values for soil

triplicates (see Section 2). tfdA transcript abundances at days 25 and 28 (* in panels m–p) were below the detection limit and therefore were

not included in the model calibration.
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3.2 | Microbial growth and activity
under varying soil conditions during
MCPA degradation

Potential of MCPA degradation and microbial activity
were measured through tfdA gene (Figure 1i–l) and
transcript abundances (Figure 1m–p), respectively. The
tfdA gene abundance responded only to the 20 mg kg�1

and 20�C treatments (Figure 1i,j). The abundance of
tfdA genes reached a maximum 10 days after MCPA
application; with significantly higher copy numbers at
pF 3.5 (4:3 �106 copies g�1 dry weight (dw)) than at pF
1.8 (2:2 �106 copies g�1 dw; day:pF; F1,24= 16,48,
p<0.01). After the peak, a slow decline followed until
day 28, after which the initial level of 104 copies g�1 dw
was reached again. The concentration-dependent prolif-
eration of tfdA-harbouring microorganisms is consistent
with the study by Bælum et al. (2008), which demon-
strated a similar increase from 1 �104 to 3 �106 copies g�1

dw during the degradation of 20mg kg�1 MCPA. Below
20mg kg�1, tfdA DNA remained at a consistently low
level, indicating no growth occurred during mineraliza-
tion (Nicolaisen et al., 2008). The response of tfdA tran-
scripts to concentration and temperature mirrored the
patterns of tfdA gene abundance (concentration:day:tem-
perature; F8,96= 30.01, p<0.001), with a clear response
to the treatment of 20mg kg�1 MCPA at 20�C. However,
soil moisture had no effect on gene transcription
(F1,24= 1.51, p= 0.90). We also observed a correlation
between the detected levels of tfdA mRNA (Figure 1m–p)
and the mineralized pesticide (Figure 1a–d). For example,
no tfdA mRNA was detected in the control treatments
(data not shown), and tfdA mRNA was only detected
once mineralization of MCPA could be measured. After a
lag phase of approximately 5 days, there was a slow
increase in 14CO2-mineralization accompanied by an
increase in tfdA mRNA from an average of 101 on day 0
to a peak of 106 copies g�1 dw on day 10. At this time, the
inflection point of the sigmoidal 14CO2 mineralization
curve was attained: i.e., the maximum degradation inten-
sity. Subsequently, 14CO2-mineralization decreased again,
coinciding with a drop in tfdA transcript abundance,
which fell below our detection limit (103 copies g�1 dw)
for mRNA quantification at day 28 (Figure 1m,n). Similar
results were obtained by Vieublé Gonod (2002) and
Bælum et al. (2008), where an initial “lag” period (0–
8 days) with minor mineralization indicated limited
microbial pesticide turnover. In a second phase charac-
terized by a sharp increase in mineralization (after day
eight), Bælum et al. (2008) detected a maximum tfdA
level of �104 transcripts per gram soil on day 16, followed
by a decline to approximately 103 copies on day 24. The

observed patterns of tfdA gene and transcript dynamics
were well captured by gene-based mechanistic model
simulation. According to Gözdereliler et al. (2013), differ-
ent degrader subpopulations are adapted to different
MCPA concentrations. Therefore, we allowed the param-
eters f 1 (conversion factor cell to C), m (maintenance
coefficient), and YP (yield coefficient) to take different
values at 1 and 20. Calibrated parameters (Table S6) sug-
gested populations with bigger cells, higher maintenance
demands, and lower yield efficiencies at 20mg kg�1 than
at 1mg kg�1, which is in accordance with Gözdereliler
et al. (2013). Additionally, within each concentration
level, slightly smaller cells with low maintenance
demands and high yield efficiencies might be expected
at pF 3.5.

3.3 | CUE dependency on temperature,
moisture, and MCPA concentration

We determined CUEM based on measured 14C incorpora-
tion into microbial biomass (Sinsabaugh et al., 2013).
Additionally, and taking advantage of our mechanistic
gene-centric model, we derived two model-based CUEs –
CUEE and CUEC. While CUEM accounts for pesticide-
derived C incorporation into the entire microbial
community, the two model-based CUEs exclusively
consider C utilization by specific pesticide degraders.
CUEM and CUEE measure the effects of pesticide-C stabi-
lization on C utilization over a longer period, considering
the effects of biomass turnover, substrate recycling,
and potential cross-feeding (Geyer et al., 2016). CUEC is
calculated from simulated process rates and measures
the immediate C utilization after MCPA uptake.

3.3.1 | 14C uptake

The prerequisite for CUEM assessment is quantification
of 14C incorporation into the biomass (14Cmic). Soil mois-
ture did not affect 14Cmic (Table S13). In contrast, a tem-
perature reduction to 10�C significantly increased 14Cmic

during the first 5 days after MCPA application by 3 per-
centage points to 10% (F1,16= 4.9, p<0.05), compared to
the 20�C treatment. Microbial uptake of MCPA can occur
very quickly, according to Nowak et al. (2011), who
found a peak in 2,4-D derived 13C after only 2 days. They
identified bacteria as the main degraders of 2,4-D in the
soil. However, an initial high 14Cmic is followed by 14C
losses, since the 14C is assimilated to form precursor com-
pounds for further biosynthesis or is dissimilated for
maintenance respiration (Geyer et al., 2016).
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3.3.2 | Community CUEC

Short-term metabolic reaction of degraders is represented
by the CUEC (Figure S3). On average, CUEC increased by
0.2 at 1mg kg�1 compared to 20mg kg�1. The CUEC in
relation to the remaining MCPA concentration reached
zero at 1 and pF 1.8 after about 99% of the initially
applied MCPA was degraded; this was in contrast to the
20mg kg�1 treatment, where this point was reached ear-
lier (90%, Figure S3). These findings indicate a more effi-
cient utilization of MCPA-derived C at low initial
concentrations and longer-lasting gross production. Gross
production is defined as total pesticide uptake minus
pesticide-C, which is mineralized and used for further
biosynthesis processes (Geyer et al., 2016). Therefore, in
contradiction to the constant metabolic flux analysis of
Geyer et al. (2019), in which no change in the biochemi-
cal processes was detected during the incubation of dif-
ferent glucose concentrations, we can confirm a decrease
in CUEC for MCPA at 20mg kg�1. Lower CUEC under
higher MCPA concentration is likely attributable to two
different fitted values of growth yield parameters for each
initial MCPA concentration (Table S6). This finding
supports the inherent model assumption made in accor-
dance with Gözdereliler et al. (2013) that two subpopula-
tions of pesticide degraders with different physiologies
trigger concentration-dependent shifts in pesticide-C
metabolism. Metabolic regulations leading to increased
nutrient-mobilizing extracellular enzymes or C-wasting
respiratory mechanisms under nutrient limitations could
also be responsible for lower CUEC (Manzoni et al.,
2017). However, these processes can be ruled out in fertil-
ized soils, because in these soils nutrient limitations are
not expected.

3.3.3 | Environmental CUEM and
simulated CUEE

Short-term differences in CUEC should affect the long-
term fate of the MCPA-C, as measured by CUEM and
CUEE. CUEM was significantly higher during the MCPA
degradation at 20mg kg�1 compared to 1mg kg�1 (+0.06;
F1,16= 5.8, p<0.05) during the first 15 days (Figure 2a–
d). CUEM can only be statistically evaluated by compari-
son at each time point. However, comparing CUEM over
time is misleading, as different states of degradation
dynamics are being compared. To eliminate this devia-
tion, CUEE was considered as a function of the relative
decrease in MCPA concentration (Figure 2e–h). The sim-
ulated CUEE is about 0.2 higher at low concentrations
than at high concentrations, indicating greater C stabili-
zation at the ecosystem level at low concentrations. For

CUEM , this effect was only evident at the end of the incu-
bation (CUE = 0.21; F1,16= 4.3, p= 0.05).

We observed an increase in CUEM with decreasing
temperature (Figure 2a–d), which also has previously
been reported (Dacal et al., 2021; Domeignoz-Horta
et al., 2020; Frey et al., 2013), and is associated with
higher growth efficiencies (Domeignoz-Horta et al., 2020;
Pold et al., 2020) and lower energy costs to maintain
existing biomass (Gözdereliler et al., 2013; Sinsabaugh
et al., 2013). An additional temperature effect is that
increased microbial activity at 20�C leads to increased
MCPA turnover especially at 20mg kg�1, which is in
agreement with the Arrhenius equation (Laidler, 1984).
The substrate concentration was therefore present longer
at 10�C and as a result, maintained a higher CUEM for a
longer time (Figure 2e–h). The simulated CUEs did not
indicate the temperature effect (Figure 2e–h), because
the model assumptions for CUEE and CUEC assign the
same temperature sensitivity to microbial growth, main-
tenance and turnover (see Equation 2, 4, 5, 6 and 7 in the
Appendix S1: Section 1.7.1).

In addition to concentration and temperature, CUEM

was increased by the reduction in soil moisture (+ 0.15;
F1,16= 40.3, p<0.01), especially at the first time point
(fifth day). Similarly, CUEE and CUEC were 0.25 higher
at pF 3.5 (Figure 2). Consistent with this finding of our
study, Jones et al. (2018) found an upward trend in
microbial CUE under the following aridity levels: hyper-
arid> arid> semi-arid, with the subsequent finding that
even under hyper-dry conditions, very low microbial
activity and C turnover occurred with altered C alloca-
tion. The reason given was reduced catalytic activity
related to a decline in motility of organisms and enzymes
across a water film that loses thickness as drought
increases. However, this is not a common finding, as
many studies (Ågren et al., 2001; Allison et al., 2010)
have shown that microbial CUE in soil can decline with
lower water content and substrate availability. In addi-
tion to the reduced catalytic activity, the efficient utiliza-
tion of MCPA by the specific microorganisms could also
lead to this increased CUE under dry soil conditions, set-
ting it apart from the turnover of soil organic matter by
the entire soil microbial community. Interestingly,
increased CUE with reduced temperature and soil mois-
ture was not accompanied by any response of tfdA tran-
script and gene copy numbers in our study. This
imbalance may be explained by the fact that microbial
use of the substrate is more complex than simple conver-
sion to biomass (Schimel & Schaeffer, 2012). Rather, bac-
terial degraders synthesize a variety of products, e.g., to
maintain basic functions, such as extracellular enzymes,
extracellular polysaccharides, cell wall polymers, but also
stress response compounds, such as osmolytes, to survive
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under dry conditions (Schimel et al., 2007). This forma-
tion of stress compounds could explain a slight increase
in C use efficiencies during MCPA degradation under
drier conditions compared to the near-optimal water con-
tent at pF 1.8.

3.3.4 | Differences in mineralization and
dynamics of actual MCPA decline

Differences in MCPA degradation were also reflected in
DT50-values, describing the time required to mineralize
50% of the applied MCPA (Table 2). We determined two
different DT50 values: (i) a DT50MIN derived from mineral-
ization kinetics, typically calculated in dissipation experi-
ments of pesticides, and (ii) a DT50RES derived from
residual MCPA concentration. Under limiting conditions,
we observed longer DT50RES and DT50MIN-values, with
temperature exerting a stronger influence than soil mois-
ture. Based on mineralization kinetics, we found that the

residence time of MCPA increased by a factor of 1.9 when
soil moisture and temperature were reduced at 1mg kg�1

(Table 2). The DT50RES value indicated that the residence
time increased only by a factor of 1.6. This deviation in
estimated residence time, could be due to altered
temperature- and soil moisture-dependent C allocation,
which is supported by the increased CUE under the treat-
ment combination pF 3.5, 10�C, and 1mg kg�1. Conse-
quently, the determination of degradation dynamics
based on 14C curves becomes unreliable. Under limiting
conditions, mineralization was no longer proportional to
the dynamics of the actual degradation processes
(Table 2).

Compared to the concentration of 1 mg kg�1, the
effect of a temperature reduction at 20 mg kg�1 was inde-
pendent of both soil moisture and the DT50 approach,
increasing half-life times by a factor of �2 (Table 2). In
this case, degradation was initially limited by the number
of microorganisms, in contrast to degradation at
1mg kg�1, where degradation potential was provided by

FIGURE 2 CUE vs. time (d) showed in panels a–d, and CUE vs normalized residual MCPA concentration in soil showed in panels e–h.
CUEM (Equation 11) is presented as points and CUEE (Equation 12) as lines. Note that the CUEM were not used for model calibration

(see Section 2).

TABLE 2 Half-life DT50RES derived from the residual MCPA concentration in soils and DT50MIN derived from mineralization kinetics as

a function of soil moisture, concentration, and temperature.

DT50RES DT50MIN

pF 1.8 pF 3.5 pF 1.8 pF 3.5

10�C 20�C 10�C/20�C 10�C 20�C 10�C/20�C 10�C 20�C 10�C/20�C 10�C 20�C 10�C/20�C

20 mg kg�1 18.4 9.3 2.0 15.6 7.4 2.1 18.5 9.9 1.9 17.6 8.8 2.0

1 mg kg�1 9.6 6.5 1.5 8.5 5.4 1.6 10.3 6.7 1.5 12.2 6.3 1.9
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the autochthonous microbial abundance; here, rapid
first-order degradation could be initiated immediately
(Baelum et al., 2006; Wirsching et al., 2020). According to
Babey et al. (2017), degradation of 2,4-D is most efficient
when the ratio of degraders to instantaneous pesticide
concentrations favours degraders. This was the case for
the treatment at 20�C and high initial pesticide concen-
tration after a relatively low mineralization was observed
in the first phase of the experiment (0–5 days). In the
absence of growth at 10�C, as indicated by the lack of any
increase in tfdA copy numbers, DT50MIN and DT50RES

values were significantly higher, indicating slower
degradation.

4 | CONCLUSION

Our results partially contradict previous findings
(Bouseba et al., 2009; Castillo & Torstensson, 2007;
Cattaneo et al., 1997; Parker & Doxtader, 1983) that
claim a decrease in temperature and soil moisture dur-
ing MCPA biodegradation is always accompanied by a
significant increase in half-life time. The extent to which
the residence time of MCPA was affected by a change in
temperature and soil moisture depended solely on initial
concentration and associated degradation dynamics.
This study demonstrates that 14C incorporation is not
necessarily proportional to mineralization, confirming
the hypothesis that, under limiting conditions, assimila-
tion is enhanced to support anabolic processes. C dissimi-
lation including non-growth maintenance (Geyer
et al., 2016), increased with rising temperatures, as
energy costs became more important regulators of motil-
ity or molecular turnover of proteins (Russell &
Cook, 1995). As a result, the MCPA-derived C will be
used more efficiently by microorganisms at low tempera-
tures and reduced soil moisture. Under these circum-
stances, estimating DT50-values from cumulative
mineralization will likely lead to a systematic underesti-
mation of pesticide degradation.

We expect that our findings for MCPA are valid for
other pesticides with similar degradation pathways such
as 2,4-Dichlorophenol (2,4-D) or 4-Chloro-2-methylphe-
nol (mecoprop), although pesticides with other properties
may behave differently. However, the temperature sensi-
tivity of pesticide degradation can be strongly influenced
by the sorption affinity of the pesticide. Under conditions
of lower availability of highly sorptive pesticides such as
glyphosate, the measured or apparent temperature sensi-
tivity and CUE fluctuations may be lower than observed
for MCPA degradation. How CUE responds during pesti-
cide degradation under anaerobic conditions would be
another interesting point to investigate. Further research

is needed to determine the validity of the proposed mech-
anisms for pesticides with different properties.
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