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Abstract

Herbicides, such as MCPA and clopyralid, may be transported to surface waters
via runoff, which can have unintended environmental consequences. A split her-
bicide application strategy, wherein applications are spread across a season, may
improve herbicide effectiveness, although impacts of this strategy on runoff miti-
gation have not been investigated. Therefore, this study aimed to (1) quantify the
impact of split-dose applications of MCPA and clopyralid on herbicide losses in
surface runoff and (2) assess the impact of split-dose applications of MCPA on
the quantity and classification of MCPA-degrading soil bacteria. Intact grassed
soil sods were placed in 1m-longx0.25m-wide X 0.1 m-deep laboratory flumes,
onto which either MCPA or clopyralid were applied in one full-dose (13.5kg
MCPA ha™'; 2kg clopyralid ha™") or two split-doses (each 6.75kg MCPA ha™;
1kg clopyralid ha™"') 42days apart. On days 2, 7 and 21 following herbicide ap-
plications, flumes were subjected to controlled rainfall simulations at an inten-
sity of 11mmh™’, and the herbicides in the runoff were quantified. MCPA and
clopyralid concentrations in the runoff were highest immediately after the ini-
tial application. Both herbicides were below the limit of detection (0.1 ugl™" for
MCPA and 0.45pgl™" for clopyralid) by 44 days. No herbicides were detected in
the runoff following the second split-dose application. For MCPA, this was attrib-
uted to an adaptation in the microbial community with the emergence of bacteria
possessing the tfdA class III gene in the soil. These results support split-dose her-
bicide application as a strategy for agricultural management.
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1 | INTRODUCTION are the most common category of pesticides used world-
wide, protecting up to 45% of crops from failure and as-
sociated reductions in yield (Abhilash & Singh, 2009).

However, their overuse, or misuse, may have negative

Herbicides are used to prevent the spread of weeds in agri-
cultural, residential and urban environments. Herbicides
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impacts on environmental and public health (Mdeni
et al., 2022). To prevent these, the European Union
(EU) has established regulations, such as the Water
Framework Directive (WFD) (2000/60/EC; EC, 2000) and
the Sustainable Use Directive (SUD) (2009/128/EC; EC,
2009), to limit and control their use. In addition, the EU
has set a maximum allowable concentration of individual
herbicides in drinking water at 0.1pgL™" and total pesti-
cide concentration at 0.5pgL™" (EU, 2020), where ‘pesti-
cides’ include herbicides but also other plant protection
products such as fungicides and insecticides.

The annual sale of herbicides within the EU rose from
386,400 to 439,400 tonnes between 2011 and 2016 to cope
with an increasing population and demand for agricultural
outputs (Pena et al., 2020). The consequential increased
use of these herbicides has led to the more frequent de-
tection of their active ingredients in the surrounding en-
vironment and drinking water (McGinley et al., 2023).
Conventional herbicide application methods may result in
their overapplication, leading to phytotoxicity in crops and
the loss of excess herbicides to the environment (Rakhimol
et al., 2019; Villamizar et al., 2020). With less than 15%
of herbicides meeting their intended target (Singh
et al., 2023), the remaining 85% has the potential to escape
agricultural and residential areas, percolating through
permeable layers in the soil or flowing through preferen-
tial pathways along the surface of the soil. Phenoxy acid
herbicides are the herbicide group that is most frequently
detected in European water supply zones (Muszynski
et al., 2020). Both 2-methyl-4-chlorophenoxyacetic acid
(MCPA) and clopyralid are highly water-soluble acid
herbicides and are frequently detected in drinking water
supply waterways (Khan et al., 2020). Detection of both
MCPA and clopyralid in agricultural surface water has
been shown to be higher in summer when application
rates are at their greatest (Khan et al., 2020), and their
magnitude may be increased with rainfall intensity and
slope (Mu et al., 2015).

Mitigation measures to prevent the transmission of
herbicides to surface and groundwaters may include mul-
tiple applications of herbicides across a season that cumu-
latively equal the same amount applied in one single dose
(hereafter referred to as ‘split-dose applications’). This
has been shown to improve the efficacy of the products
by ensuring a more even coverage of broadleaf weeds and
thistles (Kristo et al., 2022). While maximum allowable
application rates of MCPA have been shown to reduce the
yield of the main crop (Karimmojeni et al., 2013), split-
dose application rates have been reported to result in
higher crop yields (Nath et al., 2017). In addition, split-dose
applications of clopyralid combined with other herbicides
have been shown to better manage the growth of target
weeds than a single dose of clopyralid (Najafi et al., 2013).

However, no study has yet examined the impact of split-
dose applications on surface runoff and potential herbi-
cide loss to waterways, nor has any study examined how
split-dose applications impact the microbial community,
specifically the species that are associated with the degra-
dation of the applied herbicides.

Biological degradation plays a key role in the dissipa-
tion of herbicides from agricultural soils, with minimal
losses being attributed to abiotic degradation factors such
as photolysis, hydrolysis or oxidation (Meng et al., 2022).
Specific genes associated with clopyralid degradation have
not been identified, and biological degradation mecha-
nisms appear to be the result of microbial processes (Vasic
et al., 2022), but this has not been explored fully. However,
the tfdA gene has been identified as a pathway for the bac-
terial degradation of MCPA (Baelum et al., 2006). The tfdA
gene is found in various soil microorganisms, many of
which are not directly associated with the degradation of
herbicides (Perez-Pantoja et al., 2015), but are associated
with the degradation of organic compounds to carbon and
energy sources.

The tfdA gene has three classes (I, IT and III) that are
distributed among different bacterial species capable
of MCPA degradation. Class III tfdA genes are the most
studied across all MCPA-degrading species (Baelum
et al., 2006) and are associated with the initial biological
degradation of MCPA (Paulin et al., 2011). Bacteria that
possess this class of the gene have been reported to be-
come dominant in the presence of MCPA, particularly
within soil that is newly exposed to the herbicide (Baelum
et al., 2006). However, class I tfdA has been reported to
slowly contribute to the degradation of MCPA and adapt
to more efficient degradation in the absence of class III
tfdA harbouring bacteria (Baelum et al., 2006; Paulin
et al., 2011).

Therefore, the aims of this study are to (1) investigate
the prevalence of MCPA and clopyralid loss by surface
runoff using split-dose and full-dose application strate-
gies and (2) assess the impact of split-dose applications of
MCPA on bacteria that contain the MCPA degrading tfdA
gene.

2 | MATERIALS AND METHODS

2.1 | Soil collection and rainfall flume
preparation

Intact grassed soil sods, each measuring 0.6 m-long X 0.4 m-
wide X0.2m-deep, were collected from mixed perma-
nent grassland on a dry stock farm located in Killorglin,
Co. Kerry in the South-West of Ireland (52°07'25.6"'N
9°50'15.6""W). No herbicide applications had taken place
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at this site in at least 10years prior to sod collection. Sods
were transported to the laboratory, where they were
trimmed and placed in aluminium flumes measuring 1 m
in length, 0.25m in width and 0.1 m in depth. To prevent
the formation of preferential flow paths other than sur-
face runoff, any gaps found between the sods or along the
flume edges were sealed using melted paraffin wax. The
flumes were instrumented with runoff collection troughs
and drainage holes (located in their bases) to prevent
waterlogging. For a period of 12weeks prior to the first
application of herbicides, the flumes were exposed to nat-
ural daylight and weather conditions. To replicate routine
grazing of the pasture sword, the grass was trimmed to
approximately 5cm 2weeks before herbicide application,
and every 3weeks for the remainder of the study to repli-
cate grazing conditions.

2.2 | Soil characterization

Soil samples, taken from the same location and depth as
the soil sods, were air dried, passed through a 2mm sieve,
homogenized and analysed for physio-chemical proper-
ties. Soil moisture and bulk density were determined in
accordance with BS1377-2 section 3.2.4 and 3.3.6, respec-
tively (British Standard, 1990). Organic matter was de-
termined using a loss on ignition test at 360°C (Schulte
& Hopkins, 1996), total carbon and nitrogen (N) were
assessed by combustion (McGeehan and Naylor, 1988),
total phosphorus (P) was determined by the Morgan's
P test (Morgan, 1941). The Mehlich-3 soil test was used
to determine magnesium (Mg) and potassium (K)
(Mehlich, 1984). Soil pH was measured using a pH meter,
with a 1:2.5 ratio of soil: deionized water. Soil texture was
determined by integral suspension pressure using sieved
soil (<2mm) and the METER Pario according to manufac-
turer guidelines (METER Group, 2018).

2.3 | Herbicide treatments

Laboratory-grade MCPA or clopyralid (Sigma-Aldrich,
Ireland) were applied to triplicate flumes using one of
two dosing strategies: (1) a single full-dose application
(equivalent to 13.5kg MCPA ha™', or 2kg clopyralid
ha™), termed ‘full-dose’; or (2) two split-dose applications
(equivalent to 6.75kg MCPA ha™?, or 1kg clopyralid ha™*
per dose, with the two doses spaced 42 days apart), termed
‘split-dose’. Three control flumes, containing the same
grassed soil sods were subjected to the same experimen-
tal conditions but without herbicide application. In total,
15 flumes were used in the experiment. The application
rates selected were 10 times the recommended herbicide

and Management

application to ensure the detection of the herbicide in
the runoff and measure the impact of excessive applica-
tion rates. Herbicide applications were conducted using
750 mL trigger spray bottles to ensure uniformity of dose
and to replicate typical application mechanisms.

2.4 | Rainfall simulation

The rainfall simulation was carried out as described by
Gonzélez Jiménez et al. (2018). Briefly, drainage holes at
the base of the flumes were plugged 24 hours prior to her-
bicide application and the soil was saturated until water
accumulated at the surface. The drainage stoppers were
removed, and the flumes were allowed to reach field ca-
pacity. Once fully drained, herbicides were applied to
the full- and split-dose flumes (day 0). For the split-dose
flumes, the second split-dose was applied following the
same procedure on day 42.

The Sustainable Use of Pesticides directive 2009/128/
EC (EC, 2009) stipulates that pesticides should not be
applied to land when rainfall is forecast within 48h.
This directive informed the 2-day period between herbi-
cide application and the first rainfall event in our study.
Consequently, simulated rainfall events were conducted 2,
7,21, 44, 49 and 63 days after the initial application of her-
bicides. Between days 0 to 7 and 42 to 49, the flumes were
stored indoors and exposed to normal laboratory condi-
tions at approximately 15°C, to ensure initial runoff was
not lost to natural rainfall events. During the simulated
rainfall events, the flumes were placed in a rainfall simula-
tor at a slope of 6°, similar to the natural slope of Irish ag-
ricultural topography (Gonzalez Jiménez et al., 2018). The
rainfall simulator consisted of a single 4HH-SS14SQW
nozzle (Spraying Systems Co., Wheaton, IL) attached to
a 4.5m high metal bracket surrounded by thin polythene
sheeting with a rotating circuit. The simulator was cali-
brated to achieve an intensity of 10.2+0.1mmh~" and
a droplet impact energy of 260kImm™"h™" at 90% uni-
formity (Brennan et al., 2011). Each rainfall event lasted
30min, during which water samples were collected in
10-min intervals at 10, 20 and 30 min. The water volumes
were recorded, and subsamples for herbicide analysis
were immediately stored at —20°C for up to a maximum
of 4weeks prior to analysis.

2.5 | Herbicide runoff analysis

Herbicides were quantified by LC-MS, where chroma-
tographic separation was conducted using a C18 LC col-
umn in a Thermo scientific Dionex UlitMate 3000 system
equipped with a binary pump, a vacuum degasser and an
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autosampler. The column oven was maintained at 25°C.
The mass spectrometry was conducted on a Thermo
Scientific Extractive Plus Orbitrap® mass spectrometer.
TraceFinder 4.1 EFS LC software was utilized for data
acquisition and analysis. The flow-weighted mean con-
centration (FWMC) was calculated by multiplying the
concentration of the captured herbicide in the surface
runoff in each 10-min interval of the 30-min rainfall simu-
lation event by the corresponding volume of flow. The re-
sulting cumulative mass of herbicide was then divided by
the total volume measured during the rainfall event.

2.6 | Microbial sample
collection and analysis

Triplicate soil plugs (5g) were extracted from the control,
full-dose and split-dose flumes at weekly intervals (weeks
0-6) to assess changes quantitatively and qualitatively in
the tfdA gene, the gene associated with the biodegradation
of MCPA. Once the plugs were extracted, they were frozen
at —20°C and the plug holes within the flumes were filled
with paraffin wax.

DNA extractions from soil samples were performed
using a Qiagen Dneasy PowerSoil Pro Kit, following the
manufacturer's instructions, with the exception that 0.4g
soil was used for extractions. Following DNA extraction,
DNA quantification was conducted using the Qubit
dsDNA High Sensitivity Assay.

Normalized soil DNA samples (25-50 pg L") were used
fortriplicateqPCRanalysistoquantifythetfdAgeneusingthe
forward primer 5'-GAGCACTACGCRCTGAAYTCCCG-3’
and the reverse primer 5-GTCGCGTGCTCGAGAAG-3’
(Baelum & Jacobsen, 2009). Standard curves from 10’-
10" pg ™" were prepared in triplicate using 280 bp gBlocks
Gene Fragments produced by IDT (Integrated DNA
Technologies), containing ¢tfdA sequences from Alcaligenes
eutrophus. The assay limit of quantification was 10° copies
pg L

Quantitative real-time PCR using SYBR® Green as
dye was performed using LightCycler 480 SYBR Green
I Master qPCR kit (Roche) Mastermix including 0.4 uM
of each primer. Five microliter aliquots of DNA extracts
(~10-50ng) were added to 20pL reactions. The reaction
conditions were as follows: 10min at 95°C for enzyme ac-
tivation, 50cycles of 60s at 95°C, 30s at 64°C and 60s at
72°C in the LightCycler 480. After amplification, a melting
curve was acquired by heating the product at 4.4°Cs™ to
95°C, holding it for 55, cooling it at 2.2°C s~!to 64°C, hold-
ing at 64°C for 60s and then slowly heating at 0.1°Cs™" to
97°C. Measurement of florescence intensity for the gPCR
was performed in the end of the 60s 72°C step, while for
the melting curve assay, it was measured at the end of

each increment cycle. Presence/absence determinations
of three potential gene classes (I, IT and III) were made
based on the Tm callings using the LightCycler® 480 soft-
ware, with different ¢fdA classes being identified based on
their melting peaks: 91°C for class I; 85°C for class II; 88°C
for class III (Baelum & Jacobsen, 2009).

2.7 | Statistical analysis

All data and statistical analysis were conducted using
Microsoft Excel 365 software and data visualization was
performed using GraphPad Prism 10. One-way ANOVA
was used to compare the variation among different ap-
plication strategies, a p-value <.05 was considered signifi-
cant proof of difference in the results of statistical analysis.

3 | RESULTS AND DISCUSSION

3.1 | Soil characterization

The soil was characterized as a clay loam, which has pre-
viously been reported to have a median MCPA adsorption
capacity of 10.29mgg™" from a review of studies report-
ing transmission risk based on factors including adsorp-
tion and soil texture (McGinley et al., 2022). Considering
MCPA's high solubility, low adsorption capacity and
soil half-life, MPCA is a moderate risk for transmission
to waterways via runoff (McGinley et al., 2022). Pefia
et al. (2015) reported that in a study of a clay loam soil,
56% of applied MCPA leached through a column, while
only 7% was extracted from the soil matrix, with the rest
potentially lost through degradation.

In our study, the observed soil pH was 4.7, which indi-
cates an acidic soil (Table 1). Acidic soils have previously
been negatively correlated with MCPA adsorption (Hiller
et al., 2012). The acidic soils in our study may have in-
creased the runoff of MCPA by decreasing adsorption to
the soil particles. Conversely, this soil had an organic mat-
ter content (7.3%) and C:N ratio (10.2) (Table 1), which
would indicate an increased sorption potential for acid
herbicides (Jacobsen et al., 2008). These characteristics in-
crease the capacity of negatively charged sites available for
herbicides within the soil. K* Mg*, Fe* and Ca* cations are
important in regulating cation exchange processes within
soil (Raman & Sathiyanarayanan, 2009), so the presence
of these cations may increase the cation exchange capac-
ity of the soil (Table 1). Finally, a high initial presence of
total phosphorus (929.0 mgkg™") (Table 1) may have nega-
tively impacted the rate of MCPA sorption within the soil,
as previously reported by Hiller et al. (2012). This may
be because of potential binding sites within clay soil and
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TABLE 1 Soil chemical characterization prior to herbicide
application. Results are averages (mean) and standard deviation
with triplicate sampling.

Determinand (unit) Average Std dev
pH Water [1:2.5] 4.7 0
Organic Matter LOI (% w/w) 7.3 0
Total Magnesium (Mg) 4057 81
(mgkg™)

Total Phosphorus (K) 929 41
(mgkg™)

Total Potassium (P) (mgkg™) 1833 175
Total Carbon (C) (% w/w) 3.35 0.05
Total Nitrogen (N) (% w/w) 0.328 0.01
Total Calcium (Ca) (mgkg™) 620 176
Total Iron (Fe) (mgkg™) 40,459 1298
Carbon: Nitrogen (C: N) Ratio 10.2 0.35
(1)

Soil Texture Clay loam -
Soil Bulk Density® 1.6g/cm® =
Soil Moisture® 26% -

*These measurements were taken using intact field samples.

organic matter becoming occupied by phosphate, hence
reducing MCPA absorbance.

Clopyralid has been reported to have a half-life of
42 days in clay loam soil at 10°C (Smith & Aubin, 1989),
indicating that it has the potential to persist in the soil
over the duration of the study.

3.2 | Pesticide detection in
surface runoff

Split MCPA and clopyralid applications reduced the
FWMC of each herbicide lost to surface runoff, potentially
by allowing time for the adsorption or the development
of degradation mechanisms within the soil after herbicide
application. This adaptation allowed for subsequent her-
bicide applications to be degraded rapidly compared with
the initial application. The results are divided into three
phases: phase I (day 2), phase II (days 7 and 11) and phase
I1T (days 44, 49 and 63).

This split-dose application strategy led to, on average,
a43% decrease in the mass of MCPA contained in the sur-
face runoff over the study period. However, this reduc-
tion was not statistically significant (p>.05), which may
have been caused by the presence of heterogeneity and
variability observed within intact soil samples (Rosemary
et al., 2017). In contrast, an 82% decrease observed in the
surface runoff of clopyralid between the full-dose and

and Management

split-dose strategy showed a significant statistical differ-
ence (p <.05), indicating its effectiveness in mitigating the
transport of clopyralid into nearby water bodies.

3.2.1 | Phase I: Day 2 rainfall event

Two days after the initial herbicide application, herbicide
concentrations in the runoff from flumes subjected to a
split-dose application were lower than the flumes sub-
jected to a full-dose application: 10+4pugL™" compared
with 42+11pgL~" for clopyralid, and 77 +3pgL™" com-
pared with 170 +99 ug L ™" for the MCPA (Figure 1).

For both MCPA and clopyralid and for both full- and
split-dose applications, a greater concentration was de-
tected in the runoff on day 2 than the combination of all
five subsequent controlled rainfall events (Figure 1). This
initial high concentration may have been exacerbated by
applying the herbicides at 10 times the recommended ap-
plication rate. Overapplication of pesticides is typically
utilized to represent a ‘worst-case scenario’ in agricul-
tural management (Alvarez-Martin et al., 2017; Khorram
et al., 2015). Nonetheless, the results indicate that regard-
less of utilizing a full- or split-dose application approach,
significant herbicide contamination was present in the
runoff 48h after the initial application (Roache, 2020).
This provides context to how ‘persistent’ and ‘very per-
sistent’ herbicides, as described in a review by McGinley
et al. (2023), may enter the environment and impact non-
target species.

3.2.2 | Phase II: Days 7 and 21 rainfall events
The decline in MCPA and clopyralid concentrations from
days 2 to 7, and again from days 7 to 21, suggests that the
application strategy influenced the detection of herbicides
in surface runoff over time (Figure 1). The FWMC for the
full-dose MCPA was 170pugL™" on day 2 and reduced to
2pgL" by day 21. A decrease was also observed for the
first split-dose MCPA treatment, from 77ugL™" on day 2
to 1pgL ™" on day 21. This decrease in the FWMC is likely
the result of biological degradation within the soil com-
bined with the loss of MCPA through runoff. The MCPA
within these samples dissipated faster than the 7-day half-
life reported by Saleh et al. (2016), using sterilized soil
samples, suggesting that a biological pathway increased
the rate of MCPA degradation. Similarly, the full-dose
FWMC of clopyralid reduced from 42pgL™" on day 2 to
1ugL™" on day 21. A decrease was also observed for the
split-dose clopyralid application, from 10pgL™" on day 2
to below the limit of quantification of 0.45ugL™" from day
7 onwards. Similar to the MCPA treatments a decrease in
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the FWMC of the runoff suggests the development of a
biological degradation pathway for clopyralid, as the rate
of degradation occurs quicker than the reported half-life
of 13.4days observed by Tandon and Singh (2022), using
sterilized soil.

MCPA and clopyralid have a high affinity to adsorb to
organic matter within the soil, but are also highly water
soluble, making them mobile and likely to be lost to sur-
face runoff during prolonged rainfall events (Morton
et al., 2019; Tandon & Singh, 2022). This was observed in
the first 21days of the study, where the FWMC of both
MCPA and clopyralid increased during each 30-min
rainfall event. MCPA has been reported to have an affin-
ity to run off the surface of soils during diffuse rainfall
events, as documented by Morton et al. (2019), enhanc-
ing the potential for these herbicides to reach waterways.
Morton et al. (2019) also highlighted that during these
rainfall events, high water solubility of MCPA increased
detection in surface runoff. This was observed to a lesser
extent under the split-dose application strategy in the cur-
rent study, showing the inherent ability of soil to mitigate
against the herbicide losses in surface water runoff while
utilizing a split-dose application strategy.

3.2.3 | Phase III: Days 44, 49 and 63
rainfall events

The lack of detection of both herbicides, particularly after
the second split-dose application of MCPA and clopyralid,
is unlikely to be the result of abiotic degradation

mechanisms because of the controlled conditions of this
study. This adaptive response to the presence of MCPA
and clopyralid within the soil suggests that a biotic degra-
dation pathway changed within the soil. No quantifiable
MCPA or clopyralid were detected from any flumes from
day 44 onwards (Figure 1). The MCPA detection limit of
0.1pgL™" corresponds to the drinking water limit for in-
dividual pesticides, including herbicides (EU, 2020). The
clopyralid detection limit of 0.45pgL™" of the instrumen-
tation used in this study is higher than the drinking water
limit, so more sensitive analysis would be required to con-
firm that it meets these standards. While surface runoff
is not directly used as drinking water, in the absence of
an environmental water quality standard for herbicides,
achieving a drinking water quality ensures a low environ-
mental risk to the receiving water body. While this study
has shown that regardless of a full- or split-dose applica-
tion method, herbicide detection within watercourses will
be observed, the amount of herbicide captured in surface
runoff under a split-dose application regime is the lesser
of the two.

3.3 | Biological degradation of MCPA

To assess any potential changes in the MCPA-degrading
microbial community, the quantity and classification of
tfdA genes were assessed. While amplification of the fdA
gene was observed, it was consistently below the limit
of quantification of the assay (10° copies pL™"). Previous
studies reported tfdA levels greater than 10° copies pL ™
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(Baelum & Jacobsen, 2009) in MCPA-degrading soil com-
munities. This lack of quantification suggests a relatively
low abundance of native tfdA communities within the soil
rather than contamination in the extraction inhibiting the
gPCR assay and has been previously observed by White
et al. (2022).

Despite the low abundance of the {fdA gene, the melt-
ing peaks obtained could be used to determine the pres-
ence or absence of the three different tfdA classes in the
soil samples, which are associated with different bacterial
groups (Table 2). tfdA-bearing bacteria within soil per-
form a number of key processes, such as nutrient cycling
(Zhang et al., 2022) and plant pathogen suppression (Tao
et al., 2020), and while their primary functions are not di-
rectly associated with herbicide degradation, they possess
genes capable of MCPA degradation exist within these
species. Soil communities which have not previously been
exposed to MCPA, hold the innate ability to degrade acid
herbicides, which has previously been attributed to tfdA

TABLE 2 tfdA bearing bacterial groups capable of degrading
MCPA within soils.

tfdA class MCPA degrading bacteria  Reference
I Achromobacter spp. Baelum
et al. (2010)
Burkholderia spp. Tonso
et al. (1995)
Cupriavidus spp. Baelum
et al. (2010)
Delftia acidovorans Hoffmann
et al. (2003)
Halomonas spp. Maltseva
et al. (1996)
Pseudomonas spp. Baelum
et al. (2010)
Rhodoferax fermentans Fulthorpe
et al. (1995)
Variovorax koreensis Tonso
et al. (1995)
Alcaligenes xylosoxidans Tonso
et al. (1995)
1I Burkholderia spp. Baelum
et al., 2010
111 Bradyrhizobium spp. Kamagata
et al. (1997)
Pseudomonas spp. Baelum
et al. (2010)
Variovorax koreensis Baelum
et al. (2010)
Cupriavidus spp. Baelum

et al. (2010)

and Management

class III Bradyrhizobium-Agromyces-Nitrobacter-Afipia
cluster (Kitagawa et al., 2002; Table 3).

The results indicate that class I tfdA genes were present
in all control flumes throughout the study (Table 3). The
soil in these flumes did not have herbicides applied during
the study, or for at least 10years prior to our sampling, in-
dicating that the soil had the capacity to degrade MCPA
even without the selective pressure of the herbicide being
present. Generally, class I tfdA genes are consistently de-
tected in both split- and full-dose flumes, with the excep-
tion of one replicate split-dose flume on day 14 (Table 3).

Class II is less widely distributed, being found only
within Burkholderia spp. (Kitagawa et al., 2002). It serves
in plant growth and soil bioremediation (Elshafie &
Camele, 2021), but has been shown to have a poor ability
to degrade acid herbicides (Samuelsen et al., 2017). Higher
doses of MCPA did not appear to act as an inhibitor to
the detection of tfdA class III gene, as has been observed
with higher doses of similar phenoxy acid herbicides, sug-
gesting a lower cytotoxic action of MCPA towards these
bacteria (Mierzejewska et al., 2019). The detection of class
III tfdA gene harbouring bacteria emerged within 2 weeks
of MCPA application, corresponding with previous work
by Baelum et al. (2008), where only bacteria possessing
class III tfdA genes were able to proliferate during the deg-
radation of MCPA. In this study, class III ¢fdA was only
observed in soil samples where MCPA had been applied,
with a stronger observed presence when single full doses
of MCPA were applied to the soil (Table 2).

The presence of class IIT did not have an impact on the
detection of classes I and II #fdA gene bacteria, indicat-
ing that the co-existence of these different gene classes
is not mutually exclusive and that they may serve dis-
tinct functions in the microbial community's response to

TABLE 3 tfdA class gene detection within soil across
three application rates over a period of 42days with ‘1, 2 and 3’
representing the detection of the tfdA gene in replicate samples.

Day Class I ClassII  Class III
MCPA 0 (control) 7 1,2,3 1,2

14 1,2,3 1,2,3

21 1,2,3 1,2,3

42 1,2,3 2
MCPA split dose 7 1,2,3 1,2,3

14 2,3 1

21 1,2,3 123

42 1,2,3 1,2,3 1
MCPA full dose 7 1,2,3 1,2,3

14 1,2,3 1,2 1,2,3

21 1,2,3 2 1,2

42 1,2,3 1,2,3 1,2,3
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herbicide application although these functions have not
been specifically identified to date (Baelum et al., 2008).
This demonstrates that class IIT tfdA harbouring bacteria,
while already present within the community, were able to
adapt to the presence of high amounts of MCPA, which
may explain the rapid dissipation of the second MCPA
split-dose to the soil. While no gene capable of degrading
clopyralid has been identified to date, a biological degra-
dation pathway is likely present within the soil. As a re-
sult of our novel split application approach to MCPA and
clopyralid application, a practical method to reducing the
risk of herbicides being lost to surface runoff has been
identified.

4 | CONCLUSION

This study confirmed that a split application strategy
could mitigate losses of MCPA and clopyralid from sur-
face runoff over a 63-day study period. Furthermore, this
investigation highlighted a biological response to the pres-
ence of MCPA, with adaptation of the {fdA gene microbial
community. Class III {fdA genes, known for their involve-
ment in the initial biological degradation of MCPA, were
particularly responsive to herbicide exposure. This adap-
tation suggests the microbial community's ability to rap-
idly adapt to the presence of herbicides, especially under
split-dose applications.

This research contributes valuable insights into sus-
tainable herbicide management practices. The adoption
of split-dose applications emerges as a practical strategy
to minimize herbicide loss to surface runoff, demon-
strating its potential environmental benefits. Further ex-
ploration of microbial communities and their response
to herbicide exposure will undoubtedly enhance our un-
derstanding of herbicide fate in the environment, guid-
ing the development of more sustainable agricultural
practices.
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