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A B S T R A C T

Limited knowledge and experimental data exist on pesticide leaching through partially frozen soil. The objective
of this study was to better understand the complex processes of freezing and thawing and the effects these
processes have on water flow and pesticide transport through soil. To achieve this we conducted a soil column
irrigation experiment to quantify the transport of a non-reactive tracer and the herbicide MCPA in partially
frozen soil. In total 40 intact topsoil and subsoil columns from two agricultural fields with contrasting soil types
(silt and loam) in South-East Norway were used in this experiment. MCPA and bromide were applied on top of all
columns. Half the columns were then frozen at −3 °C while the other half of the columns were stored at +4 °C.
Columns were then subjected to repeated irrigation events at a rate of 5 mm artificial rainwater for 5 h at each
event. Each irrigation was followed by 14-day periods of freezing or refrigeration. Percolate was collected and
analysed for MCPA and bromide. The results show that nearly 100% more MCPA leached from frozen than
unfrozen topsoil columns of Hov silt and Kroer loam soils. Leaching patterns of bromide and MCPA were very
similar in frozen columns with high concentrations and clear peaks early in the irrigation process, and with
lower concentrations leaching at later stages. Hardly any MCPA leached from unfrozen topsoil columns
(0.4–0.5% of applied amount) and concentrations were very low. Bromide showed a different flow pattern
indicating a more uniform advective-dispersive transport process in the unfrozen columns with higher con-
centrations leaching but without clear concentration peaks. This study documents that pesticides can be pre-
ferentially transported through soil macropores at relatively high concentrations in partially frozen soil. These
findings indicate, that monitoring programs should include sampling during snow melt or early spring in areas
were soil frost is common as this period could imply exposure peaks in groundwater or surface water.

1. Introduction

In cold climates, increased pesticide concentrations are often de-
tected in soil leachate, drain discharge, surface runoff, and surface
water bodies during freeze/thaw periods in late winter and early spring
(Eklo et al., 1994; French, 1999; Riise et al., 2004; Riise et al., 2006;
Siimes et al., 2006; Ulén et al., 2013). With climate change, this may

become an increasingly relevant issue. For example, in the Nordic
countries, climate models predict higher temperatures and more
snowmelt episodes during winter and an increase in the frequency of
freeze-thaw cycles of up to 38% (Hanssen-Bauer et al., 2015; Mellander
et al., 2007; Lundberg et al., 2016).

However, the effects of freezing and thawing on the fate and be-
haviour of pesticides in soil are complex and still not well understood,
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so the mechanisms underlying these field observations are unclear. Soil
freezing and thawing potentially influences the pathways of water flow
and solute transport through soils, as well as chemical and biological
processes affecting pesticide fate in the soil (Hayashi, 2013; Ireson
et al., 2013).

The importance of macropores as non-equilibrium or preferential
flow paths for rapid water flow and solute transport has long since been
recognized (Jarvis et al., 2016; Beven and Germann, 1982). The oc-
currence of macropore flow can result in dramatic increases in the
leaching of pesticides to groundwater and to surface water via sub-
surface drainage pipes (Jarvis, 2007; Flury, 1996). Macropores can be
defined as pores with diameters of 0.3–0.5 mm and larger (Jarvis et al.,
2017; Jarvis, 2007). These large pores have a smaller relative surface
area than smaller pores and in cases where macropores dominate flow
processes, solutes in flowing water can bypass bulk soil and any po-
tential binding sites (Luxmoore et al., 1990). Examples of macropores
are biopores made by earthworms and plant roots and planar fissures
formed by freezing/thawing or drying/wetting. Any water present in
such large pores will freeze first. As the temperature continue to de-
crease, water in successively smaller pores will freeze (Ireson et al.,
2013). However, large macropores will often be air-filled when the soil
freezes and can therefore function as effective pathways for preferential
flow on thawing or if rain falls on frozen ground (Van Der Kamp et al.,
2003). With subsequent freeze-thaw cycles they can become blocked
with ice, which reduces the hydraulic conductivity (Ireson et al., 2013).

Models currently used in risk assessment and management do not
account for the effects of freezing and thawing on pesticide leaching.
Models should be tested against experimental data, hence the need to
perform controlled laboratory studies or field studies to generate the
data required to support the development of such a model. To date,
only relatively few studies have investigated experimentally the sig-
nificance of freezing and thawing for preferential transport of solutes
through soil (Stadler et al., 2000; Gentry et al., 2000; Barnes and Wolfe,
2008; Wang et al., 2016; Hafsteinsdóttir et al., 2013; Wei et al., 2015).
These referred studies focused mainly on the transport of tracers, ni-
trogen, petroleum or heavy metals. In a laboratory study, Stenrød et al.
(2008) reported higher mobility of metribuzin and transport to greater
depths in frozen soil compared to unfrozen soil but this study did not
focus on preferential flow per se, and the results were not statistically
significant. To our knowledge, no other studies of this type have been
carried out specifically for pesticides.The objective of the present study
was therefore to increase understanding of the effects of freezing and
thawing on water flow and pesticide transport through soil. To achieve
this we conducted a soil column irrigation experiment to quantify the
transport of a non-reactive tracer and the herbicide MCPA in partially
frozen soil. We hypothesize that columns subjected to freezing will
show a higher degree of preferential transport.

2. Materials and methods

2.1. Soil sampling and characterization

Intact soil columns were sampled in May 2016 from two agricultural
fields with contrasting soil types (Table 1) in South-East Norway (Kroer,
59° 38′ 37″ N 10° 49′ 58″ E; Hov 60° 12′ 45″ N 12° 1′ 58″ E). The Kroer

loam have been characterized earlier by Greve et al. (1998), so no
additional characterization was performed in this study. Soil char-
acterization of the Hov silt had also been carried out earlier by the
division of Survey and Statistics at NIBIO. This characterization was
done according to the World Reference Base for Soil Resources, WRB
(IUSS Working Group WRB, 2014). Additional information on the
chemical characterization of the soils are summarized in Fig. A1 in
Appendix C.

The water content of the sampled soils was neither t measured in the
columns at sampling nor in the laboratory before the experiment
started. This was to avoid disturbing the intact soil columns. Sampling
was done in aluminium cylinders (i.d. 9.2 cm, height 20 cm). Fifty-six
columns were sampled, 14 from both the topsoil (0–20 cm) and subsoil
(20–40 cm) at each site. The cylinders were forced into the soil using a
sledgehammer and dug out by hand, wrapped in black plastic bags and
stored at ca. +4 °C. At the time of sampling, the fields were under
winter wheat. Information about the use of pesticides on the sampled
fields was obtained from the farmers and indicated no use of the her-
bicide MCPA during the last 2–3 years prior to sampling.

The soil columns were first scanned at the Department of Soil and
Environment at the Swedish University of Agricultural Sciences using a
high resolution industrial X-ray CT scanner (GE Phoenix v/tome/×m).
The X-ray scanner had a 240 kV X-ray tube, a tungsten target (beryllium
window) and a GE 16″ flat panel detector. The spatial resolution of the
reconstructed 3-D images was 115 μm, with an actual resolution for
feature recognition estimated to be double the pixel size (i.e. 230 μm).
Radiographs collected for each soil column, in total 2000 per column,
were reconstructed to 3-D images using the GE phoenix datos|x image
reconstruction software. The reconstructed images were exported as 16-
bit TIFF.

The X-ray images were analysed to visualize and quantify soil
macropore network characteristics. The processing and analysis of the
x-ray images were performed with an open source software ImageJ
1.51u (Schneider et al., 2012). Details of the image processing proce-
dure are provided in Appendix B. Briefly, X-ray images were pre-
processed for alignment, illumination correction, contrast enhancement
and noise removal before applying the local adaptive thresholding
method of Phansalkar et al. (2011). Using the segmented images the
macroporosity (mm3mm−3), specific surface area (mm2mm−3) and
the average pore thickness (mm) of the total macropore networks or the
macropores pores connected throughout the soil depth, also referred to
as connected macropore network, were quantified.

2.2. Chemicals

A solution of the phenoxy-acid herbicide MCPA (2-methyl-4-chlor-
ophenoxyacetic acid, Dr. Ehrensdorfer GmbH, purity 99.5%) at a con-
centration of 282.6mg L−1 was prepared by dissolving 70.65mg MCPA
in 250mL acetone (VWR, Purity 99.4%). Potassium bromide (KBr) at a
concentration of 11.7 g L−1 (7.9 g Br L−1) was prepared in deionized
water (Milli-Q™). MCPA is, according to the pesticide properties data-
base (PPDB), classified as a mobile substance with typical sorption
coefficients (Kf) in different soils of 0.05–1.99mL g−1 (mean
0.94mL g−1). PPDB also classifies MCPA as non-persistent with a range
of DT50 values of 7–41 days (mean 24 days) under laboratory conditions

Table 1
Selected characteristics of the studied soils.

Site Class.1 Horizon, cm depth Soil texture2 Clay (%) Silt (%) Sand (%) pH (H2O) Tot. C (%) Tot. N (%) CEC

Kroer Retic Stagnosol Ap, 0–23 Loam 19.1 43.8 37.1 5.5 2.5 0.2 13.3
Eg, 23–40 Silt loam 20.5 63.0 16.7 5.6 0.4 0.07 7.4

Hov Dystric Fluvic Cambisol Ap, 0–20 Silt 5.4 83.8 10.8 5.4 1.2 0.1 6.6
Bw, 28–50 Silt 4.1 86.7 9.2 6.2 0.3 0.02 3.3

1 WRB, 2014.
2 USDA soil texture classification.
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at 20 °C. MCPA also degrades rapidly by aqueous photolysis at pH 7 and
20 °C with a DT50 of 0.05 days, and even more rapidly (DT50 1 h) at test
conditions of pH 5–9 and 25 °C. In natural sunlight at pH 5 the DT50 of
MCPA is 25.4 days (Lewis et al., 2016).

The MCPA metabolite 2-methyl-4-chlorophenol (2-MCP, Sigma-
Aldrich, purity 99.4%) were also included in the analyses. This meta-
bolite has been classified as slightly mobile according to PPDB, with a
Koc of 882mL g−1.

A solution of artificial rainwater (Löv et al., 2017) was prepared
(0.58mg L −1 NaCl, 0.70mg L−1 (NH4)2SO4, 0.50mg L−1 NaNO3,
0.57mg L−1 CaCl2) and HCl (0.95mL L−1 37%) was added to obtain a
pH of about 5. The rainwater was stored at about +4 °C in 20 L plastic
containers.

2.3. Experimental set up

Twenty of the sampled soil columns from each of the sites Kroer and
Hov, in total 40 columns, was included in the experiment. The rest of
the sampled columns were excluded due to their bad condition (e.g.
high content of straw in the bottom, soil was too loose and crumbled
out of the columns or due to big gaps between soil and cylinder walls).
The top of the soil columns was levelled to 2 cm below the rim of the
top of the aluminium cylinders to ensure sufficient room for ponding
during irrigation. The columns were also carefully levelled at the
bottom. To achieve equal initial conditions the columns were then
placed in a box of water with zero pressure potential at the bottom of
the soil for a week to bring the samples close to saturation. The columns
were then placed on a sand box (Eijkelkamp) where a pressure potential
of −30 cm was applied at the bottom of the soil columns for a week to
establish an identical initial condition for all columns, one that also
ensured that all continuous macropores would be air-filled.

Five columns were randomly chosen from each soil type and depth
for the freezing treatment. The remaining five columns were stored
unfrozen. Analysis of Variance (ANOVA) tests performed using All
Pairwise Multiple Comparison Procedures (Student-Newman-Keuls
Method) in SigmaPLot (SigmaPlot for Windows Version 13.0, Systat
Software, Inc.) showed no significant differences for either of the soils
or depths in any of the measured pore network characteristics between
the columns that underwent the freezing treatment and the unfrozen
columns. All columns were then placed on fine-meshed metal sieves
filled with glass beads to allow for free drainage. Thermistors were
installed in the columns that were subjected to freezing to monitor the
temperature during the experiment. These thermistors were installed
horizontally into the center of the columns through holes in the cylin-
ders at 7 and 14 cm depth from the soil surface The thermistors were
then connected to a temperature data logger (Delta-T, Burwell -
Cambridge - U.K. Accuracy±0.5 °C). Temperature was logged every
10min throughout the experiment. The columns were placed on a 5 cm
thick polystyrene insulation board and the column walls were covered
with two layers of 2 cm thick polyethylene insulation to ensure freezing
from the top and downwards.

Five mL of both the MCPA and potassium bromide (KBr) solutions
were applied at the surface of each column as evenly as possible by
hand using a 5mL pipette (Finnpipette), giving rates of 2.1 kg ha−1 of
MCPA and 59.1 kg Br− ha−1. The application rate of MCPA is an
agricultural relevant rate in Norway. The insulated columns in the
freezing treatment were then placed in a 1m3 freezing cabinet
(Weisstechnik 1000SB, Weiss Technik GMBH, D-6301 Reiskirchen,
Germany. Accuracy±0.5 °C) at −3 °C, while the unfrozen columns
were kept at ca +4 °C in a refrigerated room. A temperature of −3 °C
was chosen as it was considered low enough to ensure that all water in
mesopores and macropores would be frozen. The top of the columns
were sealed with a plastic lid and incubated at these temperatures for
about four weeks. They were then subjected to repeated irrigation

events with the prepared artificial rainwater, followed by 14-day per-
iods of freezing (or refrigeration for the control columns) between ir-
rigations. The experiment lasted for a total of 8 weeks for the silt soil (3
irrigations) and 10weeks for the loam (4 irrigations).

The frozen columns and the unfrozen columns were transported to
the irrigation room in the morning of each irrigation event. The irri-
gation room was at a temperature of about 5–8 °C at the start of the
irrigations, but this increased to a maximum of ca. 12 °C during the day.
The artificial rain water was at a temperature of about 2–4 °C at the
start of each irrigation, but this increased to a maximum of about 6 °C at
the end of the irrigations.

The columns were placed on top of funnels with collector flasks
beneath. This setup allowed free drainage at the base of the soil col-
umns. Irrigation water was distributed to the columns using peristaltic
pumps (Autoclude model VL) adjusted to give a rate of 5mmhr−1 for
5 h, resulting in a total of about 25mm of rainwater to each column per
irrigation event. Water was transferred through PVC-tubes (VWR, 4×6
mm) and dripped onto filter paper (Whatman Grade 1 85mm, GE
Healthcare Life Sciences) placed on the surface of the columns to ensure
uniform distribution. The actual irrigation rates varied slightly between
columns but there were no systematic differences between treatments,
soils or depths. Preliminary tests indicated that on average the columns
received 5 to 9% less water than the nominal rate. Rough calculations
suggest that the total amount of irrigation water supplied to the col-
umns during the experiment would be equivalent to ca. one pore vo-
lume.

Percolate from the soil columns during and after each irrigation was
sampled in 150mL polycarbonate bottles (Corning®, VWR) and sub-
samples for chemical analysis were collected manually at approxi-
mately every 25mL until about 24 h after the start of each irrigation
event. From each sub-sample, 3 mL was transferred to a 15mL poly-
propylene centrifuge tube (Corning®, VWR) and stored cold (+4 °C) for
later analysis of bromide. The remaining volume of leachate for each
sample was stored frozen (−20 °C) in amber 60mL glass bottles for
later pesticide analysis.

Results of water and pesticides are reported as total amounts/vo-
lumes transported through the soil columns during the irrigation events
(as % of the applied amounts) and as measured concentrations.

The term 5% arrival time is frequently used as an indicator of the
degree of preferential flow (Koestel et al., 2011). It is usually defined as
the normalized time at which 5% of the applied amount of a solute has
passed through a soil column. Small values indicate a high degree of
preferential transport (Larsbo et al., 2016). In our case, as the outflows
are not the same for all columns even if the boundary condition is the
same (a non-steady-state flow experiment), we used the 5% arrival
volume for bromide to assess whether there were any differences in the
strength of preferential flow between the frozen and unfrozen columns.
The first 5% of the tracer mass in this instance is based on the initial
applied bromide mass.

2.4. Chemical analysis

Bromide analysis was carried out using a Thermo Bromide Ion
Selective Electrode (Thermo Fisher Scientific, Orion 9635BNWP) cou-
pled to an ion meter (Mettler Toledo Seven Compact pH/Ion Meter
S220) that was placed directly in the 3mL leachate samples after ad-
dition of ionic strength adjuster (ISA, Thermo Fisher Scientific).

The concentrations of MCPA and the metabolite 2-MCP in the lea-
chate samples were measured using LC-MS/MS (Waters Alliance 2695
LC-system coupled to a Quattro Ultima Pt triple quadropole mass
spectrometer from Micromass, Manchester, UK). Leachates were fil-
trated with a syringe filter (PTFE 0.2 μm filter, 13mm diameter, VWR)
into vials. Leachates from the unfrozen soil columns were analysed
directly, whereas the samples from the frozen columns were diluted
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1+ 9 in water before analysis due to high MCPA-concentrations. 50 μL
2,4-D (Dr. Ehrensdorfer GmbH, purity 99%) was added as an internal
standard to all samples at a final level of 10 ng/mL, to adjust for any
variability during analysis. A 5 μL sample volume was injected, and the
analytes separated on a Phenomenex Gemini C18 column (100× 2
mm, particle diameter 3 μm) using 5mM formic acid and methanol as
mobile phases. The analytes were detected in the negative electrospray
mode, with transitions m/z 199 > 141 and m/z 200 > 142 for MCPA
and the pseudo-transition m/z 141 > 141 for 2-MCP. The MCPA me-
tabolite 2-MCP was not detected in any of the samples. Concentrations
were measured using a 5-point internal standard calibration range from
0.5–500 ng MCPA/mL. The limits of quantification were 0.125 ng
MCPA/mL and 5 ng 2-MCP/mL.

After removing water for MCPA analysis, the remaining leachate
was combined to make one bulk sample per column and irrigation. As
2-MCP was not detected by the method used to analyse for MCPA, se-
lected bulk samples were concentrated and analysed for the metabolite
2-MCP.

2.5. Statistical analysis

Statistical analysis of the differences in macropore characteristics,
water, bromide and MCPA transport were carried out with an analysis
of variance (ANOVA) Type III test and a post-hoc pairwise Tukey test
(Tukey's ‘Honest Significant Difference’ method) in R Commander (R
Core Team, 2016). The mean total amounts of water, bromide and
MCPA leached were used as response variables and soil type and
treatment (frozen or unfrozen) as predictor variables (factors). Statis-
tically significant results are reported at the 5% significance level unless
otherwise stated.

3. Results

3.1. Image analysis and soil characteristics

The characteristics of the imaged macropore networks are sum-
marized in Table 2. As was also demonstrated by Jarvis et al. (2017),
the results showed that the connectivity of the macropore networks
depends strongly on imaged macroporosity, with a threshold value for
continuity (percolation) of ca. 4% (Fig. 1). In general, the topsoils had
larger imaged porosities than the subsoils, while the loam soil at Kroer
was found to have a larger imaged porosity and better connected
macropore network than the silt soil at Hov (Fig. 1). In particular, the
subsoil at Hov appeared to have no connected macroporosity.

3.2. Temperatures

Temperatures in the initially frozen soil columns increased quickly
towards 0 °C after the start of the irrigations, but then stabilized before
starting to increase again (Fig. 2). It generally took several hours before
the temperatures continued to increase above 0 °C and this lag phase
was longer at each irrigation. At the third irrigation of the silt, soil

temperatures did not increase much above 0 °C until 27–30 h after the
start of the irrigation. Another observation made, was that loam subsoil
started thawing before the loam topsoil. Measurements from all ther-
mistors at both depths (7 and 14 cm) were included in the figure but no
clear difference between the two depths could be observed and the two
thermistor depths have not been indicated in the figure. The data logger
stopped working under the third irrigation of the Kroer loam soil col-
umns, so no temperature curve could be obtained from this irrigation
event. It took some time before the first irrigation of the Kroer loam
started, hence the temperatures in the columns had risen to near 0 °C at
the beginning of the irrigation.

3.3. Infiltration and drainage

ANOVA for percolated volumes of water show that significantly
larger amounts of percolation were collected from the unfrozen loam
soil columns than from the frozen columns (p < .001) and significantly
more from frozen topsoil columns than from frozen subsoil columns
(p < .05). No significant differences were observed between the un-
frozen topsoil and subsoil columns. Similar observations were made for
the silt soil (Table 3).

Due to the different number of irrigations the two soils received, a
direct statistical comparison of the two soil types was not performed.
Nevertheless, some differences worth mentioning were observed. For
example, ponding was observed on frozen columns already during the
first irrigation and to a greater extent for the silt than for the loam soil.
In the silt soil, ponding was even observed on unfrozen subsoil columns.
In general, the extent of ponding increased in both soils for the later
irrigations. In the silt, swelling or frost heave of the soil was also ob-
served in addition to freezing of the irrigation water along the edges at
the top of the soil columns, especially during the later irrigations.

Another observation made for both soil types was that when the
frozen soil columns started to thaw during the irrigation, the ponded
water infiltrated quickly and percolated through the columns. After
thawing, 25mL samples were collected at ca. 6–7min intervals,

Table 2
Mean values of measured macropore network characteristics for Hov silt (n=20) and Kroer loam (n=20) soil columns. Different superscript letters denote
statistically significant different results (p < .05), based on pairwise comparison of the samples.

Site, depth Total macropore network Connected macropore network

Mean macropor.
(± SD)

Mean spec. Surface area,
mm2/mm−3 (± SD)

Mean thickness, mm
(± SD)

Mean macropor.
(± SD)

Mean spec. Surface area,
mm2/mm−3 (± SD)

Mean thickness, mm
(±SD)

Hov silt, 0–20 cm 0.08 (0.03)b 0.3 (0.09)b 1.0 (0.2)ab 0.05 (0.04)bc 0.2 (0.2)bc 0.8 (0.6)ab

Hov silt, 20–40 cm 0.02 (0.01)c 0.1 (0.04)c 0. 9 (0.2)b 0.0 (0.0)c 0.0 (0.0)c 0.0 (0.0)b

Kroer loam, 0–20 cm 0.1 (0.02)a 0.5 (0.05)a 1.1 (0.1)a 0.1 (0.02)a 0.4 (0.06)a 1.1 (0.1)a

Kroer loam, 20–40 cm 0.09 (0.03)b 0.4 (0.09)b 1.2 (0.1)a 0.08 (0.03)ab 0.3 (0.1)ab 1.3 (0.1)a
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equivalent to flow rates of ca. 35mmh−1. This sudden infiltration was
observed more often in the loam than in the silt. In contrast, the interval
between each sampling in unfrozen soil was typically ca. 30min,
equivalent to a flow rate of ca. 7 mmh−1.

Figs. 3 and 4 show the accumulated amount of water that percolated
from frozen and unfrozen Kroer loam and Hov silt soil columns plotted
against time. These figures show the constant outflow rate during irri-
gations of the unfrozen columns (almost equal to the inflow rate) and
the rapid cessation when the irrigations stopped. This was very clear for
both the loam topsoil and subsoil as well as the silt topsoil, whereas this
difference was smaller for the unfrozen silt subsoil. In the frozen col-
umns the outflow started later, especially for the later irrigations, and
many of the frozen columns continued to percolate slowly a long time
after irrigation ceased. During the second irrigation of the Kroer loam,
some of the early samples from the frozen subsoil were lost due to

leakages through the thermistor holes. The holes were re-sealed before
the next irrigation. This was not believed to influence the overall re-
sults.

3.4. Bromide leaching

Following the pattern observed for the percolation of water, sig-
nificantly (p < .001) more bromide leached from the unfrozen loam
columns than from the frozen loam columns in both topsoil and subsoil
(Table 3). On average, significantly more bromide leached from the
unfrozen loam subsoil than the unfrozen loam topsoil (p < .05). In the
case of the silt soil, there were no statistically significant differences
between the amounts of bromide leached from frozen and unfrozen
topsoil columns (p > .05). For subsoil on the other hand, the results
were similar to what was observed for the loam.
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Table 3
Total amount of water, bromide and MCPA percolated from Kroer loam soil columns during four irrigations and Hov silt soil columns during three irrigations.
Different superscript letters denote statistically significant different results, based on pairwise comparison of samples from the same soil.

Soil Soil depth
(cm)

Temp. treatm.
(°C)

Water Bromide Bromide MCPA

(mm) mean
(SD)

(% of applied1) (mg) mean
(SD)

(% of applied) 5% arrival vol. mean
(SD)

(μg) mean (SD) (% of applied2)

Kroer, loam 0–20 -3 60.2 (4.9)b 60.2 14.7 (1.3)c 37.4 7.5 (5.0)de 346.5 (96.9)a 24.5
0–20 +4 91.2 (3.4)a 91.2 22.6 (4.0)b 57.5 18.0 (6.6)bcd 5.0 (3.9)b 0.4
20–40 -3 47.1 (6.5)c 47.1 11.1 (3.6)c 28.2 3.6 (3.4)e 327.9 (51.4)a 23.2
20–40 +4 87.1 (4.4)a 87.1 28.3 (1.7)a 72.1 7.8 (2.2)cde 121.1 (97.2)b 8.6

Hov, silt 0–20 -3 56.8 (6.0)B 75.7 9.9 (3.5)AB 25.2 5.6 (3.3)de 232.2 (47.7)A 16.4
0–20 +4 70.5 (2.1)A 94.0 12.3 (3.8)A 31.5 35.8 (6.6)a 7.5 (2.6)B 0.5
20–40 -3 39.5 (4.4)C 52.7 5.1 (1.7)B 13.1 20.9 (6.9)bc 145.3 (58.7)A 10.3
20–40 +4 61.5 (9.0)AB 82.0 11.9 (3.5)A 30.4 26.2 (11.5)ab 149.8 (100.4)A 10.6

1 % of nominal amount of water added.
2 % of nominal (measured amounts in the applied pesticide solution were 102% of nominal).
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The leaching patterns of bromide are illustrated in Figs. 5 and 6 for
typical columns from each soil and treatment combination. It was dif-
ficult to pick representative columns but the purpose was to illustrate
that, for these soils and treatments, preferential flow occurred, although
manifested slightly differently for different columns. Figs. 5 show evi-
dence of strong preferential flow through the frozen topsoils of the loam

columns, with the highest bromide concentrations found in the first
sample of the second irrigation. Results from the other loam topsoil
columns showed the same pattern albeit with some variations in the
timing of the peak bromide concentrations (Fig. A1 in Appendix A). The
evidence of strong preferential flow was weaker for the frozen silt
topsoil columns (Fig. 6), though clearer for two of the columns (Fig. A3
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in Appendix A) where an early breakthrough of relatively high con-
centrations of bromide was observed in the first collected samples. This
pattern was not equally clear for the frozen silt subsoil (Fig. 6 and Fig.
A3 in Appendix A).

Contrary to the frozen soils, the leaching patterns were quite dif-
ferent in the unfrozen soils with smoother breakthrough curves without
distinct early concentration peaks, especially evident in the loam soil
(Fig. 5). Data for the other columns show the same pattern (see
Appendix A).

The calculated 5% arrival volumes support the results shown above,
with smaller values found for the frozen soils than unfrozen soils
(Table 3). However, statistically significant differences between frozen
and unfrozen columns were only found for the silt topsoil (p < .001).
Furthermore, a statistically significant difference was found between
unfrozen silt and loam columns for both topsoil and subsoil (p < .01),
which confirms that preferential flow was generally stronger in the
loam soil.

3.5. MCPA leaching

In contrast to water and bromide, significantly more MCPA leached
from frozen topsoil and subsoil loam columns than from the unfrozen
soils (p < .001, Table 3). Similar results were found for the silt topsoil,
where the mean amount of MCPA leached from frozen columns was
significantly larger (p < .01) than from the unfrozen columns. For the
unfrozen silt soil, MCPA leaching was significantly larger (p < .05)
from the subsoil than from the topsoil (Table 3).

In the frozen loam columns, the shapes of the breakthrough curves

for MCPA were strikingly similar to those of bromide with peak con-
centrations of MCPA of ca. 2 to 3mg L−1 measured in leachate by the
end of the first irrigation (Fig. 5). MCPA concentrations also peaked
early in the unfrozen loam columns (peaks hidden because of the scale
of the plots), but the concentrations were much smaller and sig-
nificantly less MCPA leached from unfrozen columns during the ex-
periment (Fig. 5, Table 3). MCPA breakthrough curves for all loam
columns are collected in Appendix A (Fig. A2).

Similar to the loam soil, most of the frozen silt topsoil columns
showed early concentration peaks for MCPA, although the measured
concentrations in the percolate were much smaller and the pattern was
less clear than for the loam (Fig. 6, Fig. A4 in Appendix A). MCPA
concentrations in leachate from the unfrozen silt topsoil columns were
much smaller than for the frozen columns (Fig. 6) and hardly any MCPA
leached from these columns (Table 3). Leaching losses of MCPA were
similar for frozen and unfrozen silt subsoil (Table 3). The breakthrough
curves of the frozen silt subsoil columns peaked at different irrigations
(Fig. A 4 in Appendix A), but four of the unfrozen silt subsoil columns
showed a pattern closer to the one observed for bromide leaching, i.e.
smoother breakthrough curves without clear concentration peaks. One
of the unfrozen silt subsoil columns differed from the others though, by
showing an early concentration peak (Fig. 6). MCPA breakthrough
curves for all silt columns are collected in Appendix A (Fig. A4).

A general observation made for many of the columns was the
smaller concentrations of MCPA and bromide in the first sample after
the start of a new irrigation. This applied especially to bromide (Fig. 5)
but was also observed for MCPA (Fig. 6).

The metabolite 2-MCP was detected in some of the bulk samples
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from both frozen and unfrozen soil columns, both from loam and silt
soils. In leachate from frozen Kroer loam topsoil columns, 2-MCP was
only detected in the samples from the last irrigation at concentrations of
about 0.3 μg L−1. The metabolite was not detected in leachate from
unfrozen loam topsoil or frozen loam subsoil. In unfrozen loam subsoil
the metabolite was found in all samples from three columns at con-
centrations between 0.04 and 0.49 μg L−1 (mean 0.16 μg L−1). The
maximum amounts detected of the metabolite was in unfrozen Kroer
loam subsoil and equalled to about 0.02% of the applied amount of
MCPA. The metabolite was not detected in leachate samples from the
Hov silt soil.

4. Discussion

4.1. Freeze-thaw effects on water flow and tracer transport

The observed differences in leaching patterns for bromide between
frozen and unfrozen columns suggest that preferential flow through
continuous macropores occurred largely in the frozen soils. The calcu-
lated lower 5% arrival volumes for frozen columns also support this
conclusion (Table 3). Contrary to this, the bromide breakthrough curves
from the unfrozen columns indicate a slower and more uniform ad-
vective-dispersive transport process through the whole soil matrix. The
bromide breakthrough curves follow the same pattern in many of the
frozen columns (Figs. 5, 6 and Appendix A), with large concentrations
peaking after relatively small amounts of water had percolated through
the columns followed by tailing to smaller concentrations. This applied
to both loam and silt soils, although the silt did not show the same clear
preferential flow pattern as the loam, especially in the subsoil,

presumably because it was limited by the lack of continuity of the
macropore network (Fig. 1 and Jarvis et al. (2016)). However, even for
the silt soil, the 5% arrival volumes indicated stronger preferential flow
for frozen soils than unfrozen soils (Table 3). The differences observed
in 5% arrival volume were only statistically significant in topsoil, al-
though the breakthrough curves indicated the same tendency for both
soils.

Smaller concentrations of bromide were detected in the first per-
colate samples after the onset of a new irrigation than in the final
samples of the previous irrigation. This could be partly explained by the
fact that as soil water freezes, solutes may become concentrated in the
unfrozen water in the smaller pores and as temperatures increase again,
solutes may only slowly diffuse back into the mobile water in larger
pores (Stähli and Stadler, 1997; Ireson et al., 2013). Thus, when the soil
thaws again, the first water draining from the macropores may be re-
latively clean (Larsson et al., 1999).

In general, the transport patterns indicating preferential flow
through macropores occurred during the earliest irrigations, when the
macropores presumably were still air-filled. Later, when more water
had been applied, the larger pores also became blocked by ice, resulting
in reduced hydraulic conductivity and slower thawing (Ireson et al.,
2013; Moghadas et al., 2016). The ponding observed on top of many
columns at the initial stages of the later irrigations supports this as-
sumption. For the frozen loam soil, ponding was first observed during
the second irrigation, but some of the silt columns exhibited ponding
already during the first irrigation. Hence, water content is important for
how fast the thawing process occurs. In addition to the ponding, this
was observed as the frozen columns both started to thaw (Fig. 2) and
drain (Figs. 2-3) later at later irrigations in this experiment. These
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Fig. 6. Bromide and MCPA (mg L−1) concentrations plotted as a function of accumulated amount of percolate (mm) for a representative soil column from from frozen
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observations were more evident for the silt than the loam. This could be
explained by less pore space being available for infiltration of water and
that infiltration was so slow that the increased exposure to ice caused its
freezing on the way down (Moghadas et al., 2016). This could also be
the reason why it took so long for the water to infiltrate the silt subsoil
during and after the last irrigation (Fig. 4).

When the frozen soil columns started to thaw during the irrigations,
the ponded water infiltrated quickly and percolated through the col-
umns. After thawing, 25mL samples were collected at ca. 6–7min in-
tervals, equivalent to flow rates of ca. 35mmh−1 being a lot faster than
the fastest flow rates observed for unfrozen columns (ca. 7mmh−1).
This fast infiltration was not observed for silt subsoil, being in line with
the estimations of relatively high 5% arrival volume values (Table 3),
indicating a little degree of preferential flow, and the smaller content of
connected macropores in this soil (Fig. 1).

In addition to the different leaching patterns observed for bromide
between the two treatments, significantly less amounts of bromide
leached from frozen columns compared to unfrozen columns (Table 3).
Brown et al. (2000) discussed that preferential flow rapidly can trans-
port small amounts of bromide to depth, but that over a longer leaching
period, preferential flow will give smaller total losses of bromide than
matrix flow. This is because preferential flow interacts with only a small
part of the soil and associated solute. In our case the difference ob-
served in bromide leaching could also be due to the fact that sig-
nificantly less water was collected from the frozen soil columns than the
unfrozen columns. As the frozen columns thawed, one would not expect
any difference in the total amount of water percolating. There were
indications that the frozen columns had not finished draining after the
cessation of irrigation, as a loss of water from the columns was observed
while moving them before transportation between the freezing facilities
and the lysimeter laboratory. Furthermore, ice was observed under the
frozen columns in the freezing cabinet. Continued sampling beyond
24 h after the start of irrigation would have been desirable to sample
more water from the frozen columns, but due to time constraints, this
was not possible.

4.2. Freeze-thaw effects on MCPA leaching

Brown et al. (2000) argues that preferential flow seems to be the
most important process for pesticide transport and that residues can be
transported rapidly to deeper soil layers, while slower leaching via
matrix flow not will result in larger losses over time because degrada-
tion or sorption might reduce the amounts that could leach. In this
study, very little MCPA leached through the unfrozen loam and silt
topsoil columns and it is possible that this could be due to faster de-
gradation in these columns, which were maintained at higher tem-
peratures (+4 °C compared with −3 °C). The amount of MCPA retained
in the soil was not measured, so the extent of degradation (and thus a
complete mass balance) cannot be determined with certainty. However,
the metabolite 2-MCP was detected in low amounts in some bulk lea-
chate samples, both from frozen Kroer loam topsoil and unfrozen Kroer
loam subsoil implying that some degradation did occur during the ex-
periment. This could be due to aerobic soil degradation or more prob-
able, due to aqueous photolysis during sampling and sample prepara-
tion since 2-MCP is a major aqueous photolysis metabolite. It is highly
unlikely though that differences in degradation rates between frozen
and unfrozen columns could explain the large differences observed in
the leached amounts of MCPA.

The markedly larger leaching losses of MCPA from frozen topsoil
columns was therefore most probably a result of much weaker sorption
during transport. Sorption has been shown to be a temperature de-
pendent process and for most compounds sorption decreases with in-
creasing temperature (Ten Hulscher and Cornelissen, 1996; Shariff and
Shareef, 2011). It could then be hypothesized that sorption would be

stronger at lower temperatures. Stenrød et al. (2008) on the other hand
found smaller Kd values and increased pore water concentrations for
metribuzin upon release of frost in packed columns stored at −5 °C
indicating that this might not always be the case. Nevertheless, the
effect of freezing on the water flow pathways is probably the most
important reason for the differences observed in our experiment. Due to
the fast transport through macropores, the time for adsorption of MCPA
would be limited in the frozen soil columns, where flow would have
been mostly restricted to the larger pores that were either initially air-
filled or which drained quickly on thawing. In addition, compared to
smaller pores, macropores have a small ratio of surface area to pore
volume, reducing the number of available binding sites for passing
solutes (Jarvis, 2007). In contrast, in the unfrozen soil with a slower
and more uniform flow pattern, MCPA, although a relatively mobile
substance, would be exposed to more soil surfaces and binding sites
resulting in a higher degree of sorption and less MCPA being trans-
ported through the columns.

Freezing of soil can lead to frost heave, formation of ice lenses and
subsequent cracking of the soil and hence an increased hydraulic con-
ductivity (Hotineanu et al., 2015). In our case, this could have ex-
plained some of the differences observed between frozen and unfrozen
columns with regards to MCPA leaching. However, less water perco-
lated through the frozen soil columns and less bromide leached, so this
was probably not a major factor. The fact that the results were quite
consistent across all columns supports this conclusion. The similarity
between the replicatet columns and consistent differences between the
treatments also indicates that bypass of water along the side column
walls was a minor problem.

Compared with the unfrozen topsoil columns, considerably more
MCPA leached through the unfrozen subsoil columns (Table 3) This
could have been due to significantly weaker sorption in subsoils be-
cause of smaller organic carbon contents (Hiller et al., 2010). Slower
degradation in the subsoil columns during the experiment may also
have been a contributing factor.

5. Conclusions

This study documents the preferential transport of MCPA and a
bromide tracer through soil macropores at relatively high concentra-
tions in partially frozen soil. Very little MCPA leached from unfrozen
columns, while for bromide a more uniform advective-dispersive
transport process was found. To our knowledge, these contrasting so-
lute transport processes in frozen and unfrozen soil columns have not
previously been documented experimentally.This study therefor con-
tributes to filling an important knowledge gap. The experiment was
carried out under high flow conditions in the laboratory. Nevertheless,
the data collected in this study should prove useful for testing models of
water flow and solute transport in partially frozen and structured soil.
Our findings, together with those from other studies (Eklo et al., 1994;
French, 1999; Riise et al., 2004; Riise et al., 2006; Ulén et al., 2013),
also suggest that monitoring programs in climates where soil freezing is
common should include sampling during snowmelt or rainfall in early
spring.
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Appendix A
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Fig. A1. Bromide (mg L−1) concentrations plotted as a function of accumulated amount of percolate (mm) for all soil columns from the Kroer loam soil. Dotted lines
indicate the first sampling of leachate after the start of a new irrigation. For frozen loam subsoil one of the five columns was excluded due to leakages through
thermistor holes.
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Frozen Kroer loam topsoil
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Fig. A2. MCPA (μg L−1) concentrations plotted as a function of accumulated amount of percolate (mm) for all soil columns from the Kroer loam soil. Dotted lines
indicate the first sampling of leachate after the start of a new irrigation. For frozen loam subsoil one of the five columns was excluded due to leakages through
thermistor holes.
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Frozen Hov silt topsoil
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Fig. A3. Bromide (mg L−1) concentrations plotted as a function of accumulated amount of percolate (mm) for all soil columns from the Hov silt soil. Dotted lines
indicate the first sampling of leachate after the onset of a new irrigation.
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Fig. A4. MCPA (μg L−1) concentrations plotted as a function of accumulated amount of percolate (mm) for all soil columns from frozen silt soil. Dotted lines indicate
the first sampling of leachate after the onset of a new irrigation.

Appendix B

The reconstructed images were first corrected for the alignment to ensure that the z-axis of the soil column in the images was vertical, using the
‘Untilt Stack’ plugin (Cooper, 2015). Differences in illumination were observed along the z-axis of the image stack resulting possibly from the slight
changes in the X-ray beam cone with scanning time. A pixel-based mathematical operation was performed for illumination correction using the mean
grey value of all pixels in the 3-D image and the mean grey value of the slice containing the pixel for illumination correction. Noise in the image and
poor contrast between the background and the feature of interest often interfere with the segmentation process. A 3-D median filter with a radius of 2
voxels was used for reducing the noise. The contrast between the background soil matrix and pore features was improved by normalizing the image
histogram using the ‘enhance contrast’ algorithm (saturated pixels= 0.4%) in ImageJ. The 3-D image was cropped on the sides using a circular
section to exclude the column wall, and on the top and bottom to remove the uneven and/or smeared soil surface. Segmentation of the pore features
was performed using the local adaptive thresholding method of Phansalkar et al. (2011). Briefly explained, the algorithm calculates threshold value
for each pixel in a slice based on the mean and standard deviation of the grey values of the neighboring pixels within a circular window specified by
the user. A pixel is classified as a pore if its grey value is smaller than the calculated threshold value for that pixel. Isolated features with one pixel
width in the segmented images were removed by performing an erosion operation

The segmented images were analysed for quantification of macropore properties using the ‘Particle Analyzer’ plugin within the ‘BoneJ’ plugin in
ImageJ (Doube et al., 2010). The plugin labels the individual pores (set of pore voxels connected to form one cluster) and returns the measurements
of various properties, selected by the user, of the labelled pores. Total macroporosity (mm3mm−3) was calculated as the volume of macropores per
unit volume of soil. Macroporosity of those pores connected throughout the soil depth were referred to as connected macroporosity (mm3mm−3).
The average pore thickness (mm) was calculated as the volume weighted average of the thickness of all the macropores in the analysed images.
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Table A1
Cation distribution of Kroer loam and Hov silt. Data for the Kroer loam soil has been reported in Greve et al. (1998). The Hov silt has been characterized by the
Division of Survey and Statistics at NIBIO according to the World Reference Base for Soil Resources, WRB (IUSS Working Group WRB, 2014).

Site Horizon, cm depth cmol kg−1 CEC Base sat.

H+ Ca Mg K Na (%)

Kroer Ap, 0–23 4.8 7.14 0.66 0.61 0.04 13.25 64
Eg, 23–40 2.9 3.04 0.96 0.47 0.04 7.41 61

Hov Ap, 0–20 3.5 2.43 0.32 0.33 0.058 6.64 47
Bw, 28–50 2.0 0.87 0.12 0.27 0.051 3.31 40
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