
Abstract
Thermal weed control plays an important role in managing

weeds in synthetic herbicide-free systems, particularly in organic
agriculture and in urban areas where synthetic herbicides are pro-
hibited. This study compares the impact on weed control of
increased doses of hot water and hot foam (i.e. 0, 0.67, 1.67, 3.33,
5.00, 6.67 and 8.33 kg m–2). The doses were applied using the
same machine. The temperatures, weed control effectiveness,
weed regrowth after the death of the aboveground vegetative weed
tissues, and weed dry biomass 30 days after the treatments were
studied in two experimental fields with a different weed composi-
tion (i.e. Site I and Site II). The results showed that difficult weeds
to control, such as Cynodon dactylon (L.) Pers., Digitaria san-
guinalis (L.) Scop. and Taraxacum officinale Weber, like all the
other species in the initial weed populations in the two experi-
ments, died after lower doses of hot foam compared to hot water.
Adding foam to hot water made it possible to lower the required
dose of water by at least 2.5-fold compared to hot water used
alone. By insulating the weeds, the foam led to higher peak tem-
peratures and slower temperature decay, thus determining an
effective weed control with lower doses compared to hot water.
Starting from 11 days and 16 days after treatments (for Site I and
Site II, respectively), there were no statistically significant differ-

ences in weed regrowth between hot foam and hot water at all the
doses applied. There were no differences between the dry biomass
of weeds collected 30 days after treatments when the same doses
of hot foam and hot water were used.

Introduction
In Europe today there are increasing concerns regarding her-

bicide resistance and residues from herbicides found in surface
water. New regulations are being promoted to limit the depen-
dence on synthetic herbicides, which can be dangerous to human
health and the environment, thus alternative methods for control-
ling weeds are urgently needed (Cederlund and Börjesson, 2016;
Hansson and Matsson, 2002; De Cauwer et al., 2014, 2016).

Thermal weed control methods such as hot water and flaming
play an important role in managing weeds, particularly in organic
agriculture and in urban areas, where the use of herbicides is for-
bidden or not recommended. Moreover, thermal weed control
methods do not lead the selection of herbicide-resistant popula-
tions (Raffaelli et al., 2013; Martelloni et al., 2016; Melander et
al., 2017). The use of hot water eliminates the fire hazard associ-
ated with flame weeding (Hansson and Ascard, 2002). Several
factors influence the heat injury of the plants, including tempera-
ture, energy input, exposure period, and weed species (Peerzada
and Chauhan, 2018).

Thermal weed control involves heat being transferred to plant
material (leaves, stems, flowers, propagules, etc.) to destroy cell
structures and denature proteins (Cederlund and Börjesson, 2016;
Melander et al., 2017). To control aboveground vegetation with
thermal weed control methods, the heat requirement depends on
the weed species, their growth stages, water status, and the pres-
ence of moisture on the leaf surface (Melander et al., 2017). The
dose applied is critical and determines the efficacy of the weed
control. Appropriate doses (expressed as liquified petroleum gas
fuel or water mass per unit area) can therefore increase the overall
efficiency (Cederlund and Börjesson, 2016). When hot water is
used, the amount of energy that can be transferred to the weeds per
unit of time increases with the increasing water flow (Hansson and
Matsson, 2002). A wetting agent increases the contact surface
between the hot water applied and the weeds, and improves the
conditions for heat transfer into the plant (Matthews, 2000). In
New Zealand, one treatment using hot water equipment for land-
scape and roadside vegetation management killed most annual
weeds and young perennial weeds, but older perennial weeds
required repeated treatments (Daar, 1994). Studies of hot water for
weed control in orchards have shown that a travel speed of up to
6 km h–1 resulted in a good control of broad-leaved weeds, and
two or three treatments per season were necessary (Kurfess and
Kleisinger, 2000). The addition of a wetting agent to hot water
enhances hot water efficiency (Hansson and Matsson, 2002).
When weeds are controlled by hot water, laboratory experiments
have shown that the speed of application can be increased by
adding a surfactant to the water (Kurfess and Kleisinger, 2000).

Hot foam was first patented in 1995 and represents an evolu-
tion of the hot water weed control method, modified by the addi-
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tion of biodegradable foaming agents (Cederlund and Börjesson,
2016; Rajamannan, 1996). Hot foam weed control has limited risks
to the environment and human health and is applicable to numer-
ous weed species (Wei et al., 2010). The foam insulates the weeds
from the surrounding air and increases the energy transfer to the
plants, thus lowering the dose of hot water required and increasing
efficiency (Cederlund and Börjesson, 2016). Compared to hot
water alone, the addition of foam requires less water, has a lower
susceptibility to weather changes, a high application accuracy and
speed as well as a low cost (Peerzada and Chauhan, 2018; Wei et
al., 2010). The aboveground vegetative tissues of weeds can be
effectively controlled by hot water and hot foam (Hansson and
Matsson, 2002; Martelloni et al., 2019, 2020). In fact, most ther-
mal methods affect the aboveground portion of the plants, however
some weeds (i.e., perennial weeds) may regrow from their below-
ground components (Peerzada and Chauhan, 2018; Kup and
Saglam, 2014). The regrowth of weeds after the death of the
aboveground vegetative tissues is an important indicator in validat-
ing the effectiveness of a weed control technique. Given that a
technique should kill the weeds after being applied, the time weeds
take to regrow and cover the ground again is an indicator of how
many times the technique needs to be repeated in the annual man-
agement of weeds (Martelloni et al., 2020). To the best of our
knowledge, there has been no research comparing different doses
of hot foam and hot water to control weeds. The aim of this study
was to compare the effect on weed control of increased doses of
hot water and hot foam (i.e. 0, 0.67, 1.67, 3.33, 5.00, 6.67 and 8.33
kg m–2). The temperatures, weed control effectiveness, weed
regrowth after the death of the aboveground vegetative tissues, and
weed dry biomass 30 days after the application of treatments were
studied in two experimental fields characterized by a different
weed composition.

Materials and methods

Experimental set up, design and treatment
A two-site experiment was conducted on fields with two differ-

ent weed compositions at the experimental farm of the University

of Pisa (Pisa, Italy) (43°40’33.1’’ N 10°18’41.2’’ E). In Site I the
main weeds were Cynodon dactylon (L.) Pers., Festuca arundi-
nacea Schreb., Convolvulus arvensis L. and Digitaria sanguinalis
(L.) Scop. Together these species accounted for 90% (in terms of
plant cover) of the weed community. The most developed plants of
C. dactylon had eight visible tillers (stage 28), F. arundinacea had
four visible tillers (stage 24), C. arvensis had 10 true leaves (stage
19) and D. sanguinalis had seven visible tillers (stage 27) (Hess et
al., 1997). Other weeds randomly present in the plots were,
Potentilla reptans L., Ranunculus ficaria L., Sonchus oleraceus L.
and Trifolium repens L. giving an overall total of 10% (in terms of
plant cover) of the weed community. 

In Site II, the main weeds were C. dactylon and Taraxacum
officinale Weber, which accounted for 50% and 40% of the weed
community, respectively (in terms of plant cover). The maximum
growth stage of T. officinale was eight true-leaves (stage 18), and
C. dactylon was five tillers visible (stage 25) (Hess et al., 1997).
Other weeds randomly present were Cichorium intybus L.,
Cyperus esculentus L., Convolvulus arvensis L., D. sanguinalis,
Echinochloa crus-galli (L.) Beauv., Hypochaeris radicata L.,
Plantago major L., P. reptans, R. ficaria, Rumex obtusifolius L., S.
oleraceus, T. repens, giving an overall total of 10% of the weed
community. The identification of weed species and percentages of
single species in the total weed population were based on visual
estimates. The sites were selected as they had a homogenous dis-
tribution of the main weeds described. The soil was loam in both
sites (which differed for weed composition). The sites were not
tilled (i.e., meadows under orchards) and the weeds were managed
periodically with mowing before the experiments were carried out. 

Hot foam was applied using the Foamstream® MW Series
machine (Weedingtech Ltd., London, UK) (Figure 1)
(Weedingtech, 2019a). The foaming solution used (Foamstream
V4) was a 100% blend of plant oils and sugar (e.g., alkyl polyglu-
coside surfactants) (Weedingtech, 2019b). The emission class was
equivalent to the Euro 5 stage (Nesbit et al., 2016). Hot water was
applied using the same machine by disconnecting the supply pipe
of the foaming solution and the temperature at lance was about
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Figure 1. Hot foam machine: operator using the hot foam distri-
bution tool and lateral view of the machine with the 1000 L water
container, the covered part containing the foam container, the
boiler, the programmable logic controller, the pump and the
diesel generator set.
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Figure 2. Hot foam distribution tool: A) outlet holes, B) grid
mounted next to the outlet holes to ensure a homogeneous distri-
bution of the hot foam.
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98°C (Weedingtech, 2019b). Hot foam and hot water were applied
manually with a 0.3 m wide distribution tool (Figure 2) by follow-
ing notch references in the soil. Plots 2 m long and 0.3 m wide
(according to the working width of the distribution tool) were cov-
ered in 2, 5, 10, 15, 20, 25 s, respectively, by positioning the notch-
es every 1 s to be covered. The distribution tool was operated at 5
mm from the ground with the help of the carter of the lance. The
same machine and the same distribution tool were used to apply
the hot foam and hot water in order to avoid any variability caused
by using different machines.

Doses measured in volume were 6.45-fold higher when hot
foam was applied compared to hot water, while the water mass was
the same. The treatments were applied on 16 September 2019. The
cumulative rainfall in September and October 2019 was 56 mm
and 147 mm, respectively, and the average temperature was 22°C
and 18°C, respectively. The experimental design at each site was a
randomized block design with three blocks. In each block, seven
hot foam doses and seven hot water doses were applied (i.e. 0,
0.67, 1.67, 3.33, 5.00, 6.67 and 8.33 kg m–2, the water mass was
the same for both treatments) for a total of 42 plots per site.

Data collection
The temperature of the hot foam and hot water for each dose

was measured with a 4-channel digital thermometer (PCE-T 390,
PCE Inst., Southampton, UK) equipped with four type K thermo-
couples and an SD card data logger (PCE group, 2019), which
were placed on the soil surface of the dedicated plots before treat-
ment application. Temperatures were recorded every second from
the peak to the constant temperature (i.e., the environment temper-
ature). Each thermocouple provided a replicate of the measure-
ment. 

Measurements of the ground covered by weeds were used to
estimate weed control (i.e. from treatment application to death of
aboveground weed tissues) and weed regrowth (i.e. from death of
aboveground weed tissues to 29 days after treatment). These mea-
surements were estimated from digital images using the IMAG-
ING Crop Response Analyser (IMAGING Crop Response
Analyser, 2019) online software. The digital images were taken
from two areas of 0.075 m2 (25×30 cm) per plot at the same geo-
graphical coordinates. Photographs of the weed cover for evaluat-
ing the devitalisation were taken 1 day before, and 1 and 2 days
after treatments. Weed cover photographs to assess regrowth were
taken at 3, 7, 11, 16, 21, 25 and 29 days after treatments. The dis-
tance between the weeds and the camera was constant (i.e. 30 cm
from the ground). High contrast was avoided by using an umbrella.
The brightness of the digital images was equalized before analysis.
The digital image analysis was performed as described in
Rasmussen et al. (2007), by assessing the percentage of green pix-
els from the total number of pixels in the photograph. Weed species
were visually identified from the photographs, but statistical anal-
ysis was conducted only on the total weed population, in order to
compare the effect of hot foam and hot water in a real field infested
by multiple weeds.

The green weed biomass was collected 30 days after the treat-
ment from two areas of 0.075 m2 (25×30 cm) per plot by cutting
the weeds at ground level. Cut plants were dried at 105°C to a con-
stant weight, and then the dry weight was converted into g m–2.

Statistical analysis
Student’s t-test was used to verify that the error mean was not sig-

nificantly different from zero. Error distribution normality was veri-
fied using the Shapiro-Wilk test. Other tests consisted of the Breusch-
Pagan test to verify the residuals homoscedasticity and the Durbin-

Watson test to verify the absence of autocorrelation in residuals.
Weed cover data collected one day before, and one, two, three,

7, 11, 16, 21, 25 and 29 days after treatments were modelled in a
linear mixed model using the R software (R Core Team, 2016)
extension package ‘lmerTest’ (Tests in Linear Mixed Effects
Models) (Kuznetsova, 2016). A logit transformation was conduct-
ed. The dose (0, 0.67, 1.67, 3.33, 5.00, 6.67 and 8.33 kg m–2), treat-
ment (hot foam and hot water), and evaluation date (one day
before, and one and two days after treatments for the evaluation of
weed control and 3, 7, 11, 16, 21, 25 and 29 days after treatments
for the evaluation of weed regrowth) were the fixed factors. Fitted
correlations among the slopes were assessed in the random factors.
Weed dry biomass data collected 30 days after treatments were
modelled in a linear mixed model using the R software (R Core
Team, 2016) extension package ‘lmerTest’ (Tests in Linear Mixed
Effects Models). The dose (0, 0.67, 1.67, 3.33, 5.00, 6.67 and 8.33
kg m–2) and the treatment (hot foam and hot water) were the fixed
factors. Fitted correlations among the slopes were assessed in the
random factors. Each site was analysed separately. The analysis of
variance was conducted. The extension package ‘ggplot2’ (elegant
graphics for data analysis) (Wickham, 2009) was used to plot the
bar graphs.

The percentage weed cover as affected by hot foam and hot
water doses two days after the treatments was modelled using a
three-parameter log-logistic nonlinear regression (Equation 1)
model (Seber and Wild, 1989):

                                              
(1)

where (Y) is the response (percentage weed cover), (d) is the per-
centage weed cover in the control (i.e. dose of 0 kg m–2), (b) is the
slope of the curve at the inflection point, (X) is the predictor (hot
foam and hot water doses), and (e) represents the dose providing
50% control of the initial weed coverage. A model for each site
was used.

The decay in temperature after hot foam and hot water appli-
cation as affected by the dose was modelled using a three-parame-
ter exponential decay nonlinear regression model (Equation 2)
(OECD, 2006):

                                              
(2)

where (Y) is the response (temperature), c: is the temperature for
time going to infinity; d: is the temperature at time 0 s (e.g., peak
temperature); (X) is the predictor (time in seconds), and (e) is the
slope of the decay. As temperature increases linearly, the heat-
killing time of weeds is known to decrease exponentially (Levitt,
1980; Martelloni et al., 2019).

A significance test comparing the dose-response model and the
simple linear regression model with slope 0 (a horizontal regres-
sion line corresponding to no dose effect) was not significant
(P<0.001) for any of the models (Eq. 1), indicating a highly signif-
icant effect of the dose. The ‘drc’ (dose-response curves) R exten-
sion (Ritz et al., 2015) was used to fit the nonlinear regression
model, to estimate the parameters, the effective doses and times,
the relative potency, and to plot the non-linear regression curves.

The comparisons between pairs of estimated values were com-
puted by estimating the 95% confidence interval of the difference
between the values (Equation 3):
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where (x1) is the mean of the first value, (x2) is the mean of the sec-
ond value, (SEx1) is the standard error of (x1), and (SEx2) is the stan-
dard error of (x2). If the resulting 95% confidence interval (CI) of the
difference between values did not cross the value 0, the null hypoth-
esis that the compared values were not different was rejected.

Results

Temperature 
Peak temperatures and subsequent exponential decays for each

hot foam and hot water dose are plotted in Figure 3 as average of
the two sites. The parameters of the non-linear regressions are
reported in Table 1. The effective times needed by each dose to
reach 70°C, 60°C and 50°C, respectively, are reported in Table 2.

Peak temperatures, for both hot foam and hot water, decreased
significantly from the highest dose to the lowest dose. The pair hot
foam doses of 1.67 kg m–2 and 3.33 kg m–2, and 3.33 kg m–2 and
6.67 kg m–2 led to similar peak temperatures (e.g. 75°C and 85°C),
whereas only the hot water doses of 1.67 kg m–2 and 3.33 kg m–2
led to similar peak temperatures (e.g. about 60 ° C) (parameter d,
Table 1). The significantly highest peak temperature was reached
when the highest hot foam dose was used (i.e. 8.33 kg m–2). The
hot foam dose of 6.67 kg m–2 led to a similar peak temperature
compared to the hot water dose of 8.33 kg m–2. All other hot water
doses had significantly lower peaks than that reached by the 1.67
kg m–2 hot foam dose, suggesting a higher heat transfer efficiency
of hot foam compared to hot water (parameter d, Table 1). 

Hot water doses from 0.67 to 5.00 kg m–2 did not reach a peak

temperature of 70°C, and doses of 6.67 kg m–2 and 8.33 kg m–2
took a few seconds (i.e. 0.7 s and 6.0 s, respectively) to decay to
70°C. Also, hot foam doses of 1.67 kg m–2 and 3.33 kg m–2 took a
few seconds to decay from the peak to 70°C, whereas the hot foam
dose of 8.33 kg m–2 took one minute, and that of 6.67 kg m–2 and
5.00 kg m–2 took about a half-minute (Table 2). The temperature of
60°C was reached after about 12 s when the highest dose (i.e. 8.33
kg m–2) of hot water was used which was statistically similar to the
time taken by the hot foam dose of 1.67 kg m–2 to reach 60°C. The
highest dose of hot foam (i.e. 8.33 kg m–2) led to an enduring tem-
perature from the peak to 60°C of almost 2 minutes (Table 2).
When the highest dose (i.e. 8.33 kg m–2) of hot water was used, the
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Table 1. Parameters of the exponential decay model (Equation (2)) as affected by the dose (0, 0.67, 1.67, 3.33, 5.00, 6.67, and 8.33 kg
m–2) and the treatment (hot foam and hot water) by the passage of time. The non-linear regression curves are plotted in Figure 3.

Dose (kg m–2)                                      Hot foam parameters (±SE)                                                      Hot water parameters (±SE)
                                                       c                            d                                e                                       c                         d                        e

0.67                                                       26.53 (0.05)                 68.10 (0.42)                       30.33 (0.51)                              20.37 (0.046)             58.60 (0.45)            28.45 (0.57)
1.67                                                       28.15 (0.05)                 74.47 (0.40)                       30.25 (0.42)                              22.75 (0.046)             61.23 (0.46)            27.65 (0.57)
3.33                                                       28.01 (0.05)                 74.86 (0.31)                       49.11 (0.53)                               20.90 (0.05)              60.90 (0.37)            41.25 (0.66)
5.00                                                       33.44 (0.06)                 84.92 (0.27)                       78.11 (0.73)                               24.90 (0.04)              69.80 (0.51)            21.94 (0.43)
6.67                                                       30.80 (0.06)                 85.25 (0.23)                       96.99 (0.75)                               21.82 (0.05)              71.18 (0.45)            28.91 (0.45)
8.33                                                       35.96 (0.09)                 88.13 (0.21)                      139.98 (1.23)                              28.45 (0.04)              84.45 (0.48)            20.15 (0.27)
c, temperature for time going to infinity; d, temperature at time 0 s (e.g. peak temperature); e, slope of the decay; SE, standard error.

Table 2. Effective times estimated for reaching temperatures of 70°C, 60°C and 50°C (ET70, ET60, and ET50, respectively) after the
application of different hot foam and hot water doses. The non-linear regression curves are plotted in Figure 3. The parameters of the
non-linear regression are reported in Table 1.

Dose (kg m–2)                                    Hot foam effective times (s) (±SE)                                    Hot water effective times (s) (±SE)
                                                     ET70                           ET60                    ET50                               ET70                       ET60                   ET50

0.67                                                               NA                                6.57 (0.11)               17.34 (0.29)                                    NA                                  NA                      7.25 (0.14)
1.67                                                        3.07 (0.04)                        11.33 (0.16)              22.73 (0.32)                                    NA                           0.90 (0.02)               9.54 (0.20)
3.33                                                        5.38 (0.06)                        18.74 (0.20)              37.14 (0.40)                                    NA                           0.94 (0.02)              13.13 (0.21)
5.00                                                       26.74 (0.25)                       51.71 (0.48)              88.62 (0.83)                                    NA                           5.40 (0.10)              12.76 (0.25)
6.67                                                       31.86 (0.25)                       60.43 (0.47)             101.09 (0.79)                            0.70 (0.01)                    7.43 (0.11)              16.21 (0.25)
8.33                                                       59.76 (0.53)                      108.45 (0.95)            183.73 (1.62)                            6.01 (0.08)                   11.56 (0.16)             19.25 (0.26)
NA, not available (i.e. the estimation had no biological meaning).

Figure 3. Exponential decay curves of temperature as affected by
the dose (0, 0.67, 1.67, 3.33, 5.00, 6.67, and 8.33 kg m–2) and the
treatment (hot foam and hot water) by the passage of time. The
parameters of the non-linear regression are reported in Table 1.
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temperature of 50°C was reached after about 19 s, which was sig-
nificantly lower than the time taken by the hot foam dose of 1.67
kg m–2 to reach the same temperature. The highest dose of hot
foam (i.e. 8.33 kg m–2) led to an enduring temperature from the
peak to 50°C of about 3 minutes (Table 2).

Weed control
In Site I, the analysis of variance showed that weed control was

affected by the dose, evaluation date, and the interaction between
dose and evaluation date, dose and treatment, evaluation date and
treatment (P<0.0001). In Site II, the interaction between dose,
evaluation date, and treatment was also significant (P<0.0001).
Back-transformed least square means and the 95% confidence
interval of percentage weed cover as affected by dose, treatments
and evaluation date are reported in Figure 4. 

In both sites, weed cover before the treatments was statistically
similar in all the plots (Figure 4). One day after the treatment, the
aboveground vegetative tissues were in a desiccation phase, and

not all the aboveground vegetative tissues of killed weeds had
already turned brown. The weed control effect of dose and treat-
ment was visible two days after the hot foam and hot water appli-
cation (Figure 4). Least square means and standard errors of weed
cover two days after treatments are reported in Table 3. 

In Site I, two days after treatment, the dose of 0.67 kg m–2 did
not control weeds after either the hot foam or the hot water (Figure
4, Table 3). In fact, the weed cover after this dose was statistically
similar to that of the control. Doses from 1.67 to 6.67 kg m–2 led
to a significantly higher weed control effect using the hot foam
compared to hot water. Weed cover after hot foam treatment was
on average 0.8%, 0.2%, 0.1% and 0.1%, when doses of 1.67, 3.33,
5.00 and 6.67 kg m–2 were used, respectively. After hot water,
weed cover was on average 8.1%, 1.1%, 2.8% and 0.3%, when
doses of 1.67, 3.33, 5.00 and 6.67 kg m–2 were used, respectively.
At the highest dose (i.e. 8.33 kg m–2) the level of weed control (0%
weed cover, i.e. 100% weed control) was similar comparing the hot
foam and hot water (Figure 4, Table 3). With the hot foam, the
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Table 3. Least square means and standard error of percentage weed cover logit transformed estimated from the linear mixed models
(Site I and Site II, respectively) two days after treatment application, as affected by dose and treatment.

Doses (kg m–2)                                       logit[Weed cover (%)] (±SE)
                      Site I Site II
                                             Hot foam                                    Hot water                             Hot foam                               Hot water

0.00                                                   –0.79 (0.42)                                             –0.88 (0.43)                                      0.33 (0.42)                                         –0.35 (0.44)
0.67                                                   –1.78 (0.43)                                             –1.25 (0.43)                                     –2.09 (0.49)                                       –1.45 (0.58)
1.67                                                   –4.88 (0.43)                                             –2.43 (0.44)                                     –4.17 (0.52)                                       –2.80 (0.59)
3.33                                                   –6.42 (0.44)                                             –4.49 (0.52)                                     –6.93 (0.39)                                       –4.20 (0.39)
5.00                                                   –7.18 (0.51)                                             –3.56 (0.52)                                     –6.92 (0.34)                                       –5.71 (0.36)
6.67                                                   –7.48 (0.50)                                             –5.77 (0.54)                                     –8.28 (0.46)                                       –6.38 (0.41)
8.33                                                   –7.97 (0.57)                                             –7.14 (0.50)                                     –8.68 (0.37)                                       –6.51 (0.35)
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Figure 4. Back-transformed least squares means and 95% confidence interval bars of percentage weed cover as affected by the dose (0,
0.67, 1.67, 3.33, 5.00, 6.67 and 8.33 kg m–2), treatment (hot foam and hot water) and evaluation date (one day before, and one and
two days after treatment) in Site I and Site II, respectively. DBT, days before treatment; DAT, days after treatment.

Non
-co

mmerc
ial

 us
e o

nly



highest levels of weed control were reached using doses from 5.00
to 8.33 kg m–2. With these doses, the weed covers were statistically
similar and significantly lower than with the other doses. With the
hot water, the highest levels of weed control were reached using
6.67 kg m–2 and 8.33 kg m–2. At these doses, weed covers were sta-
tistically similar and significantly lower than with the other doses
(Table 3). Differences in weed soil coverage between treatments
were mostly due to D. sanguinalis, which had a major cover after
hot water compared to hot foam, when doses up to 6.67 kg m–2
were applied. Aboveground vegetative tissues of other weed
species were all killed after 3.33 kg m–2 of hot foam and 5.00 kg
m–2 of hot water.

In Site II, two days after treatment, the dose of 0.67 kg m–2
controlled only a little percentage of weeds (percentage weed
cover was on average 11%) only after hot foam application, where-
as, after hot water, the weed cover at 0.67 kg m–2 was similar to
that of the control. However, the weed covers after the application
of 0.67 kg m–2 of hot foam and hot water were statistically similar.
The doses from 1.67 kg m–2 to 8.33 kg m–2 led to a significantly
higher level of weed control using hot foam compared to hot water.

Weed cover after hot foam was on average 1.5%, 0.1%, 0.1%, 0%
and 0%, when doses of 1.67, 3.33, 5.00, 6.67 and 8.33 kg m–2 were
used, respectively. After hot water, weed cover was on average
5.7%, 1.5%, 0.3%, 0.2% and 0.1%, when doses of 1.67, 3.33, 5.00,
6.67 and 8.33 kg m–2 were used, respectively. With hot foam, the
highest levels of weed control were reached using the doses of 6.67
and 8.33 kg m–2. At these doses, weed cover was statistically sim-
ilar and significantly lower than when the other doses were
applied. With hot water, the highest level of weed control was
reached using the dose 8.33 kg m–2, when weed cover was signif-
icantly lower compared with the other doses (Table 3). T. officinale
was still present after all the hot water doses, whereas after hot
foam, it was only present up to doses of 5.00 kg m–2. C. dactylon
disappeared from plots after the application of 5.00 kg m–2 of hot
water and after 3.33 kg m–2 of hot foam. Aboveground vegetative
tissues of other weed species were all killed after 1.67 kg m–2 of
hot foam and 3.33 kg m–2 of hot water.

Percentage weed cover two days after the treatment (i.e. when
aboveground tissues of the plants had turned brown) as a function
of the dose followed a log-logistic regression decay. The log-logis-
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Table 4. Parameters and standard errors (SE) of the log-logistic regression model (Equation 1) and effective doses (kg m–2) estimated
two days after treatments for reducing the initial weed cover by 10%, 90% and 99% as affected by treatments (i.e. hot foam and hot
water) in the two sites. The non-linear regression curves are plotted in Figure 5.

Dose (kg m–2)                                      Parameters (±SE)                                                             Effective dose (kg m–2) (±SE)
                                                                                     Site I
                                          b                                 d                            e                                      ED10                      ED90                        ED99

Hot foam                             2.79 (0.29)                        32.01 (5.60)                   0.57 (0.09)                                    0.26 (0.06)                   1.26 (0.15)                     2.97 (0.37)
Hot water                            2.32 (0.31)                        28.64 (4.78)                   1.12 (0.24)                                    0.43 (0.14)                   2.89 (0.38)                     8.15 (1.21)
                                                                                   Site II
                                          b                                 d                            e                                      ED10                      ED25                        ED99

Hot foam                             2.64 (0.23)                        56.16 (7.90)                   0.40 (0.06)                                    0.18 (0.04)                   0.93 (0.09)                     2.30 (0.23)
Hot water                            2.21 (0.23)                        39.12 (6.07)                   0.72 (0.14)                                    0.27 (0.08)                   1.94 (0.25)                     5.74 (0.71)
b, is the slope of the curve at the inflection point; d, is the percentage weed cover in the control (i.e. dose of 0 kg m–2); e, represents the dose providing 50% control of the initial weed coverage (i.e. 50% weed cover
between the upper and the lower limit of the curve at the inflection point).

Figure 5. Log-logistic regression curves with model-based 95% confidence interval bars of weed cover percentage as affected by hot foam
and hot water doses (0, 0.67, 1.67, 3.33, 5.00, 6.67, and 8.33 kg m–2) two days after treatment in the two experiment sites (Site I and
Site II). The parameters of the non-linear regression curves (Equation 1) are reported in Table 4. 
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tic regression curves and the effective doses (ED), which led to
10%, 90% and 99% of the initial weed coverage, are reported in
Figure 5. The regression parameters and the effective doses that led
to 10%, 90% and 99% of the initial weed coverage are reported in
Table 4.

The weed cover at the zero dose (i.e. the control) was statisti-
cally similar between hot foam and hot water in both sites (param-
eter d, Table 4). At the highest dose used (i.e. 8.33 kg m–2) both hot
foam and hot water led to 100% weed control (i.e. 0% weed
cover), thus a three-parameter model was used because the c
parameter (i.e. the lower limit of the curve) of the four-parameter
model was statistically similar to 0. The concept of parallelism
(Finney, 1978), which implied similar slopes and limits for hot
foam and hot water, was respected (parameter b and d, Table 4) and
the relative potencies (relative potency = EDhot water/EDhot foam)
between the two treatments were studied.

The relative potencies of the treatments were 1.66 (±0.66) and
1.52 (±0.53) (for Sites I and II, respectively) at 10% weed cover
reduction, and 1.96 (±0.52) and 1.78 (±0.44) at 50% weed cover
reduction. These indices were not all significant (i.e. the 95% con-
fidence interval crossed the 1 value), suggesting that a similar dose
of hot foam and hot water was required to reduce the initial weed
cover by 10% and 50%. In contrast, the relative potencies to reduce
the initial weed cover by 90% and 99% were significant, indicating

that a higher dose of hot water compared to hot foam was needed
to obtain the same level of weed reduction. The relative potencies
were 2.30 (±0.40) and 2.10 (±0.34) (for Sites I and II, respectively)
at the 90% weed cover reduction level, and 2.75 (±0.53) and 2.50
(±0.40) (for Sites I and II, respectively) at the 99% weed cover
reduction level. Therefore, the hot water dose required was on
average 2.3 and 2.1-fold higher (for Sites I and II, respectively)
compared to the dose of hot foam, in order to reduce the initial
weed cover by 90%, and 2.75 and 2.50-fold higher (for Sites I and
II, respectively) in order to reduce the initial weed cover by 99%
(Table 4).

Weed regrowth
In Site I, the analysis of variance showed that weed regrowth

was affected by the dose, evaluation date (P<0.0001, respectively),
treatment (P=0.039) and the interaction between dose and evalua-
tion date, dose and treatment (P<0.0001, respectively), evaluation
date and treatment (P=0.026). In Site II, weed regrowth was affect-
ed by the dose, evaluation date (P<0.0001, respectively), treatment
(P=0.033) and the interaction between dose and evaluation date,
dose and treatment, evaluation date and treatment (P<0.0001,
respectively). Back-transformed least square means and the 95%
confidence interval of percentage weed cover as affected by dose,
treatments and evaluation date are reported in Figure 6. 

                             Article

Figure 6. Back-transformed least squares means and 95% confidence interval bars of percentage weed cover as affected by the dose (0,
0.67, 1.67, 3.33, 5.00, 6.67 and 8.33 kg m–2), treatment (hot foam and hot water) and evaluation date (3, 7, 11, 16, 21, 25 and 29 days
after treatment) in Site I and Site II, respectively. DAT, days after treatment.
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As expected, at each dose of hot foam and hot water used,
weeds re-covered the ground significantly from three days to 29
days after treatment (Figure 6). Starting from 11 days and 16 days
after treatments (respectively, for Site I and Site II), there were no
statistically significant differences in percentage weed cover
between hot foam and hot water at all the doses applied (Figure 6).

The cover of soil by weeds at doses that did not lead to 100%
death of the aboveground weed tissues (i.e. in Site I, from 0.67 to
6.67 kg m–2 for both hot water and hot foam, and in Site II, from
0.67 to 5.00 kg m–2 for hot foam and all doses of hot water) was
due to the continuous natural growth of surviving weeds, the
regrowth from the non-damaged meristems, and the growth of new
weeds from seeds. In plots where the weed control was 100% (i.e.
in Site I, the dose of 8.33 kg m–2 for both hot water and hot foam,
and in Site II the hot foam doses of 6.67 and 8.33 kg m–2) the
regrowth was only due to the non-damaged meristems and seeds,
which colonized plots. 

In Site I, the first weeds to re-sprout were C. dactylon, F. arun-
dinacea and D. sanguinalis. Starting from 11 days after treatments,
seedlings of G. dissectum, and re-sprouts of C. arvensis and P. rep-
tans were oberved in all plots. In the subsequent evaluation dates,
seedling of S. alba (Miller) Krause, T. repens and V. persica were
also observed. At the highest doses used (i.e. 6.67 and 8.33 kg m–
2) for both hot water and hot foam, the final composition of the
weed community was different compared to the start of the exper-
iment, and G. dissectum had colonized the plots. This weed,
together with C. dactylon, F. arundinacea and D. sanguinalis,
accounted for 90% of the final total weed population. C. arvensis
was drastically reduced (2% of total weeds) compared to before the
treatments, and was one of the main weeds only in the control and
at the lowest doses applied (i.e. 0.67 and 1.67 kg m–2).

In Site II, C. dactylon (L.) and T. officinale were the first weeds
to re-sprout. Eleven days after treatments, first occurrences of

seedlings of C. esculentus, S. media, T. repens, V. persica and
resprouts of C. arvensis, P. reptans and R. ficaria were observed.
The final weed composition at the highest doses used (i.e. 6.67 and
8.33 kg m–2) for both hot water and hot foam changed compared to
before the start of the experiment with C. esculentus and T. offici-
nale being the main weeds. C. dactylon had decreased (1% of total
weeds) compared to before the treatments and was one of the main
weeds only in the control and at the lowest doses (i.e. 0.67 and 1.67
kg m–2).

Weed dry biomass
Figure 7 reports the least square means and the 95% confi-

dence interval of weed dry biomass as affected by dose and treat-
ment. In both sites, the analysis of variance showed that weed dry
biomass collected 30 days after treatment was affected only by the
dose (P<0.0001). In fact, at the same doses, there were no differ-
ences between the dry biomass of weeds 30 days after the applica-
tion of either hot foam or hot water (Figure 7). Differences were
observed only among doses applied. In both sites, a dose of 8.33
kg m–2 led to a statistically lower dry biomass compared to the
control, whereas 0.67 and 1.67 kg m–2 led to a similar biomass
compared to 3.33, 5.00 and 6.67 kg m–2 (Figure 7).

Discussion
Peak temperatures after thermal treatment decreased from the

highest doses to the lowest doses (Hansson and Matsson, 2002). In
our experiments, the amount of water per unit of time was changed
by changing the forward speed of the machine and ensuring a con-
stant water flow. The highest doses used led to a higher transfer of
energy than the lowest dose and this is valid in open field condi-
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Figure 7. Least squares means and 95% confidence interval bars of weed dry biomass collected 30 days after treatments, as affected by
the dose (0, 0.67, 1.67, 3.33, 5.00, 6.67 and 8.33 kg m–2) and treatment (hot foam and hot water) in Site I and Site II, respectively.
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tions with all the variability involved. 
All the hot foam doses showed significantly higher peak tem-

peratures compared to the same doses of water applied, suggesting
that the addition of the wetting agent to water to generate foam
increased the heat transfer efficiency of the hot water. The foam
insulates the weeds from the surrounding air and increases the
energy transfer efficiency to the plants (Cederlund and Börjesson,
2016). Adding foam to hot water can allow to reduce the dose of
water required compared to hot water used alone in order to obtain
the same energy transfer efficiency and subsequent weed control
effectiveness. This was confirmed in this study by the results of the
relative potency between the hot foam and hot water which for hot
water showed the need for a 2.5-fold and 2.7-fold higher dose
(respectively for Site I and Site II and depending on the weed pop-
ulation composition) to reach the same level of weed control (e.g.
99% weed control) compared to hot foam (Table 4).

C. dactylon, D. sanguinalis and T. officinale were found to be
less sensitive to hot water compared to hot foam, because the weed
cover differences between the two treatments at the highest doses
in the two experiments were due to these species. Plant response to
heat is known to be species-dependent (Ascard, 1995). Weed leaf
tissue death requires less heat exposure time when the maximum
temperature (i.e. peak temperature) increases. Both generative and
vegetative propagules of most weed species are killed within a
temperature range of 60 to 80°C (Melander et al., 2017). The dura-
tion of heating needed to reach mortality is determined by thermal
conductivity, and a high maximum temperature can be effective in
few seconds (Melander et al., 2017). Hot foam reached higher
maximum temperatures compared to hot water with the same dose
because of its slower heat dissipation due to its insulating effect.
Therefore, the foam led to higher peak temperatures and slower
temperature decay by insulating the weeds, eventually resulting in
an effective weed control with lower doses compared to hot water
(Tables 1, 2 and 4).

Weed regrowth, over time, was more influenced by the dose
than by the use of hot foam or hot water. In fact, starting from 11
days and 16 days after treatments (respectively, for Site I and Site
II), the differences between the two methods were no longer sig-
nificant (Figure 6). In real field conditions, where the re-sprouting
from meristems was added to the emergence from seeds, 29 days
were sufficient to allow a weed to grow and cover the soil, even if
the growth started from a 100% weed-free soil (such as when the
dose of 8.33 kg m–2 was used in Site I, and hot foam doses of 6.67
and 8.33 kg m–2 were used in site II). Many plants with protected
meristems, such as grasses and perennial weeds, can regrow after
non-chemical treatments (Melander et al., 2009). In this experi-
ment, weeds growing from seeds and from meristems were not
analysed separately. However, from a visual evaluation of the pho-
tographs, at the highest doses (i.e. 6.67 and 8.33 kg m–2), the num-
ber of weeds from seeds seemed higher than those re-sprouting
from meristems. In previous studies an increase in the dose of hot
foam led to an increase in the injury to weed meristems and the
delay of re-growth (Martelloni et al., 2019).

Because weeds can regrow, they need to be eliminated by con-
secutive treatments (De Cauwer et al., 2014). When the highest
dose of both hot foam and hot water was used (i.e. 8.33 kg m–2),
29 days after the treatment, the weed cover was similar to that of
the control before the start of the experiments (Figures 4 and 6),
thus suggesting the need for a new application. Hansson and
Ascard (2002) found that the required application interval between
hot water weed control treatments was 25 days. Other authors have
reported that three to five hot water treatments are required
throughout a growing season to keep weeds under control
(Kempenaar and Spijker, 2004; Vermeulen et al., 2006; Rask et al.,
2013; De Cauwer et al., 2014). It is evident that if hot foam, com-

pared to hot water, reduces the dose of water required by at least
2.5-fold for the same 99% weed control effect (as found in these
experiments), the use of hot foam is more favourable. This is very
important because a lower dose leads accordingly to a lower water
and fuel consumption (for this machine is 8 L of diesel per hour).
A lower dose also means accordingly a shorter operative time. The
speed of the treatment varied from 0.08 m s–1 to 1 m s–1 by a work-
ing width of 0.3 m. The hot foam can be effectively applied in
urban hard surfaces and green areas, but also in integrated and
organic agriculture (e.g. vineyard trellis, orchards, vegetables).

Conclusions
Hot foam insulated the weeds and led to a higher heat transfer

efficiency compared to hot water used alone. Adding foam to hot
water reduced the hot water dose and obtained the same level of
weed control effectiveness. The reductions in the doses that led to
a 99% weed control were 2.5-fold and 2.7-fold in Site I and Site II,
respectively. The regrowth of weeds after treatments occurred both
after hot foam and hot water, and one month after the treatments
there were no differences in percentage weed cover and weed dry
biomass between the two thermal methods applied. This also sug-
gests that with the highest doses there were no significant differ-
ences in the injuries caused to the weed meristems. In addition, as
the experiments were conducted in real field conditions (and not in
the laboratory), with the passage of time the ground was colonized
by weeds from seeds, which influenced the final percentage weed
cover and weed dry biomass. Because the differences in the effec-
tiveness of the aboveground weed control between hot foam and
hot water were successfully studied in this experiments, future
studies could focus on a quantitative study of the injuries or dam-
age caused to the below-ground portion of weeds. 
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