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Highlight 11 

 RFID sensors are effective for real-time temperature monitoring during solarization. 12 
 Lesions of biodegradable film can be highlighted by RFID temperature assessment. 13 
 Easy-to-use monitoring tools help the farmer to understand the thermal effect. 14 

 15 
Abstract 16 

 17 

Soil-borne pathogen and weed control can be achieved by soil solarization even if estimation of time treatment is 18 

difficult to assess. Thus, due to dependence to environmental conditions and the need to minimize the time of 19 

treatments, the implementation of monitoring tools may help in solarization managements, especially when 20 

biodegradable films were applied or weather condition are subjected to significant variation. Digitalization of data 21 

relative to plants thanks to RFID applications has been used for health or treatment monitoring, sample collecting and 22 

retrieving sanitary information: this paper presents the testing of RFID sensor application for soil solarization purposes. 23 

Different matrices were selected to assess RFID temperature sensors performances. Sandy, loam and clay soils with 24 

different moisture-holding capacity were selected for sensor burial. Sensors were covered by 5 or 10 cm of fresh matrix 25 

and read immediately. Reliability was found to be more than 90% in all tested conditions, while higher failure in tag 26 

reading was recorded in clay soil at 90 % of moisture-holding capacity (-7 % of tag reliability). Soil solarization 27 

treatment was carried out as case of study during a period characterized by changeable weather using a biodegradable 28 

film. Data, expressed as thermal addition and temperature classes, collected continuously by sensors permitted to design 29 

real-time graphs that help the farmer to understand the thermal effect caused by treatment. Throughout the second and 30 

third week of treatments, Tmax at 5 cm depth is increased by 9-13 °C or 11-14 °C compared to environment, 31 

respectively. Otherwise, Tmax at 10 cm depth is increased by 7-9 °C compared to environment throughout the second 32 

and third week, showing as sensors are able to collect temperature during solarization. The soil microbial community of 33 

soils treated with solarization exhibited a slight reduction of cumulative carbon metabolic activity compared to control 34 

(8.8 % of reduction), while among 31 preselected carbon sources, the soil microbial communities were capable of 35 

utilizing up to 23 carbon source without difference between treatments. Unified Modeling Language activity diagrams 36 

for solarization management via digital sensors were designed and effects of biodegradable film on microbial 37 



population were observed. The integration of information technology solutions with new-generation biodegradable 38 

films may offer an interesting revaluation of soil solarization in actual farm organization. 39 

 40 
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 42 

1. Introduction 43 

 44 

Soil-borne pathogen and weed control can be achieved by soil solarization, a traditional approach to plant 45 

protection which effectiveness rely on potentially wide spectrum of action and lack of residues (Katan, 2000; Gill and 46 

McSorley, 2011). Solarization consists of trapping solar radiation with plastic films laid on the soil, which allows soil 47 

temperature increases of up to 50 °C near the surface. Recently, technological improvements were developed, thanks to 48 

novel plastic films able to reduce treatment time and enhance biological effects (Gill et al., 2009). Moreover, novel 49 

approach of solarization (e.g. biosolarization, biodegradable films) represent promising sustainable options for plant 50 

protection (Bonanomi et al., 2008; Mauromicale et al., 2010; Klein et al., 2012; Dominguez et al., 2014; Kanaan et al., 51 

2015) with beneficial effects on soil microbes (Camprubí et al., 2007). As reported by Collange et al. (2014), the 52 

heating intensity, thus the control efficacy, depends on a rapid increase of temperature that must be achieved during the 53 

first days of the treatment and maintained during several weeks (Chellemi et al., 1997), and the soil-borne pest 54 

localization, because heating effect decreases in deeper soil layers (Stapleton, 1997). As a consequence, in order to 55 

control fungi (Patricio et al., 2006; Bonanomi et al., 2008) or viruses (Luvisi et al., 2015), it is recommended to start 56 

solarization in the warmer season and make it last for at least 3-4 weeks, even if estimation of time treatment is difficult 57 

to assess. Thus, due to dependence to environmental conditions and the need to minimize the time of treatments, the 58 

implementation of monitoring tools may help in solarization managements, especially when biodegradable films were 59 

applied or weather condition are subjected to significant variation. Generally, biodegradable films are fragile compared 60 

to polyethylene one and, after some weeks from soil application, are subjected to micro lesions that lead to break the 61 

film, leaving film scraps over the treated soils that are ineffective to control pests and weeds. Thus a pre-established 62 

time of treatment may easily lead to useless and expensive prolongation of solarization. Similarly, in countries such as 63 

Italy were weather conditions may vary over the short term even in the warmer seasons, a real-time evaluation of 64 

temperature achieved in the soil could be useful. Thanks to frequent acquisition of thermal parameter of solarized soils 65 

(such as thermal addition or temperature classes), farmers can be supported in decision making process, such as stop the 66 

treatment if the thermal values achieved are considered sufficient or extend the treatment over the predicted time. Thus, 67 

objectives of research in solarization management may relay in integration of IT solution for real-time monitoring of 68 



temperature, evaluation of commercial sensors for application in soils or development of novel one due to signal 69 

attenuation, as well as definition of theoretical model for data management via software.  70 

Commonly, in order to monitor soil temperature during solarization, temperature sensors connected to data 71 

loggers had to be deployed in field. Conventional loggers are very effective in order to collect with high precision the 72 

soil temperature during solarization period (Luvisi et al., 2006; Peruzzi et al., 2012;) but they are expensive and, due to 73 

their  professional purpose, they may be not user-friendly by farmers. Moreover, while sensors are buried, loggers are 74 

usually leaved on the ground during treatments and they is exposed to risks (i.e. animals or thefts), thus they should be 75 

monitored. Thus, up-to-date Information Technology (IT) solutions may be desirable. Digitalization of data relative to 76 

plants has been used for health monitoring, sample collecting and retrieving sanitary information (Thrane, 2008; Cunha 77 

et al., 2010). To establish a safe link between data and plant-associated samples, radiofrequency identification (RFID) 78 

tags have been proposed (Bowman, 2005; Bollen et al. 2007); their use in plant pathology has also been proposed 79 

(Kumagai and Miller, 2006; Luvisi et al., 2012a). The importance of hypermedia knowledge and information transfer in 80 

agriculture has been investigated since the last decade of the 20th century (Carrascal et al., 1995) and more recently 81 

information sharing and collaboration between users via the web have been introduced through the Agricultural 82 

Information Management System of FAO (http://aims.fao.org/), forestry information systems (Farcy et al. 2005) or the 83 

plant-associated microbe database (Almeida et al. 2010), with useful features for stakeholders. In addition, platforms to 84 

share and manage information in agriculture can be implemented by RFID-based technologies (Sørensen et al. 2010), 85 

providing a safe and durable link between items and information. Finally, health or treatments data can be integrated 86 

with Web 2.0 collaborative workspace, provided for useful data interchange and communications between users: 87 

generally, retrieving information from activities, samples or documents is easier when using RFID-labelling with 88 

workspace support (Luvisi et al., 2012b). In order to evaluate IT solutions for the management of soil-borne pathogens, 89 

this paper presents the testing of an RFID application for soil solarization purposes. Soil depth cause significant effects 90 

on signal attenuation, as well as soil water content (Li et al., 2007; Bogena et al., 2009). Thus evaluation of RFID sensor 91 

characteristics and tag distribution in soil are investigated in order to overcome obstacle to tag readability. Moreover 92 

diagrams were designed to define the workflow of operations necessary to perform a comparison between real-time data 93 

collected from sensors and farm historical data, in order to design specific management software. A treatment using a 94 

novel biodegradable film was reported as case of study.  95 

 96 

2. Materials and Methods 97 

 98 

2.1. RFID temperature sensor tests 99 



 100 

Semi-passive Ultra-High Frequency (UHF) logger tags (Easy2Log RT0005, Caen RFID, Italy) were used as 101 

temperature sensors. Tags are compatible with the EPCGlobal C1G2 and ISO18000-6C standards. Frequency range is 102 

860 MHz - 928 MHz. A handheld reader (qIDmini, Caen RFID, Italy), compliant with UHF tag standards was used. 103 

The reader, with an integrated linear antenna, was connected via Bluetooth with a laptop, working at 865.600-867.600 104 

MHz. RF power was programmable from 5dBm e.r.p. (3mW e.r.p.) to 22dBm e.r.p. (150mW e.r.p.). Tags were 105 

configured to store temperature samples in intervals of 1 hour in the internal memory. Temperature operating range was 106 

-20 to 70 °C with temperature accuracy of ±0.5 °C Different matrices were selected to assess RFID temperature sensors 107 

performances. Sandy, loam and clay soils with different moisture-holding capacity (10, 50 and 90%) were selected for 108 

sensor burial. Tags were buried to cover the temperature sensors by 5 or 10 cm of soil and read immediately. Thanks to 109 

RFID antenna disposition within tag compare to temperature sensors, the antenna is nearer to the soil surface compared 110 

to temperature sensor (Fig. 1). Thus, the antenna is at ground level (±0.5 cm) at 5 cm depth temperature sensor, while 111 

about 2.4 cm of soil cover the antenna when temperature sensor is 10 cm depth. 112 

To estimate the system reliability in selected environmental conditions, the number of detected tags was 113 

divided by the total, with 15 tags for three replications. Replications were necessary because the reliability is essentially 114 

a random variable and therefore mean values have to be estimated (Ampatzidis and Vougioukas, 2009). 115 

 116 

2.2. Case of study 117 

 118 

In order to evaluate the effectiveness of RFID sensors for monitoring soil temperatures, soil solarization was 119 

carried out during periods characterized by changeable weather (late May-June). Soil solarization was carried out in San 120 

Piero a Grado (PI), central Italy, using a starch based biodegradable film MaterBi (biodegradable film). Biodegradable 121 

film is a transparent film (thickness 30 mm) produced from a starch base (Novamont S.p.a., Italy). Films covered the 122 

soil for 60 days. Full details regarding field preparation are presented elsewhere (Stapleton, 2000). Tags were buried 123 

placing the temperature sensor at 5 and 10 cm depth. Manual reading with a handheld every week in order to assess 124 

real-time retrieving of temperature. Measured temperatures were divided into three classes (T ≤  35 °C, 35 °C > T ≤  40 125 

°C, 40 °C > T ≤ 45 °C). The length of time each class persisted in the soil was taken into account, along with the 126 

temperature measured each hour. The thermal addition parameter (∑ T) was calculated as sum of the individual 127 

temperatures (measured every hour) for the 8 weeks following treatment. A microbial test was carried out in order to 128 

evaluate soil solarization effectiveness. Soil samples were collected to evaluate total fungi, Trichoderma spp. and 129 

actinomycetes as CFU per gr of soil, using potato dextrose agar, P190 and water–agar medium, respectively (Papavizas 130 



and Davey, 1959; Ho and Ko, 1979). Community-level physiological profiles of soil microbial communities, using 131 

EcoPlates (Biolog Inc., CA, USA) incubation, were carried out by calculating the average well colour development, 132 

richness and Shannon–Weaver index (Chen et al. 2013). Soils were collected following Cheng et al. (2013) immediately 133 

before and after treatments, sampling the top 10 cm of soil using a 3.6-cm-diameter soil corer. Five soil cores from 134 

random location in each 1x2 m plot were collected and mixed together as a composite sample. Soil samples were stored 135 

on ice for transport to the laboratory, where they were homogenized and sieved (2 mm) to remove roots and rocks. 136 

Fresh soils were used for soil microbial assay and test with EcoPlates. Activity and functional diversity of the soil 137 

microbial communities were measured following procedure described by Winding et al. (1994). Trials were repeated 138 

over 2 years, while temperature graphs were reported for one year of case of study.  139 

 140 

2.3. Statistical analysis 141 

 142 

Differences in tag reliability were determined using analysis of variance (ANOVA). Data expressed in percent 143 

were converted in arcsin values. P < 0.05 was considered to be significant. In table, same letter following values 144 

indicate that values do not differ significantly. Following Chen et al. (2013), the metabolic richness, the number of 145 

Ecoplates substrates metabolized, (i.e., total number of wells with absorbance over 0.25), and metabolic diversity 146 

(Shannon–Weiner diversity index) were measured as microbial community functional diversity. The absorbance values 147 

of microplates measured at 72 h of incubation were used to calculate microbial community functional diversity. The 148 

SPSS 16.0 (SPSS INC., Chicago, IL, USA) software package was employed for ANOVA. 149 

 150 

3. Results 151 

 152 

3.1 RFID temperature sensor tests 153 

 154 

RFID tag readings when temperature sensors were covered by 5 or 10 cm of matrices were reported in Table 1. 155 

RFID reliability was found to be more than 90% in all tested conditions: soil properties such as tested texture or 156 

moisture-holding capacity interfere with signal transmission partially, only at 10 cm depth. Higher failure in tag reading 157 

was recorded in clay soil at 90 % of moisture-holding capacity (-7 % of tag reliability).  158 

 159 

3.2. Case of study 160 

 161 



Temperature measured over 8 weeks after soil solarization treatment by temperature sensors were reported in 162 

Fig. 2. Environmental temperatures were also reported in the same graphs. Bad weather conditions happen during the 163 

first week (Tmax 19-22 °C, Tmin 10-13 °C), while temperatures rise constantly during the second (Tmax 21-26 °C, Tmin 10-164 

12 °C) and third week (Tmax 26-33 °C, Tmin 13-19 °C). Weather variability affect the fourth week (Tmax 24-31 °C, Tmin 165 

16-18 °C), than solarization film broke after 37 days, leaving film scraps over the treated soils. During the first four 166 

weeks, the trend of soil temperature follow environmental condition at both depth, even if environmental changes are 167 

more effective at 5 cm depth compared to 10 cm (Fig. 2). Throughout the second and third week, Tmax at 5 cm depth is 168 

increased by 9-13 °C or 11-14 °C compared to environment, respectively. Otherwise, Tmax at 10 cm depth is increased 169 

by 7-9 °C compared to environment throughout the second and third week. As reported in Fig. 2, after the breaking 170 

point at day 37, soil temperature are quite unaffected by film scraps and soil daytime temperature were similar to 171 

environmental temperatures. 172 

Data collected continuously permitted to design real-time graphs (Fig. 3) that help the farmer to understand the 173 

thermal effect caused by treatment. Data indicated as the first week was quite ineffective in achieving a thermal 174 

condition useful to control pests and weeds. The higher thermal class (40 °C > T ≤ 45 °C) was never reached at both 175 

depth, while the lower one (35 °C > T ≤  40 °C) was maintained for just 16 hours at 5 cm depth. During the second 176 

week, soil at 5 cm depth reached the higher temperature class for one hour and the lower class was achieved for 31 177 

hours. Almost no effects were recorder at 10 cm depth, with just four hours at the lower temperature class.  Conversely, 178 

third and fourth week were the most effective period. At 5 cm depth, soil achieved 40 °C > T ≤ 45 °C for 34 (third 179 

week) and 11 hours (fourth week). The lower temperature class was achieved for 33 (third week) and 20 hours (fourth 180 

week). At 10 cm depth, even if soil did not achieve the higher temperature class, soil temperature was set at 35 °C > T ≤  181 

40 °C for 33 and 17 hours during the third and fourth week, respectively. Farmer could use this information (∑ T and, 182 

more significantly, temperature classes) to support the decision making process that lead to extend or stop the treatment 183 

and start the following cultivation (i.e. during the case of study the Tmax never exceeded 44 °C, that could be considered 184 

a sub-optimal temperature that can lead to extend the treatment). Contribution to heating due to fifth week was weak 185 

and the extension of treatment was useless due to film breaking point. 186 

Soil solarization did not induced biological vacuum with regard to the investigated microbial community. The 187 

treatment did not significantly alter total fungi (28.8±4.3 cfu) and actinomycetes (58.9±9.6 cfu). The community of 188 

Trichoderma spp. was slightly increased with solarization (from 14.5±0.5 cfu in untreated soils to 15.4±0.5 cfu in 189 

solarized ones, with 5.1 % of increase). Cumulative carbon metabolic activity was the integration of average well color 190 

development over incubation time, relatively indicating the total carbon utilized by soil microbial communities. The soil 191 

microbial community of soils treated with solarization exhibited a slight reduction of cumulative carbon metabolic 192 



activity compared to control (from 268.5±8.3 in untreated control to 245.0±4.5 in solarized soils, with 8.8 % of 193 

reduction). This implies the soil microbial community established after solarization was capable of consuming carbon 194 

substrates at nearly the same efficiency as untreated soils. Carbon source utilization richness expressed the number of 195 

usable substrates by a soil microbial community and reflected the diversity of microbial metabolism. The metabolism of 196 

each carbon substrate of Ecoplates was individually evaluated. Among 31 preselected carbon sources, the soil microbial 197 

communities were capable of utilizing up to 23 carbon source. This measurement was not significantly affected by 198 

solarization (from 20.8±2.2 in untreated control to 20.5±1.6 in treated ones). Shannon’s index of carbon source 199 

utilization was not influenced by treatment (from 3.00±0.15 in untreated control to 2.93±0.16 in solarized soils), 200 

suggesting no effect on functional diversity. 201 

 202 

3.3. Activity diagrams for solarization management via digital sensors 203 

 204 

In Fig. 4 we repot the Unified Modeling Language (UML) activity diagrams for solarization management via 205 

digital sensors. Diagrams were designed to shows the workflow of operations necessary to perform a comparison 206 

between real-time data collected from sensors and farm historical data (Fig. 4). Activity diagram of the function 207 

‘forecast’ show the interaction of the software with the user to calculate ∑ T and thermal classes from temperature 208 

retrieved by sensors. If available, the user can compare these parameters to data from previously carried out treatments 209 

and decide to extend the treatment or stop it. If historical data are not available and the user decided to stop the 210 

solarization, parameters have to be stored until following classification of treatment (unconfirmed historical data), via 211 

‘management’ function. After crop cultivation, the user can estimate the solarization effectiveness and store the 212 

treatment parameter within the database (confirmed historical data). 213 

 214 

4. Conclusions 215 

 216 

Our findings suggest that sensors reliability was generally satisfactory considering matrices involved in soil 217 

solarization. Compared to that in air, the underground communication exhibits significant challenges for the 218 

development of wireless underground sensor network (Vuran and Akyildiz, 2010). Stuntebeck et al. (2006) indicate that 219 

just 6 cm of wet soil cause a significant attenuation in signal, thus we need to orientate the tags along soil profile 220 

accurately, in order to avoid a soil layer thicker than 2.4 cm.  As shown, limited effects due to matrix parameters such 221 

as soil texture or soil moisture-holding capacity were reported considering test conditions. Temperature sensors did not 222 

show a reduced reliability when covered by more than 5 cm of matrices. These results confirm readability tests by other 223 



workers in agricultural applications (Bowman, 2005; Kumagai and Miller, 2006; Ampatzidis and Vougioukas, 2009), 224 

suggesting that RFID microchips can be implemented in soil solarization practices. Anyway, in order to establish a 225 

remote measurement of soil temperature (i.e. establishing a remote reading with automated data transmission), the high 226 

signal attenuation caused by water-containing products need to be considered, limits the communication range to less 227 

than 0.5 m for the commonly used 2.4 GHz radio chips (Jedermann et al., 2014). By theoretical analysis of the 228 

dependency of signal attenuation on the operating frequency, Jederman et al. (2014) show that the signal attenuation can 229 

be largely reduced by the use of 433 MHz or 866 MHz devices, but forwarding of messages over multiple hops inside a 230 

sensor network may represent a difficult task for an automated soil temperature system. 231 

Concluding, RFID temperature sensors represent easy-to-use and cheap tools to support the decision making 232 

process during long term treatment such as solarization, when the risk to premature stop of treatment or excessive 233 

extension of solarization period may lead to loss of effectiveness or increasing costs. Anyway, thermal sum and 234 

temperature classes are not intended as fixed thresholds above that pests or weeds control is assured, but their 235 

measurement (and collection) over the years can help the farmer to manage the solarization treatment according to his 236 

specific needs and environmental conditions. Even if a similar approach can be achieved via traditional sensors and 237 

processor unit, RFID sensors may be leave in the field without monitoring, can be integrated within smartphone 238 

applications and allow an easier real-time monitoring for farmers. The integration of IT solutions with new-generation 239 

biodegradable films may offer an interesting revaluation of soil solarization in actual farm organization. 240 
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Table 1  393 
RFID tag reliability (readable tags divided by total, %) using temperature sensors covered by 5 or 10 cm of soil (sandy, 394 
loam or clay soils, at 10, 50, 90 % of moisture-holding capacity). 395 
 Tag reliability 
 5 cm* depth 10 cm** depth 
 moisture-holding capacity moisture-holding capacity 
Soil 10 50 90 10 50 90 
Sandy 100 a#a§ 100 aa 100 aa 100 aa 98 ba 96 ca 
Loam 100 aa 100 aa 100 aa 100 aa 98 ba 96 ca 
Clay 100 aa 100 aa 100 aa 98 bb 98 ba 93 cb 
* RFID antenna was at ground level (0±0.5 cm) 396 
** RFID antenna was covered by 2.4±0.5  cm of soil 397 
# values in the same line followed by the same letter do not differ significantly according to Duncan΄s multiple range 398 
test (P ≤ 0.05) 399 
§ values in the same column followed by the same letter do not differ significantly according to Duncan΄s multiple range 400 
test (P ≤ 0.05) 401 
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Fig. 1. Distribution of sensors along the soil profile. 447 
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Fig. 2. Temperature measured over 8 weeks after soil solarization treatment by temperature sensors covered by 5 or 10 484 
cm of soil, compared to environmental data. The arrows indicate the solarization film breaking point. 485 
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Fig. 3. Higher temperature classes (35 °C > T ≤  40 °C, 40 °C > T ≤ 45 °C, expressed as hours) and thermal addition (∑ 514 
T, calculated as sum of the individual temperatures measured every hour) measured in solarized soil with biodegradable 515 
film. Data measured over 8 weeks after treatment by RFID temperature sensors covered by 5 or 10 cm of soil.  516 
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Fig. 4. UML activity diagram of the functions ‘forecast’ and ‘management’ to compare current solarization 549 
achievement to farm historical data. 550 
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