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Abstract  10 

 The dry and wet deposition of radionuclides released into the atmosphere can be 11 

intercepted by vegetation in terrestrial ecosystems. The aim of this study was to quantify the 12 

interception of wet deposited 134Cs and 85Sr by spring oilseed rape (Brassíca napus L.) and 13 

spring wheat (Tríticum aestívum L.). The dependency of the intercepted fraction (f) on total 14 

above ground plant biomass, growing stage and the Leaf Area Index (LAI) was quantified. A 15 

trial was established in Uppsala (east central Sweden), with land management in accordance 16 

to common agricultural practices. The field trial was a randomised block design of 1 × 1 m2 17 

parcels with three replicates. During the growing season of 2010, a rainfall simulator 18 

deposited 134Cs and 85Sr during six different growth stages. Two to three hours after 19 

deposition, the biomass of the centre 25 × 25 cm2 area of each parcel was sampled and above 20 

ground biomass and LAI were measured. The radioactivity concentration and radioactivity of 21 

samples were measured by High Purity Germanium (HPGe)-detectors.  22 

 For 134Cs, there was a correlation between f and LAI (r2 = 0.55, p < 0.05) for spring 23 

wheat, but not for spring oilseed rape (r2 = 0.28, p > 0.05). For 85Sr, there was a correlation 24 

between f and LAI for both crops (r2 = 0.41, p < 0.05 for spring oilseed rape and r2 = 0.48 p, < 25 
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0.05 for spring wheat). There was no correlation between f and above ground plant biomass in 26 

spring oilseed rape for either 134Cs (r2 = 0.01, p > 0.05) or for 85Sr (r2 = 0.11, p > 0.05). For 27 

spring wheat, there was a correlation for both 134Cs (r2 = 0.36, p < 0.05) and 85Sr (r2 = 0.32, p 28 

< 0.05). For spring oilseed rape, f was highest at growth stage ‘stem elongation’ for 134Cs 29 

(0.32±0.22) and 85Sr (0.41±0.29). For spring wheat, f was highest at growth stage ‘ripening’ 30 

for both radionuclides (134Cs was 0.36±0.14 and 85Sr was 0.48±0.18). Thus, LAI can be used 31 

to quantify interception of both radionuclides for both crops, whereas, above ground plant 32 

biomass is a weak measure of interception of wet deposited radiocaesium and radiostrontium. 33 

 34 

1. Introduction 35 

 The release of radionuclides into the atmosphere from different sources, for instance 36 

nuclear power accidents or test firing of nuclear weapons, can cause both the dry and wet 37 

deposition of radionuclides onto vegetation (Hoffman et al., 1995; Kinnersley et al., 1997). 38 

Some wet deposited radionuclides, e.g. radiocaesium, can be directly taken up by the 39 

vegetation through leaves (Middleton, 1958, 1959; Scotti and Carini, 2000). The strongest 40 

contamination of the food chain may occur during deposition onto standing crops during the 41 

growing season (Anspaugh et al., 2002), as when deposition occurs during the growing 42 

season, the uptake of radioactive substances through leaves is assumed larger than uptake 43 

through roots (Johnson et al., 1966; Russell, 1965). In the event of a nuclear power accident 44 

or an atom bomb explosion, the release of radionuclides comprises a large part of the 45 

collective dose to humans through intake of contaminated agricultural foodstuffs (Madoz-46 

Escande et al., 2004; Middleton, 1958). 47 

The level of radionuclide interception by different parts of important agricultural plants, 48 

e.g. grass, broad bean and wheat, may be dependent on plant morphology i.e. Leaf Area Index 49 

(LAI), the angle of leaves, above ground plant biomass, and the maximum water storage 50 
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capacity of the plant canopy (IAEA, 2010; Kinnersley et al., 1997). Other factors affecting the 51 

level of interception include the physical and chemical form of the radionuclides, such as 52 

molecular mass and the valence (Salbu et al., 2004): divalent radiostrontium ions fix more 53 

easily to the surfaces of leaves than monovalent radiocaesium ions do (Mueller and Proehl, 54 

1993; Vandecasteele et al., 2001). The size of the radioactive particles and fragments and the 55 

weather conditions i.e. precipitation and wind speed also affect interception (Aarkrog, 1975; 56 

Kinnersley et al., 1997). According to Hoffman et al. (1992), the interception of radionuclides 57 

is more dependent on the above ground plant biomass than on the amount of rainfall, and the 58 

time between deposition and harvest will affect the concentration of radionuclides in plants at 59 

harvest and depend on ‘field losses’, for example wash-off and volatilisation (Chadwick and 60 

Chamberlain, 1970). 61 

Therefore, after wet deposition onto a growing crop, the potential risk of transfer to 62 

plant parts used for food production needs to be known in order to reduce transfer to humans. 63 

Information on the level of interception of radionuclides in different situations is essential for 64 

the risk assessment of transfer through the food chain and for planning effective 65 

countermeasures for reducing human exposure. 66 

Radiocaesium and radiostrontium are the main harmful, long-living radionuclides 67 

released during a nuclear power plant accident and test firing of nuclear weapons. 68 

Radiocaesium spreads evenly in human bodies, somewhat more in muscles than in bones, and 69 

is the cause of different kinds of cancer. Radiostrontium accumulates in the human skeleton 70 

and presents an additional risk of cancer in young people.  71 

The aim of this study was to quantify interception of wet deposited 134Cs and 85Sr by 72 

spring oilseed rape (Brássica napus L.) and spring wheat (Tríticum aestívum L.) at different 73 

growth stages. The hypothesis was interception of radiocaesium and radiostrontium was 74 

related to above ground plant biomass, LAI, type of radionuclide, and type of crop. 75 
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 76 

2. Materials and methods 77 

2.1 Study area 78 

The study was conducted at the Ultuna meteorological and agricultural field station, 79 

Uppsala, Sweden (59°48’45”N and 17°38’45”E). The meteorological station monitors air 80 

temperature, precipitation, and wind speed (Table 1) (Karlsson and Fagerberg, 1995). The 30-81 

year (1961-1990) annual mean temperature is 5.7°C and the annual mean precipitation sum is 82 

545 mm (Geovetenskaper, 2012). During the growing season in 2010 (1st of May to 30th of 83 

September), the site had a mean temperature of 14.8°C and precipitation sum of 58.6 mm, 84 

according to data from the nearby Ultuna meteorological station. The temperature at 85 

deposition and sampling varied between 10 and 21°C and there was no precipitation in 86 

connection with deposition and sampling on any occasion. Wind speed at deposition and 87 

sampling varied between 1.3 and 3.6 m s-1. 88 

 The texture of the soil at the site was loamy clay (Table 2): texture was determined 89 

through a combination of wet sieving for large particle size fractions and sedimentation 90 

analysis with the pipette method for finer fractions, with a modified method as described by 91 

Ljung (1987). Soil pH was measured in water with a soil:water ratio of 1:5. Soluble 92 

phosphorus (P), potassium (K) and calcium (Ca) were extracted with a solution of 0.10 M 93 

ammonium lactate and 0.40 M acetic acid at a pH of 3.75 (AL-solution), as described by 94 

Egnér et al. (1960). The amount of P, K, and Ca in the AL-extracts was determined by 95 

Inductively Coupled Plasma (ICP) analysis. 96 

 97 

2.2 Design of the experiment 98 

 The trial was a randomised block design with 3 blocks including 1 × 1 m2 parcels, with 99 

three replicates. The experimental crops, spring oilseed rape (Brássica napus L.) variety 100 
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‘Larissa’ and spring wheat (Tríticum aestívum L.) variety ‘Triso’, were sown and managed 101 

according to common agricultural practices, except for covering the sowing beds with a non-102 

woven fabric for three weeks.  103 

The Swedish Radiation Safety Authority gave permission for this type of open field 104 

experiments with the requirement that isotopes with short half-life should preferentially be 105 

used. Thus, the isotopes selected for the field experiment were 134Cs (half-life of 2.07 years) 106 

and 85Sr (half-life of 64.9 days): it was assumed these isotopes behaved in the same manner as 107 

137Cs and 90Sr. An artificial rain simulator was used to deposit 134Cs and 85Sr at six plant 108 

growth stages to each crop.   109 

 The experimental crops were sown in the middle of May. The seeding rates were 8 kg 110 

ha-1 for spring oilseed rape and 230 kg ha-1 for spring wheat. After sowing, the beds were 111 

covered with a non-woven polypropylene fabric for three weeks to promote quicker growth. 112 

For both crops, fertiliser rates were equivalent to 104 kg N ha-1 and 19 kg P ha-1, no potassium 113 

(K) was added as illitic clay has high natural capacity for delivering K through weathering 114 

(ammonium lactate-acetate soluble K is 202 mg kg-1 (Table 1), which according to Swedish 115 

standards indicates no demand for potassium fertiliser). 116 

 Radionuclides were deposited on spring oilseed rape at six growth stages, according to 117 

the BBCH scale by Hack et al. (1992) (Figure 1, sketch by Nigrinis, 2010 after Bayer Crop 118 

Science (2011a), Lancashire et al.(1991), and Weber and Bleiholder (1990)). These stages 119 

were: leaf development, code 13 (three leaves unfold); stem elongation, code 32 (two visible 120 

extended internodes); 10% of flowers on main raceme open, code 61; full flowering, code 65; 121 

beginning of ripening, code 80; and, fully ripe, code 89.  122 

 For the spring wheat, the corresponding growth stages, according to the BBCH scale 123 

were: tillering, code 21 (headshot and one side shot); stem extension, code 37 (flag leaf 124 

visible); flowering, code 65 (on-going flowering); ripening, code 70 (dough ripeness); 125 
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ripening, fully ripe, code 89; and, senescence, over-ripe, code 92 (Figure 2, after Bayer Crop 126 

Science (2011b), Lancashire et al.(1991), Witzenberger et al. (1989) and Zadoks et al. 127 

(1974)). 128 

 129 

2.3 Preparation and deposition of artificial radioactive rain 130 

The artificial rainwater was prepared from stock solutions containing 5 MBq L-1 for 131 

134Cs and 15 MBq L-1 for 85Sr: 134Cs was in the form of caesium chloride (CsCl) in 0.1 M HCl 132 

(expanded uncertainty of ±0.68%) (GE™ Healthcare Limited, Amersham, UK), and 85Sr was 133 

in the form of strontium chloride (SrCl2) in 0.5 M HCl (no expanded uncertainty provided) 134 

(Eckert & Ziegler™, Santa Clarita, CA, USA). The two radionuclides were mixed and diluted 135 

to the desired concentration in ultra-purified water (purity to 18.2 MΩ-cm (8 S cm-1). The 136 

amount of 134Cs applied was in the range 24.5±0.23 to 30.9±1.97 kBq m-2 and the amount of 137 

85Sr applied was in the range 28.5±0.86 to 49.8±1.75 kBq m-2. 138 

The radionuclides were applied with a rainfall simulator that was a modified version of 139 

the drip infiltrometer described by Joel and Messing (2001). The amount of precipitation 140 

applied in each treatment was 1.00±0.01 mm at an intensity of 1 mm 30 s-1. When deposition 141 

was in the early growth stages, a windshield was used to prevent wind disturbance. 142 

 143 

2.4 Sampling and measurements analyses 144 

 Two-three hours after deposition, a sampling frame was placed in the central 25 × 25 145 

cm2 square of each parcel and the plants were sampled. The plant materials were weighed 146 

fresh, then air dried (at 30°C for a minimum of 14 days) before being re-weighed for dry 147 

weight (d.w.): the plants were then milled. After milling, samples were placed in 35 mL or 60 148 

mL plastic jars with a suitable geometry for measuring radioactive concentration. The activity 149 

concentrations of the radionuclides were expressed as Bq kg-1 d.w. and decay was corrected 150 
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for the sampling date. Due to a small amount of plant material, samples from early growth 151 

stages measured in 35mL jars were corrected for the degree of filling.  152 

 153 

2.4.1 Measurement of Leaf Area Index 154 

 Leaf Area Index (LAI) is an indicator of the morphology of plant canopies and 155 

corresponds to layers of leaf biomass projected on the soil surface. LAI is determined by 156 

measuring the intensity of sunlight below the canopy (Anderssen et al., 1985; Lang and 157 

Yueqin, 1986; Lang et al., 1985). On the day of sampling, LAI was measured with a LAI-158 

2000 device (© LI-COR Biosciences Inc., Nebraska, USA); the standard error was given by 159 

the device. 160 

 161 
2.5 Analyses 162 

 The actual concentration of the radionuclides in the artificial rainwater and in the plant 163 

materials were measured by High Purity Germanium (HPGe)-detectors (GMX-13200), and 164 

the measured concentration of the radionuclides was analysed and presented with the 165 

computer software Genie™ 2000 (© Canberra, Meriden, Connecticut, USA, (2009)). 166 

 The correction factor of each HPGe-detector  (GMX-13200, GMX-33210 and GMX-167 

20200) was determined through measurements with a dilution trial. In the dilution trial, 4 mL 168 

of the stock solution (representeding a filling degree of 10%) was added to a 35 mL plastic 169 

jar, and the activity was measured. Then 3 mL of CsCl was added and the activity was 170 

remeasured: this step was repeated until the jar was 100% filled. The measured activity values 171 

for each step were divided by the activity measured at 100% filled to obtain a correction 172 

factor (CF) that was plotted against the percentage filled and adapted to the second order 173 

polynomial model in Equation 1: 174 

 175 
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       (1) 176 

 177 

where: y is the filling degree, a and b stand for unknown parameters, x is the scalar variable 178 

(in this case CF), and c is the random error. From the curves, the CF was calculated for four 179 

different filling degrees: 10, 25, 50 and 75%. The corrected values of radioactivity 180 

concentration (Ac) were calculated for different filling degrees with Equation 2. 181 

 182 

       (2) 183 

 184 

2.5.1 Calibration of the HPGe-detectors 185 

 The measured activity concentrations included uncertainties of the efficiency calibration 186 

of the HPGe-detector, which is one of the dominant components of the total measured 187 

uncertainty (Bronson et al., 2008). The HPGe-detectors were calibrated with a “calibration 188 

standard” containing a number of specific radioisotopes dissolved in water. The composition 189 

of the calibration standard used for this study is described in Table 3 and was made according 190 

to principles presented in Bronson and Young (1997) and ANSI (1978). 191 

 192 

2.6 Calculations of interception fraction and statistical analyses 193 

 The interception of radionuclides by crops was expressed as the interception fraction, f, 194 

according to Equation 3, after Pröhl (2009). The interception fraction was the ratio between 195 

the activity in the d.w. above ground plant biomass directly after deposition (Ai, Bq m-2) and 196 

the total amount of activity deposited (At, Bq m-2): 197 

 198 
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       (3) 199 

 200 

 Statistical analyses were through a balanced analysis of variance (ANOVA) with 201 

Minitab 16® (© Minitab Inc., Pennsylvania, USA, (2010)) and regression analysis with 202 

Microsoft Excel 2010 (© Microsoft Inc., Washington, USA, (2010)). 203 

 204 

2.7 Uncertainties in measurement 205 

 Uncertainty was estimated according to the method described by the Guide to the 206 

Expression of Uncertainty in Measurement (GUM) (Ellison et al., 2000; ISO, 1993). 207 

The uncertainties are reported as the combined standard uncertainty uc(y) for measurement of 208 

above ground plant biomass and for the concentrations of radionuclides. The combined 209 

standard uncertainty was the combined standard uncertainty of the output estimate y, and was 210 

calculated according to Equation 4.  211 

 212 

        (4) 213 

 214 

where: y is the output estimate and xN is the input estimates. 215 

The uncertainties considered in this study were the purity of the radionuclides, difficulty in 216 

obtaining plant samples from a well-defined area (estimated), variation in the d.w. of samples, 217 

error in measuring the exact activity concentration in the deposition liquid, the uncertainty of 218 

the volume prepared for the deposition event, and, error in the liquid volume deposited by the 219 

rainfall simulator. The absorption of radionuclides on the surfaces of the rainfall simulator 220 

was not considered among the uncertainties. The radionuclide concentration in the rainwater 221 



10 
 

was measured before and after passing through the rainfall simulator: there was no reduction 222 

in the concentration of radionuclides after passing through the rainfall simulator. 223 

 For LAI values, the standard deviation S was reported. For f, the expanded uncertainty 224 

U was reported as a 95% confidence interval and was equal to a coverage factor k times the 225 

combined standard uncertainty uc(y) of y:  (Ellison et al., 2000; ISO, 1993). 226 

 227 

3. Results 228 

3.1 The development of above ground plant biomass and LAI 229 

 Above ground plant biomass of spring oilseed rape reached a maximum at the fruit 230 

stage (code 80) (1.37±0.23 d.w. kg m-2), and then declined until senescence (code 89). The 231 

maximum above ground plant biomass of spring wheat was measured at the start of ripening 232 

(code 89) (1.76±0.29 d.w. kg m-2), which then declined until the end of ripening (code 92). 233 

The maximum LAI was measured at flowering (growth stages (code 61) for spring oilseed 234 

rape and (code 65) for spring wheat), and declined until harvest in both crops. Spring oilseed 235 

rape had a maximum LAI of 3.7±0.23 m2 m-2 and spring wheat had a maximum LAI of 236 

4.69±0.20 m2 m-2. There was a correlation between the above ground plant biomass and LAI 237 

for both crops (r2
 = 0.43, p < 0.05 for spring oilseed rape and r2 = 0.58, p < 0.05 for spring 238 

wheat) (Figure 3). 239 

 240 

3.2 Interception fractions of 134Cs and 85Sr 241 

 For spring oilseed rape the maximum f were 0.32±0.22 for 134Cs and 0.41±0.29 for 85Sr, 242 

and for spring wheat, the maximum f were 0.36±0.14 for 134Cs and 0.48±0.18 for 85Sr. The 243 

maxima f for both 134Cs and 85Sr were measured at stem elongation stage (code 32) for spring 244 

oilseed rape and at ripening stage (code 70) for spring wheat. There was a significant, but 245 
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weak correlation between the f and LAI for 85Sr (r2 = 0.48 p < 0.05) in spring oilseed rape and 246 

for both 134Cs (r2 = 0.55, p < 0.05) and 85Sr (r2 = 0.41, p < 0.05) in spring wheat (Figure 4). 247 

There was no correlation between the f and above ground plant biomass for134Cs in spring 248 

oilseed rape (r2 = 0.01, p > 0.05), but there was a weak correlation for spring wheat (r2 = 0.36, 249 

p < 0.05): a similar result was found for 85Sr (r2 = 0.01, p > 0.05 for spring oilseed rape and r2 250 

= 0.32, p < 0.05 for spring wheat) (Figure 5). In spring oilseed rape, f for both radionuclides 251 

reached a maximum around growth stage 32, and tended to be more or less constant thereafter 252 

(Figure 6). In spring wheat, f continuously increased up to growth stage 70 and then decreased 253 

in the later stages. According to the ANOVA test, the f for 85Sr was higher than for134Cs for 254 

spring oilseed rape (p = 0.06), but there was no difference between the two radionuclides for 255 

spring wheat (p = 0.58). 256 

 257 

4. Discussion 258 

 Despite large uncertainties, significant statistical relationships were identified. For the 259 

interception fraction, the uncertainty in the later growth stages appeared related to the 260 

sampling area for both crops. This was due to difficulties in placing the sampling frame at 261 

later growth stages. 262 

 263 
4.1 Above ground plant biomass and LAI 264 

 The highest values for the biomass for spring wheat were in the growth stage of 265 

ripening. Although this agreed with the results of Vandecasteele et al. (2001) and Eriksson et 266 

al. (1998), the real maximum could have been between growth stages (code 70) and (code 267 

89). 268 

 For the LAI, the highest values (4.7±0.2 m2 m-2) were in the growth stage of flowering 269 

(growth stage (code 65) in this study) for spring wheat. The highest LAI values found by 270 

Vandecasteele et al. (2001) were 7.5 m2 m-2 in wheat at a slightly earlier growth stage; stem 271 
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extension 4 nodes detectable (growth stage (code 37) in this study). These differences could 272 

be explained by the use of different techniques for measuring LAI (e.g. type of device) and 273 

different weather conditions during the growth period. Although LAI can be both 274 

overestimated and/or underestimated if there are gaps between the plants, LAI is a suitable 275 

measure of crop development (Lang et al., 1985). There was a relation between LAI and the 276 

above ground plant biomass for both crops (Figure 3); however, at increasing values of above 277 

ground plant biomass, the values for LAI declined. This is because above ground plant 278 

biomass continues to increase until seeds and grains are fully developed, whereas, LAI 279 

decreases at later growth stages due to decline and drop of leaves during the ripening process. 280 

 281 

4.2 Interception fraction of 134Cs and 85Sr 282 

 The highest values for f were at the growth stage ripening for spring wheat: this was in 283 

agreement with Vandecasteele et al. (2001) (dry deposition) and Eriksson et al. (1998) (wet 284 

deposition). 285 

 The f was related to LAI for both crops but only related to above ground plant biomass 286 

for spring wheat. A similar relationship between f and above ground plant biomass is 287 

presented by Vandecasteele et al. (2001) for spring wheat, although the values are higher 288 

(0.84 for 137Cs and 0.88 for 90Sr) than determined in this study (0.36 for 134Cs and 0.48 for 289 

85Sr): Vandecasteele et al. (2001) measured a few hours after deposition. The interception 290 

fraction tended to follow the growth of LAI; in spring wheat, higher values of LAI had higher 291 

f values (Figure 4). At several growth stages for spring oilseed rape, but not for spring wheat, 292 

f values were higher for 85Sr than for 134Cs. One explanation for the weaker relation between 293 

above ground plant biomass and interception fraction for spring oilseed rape was that the 294 

plants drop leaves, thereby interception capacity, at later growth stages, whereas, total 295 

biomass still increases. Higher values for radiostrontium than for radiocaesium are observed 296 
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by Madoz-Escande et al. (2004) (dry deposition on bean) and Vandecasteele et al. (2001) (wet 297 

deposition on cereals). Carini et al. (2003) (wet deposition on strawberry) found interception 298 

is higher for 85Sr (0.47) than for 134Cs (0.37) on strawberry, and is probably explained by a 299 

difference in valence between 85Sr (divalent) and 134Cs (monovalent) ions. Divalent ions are 300 

assumed more strongly absorbed by plants than monovalent ions are (Bréchignac et al., 2000; 301 

Vandecasteele et al., 2001). 302 

 Vandecasteele et al. (2001) found a correlation between the f for 137Cs and 90Sr and LAI 303 

(r = 0.98) in spring wheat. The differences between the results from this study and those of 304 

Vandecasteele et al. (2001) and Eriksson et al. (1998) might be due to differences in 305 

methodology: the results of Vandecasteele et al. (2001) and Eriksson et al. (1998) are from 306 

wet deposition. On a pasture crop sampled two hours after the deposition event (Chadwick 307 

and Chamberlain, 1970), the interception of 85Sr is in the range 0.20 to 0.82, and the highest f 308 

for 134Cs (0.71) and 85Sr (1.11) is 24 hours after deposition (Eriksson et al., 1998), with f 309 

increasing with plant growth (Eriksson et al., 1998; Madoz-Escande et al., 2004). However, 310 

although a dip in the f was found at growth stage (61) for spring oilseed rape, this difference 311 

could be explained by errors in the deposition or sampling of the crops. A reduction in f was 312 

found at growth stage (89) for both crops, but could be explained by the reduction in the area 313 

of above ground plant biomass that could intercept deposited radionuclides (Figure 5). 314 

 The results of this study could have been influenced by the high intensity rain 315 

application during a 30-second burst. A lower intensitiy of rain application results in higher 316 

values of interception, as the droplets tend to splash off the plants to a lesser degree (Keim et 317 

al., 2006; Wang et al., 2005). An alternative measure for f is the mass interception fraction, 318 

which is f normalised for its biomass (Hoffman et al., 1992; Hoffman et al., 1995; Pröhl, 319 

2009), however, as a better relationship was found with LAI than with biomass, f was more 320 

suitable for this study. 321 
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5. Conclusions 322 

LAI can be used to quantify interception of both 134Cs and 85Sr in spring oilseed rape 323 

and spring wheat, whereas, above ground plant biomass can only be used to quantify 324 

interception on spring wheat. The levels of interception are highest at the ripening stage, 325 

whereas, in later growth stages (senescence) there is a decline in the level of interception. 326 

However, the results in this study could have been influenced by the amount and intensity of 327 

the rain that was applied.  328 

 The urgency of further research is emphasised by the Fukushima Dai-ichi nuclear power 329 

plant accident in 2011, the limited number of field studies, and the abundance and age of 330 

nuclear power plants. We suggest field experiments with more food and fodder crops and a 331 

wider range of radionuclides than studied here, including iodine, are warranted for developing 332 

suitable countermeasures for reducing human exposure to radioactivity. 333 
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Acknowledgments 335 

This project was financed by the Swedish Radiation Safety Authority and the Swedish 336 

Board of Agriculture. We wish to thank the staff of the Radioecology section, Swedish 337 

University of Agricultural Sciences, especially MSc. Kristin Thored for help with fieldwork 338 

and Mr. Giovanni Nigrinis for help with fieldwork and illustrating the growth stages of spring 339 

oilseed rape. We also wish to thank Dr. Torbjörn Nyhlén, Swedish Defence Research Agency, 340 

and our colleagues at the research group for Biogeochemistry and Environmental Assessment, 341 

Swedish University of Agricultural Sciences, especially MSc. Martin Rappe George, for 342 

fruitful and supportive discussions about the results in this paper. 343 

 344 

 345 



15 
 

References 346 

 347 

Aarkrog, A., 1975. Radionuclide levels in mature grain related to radiostrontium content and 348 

time of direct contamination. Health Physics 28, 557-562. 349 

 350 

Anderssen, R.S., Jackett, D.R., Jupp, D.L.B., Norman, J.M., 1985. Interpretation of and 351 

simple formulas for some key linear functionals of the foliage angle distribution. Agricultural 352 

and Forest Meteorology 36, 165-188. 353 

 354 

ANSI, 1978. American National Standard Calibration and Usage of Germanium Detectors for 355 

Measurment of Gamma-Ray Emission of Radionuclides. Institute of Electrical and 356 

Electronics Engineers, Inc, New York. 357 

 358 

Anspaugh, L.R., Simon, S.L., Gordeev, K.I., Likhtarev, I.A., Maxwell, R.M., Shinkarev, 359 

S.M., 2002. Movement of radionuclides in terrestrial ecosystems by physical processes. 360 

Health Physics 82, 669-679. 361 

 362 

Bréchignac, F., Vallejo, R., Vandecasteele, C., Shaw, G., Forsberg, S., Madoz-Escande, C., 363 

2000. Improving the short and long term prediction ability of radiocontaminant behavior in 364 

agro-ecosystems, Rapport Scientifique et Technique IPSN - RST 2000. 365 

 366 

Bronson, F., Atrashkevich, V., Geurkov, G., Young, B., 2008. Probabilistic uncertainty 367 

estimator for gamma-spectroscopy measurements. Journal of Radioanalytical and Nuclear 368 

Chemistry 276, 589-594. 369 

 370 



16 
 

Bronson, F., Young, B., 1997. Mathematical calibration of Ge detectors, and the instrument 371 

that use them, 5th annual NDA/NDE waste characterization conference, Salt Lake City. 372 

 373 

Canberra, I., 2009. GenieTM 2000, 3.2.1 ed, Meriden. 374 

 375 

Carini, F., Brambilla, M., Mitchell, N., Ould-Dada, Z., 2003. Cesium-134 and strontium-85 in 376 

strawberry plants following wet aerial deposition. Journal of Environmental Quality 32, 2254-377 

2264. 378 

 379 

Chadwick, R.C., Chamberlain, A.C., 1970. Field loss of radionuclides from grass. 380 

Atmospheric Environment (1967) 4, 51-56. 381 

 382 

Egnér, H., Riehm, H., Domingo, W.R., 1960. Untersuchungen über die chemische 383 

Bodenanalyse als Grundlage für die Beurteilung des Nährstoffzustandes der Böden. II. 384 

Chemische Extraktionsmethoden zur Phosphor- und Kaliumbestimmung. . Kungliga 385 

Lantbrukshögskolana annaler 26, 199-215. 386 

 387 

Ellison, S.L.R., Rosslein, M., Williams, A., 2000. Quantifying uncertainty in analytical 388 

measurment. EURACHEM/CITAC 389 

 390 

Eriksson, Å., Rosén, K., Haak, E., 1998. Retention of Simulated Fallout Nuclides in 391 

Agricultural Crops, II. Deposition of Cs and Sr on Grain Crops, SLU-REK-81. Institutionen 392 

för radioekologi, SLU. 393 

 394 



17 
 

Geovetenskaper, L.-., vatten- och landskapslära, 2012. Klimatdata för året. Uppsala 395 

universitet, Uppsala. 396 

 397 

Hack, H., Bleiholder, H., Buhr, L., Meier, U., Schnock-Fricke, U., Weber, E., Witzenberger, 398 

A., 1992. Einheitliche Codierung der phänologischen Entwicklungsstadien mono- und 399 

dikotyler Pflanzen. -Erweiterte BBCH-Skala, Allgemein-. Nachrichtenbl. Deut. 400 

Pflanzenschultzd. 44, 265-270. 401 

 402 

Hoffman, F.O., Thiessen, K.M., Frank, M.L., Blaylock, B.G., 1992. Quantification of the 403 

interception and initial retention of radioactive contaminants deposited on pasture grass by 404 

simulated rain. Atmospheric Environment Part a-General Topics 26, 3313-3321. 405 

 406 

Hoffman, F.O., Thiessen, K.M., Rael, R.M., 1995. Comparison of interception and initial 407 

retention of wet-deposited contaminants on leaves of different vegetation types. Atmospheric 408 

Environment 29, 1771-1775. 409 

 410 

IAEA, 2010. Handbook of parameter values for the prediction of radionuclide transfer in 411 

terrestrial and freshwater environments, Technical Reports Series no. 472, Vienna, p. 208. 412 

 413 

ISO, 1993. Guide to the expression of uncertainty in measurment, Geneva. 414 

 415 

Joel, A., Messing, I., 2001. Infiltration rate and hydraulic conductivity measured with rain 416 

simulator and disc permeameter on sloping arid land. Arid Land Res. Manag. 15, 371-384. 417 

 418 



18 
 

Johnson, J.E., Wilson, D.W., Lindsay, W.L., 1966. Transfer of fallout cesium-137 from soil to 419 

dairy cattle feeds. Soil Science Society of America Proceedings 30, 416-417. 420 

 421 

Karlsson, S., Fagerberg, B., 1995. Klimat- och Bioklimatstationen vud Ultuna Historik och 422 

Framtid. Department of Crop Production Ecology, Swedish University of Agricultural 423 

Sciences, Uppsala. 424 

 425 

Keim, R.F., Skaugset, A.E., Weiler, M., 2006. Storage of water on vegetation under simulated 426 

rainfall of varying intensity. Advances in Water Resources 29, 974-986. 427 

 428 

Kinnersley, R.P., Goddard, A.J.H., Minski, M.J., Shaw, G., 1997. Interception of caesium-429 

contaminated rain by vegetation. Atmospheric Environment 31, 1137-1145. 430 

 431 

Lancashire, P.D., Bleiholder, H., Boom, T.V.D., LangelÜDdeke, P., Stauss, R., Weber, E., 432 

Witzenberger, A., 1991. A uniform decimal code for growth stages of crops and weeds. 433 

Annals of Applied Biology 119, 561-601. 434 

 435 

Lang, A.R.G., Yueqin, X., 1986. Estimation of leaf area index from transmission of direct 436 

sunlight in discontinuous canopies. Agricultural and Forest Meteorology 37, 229-243. 437 

 438 

Lang, A.R.G., Yueqin, X., Norman, J.M., 1985. Crop structure and the penetration of direct 439 

sunlight. Agricultural and Forest Meteorology 35, 83-101. 440 

 441 

Ljung, G., 1987. Mekanisk analys: Beskrivning av en rationell metod för jordartbestämning. 442 

Department of Soil Science, Swedish University of Agricultural Sciences, Uppsala. 443 



19 
 

 444 

Madoz-Escande, C., Henner, P., Bonhomme, T., 2004. Foliar contamination of Phaseolus 445 

vulgaris with aerosols of Cs-137, Sr-85, Ba-133 and Te-123m: influence of plant development 446 

stage upon contamination and rain. Journal of Environmental Radioactivity 73, 49-71. 447 

 448 

Microsoft, C., 2010. Microsoft Office Professional Plus 2010, 14.0.6112 ed, Washington. 449 

 450 

Middleton, L.J., 1958. Absorption and translocation of strontium and caesium by plants from 451 

foliar sprays. Nature 181, 1300-1303. 452 

 453 

Middleton, L.J., 1959. Radioactive strontium and caesium in the edible parts of crop plants 454 

after foliar contamination. International Journal of Radiation Biology and Related Studies in 455 

Physics Chemistry and Medicine 1, 387-402. 456 

 457 

Minitab, I., 2010. Minitab 16, 16.2.0 ed, Pennsylvania. 458 

 459 

Mueller, H., Proehl, G., 1993. ECOSYS-87: A dynamic model for assessing radiological 460 

consequences of nuclear accidents. Health Physics 64, 232-252. 461 

 462 

Pröhl, G., 2009. Interception of dry and wet deposited radionuclides by vegetation. Journal of 463 

Environmental Radioactivity 100, 675-682. 464 

 465 

Russell, R.S., 1965. An introductory review - interception and retention of airborne material 466 

on plants. Health Physics 11, 1305-1315. 467 

 468 



20 
 

Salbu, B., Lind, O.C., Skipperud, L., 2004. Radionuclide speciation and its relevance in 469 

environmental impact assessments. Journal of Environmental Radioactivity 74, 233-242. 470 

 471 

Science, Bayer Crop, 2011a. OSR Growth Stages. 472 

 473 

Science, Bayer Crop, 2011b. Utvecklinsstadier vete och potatis. 474 

 475 

Scotti, I.A., Carini, F., 2000. Heavy metal effect on uptake and translocation of Cs-134 and 476 

Sr-85 in aubergine plants. Journal of Environmental Radioactivity 48, 183-190. 477 

 478 

Vandecasteele, C.M., Baker, S., Forstel, H., Muzinsky, M., Millan, R., Madoz-Escande, C., 479 

Tormos, J., Sauras, T., Schulte, E., Colle, C., 2001. Interception, retention and translocation 480 

under greenhouse conditions of radiocaesium and radiostrontium from a simulated accidental 481 

source. Science of the Total Environment 278, 199-214. 482 

 483 

Wang, A.Z., Li, J.Z., Liu, J.M., Pei, T.F., Jin, C.J., 2005. A semi-theoretical model of canopy 484 

rainfall interception for Pinus Koraiensis Nakai. Ecological Modelling 184, 355-361. 485 

 486 

Weber, E., Bleiholder, H., 1990. Explanations of the BBCH decimal codes for the growth 487 

stages of maize, rape, faba beans, sunflowers and peas - with illustrations. Gesunde Pflanzen 488 

42, 308-321. 489 

 490 

Witzenberger, A., Boom, T.v.d., Hack, H., Van Den Boom, T., 1989. Explanations of the 491 

BBCH-decimal code for the development stages of cereals - with illustrations. Gesunde 492 

Pflanzen 41, 384-388. 493 



21 
 

 494 

Zadoks, J.C., Chang, T.T., Konzak, C.F., 1974. A decimal code for the growth stages of 495 

cereals. Weed Research 14, 415-421. 496 


	Abstract
	2.1 Study area
	2.4 Sampling and measurements analyses
	2.6 Calculations of interception fraction and statistical analyses
	3. Results
	3.1 The development of above ground plant biomass and LAI
	4. Discussion
	5. Conclusions
	Acknowledgments
	References

