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Abstract 17 

The supply of nitrogen (N) from legumes is a key in maintaining soil N fertility in plant production 18 

with low fertilizer N inputs. Leaf-feeding of isotope tracers is a commonly used methodology to 19 

study the flow of carbon (C) and N from legumes into soil and companion plants. Here we 20 

investigated the temporal fate of 15N and 14C fed as a single-pulse via leaves to red and white clover 21 

in pure stands and in mixtures with grass in order to investigate the suitability of leaf-labeling for 22 

estimation of rhizodeposition and N transfer. The 15N was present in all sampled plant parts of the 23 

legumes, soil and companion ryegrass already at the first day after the end of the labeling period. 24 
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Thereafter, tracer levels remained surprisingly constant especially in the legume root parts. The 25 

rapid appearance of 15N in soil was most likely dominated by tracer in unrecovered root parts, 26 

whereas 15N in companion ryegrass was most likely caused by root exudation. After the rapid phase 27 

of tracer translocation, a second slower phase was best described by tracer loss from shoot tissue 28 

(phyllodeposition), rather than turnover of root and nodules with time. We conclude that labeling 29 

studies with multiple pulses need intensive labeling schemes and greater temporal sampling 30 

resolution in order to avoid bias and determine dominating sources of tracer moving from legumes 31 

to companion species for N transfer estimation. The study also underlined the importance of 32 

identifying the dominating sources of legume C and N losses to soil in order to select the correct 33 

approach to estimate rhizo- and phyllodeposition. 34 

 35 

Keywords: leaf-labeling, N transfer, phyllodeposition, rhizodeposition, root exudation 36 

 37 

1. Introduction 38 

Efficient utilization of nutrients in agricultural systems is essential in order to achieve a sustainable 39 

production of food (The Royal Society, 2009). Grain and forage legumes fix atmospheric nitrogen 40 

(N) and make a significant contribution to soil N fertility with the residual N effects lasting for 41 

years (Johnston et al., 1994; Nevens and Reheul, 2002). Perennial forage legumes have a 42 

particularly high potential to improve soil fertility (Rasmussen et al., 2012) among other due to 43 

higher investment in below ground tissue than seen for annual crops. Management of the increased 44 

soil fertility following legumes requires knowledge of the processes underlying soil fertility build-45 

up. The process currently thought to be the most important for soil N fertility build-up under 46 

legumes is turnover of legume root systems including turnover of nodules (Dubach and Ruselle, 47 

1994; Fustec et al., 2010; Wichern et al., 2008). However, there is an ongoing discussion regarding 48 
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the potential contribution from decaying leaves (Warembourg et al., 1997; Dahlin and Stenberg, 49 

2010), and root exudation (Lesuffleur et al., 2007; Lesuffleur et al., 2013). In order to determine the 50 

importance of each of these processes and the contribution from different plant parts we need in situ 51 

studies confirming the findings from studies under controlled conditions. A key difference between 52 

ex and in situ studies is the usually longer temporal scale in situ, with a low temporal resolution of 53 

sampling. This may favor the study of e.g. root system turnover processes rather than short-term 54 

exudation, as short-term processes are more difficult to detect on a long time scale. Thus, there is a 55 

lack of knowledge of the temporal dynamics of C and N cycling from legumes under field 56 

conditions. 57 

 58 

The methods used to study C and N cycling in situ often involves the use of isotopic tracers: 15N, 59 

14C or 13C added either via continuous (e.g. Allard et al., 2005) or pulse-labeling (e.g. de Neergaard 60 

and Gorissen, 2004; Wichern et al., 2007) of the plants. Following tracer addition, the plant delivery 61 

of C and N to the soil is assessed either directly, measuring the tracer presence in the soil, or 62 

indirectly, measuring the tracer uptake in companion crops (Gylfadottir et al., 2007; Hogh-Jensen 63 

and Schjorring, 2000) and subsequent crops (Mayer et al., 2003; Chalk and Smith, 2017). The 64 

direct determination of plant C and N deposition to the soil often relates to rhizodeposition, which, 65 

following the definition by Rasmussen (2011), includes C and N deposition from the living root, 66 

involving shorter-term processes like: exudates, secretions, lysates, sloughed cells, mucilages 67 

(Frank and Groffman, 2009) and longer-term processes like: turnover of root hairs and finer root 68 

parts. The commonly used method involves direct comparison of root and soil tracer enrichments 69 

via the Janzen and Bruinsma equation (Janzen and Bruinsma, 1989), but tracer mass balance based 70 

estimations in more (Hupe et al., 2016) or less (Khan et al., 2002; Hafner and Kuzyakov, 2016) 71 

complex forms are now increasingly used. Use of these approaches involves a number of 72 



4 
 

assumptions. Particularly important for the Janzen and Bruinsma equation, is an homogeneous 73 

tracer distribution in the root tissue, which is not achieved especially when using pulse-labeling 74 

(Rasmussen et al., 2013b). In species mixtures, targeted labeling of single plants or single species 75 

can be achieved using leaf-feeding (e.g. McNeill et al., 1997) or stem-feeding (e.g. Mayer et al., 76 

2003) depending on the species in question. Leaf-feeding with a single pulse allows studying the 77 

fate of recently fixed assimilated (Meharg and Killham, 1988), whereas multiple pulses are used to 78 

achieve a more homogeneous tracer distribution. However, the actual number of pulses given varies 79 

considerably among studies with a multiple-pulse labeling strategy (e.g. Chalk et al., 2014). Recent 80 

studies have questioned the assumptions for these targeted methods for estimating rhizodeposition 81 

(Gasser et al., 2015) and N transfer (Rasmussen et al., 2013a), where Gasser et al. (2015) 82 

challenged the validity of rapid tracer presence in growth media and Rasmussen et al. (2013a) 83 

raised concerns about N transfer estimates above 50% of legume N. There is thus a need to 84 

investigate the temporal tracer fate after leaf-feeding to validate the methodologies for further 85 

advancing our knowledge regarding in situ net N transfer and net C and N deposition. 86 

 87 

The aim of the present paper is to investigate the suitability of pulse-labeling by leaf-feeding of red 88 

and white clover for estimations of net C and N rhizodeposition and net N transfer to companion 89 

grass. Specifically the objectives were to: (i) investigate the short- and long-term enrichment of 90 

different plant parts of labeled red- or white clover to identify sources of tracer in soil and 91 

neighboring plants after single pulse leaf-labeling of donor plants with 15N-urea and 14C-urea, and 92 

(ii) evaluate the impact on estimation of rhizodeposition and N transfer when using leaf-feeding. 93 

We based the study on the hypotheses that tracer enrichment would decrease faster in secondary 94 

roots than in primary roots due to greater formation and turnover rates of the finer root tissues 95 

(Rasmussen et al., 2010), and we anticipated white clover to have greater 15N deposition to soil and 96 
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transfer to neighboring grass than red clover, as observed in previous studies (Pirhofer-Walzl et al., 97 

2012; Rasmussen et al., 2012).  98 

 99 

2. Materials and Methods 100 

We conducted two field experiments where red- and white clover was leaf-labeled when grown in 101 

either pure stand or mixture with perennial ryegrass. In the first experiment, red or white clover in 102 

pure stands was leaf-labeled in September and destructive sampling of labeled plants was 103 

repeatedly done until the following May, hence including a winter period. In the second experiment 104 

with red or white clover in mixture the leaf-labeling was done in either spring or autumn based on 105 

the differences found between these periods by Rasmussen et al. (2013a). During the following two 106 

months clovers were destructive sampled, as the first experiment showed that the initial weeks was 107 

the key period for the temporal tracer dynamics. In both experiments, the sampling goal was to 108 

achieve a high temporal resolution of the enrichment of plant parts and soil after a single pulse-109 

labeling. We leaf-labeled with 15N and 14C-urea, which upon leaf entrance is hydrolyzed to NH3 and 110 

CO2 with the latter expected to behave as CO2 entering via the normal routes (Clifford et al., 1973; 111 

Shelp and Shattuck, 1986).   112 

 113 

The experimental site was located on a sandy soil at Krusenberg estate, Uppsala, Sweden (59° N, 114 

17° E). The soil at the site contains 34 g kg-1 clay (<2 µm), 23 g kg-1 silt (2-20 µm), 891 g kg-1 fine 115 

sand (20-200 µm), and 52 g kg-1 coarse sand (200-2000 µm), and has a pH(0.01 M CaCl2) of 4.3, 116 

0.7 g N kg-1 and 8.5 g C kg-1 in the plough layer (0-20 cm depth). According to records from a 117 

climate station at Ultuna (about 10 km north of the site), air temperature during the experimental 118 

periods (May 2011 – November 2012) was on average 1.5ºC higher than normal (6.2ºC; 30-year 119 

average from May 1981 to April 2011). Total precipitation was about 10% higher than normal (556 120 
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mm) during the experimental period, but spring and early summer 2011 were slightly drier and 121 

autumn and winter slightly wetter than normal (Figure 1). The experiments were carried out with 122 

red clover (Trifolium pratense L.) and white clover (Trifolium repens L.) either in pure stands or in 123 

mixture with perennial ryegrass (Lolium perenne L.) established in May 2011 with five replicates in 124 

a randomized block design. 125 

 126 

2.1. Experiment 1: Red- and white clover in pure stand  127 

Multiple red or white clover plants within each replicate block were labeled for four days with 15N- 128 

and 14C-urea (Rasmussen et al., 2007) from September 4th to 8th, 2011. Multiple plants (nine per 129 

block) were labeled to allow destructive sampling of whole labeled plants continuously during the 130 

experimental period. Three weeks prior to labeling red and white clover was cut to a stubble height 131 

of 7 cm and the biomass removed. Small PVC rings (ø 10 cm) were inserted 2-3 cm into the soil 132 

around the labeled plants in order to cut white clover stolons, and to be able find the labeled plants 133 

upon excavation. Briefly, the leaf-labeling procedure was as follows: one undamaged clover leaf 134 

was gently inserted into a 2-ml tube containing 1 ml of 0.5% (w/v) 15N-urea (99 atom%) and 14C-135 

urea (37 kBq/ml) solution. Three tubes per plant were sealed using an inert plastic material 136 

(UNIGUM Sanitary putty, Unipak A/S, Galten, Denmark) and pressed into the soil to keep the 137 

tubes upright during the labeling period. The leaves used for labeling were randomly selected. After 138 

four days of leaf-labeling the tubes were removed along with the labeled leaves. 139 

 140 

Unlabeled control plants and soil were sampled before the start of labeling, on September 4th 2011 141 

for estimation of background isotopic value. One of the nine labeled plants per plot was randomly 142 

selected and sampled at day 1, 4, 7, 14, 28, and 60 after the end of the pulse-labeling, at the start of 143 

winter (when first snow arrived, on day 90), at the end of winter (when the snow cover was gone, 144 
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on day 202) and one month after snowmelt on day 241. Thus, labeled plants were excavated on nine 145 

occasions: September 9th, 12th, 15th, 22nd, October 6th, November 7th, December 9th (first snow), 146 

March 28th (end of winter), and May 6th.  147 

 148 

2.2. Experiment 2: Red- and white clover in mixture with perennial ryegrass 149 

Red and white clover was labeled in new plots during two periods of the 2012 growing season 150 

(spring and autumn), with the subsequent sampling taking place for up to two months after the 151 

labeling events. Multiple red or white clover plants (six per block) within each replicate block were 152 

labeled with 15N- and 14C-urea as described above from May 8th to 11th for the spring labeling, and 153 

from September 9th to 13th for the autumn labeling. In spring, labeling took place one month after 154 

end of winter, and in autumn, labeling was done on plants cut to a stubble height of 7 cm three 155 

weeks earlier.  For estimation of background isotopic value, unlabeled control plants from the 156 

ryegrass-red clover and ryegrass-white clover mixtures along with soil under the mixtures were 157 

sampled before the start of labeling, on May 8th and September 9th for spring and autumn labeling, 158 

respectively. For both spring and autumn labeling soil and plants were sampled on the following 159 

days after termination of leaf-labeling: 1, 4, 7, and 14 days, and 1 and 2 months. Thus, soil cores 160 

were excavated on six occasions following the labeling event for the spring labeling on May 12th, 161 

15th, 18th, 25th, June 6th, and July 5th, and for the autumn labeling on September 14th, 17th, 20th, 27th, 162 

October 12th, and November 8th.  163 

 164 

2.3. Sampling and analysis of soil and above and below-ground plant materials 165 

In both experiments sampling was done by inserting a steel cylinder (ø 15 cm) around the labeled 166 

plant to a depth of 15 cm, whereby the labeled plant and neighboring plants were excavated. After 167 

excavation the soil cores with the labeled plants were taken to the laboratory for immediate 168 
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separation of intact plants (roots connected to shoots) from the soil. First, the soil cores were cut to 169 

a length of 10 cm from the top to achieve a well-defined size of the root and soil volume available 170 

for further analyses. Secondly, the labeled plant was removed from the soil and separated from 171 

neighboring plants with the aim to recover as much intact root system of the labeled plant as 172 

possible; in experiment 2 with clover-grass mixtures, grass was likewise sampled to recover as 173 

much intact root system of grass as possible. Roots not connected to the sampled plants were 174 

discarded. Thirdly, the recovered plants were gently washed with tap water to remove soil from 175 

roots and shoots. Fourthly, the shoots and stolons were separated from the root system, and the root 176 

system of clovers was divided into nodules, primary (the main tap root) and secondary roots (roots 177 

attached to the main tap root), whereas roots of grass were kept as one pool. Finally, shoots, stolons, 178 

and root parts were dried to constant weight at 60 ˚C. After removal of plants the soil was sieved 179 

through a 2-mm sieve to remove detached roots in order to obtain a soil as free of roots as possible; 180 

although complete removal of small root fragments and root hairs is impossible. The soil was dried 181 

to constant weight. 182 

 183 

Prior to analyses, all plant and soil samples were ground to a fine powder in a ball mill. The 14C 184 

activity was determined after combusting the samples in a sample oxidizer (Packard model 307, 185 

Packard Instrument Company, Meriden, CT, USA) and counting the 14C activity on a liquid 186 

scintillation counter (Tri-Carb 2250LL, Packard Instrument Company, Meriden, CT, USA). Total N 187 

and 15N enrichment was analyzed using a PDZ Europa ANCA-GSL elemental analyzer interfaced 188 

to a PDZ Europe 20-20 isotope ratio mass spectrometer (Sercon Ltd. Cheshire, UK) at the UC 189 

Davis Stable Isotope Facility.  190 

 191 

2.4. Calculations and Statistics 192 
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The 15N enrichment (15N atom% excess) was calculated as the difference in 15N atom% between 193 

samples taken after labeling and control samples taken prior to the start of the labeling; the 14C 194 

enrichment (dpm/mg) of labeled plants was calculated likewise.  195 

 196 

Estimation of the proportion of unrecovered roots, which could explain the quantity of 15N in soil at 197 

day 1 if assuming all 15N in soil was in unrecovered roots, was calculated based on 15N in secondary 198 

roots assuming that these roots were more representative of unrecovered roots than primary roots. 199 

The recovered quantify of 15N in soil was divided by the specific concentration of 15N in secondary 200 

roots as expressed in the following equation: 201 

% 𝑈𝑛𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑟𝑜𝑜𝑡𝑠  
𝑠𝑜𝑖𝑙 𝑁 𝑦𝑖𝑒𝑙𝑑

𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑟𝑜𝑜𝑡 𝑁 𝑦𝑖𝑒𝑙𝑑
 100%           𝑒𝑞. 1  202 

where the soil 15N yield is estimated from the mass of N in the sampled volume of soil and soil 15N 203 

atom % excess, and the secondary root 15N yield is estimated from the specific 15N concentration in 204 

secondary roots (mg 15N/mg dry matter of secondary roots) and the dry matter quantity of 205 

secondary roots attached to the primary root of the labeled plant in the sampled volume of soil. 206 

 207 

The proportion of rhizodeposition (%NdfR – N derived from rhizodeposition or %NlvR – N lost via 208 

rhizodeposition) or whole plant phyllo- and rhizodeposition (%NlvPR – N lost via phyllo- and 209 

rhizodeposition) was estimated using both the classical root and soil 15N-enrichment approach and 210 

two tracer mass balance approaches; all these approaches would apply similarly to C-tracers. In the 211 

estimates in the present paper, we used presence of 15N in companion grass as a conservative 212 

estimate of 15N passing from labeled clover to soil; “conservative” as it is unlikely that all 15N from 213 

leakage or real root exudation ended up in neighboring grass. Thus, the atom % 15N excess of soil 214 

was estimated as the grass 15N yield divided by the total N mass in soil. The classical approach is 215 

that proposed by Janzen and Bruinsma (1989): 216 
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%𝑁𝑑𝑓𝑅
𝑎𝑡𝑜𝑚 % 𝑁 𝑒𝑥𝑐𝑒𝑠𝑠 𝑖𝑛 𝑠𝑜𝑖𝑙
𝑎𝑡𝑜𝑚 % 𝑁 𝑒𝑥𝑐𝑒𝑠𝑠 𝑖𝑛 𝑟𝑜𝑜𝑡

 100%          eq. 2  217 

where the 15N enrichment (atom % 15N excess) in soil and root is calculated as the difference in 15N 218 

atom% between labeled plants or soil and unlabeled control samples. The approach is among other 219 

based on an assumption of homogeneous tracer distribution. In order to quantify rhizodeposition, 220 

the estimated %NdfR is multiplied by the total mass of N in the soil; thus %NdfR expresses the 221 

proportion of soil N derived from rhizodeposition. 222 

 223 

The first tracer mass balance approach used here relates the tracer yield in soil to the total below 224 

ground tracer yield (root + soil). Hafner and Kuzyakov (2016) used a tracer mass balance equation 225 

closely resembling the Janzen and Bruinsma equation – just based on recovered tracer yields. If the 226 

amount of tracer recovered in the soil pool exceeds the amount of tracer recovered in the roots, this 227 

calculation will result in a rhizodeposition estimate above 100%. This can be avoided by including 228 

the amount of tracer recovered in the soil pool in the denominator, obtaining the following equation:  229 

%𝑁𝑙𝑣𝑅
𝑠𝑜𝑖𝑙 𝑁 𝑦𝑖𝑒𝑙𝑑

𝑠𝑜𝑖𝑙 𝑁 𝑦𝑖𝑒𝑙𝑑 𝑟𝑜𝑜𝑡 𝑁 𝑦𝑖𝑒𝑙𝑑
 100%         eq. 3  230 

where the soil 15N yield is the mass of N in the sampled soil volume multiplied by the soil 15N atom 231 

% excess, and the root 15N yield is the quantity of N in root multiplied by the root 15N atom % 232 

excess. In order to quantify the mass of N lost via rhizodeposition, the estimated %NlvR should be 233 

related to the mass of N in the root pool (i.e. NlvR (mass) = (root N yield x %NlvR) / (100 - 234 

%NdvR)); thus %NlvR expresses the proportion of root N lost via rhizodeposition.  235 

 236 

The second tracer mass balance approach used here relates to the tracer yield in soil relative to the 237 

total tracer yield (shoot + root + soil). This tracer mass balance approach is thus taking all recovered 238 

tracer into account (Khan et al., 2002): 239 
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%𝑁𝑙𝑣𝑃𝑅
𝑠𝑜𝑖𝑙 𝑁 𝑦𝑖𝑒𝑙𝑑

𝑠𝑜𝑖𝑙 𝑁 𝑦𝑖𝑒𝑙𝑑 𝑟𝑜𝑜𝑡 𝑁 𝑦𝑖𝑒𝑙𝑑  𝑠ℎ𝑜𝑜𝑡 𝑁 𝑦𝑖𝑒𝑙𝑑
 100%          eq. 4  240 

where the soil 15N yield is calculated as above, and the shoot and root 15N yields are the mass of N 241 

in shoot and root multiplied by the shoot and root 15N atom % excess, respectively. In order to 242 

quantify rhizo- and phyllodeposition, the estimated %NlvPR should be related to the mass of N in 243 

the whole plant (i.e. NlvPR (mass) = (whole plant N yield x %NlvPR) / (100 - %NdvPR)); thus 244 

%NlvPR expresses the proportion of plant N lost via phyllo- and rhizodeposition. An alternative 245 

approach is to include the shoot to root 15N allocation, which is explained in details in the 246 

Supplementary Material. The quantification of C or N deposition with both tracer mass balance 247 

equations build on the assumption that tracer deposition from plant to soil reflects the whole 248 

growing cycle of the different plant pools. Thus, the tracer has to be added throughout the plant 249 

growth period, reflecting the processes related to C and N deposition. 250 

 251 

Nitrogen transfer from donating red or white clover to companion ryegrass was calculated as both 252 

‘whole plant-to-whole plant’ (Ledgard et al., 1985) and ‘shoot-to-shoot’ (Hogh-Jensen and 253 

Schjoerring, 2000) on the basis of donor and receiver total plant or shoot 15N-yields, respectively, 254 

using the equation:  255 

% 𝑁  
𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑁 𝑦𝑖𝑒𝑙𝑑

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑁 𝑦𝑖𝑒𝑙𝑑  𝑑𝑜𝑛𝑜𝑟 𝑁 𝑦𝑖𝑒𝑙𝑑
 100%           eq. 5  256 

where % Ntrans denotes N in donor transferred to the receiver, 15N yield was calculated from the N 257 

yield and atom % 15N excess of the donor and receiver total plant or shoot, respectively. 258 

 259 

The statistical analyses were performed using the R statistical software (R Core Team, 2016, 260 

Version 3.3.1). In order to remove the influence of outliers the Post-Hoc outlier test was applied. 261 

Outliers were defined with a filter of three Median Absolute Deviations (MAD) from the global 262 
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median. Temporal development in soil and plant tissue 14C and 15N enrichment, N rhizodeposition 263 

and N transfer were evaluated by factorial analysis of variance (Anova) and Tukey’s HSD post-hoc 264 

test. The test of significant differences were made using least square means in the adjusted Tukey 265 

method.  The probability limit for hypothesis rejection was set at the 0.95 confidence level 266 

(P<0.05). The homoscedasticity of variables was checked by plotting quantile-quantile (Q-Q) plot 267 

and verified using the Shapiro-Wilk normality test. The data violating the assumption of normal 268 

distribution were log-transformed before analysis to obtain a normal distribution of residuals.  269 

 270 

3. Results 271 

In experiment 1 red clover in pure stand yielded significantly (P<0.001) more dry matter than white 272 

clover in pure stand due mainly to their larger shoot and primary root mass (Figure S1 in 273 

Supplementary online material). In red clover, the recovered biomass of the primary taproot was 274 

two to three times greater than that of secondary roots, whereas in white clover the recovered 275 

biomass of primary and secondary roots was similar. The recovered nodule biomass was for both 276 

red and white clover about one tenth of the recovered biomass of secondary roots. In white clover, 277 

the recovered biomass of stolons was slightly lower or at level with the recovered shoot biomass. 278 

 279 

In experiment 2 red clover in mixture yielded significantly (P<0.001) more dry matter than white 280 

clover in mixture especially in respect to greater shoot and primary root biomass (Figure S2 and 281 

S3). The dry matter yields of both clovers were significantly (P<0.001) greater in spring than in 282 

autumn. Likewise ryegrass yielded significantly (P<0.001) more dry matter in spring than autumn, 283 

but there were no significant differences in dry matter yields of ryegrass growing in mixture with 284 

red or white clover. 285 

 286 
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3.1. Temporal development in 15N and 14C enrichment of clover in pure stand 287 

In experiment 1 with pure stands all plant parts of both red and white clover were enriched with 15N 288 

(Figure 2). For red clover, the 15N enrichment of plant parts decreased in the order: shoot > 289 

secondary roots > primary roots > nodules, and for white clover 15N enrichment decreased in the 290 

order: shoot = stolons = secondary roots > primary roots > nodules. The 15N enrichment of red 291 

clover shoot and primary root decreased significantly with time (P<0.001) with a leveling off from 292 

day 14 onwards. Red clover secondary roots had the greatest 15N enrichment at day 7, but thereafter 293 

the 15N enrichment - like in the primary root – was stable for the remainder of the experiment. 294 

Nodules of red clover like those of white clover showed no temporal changes in 15N enrichment. 295 

White clover shoot and stolons had the greatest 15N enrichment at day 14 and 7, respectively, with 296 

the level of 15N enrichment being stable from day 28 onwards. White clover secondary roots 297 

showed peak 15N enrichment at day 14 with a stable 15N level reached at day 28, whereas the 15N 298 

enrichment of white clover primary roots did not differ significantly during the experimental period 299 

of 241 days. 300 

 301 

The 14C enrichment in red clover shoot was significantly greater than in root parts until day 28, and 302 

all red clover plant parts but nodules showed significant decreases in 14C enrichment with time 303 

(shoot and primary roots: P<0.001; secondary roots: P<0.01) showing a decreasing within the initial 304 

two months and then a stable level thereafter (Figure 3). White clover showed a similar trend, with 305 

shoot and stolons having a significantly greater 14C enrichment than root parts until day 28, and 306 

with all plant parts but nodules showing decreases in 14C enrichment with time (shoot and stolons: 307 

P<0.001; primary roots: P=0.09; secondary roots: P=0.06). Winter did not have any effect on 15N or 308 

14C enrichment in any of the plant parts; i.e. 14C and 15N enrichments in each plant part did not 309 
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change between the period before winter (day 60 and 92) and the period following the winter (day 310 

202 and 241). 311 

 312 

The 15N enrichment in soil did not significantly differ under white clover and red clover (Figure 2). 313 

For both clover species the soil was enriched already at the first sampling time after labeling, and 314 

there was a tendency for soil 15N enrichment to increase with time, but this temporal increase was 315 

only significant for red clover (P<0.05) and not for white clover (P=0.34). The soil was also 316 

analyzed for 14C enrichment, but in no soil samples 14C was found to be above the detection limit.  317 

 318 

3.2. Temporal development in 15N and 14C enrichment of clover in mixture 319 

In experiment 2 with grass-clover mixtures all plant parts of both red and white clover were 320 

enriched with 15N (Figure 4 and 5), and the 15N enrichment was significantly greater in autumn than 321 

in spring (P<0.001). The 15N enrichment was significantly (P<0.001) different between plant parts 322 

within each of the two clover species. For red clover, the 15N enrichment of plant parts decreased in 323 

the order: shoot > secondary roots = primary roots = nodules in both spring and autumn, and for 324 

white clover 15N enrichment decreased in the order: shoot ≥ stolons = secondary roots = primary 325 

roots = nodules in spring and shoot ≥ stolons ≥ secondary roots = primary roots ≥ nodules in 326 

autumn. Red and white clover shoot tissue decreased in 15N enrichment with time in both spring an 327 

autumn, whereas no significant temporal development was observed for clover root tissues. 328 

 329 

The 14C enrichment was significantly (P<0.001) greater in autumn than spring for both red and 330 

white clover (Figure S4 and S5). No significant differences between the two clover species were 331 

observed. The 14C enrichment of plant tissues showed significant temporal development for shoot 332 

tissues of red and white clover in both spring and autumn, whereas for root tissues no significant 333 
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temporal development in 14C enrichment was observed in general except for red clover primary 334 

roots and white clover nodules both in spring. 335 

 336 

Soil was enriched in all cases already from the first sampling at day 1 after end of labeling. The 15N 337 

enrichment of soil under white clover labeled in spring (P=0.02) and under red clover labeled in 338 

autumn (P=0.05) increased with time, whereas the 15N enrichment under red clover labeled in 339 

spring and white clover labeled in autumn did not show temporal tendencies. The soil was also 340 

analyzed for 14C enrichment, but in no soil samples 14C was found to be above the detection limit.  341 

 342 

3.3. Temporal development in 15N enrichment of neighboring grass in mixture with clover 343 

In experiment 2 with grass-clover mixtures ryegrass shoot and root tissues had significantly 344 

(P<0.001) greater 15N enrichment in autumn than in spring (Figure 4 and 5), but the 15N enrichment 345 

did not differ between ryegrass growing with either red or white clover. Both ryegrass roots and 346 

shoots were 15N enriched at the first sampling after end of labeling, but there were no significant 347 

differences in 15N enrichments of shoot and roots. The enrichment of ryegrass shoots or roots did 348 

not change in the two months of sampling following leaf labeling except for ryegrass growing with 349 

white clover in spring 2012.  350 

 351 

The 15N yield in ryegrass shoot showed no significant temporal change from the level of day 1 352 

when companion to both red and white clover for both spring and autumn labeling (Figure 6 shows 353 

results for white clover as an example; data for red clover not shown). The 15N yield in labeled 354 

clover shoot showed no significant temporal change for red clover labeled in spring and white 355 

clover labeled in autumn, whereas white clover labeled in spring (P=0.044) and red clover labeled 356 

in autumn (P=0.006) showed a significant decline in 15N yield with time. The estimated N transfer 357 
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was greater with white clover as donor than with red clover (P<0.001) and we found no significant 358 

differences between N transfer estimated based on shoot-to-shoot and whole-plant-to-whole-plant 359 

15N mass balances (Figure S6). The estimated N transfer was temporally stable at the level of day 1 360 

with red clover as donor both in spring and autumn, whereas the N transfer tended to temporally 361 

increase for donating white clover (Figure 6) with only the spring labeling having a significant 362 

increase (P<0.01). 363 

 364 

4. Discussion 365 

We tested the leaf-labeling methodology in two in situ experiments to improve the understanding of 366 

net 15N and 14C tracer allocation in the labeled plant, and further into the soil and neighboring 367 

plants. In the following, we will first discuss our results in relation to possible pathways and biases 368 

after the tracers enter the plant via leaves and in the second part, we will discuss possible 369 

implications of the results for our understanding of N deposition and N transfer.  370 

 371 

4.1. Rapid tracer translocation within and out of the labeled plants 372 

We observed 15N in soil already at the first sampling occasion one day after end of labeling from 373 

both red and white clovers in pure stand and mixture with grass, which has also been observed in 374 

previous studies (Gardner et al., 2012; Gasser et al., 2015; Hupe et al., 2016). Such rapid 375 

appearance of 15N in soil can be explained by either methodological bias, i.e. root leakage of tracer 376 

and unrecovered root material in soil, or by real exudation processes across the root surface. Root 377 

leakage of 15N after leaf-feeding with 15N-urea is suggested to occur via urea or NH4
+ transport 378 

from shoot to root and subsequent exudation to soil, as recently explained by Gasser et al. (2015). 379 

Unfortunately, Gasser et al. based their conclusion on an obvious misinterpretation of their own 380 

data (20 times more N than 15N was exuded to the growth medium after petiole-feeding with 98 at% 381 
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15N-urea) and failed to discuss alternative mechanisms for rapid movement of tracer from shoot to 382 

soil (see specific critique of the paper in Supplementary Material). Gardner et al. (2012) conducted 383 

a study with 15N leaf-feeding of lucerne and subterranean clover, and similarly found 15N in the soil 384 

at day 1 after labeling. Gardner et al. concluded that this was most likely due to unrecovered root 385 

fragments with the amount of 15N found in soil corresponding to 10-25% of the plants roots systems 386 

being unrecovered. In the present study we sieved the soil to remove as much root biomass as 387 

possible, but removing all root fragments is in practice impossible (Bohm, 1979; Fillery, 2001; 388 

Chalk et al., 2014). The 15N quantity found in soil at day 1 corresponded to up to 5% of 389 

unrecovered roots based on the enrichment of secondary roots at day 1. Hence, the rapid appearance 390 

of 15N in soil at day 1 can be explained by presence of unrecovered roots in the soil. However, 391 

unrecovered roots cannot explain the rapid appearance of 15N in neighboring grass, which at day 1 392 

in both spring and autumn corresponded to 6-8% and 12-15% of the 15N recovered outside the 393 

labeled plant (soil + grass) for red and white clover, respectively. The 15N in neighboring grass can 394 

be seen as a conservative estimate of the 15N originating from leakage or real root exudation 395 

processes including passing of tracer via mycorrhizal networks (Haystead et al., 1988; Moyer-396 

Henry et al., 2006); “conservative” as it is unlikely that all 15N from leakage or real root exudation 397 

would end up in neighboring grass. Previous studies on 15N-transfer and root exudation underline 398 

that the observed pattern of 15N in grass cannot only be explained by 15N leakage. In a 15N2 labeling 399 

study Carter and Ambus (2006) found rapid presence of the tracer outside the legume showing that 400 

also without leaf-feeding recently assimilated N can leave the legume root on a short time scale. 401 

Furthermore, several studies have shown rapid exchange of amino acids across the root surface 402 

(Hertenberger and Wanek, 2004; Lesuffleur et al., 2007; Lesuffleur et al., 2013; Czaban et al., 403 

2016) and rapid allocation of these compounds within the plant should be no surprise, as 404 

photosynthetically fixed C can move from shoot to root within hours (e.g. Gavrichkova and 405 
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Kuzyakov, 2017). Rasmussen et al. (2013b) found similar allocation patterns of leaf-fed 14C and 406 

15N as was observed for 14C entering via CO2-labeling in white clover, which show that leaf-feed 407 

tracers follow the normal C and N allocation patterns of the plant. In any case, irrespective of 408 

whether leakage or real exudation dominate tracer flow out of the labeled plant roots, it would be a 409 

mistake to follow the recommendation of Gasser et al. (2015) to exclude the initial sampling points 410 

as this would exclude the study of the potentially important short-term passive or active exudation 411 

processes (Dennis et al., 2010). In summary, the rapid 15N enrichment found in soil under both the 412 

pure stand and the mixtures was most likely the result of both a methodological bias arising from 413 

unrecovered roots in the soil and from real root exudation of 15N. The rapid 15N enrichment found in 414 

the neighboring grass in the mixtures was most likely dominated by real root processes like clover 415 

exudation of 15N and can be seen as a conservative estimate of the extent of clover’s short term 416 

rhizodeposition. 417 

 418 

4.2. Longer term fate of tracers in the labeled plants 419 

The temporal dynamics of 15N- and 14C-enrichment of below-ground plant parts showed two 420 

phases, with a fluctuating pattern within the first couple of weeks and a surprisingly stable 421 

enrichment thereafter. The fluctuating pattern of tracer enrichment is consistent with other studies 422 

(Milchunas, 2009) stating that the label needs to stabilize before root decay and longevity can be 423 

estimated. The initial period of tracer fluctuation may correspond to the period where the tracers, 424 

both 14C and 15N, are mobile in the plant, while after the tracers become fixed in the tissue (Meharg 425 

and Killham, 1990). This was particularly evident with the pure stand experiment, where we had 426 

expected remobilization of 15N from root to shoot for spring regrowth (Bouchart et al., 1998). 427 

However, no such tendency was observed with the 15N added to the clovers in September the 428 

previous year. Hence, the stable 14C- and 15N-enrichments indicates that root turnover rates may be 429 
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years rather than months. According to previous studies, white clover root longevity estimates range 430 

from weeks and months to years, affected among other things by winter conditions (Sturite et al., 431 

2007; Watson et al., 2000). A key difference between our study compared to studies pointing to 432 

shorter root longevity was that we sampled the larger root parts, which are longer lived than the 433 

finer root parts (Pritchard and Strand, 2008). It is well-known that the root observation methods 434 

used by Sturite et al. (2007) and Watson et al. (2000) give shorter estimates of root longevity than 435 

C tracer methods (Guo et al., 2008), but we were surprised to observe stable levels of both 14C and 436 

15N enrichments in all the sampled root parts – including nodules – for almost a year in the pure 437 

stand. Hence, there is nothing in the temporal development in root 15N and 14C-enrichment that 438 

indicates that the sampled root parts were major contributors to C and N rhizodeposition within a 439 

time scale of months. 440 

 441 

The 15N-enrichment of soil and the companion grass showed a pattern initially resembling the root 442 

parts, with enrichment present already at day 1 and then a fluctuating pattern for up to day 14. 443 

Thereafter the soil and companion species 15N-enrichment was either stable or increased with time. 444 

The volume of soil sampled was equal across different sampling times and the 15N-enrichment is 445 

therefore a good description of any changes in 15N presence in this pool. Regarding companion 446 

grass temporal changes in tracer quantities, it should be noted that the 15N-enrichment in the grass 447 

could be affected by dilution due to growth (e.g. Hertenberger and Wanek, 2004). Similarly to the 448 

enrichment, though, the quantity of 15N in companion grass was in general fairly stable at the level 449 

of day 1 or it increased slightly at the later samplings. Any tendencies for temporal changes in soil 450 

and the companion grass 15N-enrichment or quantity after the initial pulse at day 1 did not seem to 451 

be related to changes in enrichment of any of the sampled clover root parts as discussed above. 452 

Rather, the above ground biomass of the labeled clover showed the most marked decline in 15N and 453 
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14C reaching 73 and 89 % of the initial 15N and 14C quantities after two months, respectively. This is 454 

in line with e.g. Dahlin and Stenberg (2010) who also suggested that loss of tracer from the above 455 

ground biomass could be a major contributor to the deposition of C and N from legumes. 456 

Deposition of C and N could occur both via leaf senescence (Warembourg et al., 1997), 457 

throughfall/wash-off (Weiland and Stutte, 1985; Qualls and Haines, 1992) or potentially via loss of 458 

microorganisms from leaf surfaces; with senescence dominating based on present knowledge. In 459 

parallel to the use of ‘rhizodeposition’ as a general term covering a range of processes leading to C 460 

or N deposition in the rhizosphere, we suggest the term “phyllodeposition” as a general term 461 

covering processes leading to C and N deposition from the phyllosphere (Vorholt, 2012); this also 462 

acknowledge the potential impact of microorganisms in leaf senescence. In the present study, we 463 

speculate that phyllodeposition was dominated by senescence of the lower leaves in the growing 464 

sward. It should of course be noted that the root sampling method employed in the present study did 465 

not allow for sampling of the finest root parts, e.g. root hairs, and thus any contribution from these 466 

plant parts could not be studied. In summary, we found that 15N entered the soil and companion 467 

species in two phases: an initial phase of rapid flux out of the root (see 4.1) constituting a 468 

significant part of the total 15N found in these pools, and a longer term phase where changes in soil 469 

and companion species were more associated with losses from the above ground biomass than from 470 

the sampled below ground biomass of the labeled plant. 471 

 472 

4.3. Implications for rhizodeposition estimation 473 

Rhizodeposition estimation based on root and soil tracer enrichment (Janzen and Bruinsma, 1989) 474 

has been called into question (Rasmussen, 2011; Hupe et al., 2016) as studies rarely comply with 475 

the basic assumption of homogeneous tracer distribution. Although the alternatively tracer mass 476 

balance approaches may be less sensitive to the homogeneity of tracer distribution (Hupe et al., 477 
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2016), both mass balance approaches and the Janzen and Bruinsma equation rest on the same 478 

overall assumption that the equation covers some sort of link between tracer found in the labeled 479 

plant and tracer found in the soil. The simplest way to explain this is with the Janzen and Bruinsma 480 

equation where the overall assumption is that there is a direct link between the tracer enrichment in 481 

the root and the tracer enrichment in the soil. The same applies to a tracer mass balance approach 482 

where the overall assumption is that the amount of tracer in the plant/root is related to the amount of 483 

tracer in the soil. Hence, the mass balance equation needs to cover the relevant processes causing 484 

the tracer to move from plant to soil. The results from the present study with rapid release of tracer 485 

to soil and companion grass illustrate that an average tracer enrichment or quantity in the sampled 486 

plant parts most likely would not cover this initial passive or active tracer exudation from a labeled 487 

plant. Furthermore, the present study showed that above ground biomass in the longer-term may be 488 

a significant source of tracer in soil. Thus, inclusion of phyllodepositon processes in the mass 489 

balance equation becomes increasingly important with the time scale of the study.  490 

 491 

The present study aimed at comparing tracer presence in different plant parts and in soil in an open 492 

root system setup, where the sampling strategy was not designed to recover all roots. Therefore, the 493 

data obtained are not well suited for estimating rhizo- and phyllodeposition using a tracer mass 494 

balance approach. Thus, we will here only briefly discus estimates of rhizo- and phyllodeposition 495 

from the present study. A sensitivity analysis using the Janzen and Bruinsma equation (eq. 2) and 496 

two tracer mass balance equations (eq. 3 and 4) shows that the root based equation (eq. 3) gives the 497 

more temporally stable estimates of the three equations (Table 1), although the root based equation 498 

like the Janzen and Bruinsmas equation at day 1 gives similar estimates as those after 2 months. 499 

Only the equation based on the whole plant tracer yield (eq. 4) is able to capture the increasing 15N 500 

yield in grass with time (Fig. 6c), highlighting the importance of selecting an equation covering the 501 
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pools contributing to N deposition. This is further underlined in the second sensitivity analysis, 502 

where the estimate of rhizodeposition using a modified Janzen and Bruinsma equation (eq. S2) 503 

showed estimates of rhizodeposition varying from 0.001 to 0.3 %NdfR or 0.01 to 3.3 kg N ha-1 at 504 

day 1 after labeling, depending on the source of the enriched material used (Table 2). In particular, 505 

the higher estimates were obtained when using the root parts recovered in the present study, and the 506 

lower estimates were based on the enrichments of the 15N-urea used for leaf-feeding, and the “hot 507 

root” and the “labeled leaf” from Rasmussen et al. (2013b). In summary, a key issue in estimating 508 

rhizodeposition is to identify the correct source of tracer deposition, thus choosing an equation that 509 

includes these sources. Furthermore, the rapid movement of tracer to soil and companion grass 510 

shows that repeated labeling (Kusliene et al., 2015) through the whole investigation period is 511 

needed, when using a multiple leaf-feeding strategy to resemble continuous labeling. Since adding 512 

just a few pulses across e.g. a growing season is clearly insufficient, pulse-labeling sessions should 513 

be consecutive and frequent.  514 

 515 

4.4. Implications for N transfer estimation 516 

The methods for estimating N transfer in legume-based systems was recently reviewed by Chalk et 517 

al. (2014) with thorough discussion of benefits and limitations of the different methodologies. Here 518 

we will, thus, only add a few notes regarding the use of leaf-labeling to estimate N transfer. The 519 

presently used equations for N transfer estimation is based on tracer mass balance (Ledgard et al., 520 

1985) with the often employed modification to focus on shoot-to-shoot tracer movement (Hogh-521 

Jensen and Schjoerring, 2000) as this allows for repeated measurement in e.g. forage systems. In the 522 

present study we estimated N transfer both on a shoot-to-shoot and whole-plant-to-whole-plant 523 

basis and found no significant differences between the two estimates, which is similar to a likewise 524 

sampling intensive study under Icelandic conditions (Gylfadottir et al., 2007); thus supporting the 525 
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validity of the modification according to Hogh-Jensen and Schjoerring (2000). The N transfer 526 

reached up to 5% red clover N and up to 30% of white clover N, which is slightly lower or in the 527 

same range as reported in previous studies of red clover (Dahlin and Stenberg, 2010; Pirhofer-Walzl 528 

et al., 2012; Dhamala et al., 2017) and white clover (Hogh-Jensen and Schjoerring, 2000; 529 

Gylfadottir et al., 2007; Rasmussen et al., 2007; Rasmussen et al., 2013a). The unprecedented 530 

temporal resolution in sampling done in the present study revealed that the companion grass was 531 

15N-enriched already at day 1 after the end of labeling and that in some cases the quantity of 15N 532 

recovered in companion grass didn’t increase thereafter. Rapid movement of tracer out of a leaf-533 

labeled plant has been observed previously, as discussed above (e.g. Gardner et al., 2012; Gasser et 534 

al., 2015), and thus, the rapid appearance of tracer in the companion species should not be 535 

surprising (Gylfadottir et al., 2007). It is, however, surprising that 15N yield in grass was stable for 536 

two months after spring labeling of both white and red clover. This means that the source of 15N 537 

transfer in this period relates to short-term processes such as real root exudation (Hertenberger and 538 

Wanek, 2004; Lesuffleur et al., 2007; Lesuffleur et al., 2013; Czaban et al., 2016) or transfer via 539 

mycorrhiza networks (Haystead et al., 1988; Moyer-Henry et al., 2006). After autumn labeling, the 540 

companion grass received tracer in two phases, with a rapid phase at the time of labeling, and a 541 

subsequent more steady increase in 15N yield linked to tracer loss from shoot material as discussed 542 

above. The contribution of above ground plant parts to N transfer has been suggested previously 543 

(Ledgard and Giller, 1995; Dahlin and Stenberg, 2010), but our results were surprising as all 544 

measured root parts including nodules had stable 15N yields meaning that the present data didn’t 545 

support the widely expressed notion of decomposing root and nodule tissue dominating the N 546 

transfer (Ledgard and Giller, 1995; Hauggaard-Nielsen and Jensen, 2005; Thilakarathna et al., 547 

2016); although keeping in mind that we here could not study the turnover of the finest root parts 548 

and root hairs. An important issue concerning the tracer mass balance based approach for estimation 549 
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of N transfer, is that a stable 15N yield in receiver, but decreasing 15N yield in donor plant will result 550 

in temporally increasing N transfer estimates without 15N actually passing from donor to receiver 551 

after the initial period (Fig. 6f). Hence, future studies need to investigate the temporal development 552 

of 15N yields companion species to avoid bias in N transfer estimates due to tracer loss from the 553 

donor without a parallel increase tracer recovery in the receiving plant. 554 

 555 

5. Conclusion 556 

Leaf-feeding red and white clover with 15N- and 14C-urea in situ gave rapid enrichment in all parts 557 

of the labeled plant. The immediate appearance of 15N in the soil pool was dominated by tracer in 558 

unrecovered root fragments, whereas the rapid appearance of 15N in companion ryegrass was due to 559 

root exudation from the legume roots. After the rapid initial phase, the 15N in soil and companion 560 

ryegrass was either stable or increased with time; with the temporal increase explained by above-561 

ground deposition of N (phyllodeposition) The present finding of tracer deposition occurring in two 562 

phases implies that intense labeling schemes have to be employed to ensure a temporal link between 563 

C or N pools in the labeled plant and tracer recovery in soil or companion species. Furthermore, the 564 

sampling frequency needs to be increased to identify the dominating sources of tracer movement 565 

(shoot or root) to improve estimates of both N transfer, and rhizo- and phyllodeposition. 566 

 567 

Acknowledgements 568 

The study was financially supported by the European Union through the FP7-People Marie Curie 569 

program (project no. PIEF-GA-2009-252830) and by The Danish Council for Independent Research 570 

– Technology and Production (project no. 1335-00760B). 571 

 572 

References 573 



25 
 

Allard, V., Newton, P.C.D., Lieffering, M., Soussana, J.F., Carran, R.A., Matthew, C., 2005. 574 

Increased quantity and quality of coarse soil organic matter fraction at elevated CO2 in a grazed 575 

grassland are a consequence of enhanced root growth rate and turnover. Plant and Soil 276, 49-60. 576 

 577 

Bohm, W., 1979. Methods of studying root systems. Springer, Berlin, Germany. 578 

 579 

Bouchart, V., Macduff, J.H., Ourry, A., Svenning, M.M., Gay, A.P., Simon, J.C., Boucaud, J., 580 

1998. Seasonal pattern of accumulation and effects of low temperatures on storage compounds in 581 

Trifolium repens. Physiologia Plantarum 104, 65-74. 582 

 583 

Carter, M.S., Ambus, P., 2006. Biologically fixed N2 as a source for N2O production in a grass-584 

clover mixture, measured by 15N2. Nutrient Cycling in Agroecosystems 74, 13-26. 585 

 586 

Chalk, P.M., Peoples, M.B., McNeill, A.M., Boddey, R.M., Unkovich, M.J., Gardener, M.J., Silva, 587 

C.F., Chen, D.L., 2014. Methodologies for estimating nitrogen transfer between legumes and 588 

companion species in agro-ecosystems: A review of 15N-enriched techniques. Soil Biology & 589 

Biochemistry 73, 10-21. 590 

 591 

Chalk, P.M., Smith, C.J., 2017. N-15 methodologies for estimating the transfer of N from legumes 592 

to non-legumes in crop sequences. Nutrient Cycling in Agroecosystems 107, 279-301. 593 

 594 

Clifford, P.E., Marshall, C., Sagar, G.R., 1973. Examination of value of 14C-Urea as a source of 595 

14CO2 for studies of assimilate distribution. Annals of Botany 37, 37-44. 596 

 597 



26 
 

Czaban, W., Jamtgard, S., Nasholm, T., Rasmussen, J., Nicolaisen, M., Fomsgaard, I.S., 2016. 598 

Direct acquisition of organic N by white clover even in the presence of inorganic N. Plant and Soil 599 

407, 91-107. 600 

 601 

Dahlin, A.S., Stenberg, M., 2010. Transfer of N from red clover to perennial ryegrass in mixed 602 

stands under different cutting strategies. European Journal of Agronomy 33, 149-156. 603 

 604 

de Neergaard, A., Gorissen, A., 2004. Carbon allocation to roots, rhizodeposits and soil after pulse 605 

labelling: a comparison of white clover (Trifolium repens L.) and perennial ryegrass (Lolium 606 

perenne L.). Biology and Fertility of Soils 39, 228-234. 607 

 608 

Dennis, P.G., Miller, A.J., Hirsch, P.R., 2010. Are root exudates more important than other sources 609 

of rhizodeposits in structuring rhizosphere bacterial communities? FEMS Microbiology Ecology 610 

72, 313-327. 611 

 612 

Dhamala, N.R., Rasmussen, J., Carlsson, G., Soegaard, K., Eriksen, J., 2017. N transfer in three-613 

species grass-clover mixtures with chicory, ribwort plantain or caraway. Plant and Soil 413, 217-614 

230. 615 

 616 

Dubach, M., Russelle, M.P., 1994. Forage legume roots and nodules and their role in nitrogen 617 

transfer. Agronomy Journal 86, 259-266. 618 

 619 

Fillery, I.R.P., 2001. The fate of biologically fixed nitrogen in legume-based dryland farming 620 

systems: a review. Australian Journal of Experimental Agriculture 41, 361-381. 621 



27 
 

 622 

Frank, D.A., Groffman, P.M., 2009. Plant rhizospheric N processes: what we don't know and why 623 

we should care. Ecology 90, 1512-1519. 624 

 625 

Fustec, J., Lesuffleur, F., Mahieu, S., Cliquet, J.B., 2010. Nitrogen rhizodeposition of legumes. A 626 

review. Agronomy for Sustainable Development 30, 57-66. 627 

 628 

Gardner, M., Peoples, M., Condon, J., Li, G., Conyers, M., Dear, B., 2012. Evaluating the 629 

importance of a potential source of error when applying shoot 15N labeling techniques to legumes to 630 

quantify the below-ground transfer of nitrogen to other species. In: Proceedings of the 16th 631 

Australian Agronomy Conference, Armidale, NSW, Australia. 632 

 633 

Gasser, M., Hammelehle, A., Oberson, A., Frossard, E., Mayer, J., 2015. Quantitative evidence of 634 

overestimated rhizodeposition using 15N leaf-labelling. Soil Biology & Biochemistry 85, 10-20. 635 

 636 

Gavrichkova, O., Kuzyakov, Y., 2017. The above-belowground coupling of the C cycle: fast and 637 

slow mechanisms of C transfer for root and rhizomicrobial respiration. Plant and Soil 410, 73-85. 638 

 639 

Guo, D.L., Li, H., Mitchell, R.J., Han, W.X., Hendricks, J.J., Fahey, T.J., Hendrick, R.L., 2008. 640 

Fine root heterogeneity by branch order: exploring the discrepancy in root turnover estimates 641 

between minirhizotron and carbon isotopic methods. New Phytologist 177, 443-456. 642 

 643 



28 
 

Gylfadottir, T., Helgadottir, A., Hogh-Jensen, H., 2007. Consequences of including adapted white 644 

clover in northern European grassland: transfer and deposition of nitrogen. Plant and Soil 297, 93-645 

104. 646 

 647 

Hafner, S., Kuzyakov, Y., 2016. Carbon input and partitioning in subsoil by chicory and alfalfa. 648 

Plant and Soil 406, 29-42. 649 

 650 

Hauggaard-Nielsen, H., Jensen, E.S., 2005. Facilitative root interactions in intercrops. Plant and 651 

Soil 274, 237-250. 652 

 653 

Haystead, A., Malajczuk, N., Grove, T.S., 1988. Underground transfer of nitrogen between pasture 654 

plants infected with vesicular arbuscular mycorrhizal fungi. New Phytologist 108, 417-423. 655 

 656 

Hertenberger, G., Wanek, W., 2004. Evaluation of methods to measure differential 15N labelling of 657 

soil and rood N pools for studies of root exudation. Rapid Communications in Mass Spectrometry 658 

18, 2415-2425. 659 

 660 

Hogh-Jensen, H., Schjoerring, J.K., 2000. Below-ground nitrogen transfer between different 661 

grassland species: Direct quantification by 15N leaf feeding compared with indirect dilution of soil 662 

15N. Plant and Soil 227, 171-183. 663 

 664 

Hupe, A., Schulz, H., Bruns, C., Joergensen, R.G., Wichern, F., 2016. Digging in the dirt - 665 

Inadequacy of belowground plant biomass quantification. Soil Biology & Biochemistry 96, 137-666 

144. 667 



29 
 

 668 

Janzen, H.H., Bruinsma, Y., 1989. Methodology for the quantification of root and rhizosphere 669 

nitrogen dynamics by exposure of shoots to 15N-Labelled ammonia. Soil Biology & Biochemistry 670 

21, 189-196. 671 

 672 

Johnston, A.E., Mcewen, J., Lane, P.W., Hewitt, M.V., Poulton, P.R., Yeoman, D.P., 1994. Effects 673 

of one to 6 year-old ryegrass clover leys on soil-nitrogen and on the subsequent yields and fertilizer 674 

nitrogen requirements of the arable sequence winter-wheat, potatoes, winter-wheat, winter beans 675 

(Vicia-Faba) grown on a sandy loam soil. Journal of Agricultural Science 122, 73-89. 676 

 677 

Khan, D.F., Peoples, M.B., Chalk, P.M., Herridge, D.F., 2002. Quantifying below-ground nitrogen 678 

of legumes. 2. A comparison of 15N and non isotopic methods. Plant and Soil 239, 277-289. 679 

 680 

Kusliene, G., Eriksen, J., Rasmussen, J., 2015. Leaching of dissolved organic and inorganic 681 

nitrogen from legume-based grasslands. Biology and Fertility of Soils 51, 217-230. 682 

 683 

Ledgard, S.F., Freney, J.R., Simpson, J.R., 1985. Assessing nitrogen transfer from legumes to 684 

associated grasses. Soil Biology & Biochemistry 17, 575-577. 685 

 686 

Ledgard, S.F., Giller, K.E., 1995. Atmosphereic N2 fixation as an alternative N source. In: Bacon, 687 

P.E. (Ed.), Nitrogen fertilization in the environment. Marcel Dekker, Inc., New York, pp. 443-487. 688 

 689 



30 
 

Lesuffleur, F., Paynel, F., Bataille, M.P., Le Deunff, E., Cliquet, J.B., 2007. Root amino acid 690 

exudation: measurement of high efflux rates of glycine and serine from six different plant species. 691 

Plant and Soil 294, 235-246. 692 

 693 

Lesuffleur, F., Salon, C., Jeudy, C., Cliquet, J.B., 2013. Use of a 15N2 labelling technique to 694 

estimate exudation by white clover and transfer to companion ryegrass of symbiotically fixed N. 695 

Plant and Soil 369, 187-197. 696 

 697 

Mayer, J., Buegger, F., Jensen, E.S., Schloter, M., Hess, J., 2003. Estimating N rhizodeposition of 698 

grain legumes using a N-15 in situ stem labelling method. Soil Biology & Biochemistry 35, 21-28. 699 

 700 

McNeill, A.M., Zhu, C.Y., Fillery, I.R.P., 1997. Use of in situ N-15-labeling to estimate the total 701 

below-ground nitrogen of pasture legumes in intact soil-plant systems. Australian Journal of 702 

Agricultural Research 48, 295-304. 703 

 704 

Meharg, A.A., Killham, K., 1988. A comparison of carbon flow from pre-labeled and pulse-labeled 705 

plants. Plant and Soil 112, 225-231. 706 

 707 

Meharg, A.A., Killham, K., 1990. Carbon distribution within the plant and rhizosphere for Lolium 708 

Perenne subjected to anaerobic soil conditions. Soil Biology & Biochemistry 22, 643-647. 709 

 710 

Milchunas, D.G., 2009. Estimating Root Production: Comparison of 11 methods in shortgrass 711 

steppe and review of biases. Ecosystems 12, 1381-1402. 712 

 713 



31 
 

Moyer-Henry, K.A., Burton, J.W., Israel, D., Rufty, T., 2006. Nitrogen transfer between plants: A 714 

15N natural abundance study with crop and weed species. Plant and Soil 282, 7-20. 715 

 716 

Nevens, F., Reheul, D., 2002. The nitrogen- and non-nitrogen-contribution effect of ploughed grass 717 

leys on the following arable forage crops: determination and optimum use. European Journal of 718 

Agronomy 16, 57-74. 719 

 720 

Pirhofer-Walzl, K., Rasmussen, J., Hogh-Jensen, H., Eriksen, J., Soegaard, K., Rasmussen, J., 2012. 721 

Nitrogen transfer from forage legumes to nine neighbouring plants in a multi-species grassland. 722 

Plant and Soil, 1-14. 723 

 724 

Pritchard, S.G., Strand, A.E., 2008. Can you believe what you see? Reconciling minirhizotron and 725 

isotopically derived estimates of fine root longevity. New Phytologist 177, 287-291. 726 

 727 

Qualls, R.G., Haines, B.L., 1992. Biodegradability of dissolved organic-matter in forest  728 

throughfall, soil solution, and stream water. Soil Science Society of America Journal 56, 578-586. 729 

 730 

R Core Team (2016). R: A language and environment for statistical computing. R Foundation for 731 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 732 

 733 

Rasmussen, J., 2011. Why we need to restrict the use of "rhizodeposition" and the Janzen and 734 

Bruinsma equation. Soil Biology & Biochemistry 43, 2213-2214. 735 

 736 



32 
 

Rasmussen, J., Eriksen, J., Jensen, E.S., Esbensen, K.H., Hogh-Jensen, H., 2007. In situ carbon and 737 

nitrogen dynamics in ryegrass-clover mixtures: Transfers, deposition and leaching. Soil Biology & 738 

Biochemistry 39, 804-815. 739 

 740 

Rasmussen, J., Eriksen, J., Jensen, E.S., Hogh-Jensen, H., 2010. Root size fractions of ryegrass and 741 

clover contribute differently to C and N inclusion in SOM. Biology and Fertility of Soils 46, 293-742 

297. 743 

 744 

Rasmussen, J., Soegaard, K., Pirhofer-Walzl, K., Eriksen, J., 2012. N2-fixation and residual N effect 745 

of four legume species and four companion grass species. European Journal of Agronomy 36, 66-746 

74. 747 

 748 

Rasmussen, J., Gylfadottir, T., Loges, R., Eriksen, J., Helgadottir, A., 2013a. Spatial and temporal 749 

variation in N transfer in grass-white clover mixtures at three Northern European field sites. Soil 750 

Biology & Biochemistry 57, 654-662. 751 

 752 

Rasmussen, J., Kusliene, G., Jacobsen, O.S., Kuzyakov, Y., Eriksen, J., 2013b. Bicarbonate as 753 

tracer for assimilated C and homogeneity of 14C and 15N distribution in plants by alternative 754 

labeling approaches. Plant and Soil 371, 191-198. 755 

 756 

Shelp, B.J., Shattuck, V.I., 1986. Accumulation of 14C from foliar-applied [14C]urea by developing 757 

tomato fruits. Hortscience 21, 1178-1179. 758 

 759 



33 
 

Sturite, I., Henriksen, T.M., Breland, T.A., 2007. Longevity of white clover (Trifolium repens) 760 

leaves, stolons and roots, and consequences for nitrogen dynamics under northern temperate 761 

climatic conditions. Annals of Botany 100, 33-40. 762 

 763 

The Royal Society, 2009. Reaping the benefits. Science and Sustainable Intensification of Global 764 

Agriculture. RS Policy Document 11/09., London. 765 

 766 

Thilakarathna, M.S., McElroy, M.S., Chapagain, T., Papadopoulos, Y.A., Raizada, M.N., 2016. 767 

Belowground nitrogen transfer from legumes to non-legumes under managed herbaceous cropping 768 

systems. A review. Agronomy for Sustainable Development 36, 58.  769 

 770 

Vorholt, J.A., 2012. Microbial life in the phyllosphere. Nature Reviews Microbiology 10, 828-840. 771 

 772 

Warembourg, F.R., Lafont, F., Fernandez, M.P., 1997. Economy of symbiotically fixed nitrogen in 773 

red clover (Trifolium pratense L.). Annals of Botany 80, 515-523. 774 

 775 

Watson, C.A., Ross, J.M., Bagnaresi, U., Minotta, G.F., Roffi, F., Atkinson, D., Black, K.E., 776 

Hooker, J.E., 2000. Environment-induced modifications to root longevity in Lolium perenne and 777 

Trifolium repens. Annals of Botany 85, 397-401. 778 

 779 

Weiland, R.T., Stutte, C.A., 1985. Oxygen influence on foliar nitrogen loss from soybean and 780 

sorghum plants. Annals of Botany 55, 279-282. 781 

 782 



34 
 

Wichern, F., Mayer, J., Joergensen, R.G., Muller, T., 2007. Release of C and N from roots of peas 783 

and oats and their availability to soil microorganisms. Soil Biology & Biochemistry 39, 2829-2839. 784 

 785 

Wichern, F., Eberhardt, E., Mayer, J., Joergensen, R.G., Muller, T., 2008. Nitrogen rhizodeposition 786 

in agricultural crops: Methods, estimates and future prospects. Soil Biology & Biochemistry 40, 30-787 

48. 788 

 789 

 790 

 791 

Figure legends 792 

Figure 1. Climatic conditions in the experimental period from May 2011 to October 2012. Actual 793 

air temperature (black line) and 30-year average air temperature (1981-2011; grey line), and actual 794 

monthly precipitation (black bars) and 30-year average monthly precipitation (1981-2011; grey 795 

bars). The experimental periods for the two experiments are shown above the figure. 796 

 797 

Figure 2. Temporal development in above ground (A, B) and below ground (C, D) plant tissue and 798 

soil (E, F) 15N-enrichment (atom% 15N excess) for labeled red clover (A, C, E) and white clover (B, 799 

D, F) in pure stands lasting for 240 days (means ± SE, n=5). Please note the difference scales on the 800 

Y-axes. A figure zooming in on the initial period is given in the Supplementary material (Fig. S7). 801 

 802 

Figure 3. Temporal development in above ground (A, B) and below ground (C, D) plant tissue 14C-803 

enrichment (dpm/mg) for labeled red clover (A, C) and white clover (B, D) in pure stands lasting 804 

for 240 days (means ± SE, n=5). Please note the difference scales on the Y-axes. A figure zooming 805 

in on the initial period is given in the Supplementary material (Fig. S8). 806 



35 
 

 807 

Figure 4. Temporal development in above ground (A, B) and below ground (C, D) plant tissue and 808 

soil (E, F) 15N-enrichment (atom% 15N excess) for labeled red clover (A, C, E) and white clover (B, 809 

D, F) in mixture with grass for the spring labeling (May to July 2012) (means ± SE, n=5). Please 810 

note the difference scales on the Y-axes.  811 

 812 

Figure 5. Temporal development in above ground (A, B) and below ground (C, D) plant tissue and 813 

soil (E, F) 15N-enrichment (atom% 15N excess) for labeled red clover (A, C, E) and white clover (B, 814 

D, F) in mixture with grass for the autumn labeling (September to November 2012) (means ± SE, 815 

n=5). Please note the difference scales on the Y-axes.  816 

 817 

Figure 6. Temporal development in white clover shoot (A,B) and ryegrass shoot (C,D) 15N yields 818 

and the estimated N transfer (E,F) in pulse-labeling in spring (A,C,E) and autumn (B,D,F), 819 

respectively (means ± SE, n=5). 820 

 821 

 822 

 823 



Table 1. Estimated N deposition to soil using the Janzen and Bruinsma equation (%NdfR, eq. 2), 
and two tracer mass balance based approaches where one relates to tracer presence in roots of the 
labeled plant (%NlvR, eq. 3) and the other relates to tracer in the whole labeled plant (%NlvPR, eq. 
4). Input data is from white clover in mixture labeled in spring 2012. The enrichment of secondary 
roots of white clover and recalculated soil enrichment (based on grass 15N yield) was used for the 
Janzen and Bruinsma eq. S2 and the 15N yields of companion grass was used as a conservative 
estimate for N deposition for the tracer mass balance approaches (eq. 3 and 4). Average ± Standard 
Error, n = 5. Included is information of the C or N pool used to quantify deposition. 
     

Sampling time  %NdfR %NlvR %NlvPR 
  Eq. 2 Eq. 3 Eq. 4 
     

Day 1 after end of labeling  0.6 ± 0.2 62 ± 9 6.0 ± 1.5 
Day 4 after end of labeling  0.1 ± 0.0 47 ± 11 3.5 ± 1.4 
Day 7 after end of labeling  0.3 ± 0.1 49 ± 7 3.7 ± 0.9 
Day 14 after end of labeling  0.4 ± 0.3 48 ± 7 5.0 ± 1.5 
Day 26 after end of labeling  0.6 ± 0.3 62 ± 8 10.2 ± 3.5 
Day 55 after end of labeling  0.7 ± 0.2 64 ± 9 17.7 ± 5.5 
     
     

Quantification of C or N 
deposition to soil based on 

 Soil C or N 
pool 

Root C or N 
pool 

Whole plant 
C or N pool 

     

 



Table 2. Sensitivity of rhizodeposition estimation at day 1 after end of labeling using a modified Janzen and 
Bruinsma equation (Eq. S2) based on 15N enrichments given in Table S1. 
       

Labeled species  Red clover  White clover 
Labeling time  Spring Autumn  Spring Autumn 
       

  %NdfR 1 

       

Primary roots  0.201 0.018  0.204 0.044 
Secondary roots  0.128 0.016  0.308 0.038 
Nodules  0.105 0.083  0.266 0.104 
       

15N-urea  0.0004 0.0002  0.0002 0.0005 
“hot root”  0.0074 0.0029  0.0045 0.0089 
“labeled leaf”  0.0026 0.0010  0.0015 0.0031 
       
       

  Rhizodeposited N (kg N ha-1) 2 

       

Primary roots  2.2 0.19  2.2 0.48 
Secondary roots  1.4 0.17  3.3 0.41 
Nodules  1.1 0.90  2.9 1.12 
       

15N-urea  0.004 0.002  0.003 0.005 
“hot root”  0.08 0.03  0.05 0.10 
“labeled leaf”  0.03 0.01  0.02 0.03 
       

1 Estimated with the modified Janzen and Bruinsma equation (eq. S2). 
2 Calculated as %NdfR multipled by the N content of the soil. 
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Figure 1. Climatic conditions in the experimental period from May 2011 to October 2012. Actual 
air temperature (black line) and 30-year average air temperature (1981-2011; grey line), and actual 
monthly precipitation (black bars) and 30-year average monthly precipitation (1981-2011; grey 
bars). The experimental periods for the two experiments are indicated above the figure. 
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Figure 2. Rasmussen et al. 

 
Figure 2. Temporal development in above ground (A, B) and below ground (C, D) plant tissue and 
soil (E, F) 15N-enrichment (atom% 15N excess) for labeled red clover (A, C, E) and white clover (B, 
D, F) in pure stands lasting for 240 days (means ± SE, n=5). Please note the difference scales on the 
Y-axes. A figure zooming in on the initial period is given in the Supplementary material (Fig. S7).   
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Figure 3. Rasmussen et al. 

 
Figure 3. Temporal development in above ground (A, B) and below ground (C, D) plant tissue 14C-
enrichment (dpm/mg) for labeled red clover (A, C) and white clover (B, D) in pure stands lasting 
for 240 days (means ± SE, n=5). Please note the difference scales at the panels. A figure zooming in 
on the initial period is given in the Supplementary material (Fig. S8). 
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Figure 4. Rasmussen et al. 

 
Figure 4. Temporal development in above ground (A, B) and below ground (C, D) plant tissue and 
soil (E, F) 15N-enrichment (atom% 15N excess) for labeled red clover (A, C, E) and white clover (B, 
D, F) in mixture with grass for the spring labeling (May to July 2012) (means ± SE, n=5). Please 
note the difference scales at the panels.  
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Figure 5. Rasmussen et al. 

 
Figure 5. Temporal development in above ground (A, B) and below ground (C, D) plant tissue and 
soil (E, F) 15N-enrichment (atom% 15N excess) for labeled red clover (A, C, E) and white clover (B, 
D, F) in mixture with grass for the autumn labeling (September to November 2012) (means ± SE, 
n=5). Please note the difference scales at the panels.  
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Figure 6. Rasmussen et al. 

 
Figure 6. Temporal development in white clover shoot (A,B) and ryegrass shoot (C,D) 15N yields 
and the estimated N transfer (E,F) in pulse-labeling in spring (A,C,E) and autumn (B,D,F), 
respectively (means ± SE, n=5). 
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Supplementary online material – Rasmussen et al. 
 
Content: 

- Dry matter yield figures 
- Temporal 14C-enrichment in plant parts for mixture experiment 
- N transfer shoot-to-shoot vs plant-to-plant 
- Supplementary zoom in figure for Fig. 2 and 3. 
- Rhizodeposition estimates underlying data 
- Critique of Gasser et al., 2015  

 
Dry matter yields in experiment 1 and 2: 
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Figure S1. The development in dry matter yields (g) of plant red clover and white clover plant 
tissues in Experiment 1 (lasting from September 2011 to May 2012) with clover pure stands (means 
± SE, n=5). Single plants were sampled in new sub-plots at each sampling time. 
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Figure S2. The development in dry matter yields (g) of red clover, white clover and ryegrass tissues 
in Experiment 2 with clover-grass mixture in Spring 2012 (means ± SE, n=5). 
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Figure S3. The development in dry matter yields (g) of red clover, white clover and ryegrass tissues 
in Experiment 2 with clover-grass mixture in Autumn 2012 (means ± SE, n=5). 
 



 
Figure S4. Temporal development in above ground (A, B) and below ground (C, D) plant tissue 
14C-enrichment (dpm/mg) for labeled red clover (A, C) and white clover (B, D) in mixture with 
grass for the spring labeling (May to July 2012) (means ± SE, n=5). Please note the difference 
scales on the Y-axes. 
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Figure S5. Temporal development in above ground (A, B) and below ground (C, D) plant tissue 
14C-enrichment (dpm/mg) for labeled red clover (A, C) and white clover (B, D) in mixture with 
grass for the autumn labeling (September to November 2012) (means ± SE, n=5). Please note the 
difference scales on the Y-axes. 
 
 
 
N transfer estimation – plant-to-plant versus shoot-to-shoot: 
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Figure S6. Temporal development in red clover and white clover’s N transfer from clover to 
ryegrass as estimated by the shoot-to-shoot 15N yields (Hogh-Jensen and Schjoerring 2000) and the 
whole-plant-to-whole-plant 15N yields (Ledgard et al. 1985). 
 



 
Figure S7. Supplementary Figure 2 zooming in on the initial period of the temporal development in 
above ground (A, B) and below ground (C, D) plant tissue and soil (E, F) 15N-enrichment (atom% 
15N excess) for labeled red clover (A, C, E) and white clover (B, D, F) in pure stands lasting for 240 
days (means ± SE, n=5). Please note the difference scales on the Y-axes. 
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Figure S8. Supplementary Figure 3 zooming in on the initial period of the temporal development in 
above ground (A, B) and below ground (C, D) plant tissue 14C-enrichment (dpm/mg) for labeled red 
clover (A, C) and white clover (B, D) in pure stands lasting for 240 days (means ± SE, n=5). Please 
note the difference scales on the Y-axes. 
 
Rhizodeposition: 
An alternative approach than equation 4 of incorporating shoot tracer yield is to adjust equation 3 
based on the tracer allocation from shoot to roots, which could most likely affect the potential 
rhizodepostion to soil, therefore a modified version of equation 3 could be employed: 

   100% 1515

15

××
+

= factorallocation
yieldNyieldN

yieldN
Nlfr

rootsoil

soil  (Eq. S1a) 

 
where the tracer yield in soil is adjusted in relation the proportion of tracer allocated from shoot to 
root; i.e. the proportion of tracer found in root of the total tracer recovery in the labeled plant. The 
allocation factor is here calculated as follows: 
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where the nominator contains the 15N yield from below ground plant samples of the labeled species 
and the denominator contains all 15N recovered in the labeled plant. 
 
 
Table S1. Backgound data for Table 2. Enrichments of soil as a conservative estimate (based on 15N quantity 
in companion grass) and enrichment of root parts in the present study at day 1 after the pulse-labeling, and 
enrichments of urea and two selected white clover plant parts from Rasmussen et al. (2013), where the “hot 
root” refers to the root identified with the highest enrichment and “labeled leaf” referring to the enrichment 
of the leaf that was fed 15N-urea (98 at%). “Measured soil enrichment” is given as reference. 
       

Labeled species  Red clover  White clover 
Labeling time  Spring Autumn  Spring Autumn 
       

  15N atom% excess 
       

Measured “soil” enrichment  0.0048 0.0025  0.0018 0.0037 
       
       

Conservative “soil” enrichment  0.0004 0.0002  0.0002 0.0005 
       

Primary roots  0.196 0.861  0.116 1.065 
Secondary roots  0.307 0.955  0.077 1.233 
Nodules  0.375 0.183  0.089 0.457 
       

15N-urea  98 98  98 98 
“hot root” 1  5.3 5.3  5.3 5.3 
“labeled leaf” 1  15.4 15.4  15.4 15.4 
       

1 Data from leaf-labeled white clover from Rasmussen et al. (2013) 
 
A basic assumption for rhizodeposition estimation is that the source material is homogeneously 
labeled, which typically means that the root material should be homogeneously enriched. 
Principally, this would also apply if we were able to retrieve the compounds released as either 
passive or active root exudates on short time scales. Therefore, the Janzen and Bruinsma equation 
(Eq. 2) can be rewritten to account for the enrichment of the source of the rhizodeposition: 

   100
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where the source can be the traditional root, but also in case of leakage, the leaf-fed 15N-urea or the 
enrichment of compounds in true root exudation processes. This modified version of the Janzen and 
Bruinsma equation was used in calculations in Table 2. 
 
 
Critique of Gasser et al. 2015 (Soil Biology & Biochemistry 85, 10-20) – by Jim Rasmussen. 
Recently, Gasser et al. (2015) published a study, where the authors claim that the simultaneous 
increase in NH4

+ concentration and 15N-enrichment in the growth medium shortly after 15N-feeding 
of red clover with 15N-urea show direct leakage of 15N in form of urea or NH4

+. Unfortunately, 
Gasser et al. base their conclusions on an obvious misinterpretation of their own data. The 



concentration of NH4
+-N was 20 times greater than that of 15N-N (Jochen Mayer, personal 

communication), which considering that Gasser et al. used 98at% 15N-urea  implies that leakage of 
15N-urea derived N can at maximum explain 5% of the observed increase in NH4

+-N. Hence, at 
least 95% of the observed NH4

+ increase must have come from another source. Further, Gasser et 
al. fails to discuss other explanations for their observations: 15N in unrecovered roots and 15N from 
real exudation processes. At day 1 Gasser et al. found 0.5% of added 15N in the growth media and 
11% in recovered roots, meaning that 15N in the growth media would account for only 4% of 
unrecovered root fragments, which is a low fraction of unrecovered roots compared to other studies 
(e.g. Gardner et al., 2012). Another likely explanation for the 15N presence in the growth media at 
day 1 is exudation of N containing compounds from the roots (Lesuffleur et al., 2007; Lesuffleur et 
al., 2013). Lesuffleur et al. (2013) studied the exudation of 15N using 15N2 labeled white clover and 
found that 3 to 5% of the biologically fixed N2 was found as rhizodeposits only three days after 
labeling. Hence, exudation of N containing compounds could also be a source of 15N in the growth 
media. Finally, Gasser et al. did not handle the leaf-feeding as it is normally done. Gasser et al. 
states that “instead of cutting off a leaf tip, one leaf per plant was squeezed to damage its cuticle”, 
whereas we in our use of the leaf-labeling methodology take care not to damage the leaf during 
immersion into the tube with labeling solution. Thus, Gasser et al. are effectively having a petiole-
labeling setup with a heavily damage leaf adding N to the labeling solution; the excessive damage 
made on the labeling leaf can probably explain the pulse of NH4

+ observed in their growth medium. 
Therefore, the Gasser et al. (2015) study cannot be used to support a conclusion of 15N leakage 
induced by leaf-feeding of urea. 
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