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Abstract 16 

Legume-based cover crops (CC) provide a wide range of ecosystem services, including nitrate leaching 17 

reduction, nitrogen (N) fertilization and soil carbon (C) sequestration. However, the scarcity of 18 

information on belowground C and N increases the uncertainty on the magnitude of these effects. We 19 

quantified C and N input in soil (hereafter plant-deposition) from red clover and winter vetch CC in pure 20 

stands or in mixtures with non-legumes, under field conditions. To do so, we labeled CC plants in situ 21 

with 13C (CO2) and 15N (leaf-labeling) throughout their growing period, with frequent multiple-pulses. 22 

After sampling, we incubated labeled CC roots and soil in the laboratory to investigate C and N 23 

mineralization. Cover crops produced 1.7 to 2.7 Mg ha-1 aboveground biomass corresponding to 72 to 24 

86 kg N ha-1, and deposited to the soil 72 to 183 kg C ha-1
 
 and 29 to 113 kg N ha-1. Cover crops allocated 25 

nearly equal proportions of C and N to above- and belowground fractions. Mineralization of root C was 26 

11-18%, while N mineralization was 39-56% after four months of incubation at 10 °C. Mineral N derived 27 

from N plant-deposition to soil was on average 7 kg N ha-1 after incubation, accounting for approximately 28 

10 % of mineral N release from red clover shoots and roots. Overall, C and N inputs from legume-based 29 

CC are substantially underestimated if plant-deposition is not taken into account. In addition, net mineral 30 

N derived from plant-deposition contributes significantly to the N fertilizer effect of legume-based CC.  31 

 32 
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1. Introduction 36 

Cover crop use is widely recognized as a valuable strategy to reduce nitrate leaching, prevent soil erosion, 37 

improve water management, increase soil carbon (C) storage and, if based on legumes, provide additional 38 

nitrogen (N) to the system through biological N2 fixation (Daryanto et al. 2018). Overall, cover crops can 39 

promote efficient resource use and help mitigate and adapt to climate change, mainly from reduced use 40 

of N fertilizers, increased soil carbon sequestration and change in albedo (Kaye and Quemada 2017). 41 

Mixtures of legumes and non-legumes can maximize the provision of ecosystem services, by reducing 42 

nitrate leaching and increasing N availability to the following crop, providing more flexibility to the 43 

system and a better ability to adapt to the specific environmental conditions (Couëdel et al. 2018; De 44 

Notaris et al. 2018; Tribouillois et al. 2016). In addition, as soil C storage is linked to N availability 45 

(Kirkby et al. 2011; Kirkby et al. 2014), legumes have the potential to increase the build-up of soil organic 46 

C (SOC) over time (Jensen et al. 2012). However, the estimation of cover crop N fertilizer effect and soil 47 

C input is still largely uncertain (Kaye and Quemada 2017).  48 

Nitrogen supply to the following crop is related to the quality of cover crop biomass, and in particular to 49 

the C/N ratio, which influences net N mineralization and can be improved by inclusion of legumes in the 50 

mixture (Tosti et al. 2012; White et al. 2017). Nitrogen accumulated in cover crop aboveground biomass 51 

was also shown to be positively correlated to the yield of the subsequent crop (Bergkvist et al. 2011). 52 

Thus, the amount of N available for the following crop is often estimated by assessing N accumulation 53 

in cover crop aboveground biomass, and assuming that half of this will be net mineralized, when legumes 54 

are included (Kaye and Quemada 2017). However, a significant amount of N can be found in cover crop 55 

roots, whose quality and decomposability can be different from the aboveground fractions (Couëdel et 56 

al. 2018). Thus, taking roots into account can provide a better estimation of N availability to the following 57 

crop.  58 
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Several studies reported a poor correlation between N accumulation in total cover crop biomass and the 59 

N fertilizer effect (Askegaard and Eriksen 2007; Li et al. 2015b; Rasmussen et al. 2012). One of the 60 

reasons for this discrepancy, is that a substantial part of plant belowground N consists of rhizodeposits, 61 

including root exudates, fragments and cells (Wichern et al. 2008), which are rarely accounted for. A 62 

recent study on non-leguminous cover crops showed that rhizodeposits accounted for 5 to 10 % of the 63 

total plant N, while emphasizing the difficulty of quantifying rhizodeposition under field conditions 64 

(Kanders et al. 2017). A higher amount of N rhizodeposition can be expected from legumes than non-65 

legumes (Wichern et al. 2007b), but no studies have attempted to quantify N rhizodeposition from 66 

legume-based cover crops and its mineralization over time. In addition, senescent leaves can significantly 67 

contribute to total plant-deposition of N in the soil (Dahlin and Stenberg 2010), which is generally not 68 

accounted for in N rhizodeposition studies. A comprehensive estimation of plant-deposition of N in the 69 

soil from legumes and its mineralization over time, would contribute to reduce the uncertainty around 70 

the N fertilizer effect of legume-based cover crops, on which the reduction of N fertilizers application is 71 

based.  72 

In a recent meta-analysis, Poeplau and Don (2015) estimated that use of cover crops leads to a linear 73 

increase in soil organic C (SOC), at a rate of 0.32 Mg C ha-1 year-1. However, their attempt to derive a 74 

specific C response function for SOC accumulation was hampered by the scarcely available information 75 

on C inputs via cover crops. In particular, the belowground C input is often underestimated, due to 76 

limitations of sampling methods and the difficulty of accounting for C rhizodeposition. Nevertheless, 77 

some studies have shown that belowground C contributes more to the formation of stable SOC than 78 

aboveground C (Kätterer et al. 2011; Rasse et al. 2005), although other studies suggest that this may not 79 

be relevant in the long-term (Hu et al. 2018). As for N, studies on C deposited in the soil by legume-80 
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based cover crops (including rhizodeposition and senescent leaves) are missing, despite their potential in 81 

optimizing the provision of ecosystem services being recognized (Daryanto et al. 2018). 82 

Carbon and N dynamics in soil are strongly interlinked, and it is important to investigate plant-deposition 83 

and turnover of both. Carbon and N availability to soil microorganisms determines rates of microbial 84 

activity, thus immobilization of N and SOC changes (Kirkby et al. 2014; Wichern et al. 2007a). Plant-85 

deposition of C and N in the soil depend on plant species and developmental stage (Wichern et al. 2007a), 86 

complicating quantitative estimations. 13C and 15N stable isotopes are commonly used to trace C and N 87 

distribution in the plant and in the soil, after addition through continuous or pulse labeling (Wichern et 88 

al. 2008). Continuous labeling is often difficult under field conditions, but single-pulse labeling can 89 

hardly represent relocation of C and N during plant growth (Wichern et al. 2008). Multiple-pulse labeling 90 

allows to partly overcome this limitation, but the number of labeling sessions varies substantially across 91 

studies (Hammelehle et al. 2018; Wichern et al. 2007a), and is often too low (Rasmussen et al. 2019). 92 

After isotopic labeling, C and N rhizodeposition are commonly calculated using the approach developed 93 

by Janzen and Bruinsma (1989), which directly compares isotopic tracer enrichment of roots and soil, 94 

and requires homogeneous distribution of the tracer in space and time. Several studies have recently 95 

questionned this approach, showing how the necessary assumptions can hardly be verified (Kanders et 96 

al. 2017; Rasmussen 2011). A tracer mass balance approach was suggested as an alternative to the Janzen 97 

and Bruinsma (1989) equation, with the amount of isotopic tracer recovered in the soil being compared 98 

to the amount of isotopic tracer recovered in the roots (Hafner and Kuzyakov 2016) or in the plant (Hupe 99 

et al. 2016).  100 

The objectives of this study were to i) quantify C and N deposited in the soil (C and N left in the soil 101 

after removal of visible roots) by legume cover crops and mixtures of legumes and non-legumes, under 102 

field conditions; ii) investigate the net mineralization of C and N from roots and deposited in the soil, in 103 
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an incubation experiment and iii) quantify mineralized N deposited in the soil at the end of the incubation. 104 

To reduce the uncertainty related to methodology and calculations, frequent multiple-pulse labeling of 105 

cover crops with 13C and 15N was performed, and a mass balance approach was used to calculate plant-106 

deposition of C and N in the soil. 107 

 108 

2. Materials and methods 109 

2.1 Field site 110 

Cover crops (CC) were grown in a field experiment, with spring barley (Hordeum vulgare L.) used as 111 

preceding main crop. The field experiment was conducted in 2016 at Foulumgaard (56º30´N, 9º34´E), 112 

Denmark, where the soil is a sandy loam, with 79 g clay (kg soil)-1, 301 g silt (kg soil)-1, 590 g sand (kg 113 

soil)-1 and 30 g organic matter (kg soil)-1. The climate is temperate oceanic (Cfb in the Köppen 114 

classification), with an average annual temperature of 8.6 °C and cumulative precipitation of 762 mm in 115 

2016.  116 

 117 

2.2 Design and management 118 

Spring barley was sown in April 2016 in 16 plots of 54 m2 (18 × 3 m), divided in four blocks, with 0.24 119 

m inter-row spacing. Two weeks before sowing, all plots were fertilized by injecting 110 kg total N ha-1 120 

(with 0.43 kg NH4
+–N (kg total N) -1) in the form of digested slurry at 0.08 m depth. In addition, all plots 121 

received 300 kg ha-1 of Patentkali®, a potash fertilizer suitable for organic farming, containing 25% K, 122 

17% S and 6% Mg. In accordance with organic standards, no pesticides were applied. Weeds in the inter-123 

row space were managed by inter-row hoeing during May, which was performed with a Mehrzweck-124 

Parallelogramm MPP (Schmotzer), sub-mounted on a Fendt380-2WD (3 m distance between wheels). 125 
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One inter-row hoeing was performed in the plots with undersown CC, two in the plots with CC sown 126 

after harvest of spring barley (see below). 127 

Each block consisted of four randomized plots, in which four different CC types were sown. The CC 128 

consisted of two legumes, i.e. red clover (Trifolium pratense L.) and winter vetch (Vicia sativa L.), grown 129 

in pure stands or with a companion grass, i.e. perennial ryegrass (Lolium perenne L.) for red clover and 130 

winter rye (Secale cereale L.) for winter vetch (Table 1). Red clover and red clover plus perennial 131 

ryegrass were undersown in the inter-row space of spring barley on May 13. Winter vetch and winter 132 

vetch plus winter rye were sown after harvest of spring barley, on August 15. 133 

 134 

2.3 Labeling with 13C and 15N 135 

On August 19, after harvest of spring barley and sowing of all the CC, two PVC cylinders (0.30 m internal 136 

diameter, 0.25 m long) were inserted at the opposite ends of each plot, including two rows of CC, leaving 137 

0.05 m above ground. In every plot, one of the two cylinders was used for multiple-pulse labeling with 138 

13C and 15N isotopes, while the other was kept as a control. CC stands were labeled with 13C applied as 139 

13CO2, and legumes only were labeled with 15N applied as 15N-urea through leaf labeling (McNeill et al. 140 

1997). 15N was applied just to legumes because, in an unfertilized legume-based mixture, they are the 141 

main source of N deposited in the soil (Rasmussen et al. 2007).  142 

Red clover and red clover plus ryegrass were undersown in spring barley in early May, thus they were 143 

well established by the time of harvest of spring barley. For this reason, labeling of red clover and red 144 

clover plus ryegrass started on August 25, six days after placing the cylinders. Since winter vetch and 145 

winter vetch plus winter rye were sown after harvest of spring barley and time was needed for emergence 146 

and early growth, their labeling did not start until September 15. For all CC types, the last labeling session 147 

was on October 20. Leaf labeling of clover was done by inserting three leaves, each from a different 148 



8 
 

plant, in three 2 ml Eppendorf tubes, each containing 1 ml of 0.5 % (w/v) 15N-urea (99 atom %). The 149 

tubes were sealed with an inert plastic material to avoid leakage and damages to the leaves. After three 150 

or four days, the three labeled leaves were removed, and labelling applied to new leaves. In total, there 151 

were 17 labeling sessions (51 leaves labeled in each cylinder), spread over approximately two months. 152 

Red clover and red clover plus ryegrass stands were labeled with 13C during the same days as leaf 153 

labeling, following the procedure for CO2 labeling described by Rasmussen et al. (2008). Briefly, 50 ml 154 

tubes containing 5 ml of 13C-sodium bicarbonate solution were attached to plastic sticks, which were 155 

placed one in the center of each labeling cylinder. Cylinders were then enclosed in transparent plastic 156 

bags, sealed with rubber bands at the base of the cylinder. With a syringe, 5 ml of 2 M HCl were injected 157 

into the tubes in order to liberate 13CO2 (the hole was closed with adhesive tape). The bags were removed 158 

after one to three hours, depending on the weather.  159 

Labeling of winter vetch and of the whole winter vetch and winter vetch plus winter rye stands followed 160 

the same procedure as described above, but just one leaf (two-four leaflets) was used for leaf labeling at 161 

every occasion. In addition, for the first two weeks, the leaf labeling was done once a week. In total, for 162 

winter vetch and winter vetch plus winter rye there were eight leaf-labeling sessions (eight leaves labeled 163 

in each cylinder) and ten CO2 labeling sessions spread over approximately one month. 164 

 165 

2.4 Sampling and analysis of plant and soil material 166 

On November 2, all cylinders were removed from the field and transported to the lab, where the 167 

separation of plant material (tops and roots) and soil started immediately. The soil was gently slid out of 168 

the cylinders and CC tops were cut and sorted into legumes and non-legumes. Soil cores were cut at 0.15 169 

m depth, and only the top 0.15 m soil layer was sieved on a coarse mesh to recover visible roots and soil, 170 

which was mixed and weighed. A subsample of 1.5-1.7 kg of soil was sieved through a 4 mm sieve, to 171 
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collect unrecovered roots. All roots were gently washed to remove soil and then cut into pieces of around 172 

10 mm. Aboveground biomass, roots from the first sieving and subsamples of 4 mm sieved soil 173 

(hereafter, soil) were dried at 60°C for 48 h for dry matter (DM) determination and to be used for C, N, 174 

13C and 15N analysis. Root material collected from the 4 mm sieving was directly used for DM 175 

determination, to estimate the total root biomass. For total C, total N and 13C, 15N atom fraction 176 

determination, subsamples were finely ground in a ball-mill, packed in tin capsules and analyzed at UC 177 

Davis Stable Isotope Facility by a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ 178 

Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd, Chesire, UK). Root samples were further 179 

analyzed for fiber content (Van Soest et al. 1991). 180 

 181 

2.5 Incubation 182 

The laboratory incubation experiment was initiated on November 11. Three incubation treatments were 183 

established for each plot: non-labeled soil (S), non-labeled soil + labeled roots (R) and labeled soil (LS). 184 

Briefly, after determining the soil DM content, we added 50 g (DM basis) of field-moist soil into 250 ml 185 

plastic bottles. For treatments S and R, the soil was taken from non-labeled cylinders, while for treatment 186 

LS it was taken from the labeled ones. In R, the soil was mixed with 0.5 g (DM basis) of fresh, labeled 187 

roots from the first sieving, cut in 10 mm pieces. Five bottles for each treatment were prepared: one for 188 

CO2 determination, four for mineral N (Nmin) extraction (one for each extraction time, T0-T3). Winter 189 

vetch and winter vetch plus winter rye were exceptions, because the limited availability of root biomass 190 

allowed the preparation of just two bottles for treatment R; one used for CO2 and the other for Nmin at 191 

the end of the incubation. The first extraction was done immediately (T0), then the bottles were incubated 192 

at 10 °C for approximately one month (T1), two months (T2) or four months (CO2 and T3). Incubation 193 

temperature and time were chosen to be representative of temperate climate conditions in spring 194 
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(Thomsen et al. 2016). The soil was kept at 55% water holding capacity (WHC) by weekly weighing the 195 

bottles and adding deionized water, if necessary. 196 

 197 

2.6 CO2 release 198 

The bottles for CO2 determination were inserted into airtight glass jars containing a CO2 trap (20 ml of 199 

1 M NaOH), placed next to the bottles. The CO2 traps were replaced at increasing time intervals (3, 7, 200 

14, 21, 31, 45, 59, 73, 87, 101 and 118 days), and the glass jars were opened weekly for aeration. Once 201 

removed from the jars, the base traps were sealed and stored at 2°C until analyses. CO2 release at each 202 

sampling time was determined by titration. Cumulative CO2 release was then calculated, and expressed 203 

as percentage of the C initially applied (total C in soil for S and LS, total C in roots for R). 204 

 205 

2.7 Nitrogen and labeled N mineralization 206 

One set of the bottles prepared for Nmin determination was extracted immediately (T0), while the others 207 

were covered with parafilm, which was punctured with a needle to allow gas exchange while minimizing 208 

moisture loss, and incubated for 31 (T1), 59 (T2) and 118 (T3) days. Nmin was extracted by adding 100 209 

ml 2 M KCl directly into the respective bottles, shaking for 1 h and filtering through a glass fiber filter. 210 

If the extraction could not be done immediately, the bottles were stored at -17 °C and thawed 211 

approximately one hour before extraction. All extracts were stored at -17 °C and analyzed at the end of 212 

the incubation period. Ammonium-N and nitrite- plus nitrate-N were determined by an Autoanalyser III 213 

(Bran + Luebbe, Germany) using standard colorimetric procedures (Keeney and Nelson 1982). The 214 

extracts were then used for 15N determination. A diffusion method (Sørensen and Jensen 1991) was used 215 

to concentrate Nmin (ammonium plus nitrate) in the form of ammonium-N on traps made of acidified 216 
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glass fiber filter paper, enclosed in teflon tape and inserted in bottles containing the extracts, MgO and 217 

Devarda´s alloy. After gently shaking for 72 h, the traps were removed from the bottles, dried, removed 218 

from the teflon tape, packed in tin capsules and sent to UC Davis Stable Isotope Facility for 15N 219 

determination.  220 

 221 

2.8 Calculations  222 

Allocation of labeled C and N in the different pools was calculated as percentages of the total amount of 223 

labeled C and N recovered. The allocation of labeled C (%) was thus calculated as: 224 

Labeled C allocationpool (%) = (13Cpool / 13Ctotal) × 100      (1) 225 

where 13Cpool is the amount of added 13C (kg 13C ha-1) in the specific pool, calculated as: 226 

13Cpool (kg 13C ha-1) = (13C atom % excesspool / 100) × Cpool (kg C ha-1)    (2) 227 

where 13C atom % excesspool is the difference between 13C atom % in the labeled material and in the 228 

corresponding unlabeled control, while Cpool is the amount of C (kg C ha-1) in the specific pool. 13Ctotal is 229 

the sum of added 13C in the different pools (legume tops, grass tops, roots and soil). The same calculations 230 

apply to 15N. When calculating allocation of labeled C and labeled N above- and belowground, legume 231 

and grass tops were considered as aboveground for C, while grass tops were included in the belowground 232 

pool for N. This was done because labeled N entered the system through legume leaves, and we assume 233 

that grass has taken up labeled N from the pool of N deposited from legumes in the soil. The same logic 234 

was followed for calculating plant-deposition of C and N in the soil. 235 

As suggested in recent publications (e.g., Hafner and Kuzyakov 2016; Hupe et al. 2016; Rasmussen 236 

2011), the percentage of tracer deposited in the soil was calculated following a mass balance approach, 237 

which allows to overcome the high level of homogeneity required by the Janzen and Bruinsma (1989) 238 

equation. However, this approach is based on the assumption that both the isotopic labeling and the 239 
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calculation adequately represent the processes involved in tracer deposition in the soil (Rasmussen et al. 240 

2019). This requires multiple-pulse labeling to be as frequent as possible, and the calculation of tracer 241 

deposition needs to take carefully into account the tracer sources. As the tracer recovered in the soil pool 242 

is part of the total tracer assimilated by the plant (Hafner and Kuzyakov 2016), we considered the amount 243 

of tracer recovered in the soil pool in relation to the total amount of tracer recovered (in legume tops, 244 

grass tops, roots and soil) (Rasmussen et al. 2019). Lastly, Janzen and Bruinsma (1989) quantified C and 245 

N rhizodeposition by multiplying the proportion of tracer recovered in the soil by the amount of C and 246 

N in the soil pool. However, when a tracer mass balance approach is adopted, the quantification of C and 247 

N deposited in the soil by the plant should be based on the amount of C and N in the plant pool 248 

(Rasmussen et al. 2019), reducing the error derived from the disproportionate size of the soil pool. Thus, 249 

we quantified C and N deposited in the soil by the plant based on the proportion of tracer deposited in 250 

the soil, and the amount of C and N in the plant pool, as described in detail below. 251 

Carbon deposited from CC (Cdfcc) in the soil was calculated based on the labeled C recovered in the 252 

soil pool. It was expressed as a percentage (%) of the total amount of added 13C recovered: 253 

Cdfcc (%) = (13Csoil / 13Ctotal) × 100         (3) 254 

where 13Csoil is the amount of added 13C (kg 13C ha-1) in the soil pool (equation 2) and 13Ctotal is the sum 255 

of added 13C in the different pools (legume tops, grass tops, roots and soil). The total amount of C 256 

derived from plants is, in the same way, the sum of C in the plant pool (CCC plant) and C deposited in the 257 

soil by the plant. Thus, CCC plant, in percentage of total C, is 100 - Cdfcc (%). Based on this, Cdfcc (kg C 258 

ha-1) was quantified as follows: 259 

Cdfcc (kg C ha-1) = [CCC plant / (100 ‒ Cdfcc (%))] × Cdfcc (%)     (4) 260 
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Nitrogen deposited from legume (Ndfl) was calculated in a similar way, with Ndfl (%) corresponding 261 

to: 262 

Ndfl (%) = (15Nsoil+grass / 15Ntotal) × 100        (5) 263 

and Ndfl (kg N ha-1) being calculated as: 264 

Ndfl (kg N ha-1) = [NL plant / (100 ‒ Ndfl (%))] × Ndfl (%)      (6) 265 

where NL plant is the amount of N (kg N ha-1) in the legume plant pool (legume tops, roots).  266 

Net C and N mineralization at each sampling event were calculated as C in CO2 and N in Nmin 267 

percentages of C and N initially applied, and cumulated over time. For S and SL incubation treatments, 268 

this corresponded to net C and N mineralization from the soil pool. Net C and N mineralization from 269 

the root pool were calculated by subtracting CO2-C and Nmin in S (soil) from R (soil + roots), and 270 

dividing by C and N added in root material. Similarly, net labeled N mineralization was calculated for 271 

soil and roots, based on labeled Nmin in the extracts and labeled N in soil and root before incubation.  272 

Net mineralization of N in roots and deposited in the soil by the plant (not taken up by the companion 273 

grass) was quantified (kg N ha-1) based on the percentage of mineralized N at the end of the incubation 274 

and the initial amount of N in the specific pool. For roots, the calculation was based on the percentage 275 

of mineralized N and the amount of root N. For soil we used the percentage of mineralized labeled N in 276 

the LS incubation treatment, and the initial amount of N deposited from the legume recovered in the 277 

soil pool (Ndflsoil). This was calculated based on equations 5 and 6, but including just 15Nsoil in the 278 

nominator of equation 5.  279 

 280 

2.9 Statistical analysis 281 
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Statistical analyses and data exploration were conducted using R (R Core Team 2016). Data exploration 282 

included visual investigation through box plots and multi-panel dot plots, as described by Zuur et al. 283 

(2010). Significance of difference between different CC types was tested for all dependent variables of 284 

interest by analysis of variance (ANOVA). The four CC treatments were grouped based on the legume 285 

(red clover, winter vetch) and stand (pure, mixture) type, but were also considered separately. The 286 

assumptions of normality and homoscedasticity were checked with the Shapiro-Wilk test and visual 287 

examination of the residuals against fitted values. For all statistical tests α=0.05. 288 

 289 

3. Results 290 

3.1 Cover crop (CC) biomass accumulation and quality 291 

Cover crops with red clover accumulated significantly more biomass than CC with winter vetch, both in 292 

tops (p<0.05) and roots (p<0.001) (Table 2). On average, total biomass production was 5.7 and 2.8 Mg 293 

DM ha-1 with red clover and winter vetch, respectively, with no significant differences between pure and 294 

mixed stands. In CC mixtures, legumes were the dominating species, and grass aboveground biomass 295 

was higher in association with winter vetch than with red clover (p<0.01). Legume and grass tops had a 296 

higher N concentration in CC with winter vetch than red clover (p<0.001), while N concentration was 297 

higher in roots of pure legume stands than mixtures (p<0.001). The C/N ratio reflected the variation in 298 

N concentrations. N accumulated in the total biomass was significantly higher in CC with red clover than 299 

winter vetch (p<0.001), and amounted to 188, 176, 95 and 118 kg N ha-1 in red clover, red clover plus 300 

ryegrass, winter vetch and winter vetch plus winter rye, respectively. In particular, CC with red clover 301 

accumulated four times more N in roots than winter vetch.  302 

At sampling time, all fractions (legume tops, grass tops and total roots) of labeled CC were enriched with 303 

13C, and 13C atom % excess ranged from 1.1 to 2.3 %. Cover crops with red clover showed 15N enrichment 304 
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in all fractions, with 15N atom % excess ranging from 0.6 to 1.8 %, whereas 15N atom % excess in winter 305 

vetch and winter vetch plus winter rye was on average 0.1 %.  306 

 307 

3.2 Allocation of labeled C and labeled N  308 

Cover crops with winter vetch allocated a significantly higher percentage of labeled C to the aboveground 309 

fractions (legume and grass tops) than CC with red clover (p<0.001) (Figure 1a). This corresponded to a 310 

higher allocation of labeled C to the roots of red clover and red clover plus ryegrass, than winter vetch 311 

and winter vetch plus winter rye (p<0.001). Mixtures allocated generally more labeled C to grass tops 312 

than pure stands, and it was the highest in winter vetch plus winter rye (p<0.001).  313 

All CC types allocated a similar percentage of labeled N above (legumes tops) and belowground 314 

(including grass tops) (Figure 1b). The distribution of labeled N among the different belowground 315 

fractions varied mainly based on legume type, with a significantly higher proportion of labeled N 316 

allocated to roots in CC with red clover, and to soil with winter vetch (p<0.001). Relatively more 15N 317 

was allocated to grass tops in red clover plus ryegrass than in red clover (p<0.05), corresponding to a 318 

decrease in the relative amount in roots. 319 

 320 

3.3 Plant-deposition of C and N  321 

Carbon deposited in soil from CC (Cdfcc) was on average 6, 7, 7 and 12 % of C in CC biomass (Figure 322 

2a), corresponding to an average of 134, 183, 72 and 169 kg C ha-1 from red clover, red clover plus 323 

ryegrass, winter vetch and winter vetch plus winter rye, respectively. Due to the high variability, no 324 

significant difference could be detected, but the amount of C deposited from winter vetch was generally 325 

lower than from red clover (p=0.07). The estimation of Cdfcc is based on 13C tracing, and the CO2 326 
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labeling targeted the entire CC stand (legume and grass). For this reason, Cdfcc indicates C deposited 327 

from both the legume and the grass component of the CC. 328 

Nitrogen deposited in soil from legumes (Ndfl) was on average 14, 23, 43 and 52 % of N in legume CC 329 

biomass (Figure 2b), corresponding to 29, 52, 85 and 113 kg N ha-1 from red clover, red clover plus 330 

ryegrass, winter vetch and winter vetch plus winter rye, respectively. Ndfl (%) was significantly higher 331 

from CC containing winter vetch than red clover (p<0.001), and the average amount of Ndfl (kg N ha-1) 332 

was 76 % higher from red clover plus ryegrass than red clover. The estimation of Ndfl is based on 15N 333 

tracing, which entered the system through legume-leaf labeling. Thus, Ndfl indicates N deposited from 334 

the legume, and includes the legume-derived N that is recovered in grass tops (see section 2.8 for 335 

calculations). 336 

 337 

3.4 Soil and root net C mineralization 338 

CO2 production from soil samples (S) ranged from an average of 0.4 to 0.6 % of the initial total C in soil 339 

by the end of the incubation period (Figure 3). Throughout the incubation period, soil from winter vetch 340 

had the highest CO2 efflux, while soil from winter vetch plus winter rye had the lowest. After 31 days, 341 

pure stands had mineralized a higher percentage of the initial C than mixtures (p<0.05), but the difference 342 

was not significant by the end of the 118 day incubation period.  343 

At end of incubation, CO2 production from roots ranged from an average of 11 to 18 % of the initial C 344 

applied as root material (Figure 3). CO2 efflux from samples containing red clover and red clover plus 345 

ryegrass roots was significantly higher than with winter vetch and winter vetch plus winter rye roots 346 

(p<0.05). However, during the first month of incubation, CO2 release from winter vetch was generally 347 

higher than from the other CC types. After 21 days, the average CO2 efflux from winter vetch was 50 % 348 

higher than from red clover. After the first month, CO2 production rate from winter vetch and winter 349 
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vetch plus winter rye decreased, leading to no significant differences in cumulative CO2 efflux between 350 

treatments at days 59 and 118. 351 

 352 

3.5 Soil and roots net N mineralization 353 

The content of Nmin was assessed at the beginning of the incubation period and after 31, 59 and 118 354 

days, and was expressed as a percentage of the initial total N in the pool of interest. Ammonium-N and 355 

nitrate-N were considered together, with ammonium-N contributing a very small portion of Nmin.  356 

In soil samples (non-labelled (S) and labelled (LS)), Nmin increased from approximately 0.2 to 1.4 % of 357 

soil total N by the end of the incubation, with no significant differences between CC types (Figure 4).  358 

For samples containing soil and roots (R), root net N mineralization was estimated by subtracting Nmin 359 

in the corresponding soil sample (S) at each extraction time. Nmin was on average 2 % of total N in red 360 

clover and red clover plus ryegrass roots, at the beginning of the incubation (Figure 4). During the first 361 

31 days, it increased to 14 and 9 % in red clover and red clover plus ryegrass, respectively, and to 31 and 362 

16 % at day 59 (p=0.08). This difference, however, leveled off during the last two months of incubation, 363 

leading to similar Nmin in red clover and red clover plus ryegrass at day 118 (39 and 41 %, respectively). 364 

At the end of the incubation period, Nmin in winter vetch and winter vetch plus winter rye was 56 and 365 

54 % of the initial total root N.  366 

 367 

3.6 Soil and root net 15N mineralization 368 

Net mineralization of 15N in labeled soil shows the fate of N deposited in the soil by red clover and winter 369 

vetch, which were the targets of multiple-pulse leaf labeling. At the beginning of the incubation period, 370 

15N-Nmin ranged from 2 to 9 % of the total 15N in the soil pool, with no significant difference between 371 

CC types (Figure 5). Throughout the incubation period, soil from winter vetch plus winter rye had the 372 
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lowest 15N-Nmin percentage, with no significant increase over time. The average 15N-Nmin in soil from 373 

winter vetch increased from 9 % at day 0 to 17 % at day 118, but the difference was not statistically 374 

significant due to high variability. During the first 59 days of incubation, 15N-Nmin increased from 4 to 375 

23 % and from 2 to 19 % of total 15N in soil from red clover and red clover plus ryegrass, respectively 376 

(p<0.001), with a smaller increase thereafter. At the end of 118 days of incubation, 15N-Nmin % of the 377 

initial 15N in soil from CC with red clover was significantly higher than with winter vetch (p<0.001). 378 

Mineralization of 15N in roots followed a similar trend as Nmin, with 15N-Nmin reaching 58 and 40 % of 379 

the initial 15N in red clover and red clover plus ryegrass roots, respectively, after 118 days (Figure 5). 380 

However, no significant difference was observed between these two CC types throughout the incubation 381 

period. At day 118, 15N-Nmin was 76 and 47 % of the initial 15N in winter vetch and winter vetch plus 382 

winter rye, respectively, with no significant difference if compared to CC with red clover.  383 

 384 

3.7 Quantification of mineralized N derived from CC 385 

Based on net N mineralization percentages after 118 days of incubation and on the initial total N in CC 386 

roots, the amount of Nmin derived from red clover and red clover plus ryegrass roots was higher than 387 

from CC containing winter vetch (p<0.001), with no effect of the stand type (pure, mixture) (Table 3). 388 

The amount of Nmin derived from legume deposition in the soil was calculated based on net 15N 389 

mineralization percentage and the total N in the legume pool (see section 2.8 for calculations). In this 390 

case, the effect of stand type was statistically significant (p<0.05), with higher Nmin in pure stands than 391 

in mixtures, while no effect was associated with the main legume. 392 

 393 

4. Discussion 394 

4.1 Cover crops growth 395 
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Cover crops with red clover accumulated 5.7 Mg DM ha-1 of total biomass by the end of October 2016, 396 

which is within the range reported for red clover by previous studies under similar field conditions (Li et 397 

al. 2015a; Li et al. 2015b) and for several clover species under different growing conditions (Askegaard 398 

and Eriksen 2007; Parr et al. 2011). Cover crops with winter vetch accumulated 2.8 Mg DM ha-1 of total 399 

biomass, which is at the lowest end of the range for winter vetch grown under similar (Li et al. 2015a; Li 400 

et al. 2015b) and different climatic and field conditions (Alonso-Ayuso et al. 2018; Tosti et al. 2014). 401 

Non-optimal sowing (malfunctioning of the sowing machinery) might have affected the establishment 402 

of CC with winter vetch negatively, leading to a relatively lower biomass accumulation. This also 403 

influenced 15N leaf labeling of winter vetch, which resulted in a lower 15N atom% excess in winter vetch 404 

than in red clover fractions.  405 

 406 

4.2 Plant-deposition of C and N in the soil  407 

Here, we provide an estimation of the net amount of plant-deposited C and N in the soil, which is 408 

generally not accounted for in CC studies (De Notaris et al. 2019; Li et al. 2015b). The total amount of 409 

C and N that is deposited by the plant in the soil includes root exudates, root fragments and 410 

phyllodeposition (defined as deposition of C and N from the phyllosphere), part of which is assimilated 411 

and turned over by soil microbial biomass. Thus, what was measured at sampling time is the net plant-412 

deposited C and N in the soil (Høgh-Jensen and Schjoerring 2001), which was determined under field 413 

conditions, based on a frequent, multiple-pulse isotopic labeling and on a mass balance approach. The 414 

frequent pulse labeling during CC growth and the inclusion of all above- and belowground pools in the 415 

mass balance equation, should represent the various long and short term processes involved in plant-416 

deposition of C and N in the soil (Rasmussen et al. 2019). The importance of phyllodeposition was 417 

recently underlined by Rasmussen et al. (2019), who found a marked decline in 14C and 15N in 418 
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aboveground parts of white clover (Trifolium repens L.), two months after pulse labeling, corresponding 419 

to an increased recovery of the isotopic tracers in the soil. This suggests that contributions from 420 

aboveground parts to plant-deposition of C and N in the soil should be taken into account, especially 421 

when considering long term processes, as also discussed by Dahlin and Stenberg (2010).  422 

 423 

The implication in relation to plant-deposition of C and N, is that the estimation should be done in 424 

accordance with the relevant sources (Rasmussen et al. 2019), which in this case was the entire plant 425 

pool. Moreover, dynamics of C and N plant allocation and deposition are influenced by plant species, 426 

age and growing conditions (Pausch and Kuzyakov 2018), which may explain some of the observed 427 

differences between red clover and winter vetch. In particular, CC with red clover were sampled 174 428 

days after sowing, growing in the interspace of spring barley rows until barley was harvested (94 days) 429 

and sampled after additional 80 days. Cover crops with winter vetch were sown after harvest of spring 430 

barley, and were sampled 80 days after sowing. In this way, CC with red clover had a longer growing 431 

period than CC with winter vetch, and also the establishment conditions varied between red clover and 432 

winter vetch. These specific conditions make direct comparisons with previous studies difficult, since 433 

the focus so far has been mainly on cereals, grain legumes and grasslands (e.g., Pausch and Kuzyakov 434 

2018; Wichern et al. 2007b), and labeling, sampling and calculations vary between studies (Fustec et al. 435 

2010; Kanders et al. 2017). Moreover, CC with red clover had been growing in the interspace of spring 436 

barley rows for three months before the start of the labeling, due to practical aspects of the labeling 437 

procedure (i.e., difficulty in isolating the cover crop from the main crop). Thus, C and N dynamics in CC 438 

with red clover during the first three months were not accounted.  439 

 440 
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At sampling time, CC with red clover allocated similar proportions of C to above- and belowground 441 

parts, and the net plant-deposition of C to the soil corresponded to 6.5 % of the C in their biomass, on 442 

average. Cover crops with winter vetch allocated a higher proportion of C aboveground than 443 

belowground, reflecting the lower root/shoot ratio of winter vetch compared to red clover, but net plant-444 

deposition of C (9.4 % on average) was not different from red clover. Overall, previous studies report 445 

comparable allocation patterns to above- and belowground pools (de Neergaard and Gorissen 2004; 446 

Kuzyakov and Domanski 2000), which confirm our estimations. Besides the labeling issues discussed 447 

above, a generalizable quantification of plant-deposition of C in soil is complicated by its relationship to 448 

accumulated biomass. Kuzyakov and Domanski (2000) reported a rough estimation of plant-deposition 449 

of C from pasture species (non-legumes) of 400 kg C ha-1, with an aboveground production of 6 Mg ha-450 

1. In this study, we estimated a net plant-deposition of C of 134-183 kg C ha-1 from CC with red clover, 451 

with an aboveground production of about 2.7 Mg ha-1. Taking into account the discussed uncertainties, 452 

and considering differences in C allocation between legumes and non-legumes (de Neergaard and 453 

Gorissen 2004), our estimates compare well with those reported by Kuzyakov and Domanski (2000).  454 

 455 

Cover crops with red clover and winter vetch allocated similar proportions of N to above- and 456 

belowground parts, and deposited in the soil respectively 14-23 and 43-52 % of the N in their biomass. 457 

The higher proportion of N deposited in the soil by winter vetch than red clover could be explained by a 458 

greater amount of unrecovered root material in the soil from winter vetch plots, because of a finer root 459 

system, but the low 15N enrichment of winter vetch fractions might compromise the accuracy of the 460 

estimates. Values reported by previous studies vary greatly, with N rhizodeposition from legumes 461 

ranging from 7 to 57 % (Fustec et al. 2010). Several methodological issues contribute to the variability 462 

of the estimations, encompassing growing conditions (e.g., field vs pot experiments), isotopic labeling 463 
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method (e.g., single vs multiple-pulse labeling) and calculations (e.g., Janzen and Bruinsma (1989) vs 464 

mass balance approach). Our estimations indicate that red clover can deposit approximately 30 and 50 465 

kg N ha-1 in the soil when grown as a pure stand or in mixture with ryegrass, respectively, with an 466 

aboveground production of about 2.5 Mg ha-1. The greater plant-deposition of N in the mixed stand was 467 

due to the N transferred to the companion grass, which was included in this estimation of plant-deposition 468 

of N. Due to the greater Ndfl%, N deposition from CC with winter vetch was estimated to be greater than 469 

with red clover. However, there was a high level of uncertainty associated with 15N labeling and root 470 

sampling of winter vetch. 471 

 472 

4.3 Carbon and nitrogen mineralization 473 

Net N mineralization from red clover roots was twice that from red clover plus ryegrass, after two months 474 

of incubation at 10 °C. In particular, 31 and 16 % of the total initial N was mineralized from red clover 475 

and red clover plus ryegrass roots, respectively, which is within the range reported by previous studies 476 

for plant materials with similar C/N ratios (Thomsen et al. 2016; VanScholl et al. 1997). The difference 477 

observed between red clover and red clover plus ryegrass could be explained by the lower C/N ratio of 478 

roots from the pure than mixed stand (Thomsen et al. 2016). However, this difference levelled off during 479 

the last two months of incubation, indicating variation in net N mineralization rates with time (Bruun et 480 

al. 2006), possibly correlated with the biochemical characteristics of the plant residues. Previous studies 481 

have attributed differences in N mineralization of plant residues to differences in C/N ratio (Thomsen et 482 

al. 2016), N content (Jensen et al. 2005), forms of C and N in the plant materials (Chen et al. 2014) and 483 

lignin content (Kumar and Goh 2003).  484 

 485 
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Justes et al. (2009) reported that C mineralization during the first weeks was mainly positively correlated 486 

with the soluble C content, which becomes less relevant over time, while Liang et al. (2018) found a 487 

strong negative effect of lignin and hemicellulose content. In our study, CO2 release from root samples 488 

during the first three weeks of incubation was greater from winter vetch than from the other CC types. 489 

However, we could not find any clear correlation between net C and N mineralization and the quality of 490 

the root residues (e.g., C/N, fiber content). A possible reason is that the incubated root material had rather 491 

similar characteristics, with C/N ratio in a range from 10 to 15, which is at the lowest end reported by 492 

previous studies (e.g., Justes et al. 2009; Thomsen et al. 2016). Different incubation conditions, such as 493 

incubation temperature, could also partly explain incongruences among studies (Cookson et al. 2002). In 494 

general, net C mineralization from root material in our study was comparable to the lowest reported 495 

previously, but the same did not apply to N. This suggests a high microbial CUE (C use efficiency) and 496 

a low NUE (N use efficiency), indicating a possible microbial C limitation (Mooshammer et al. 2014). 497 

 498 

Net N mineralization in the incubated soil samples showed no differences among CC treatments. The 499 

higher proportion of initial 15N mineralized in soil from CC with red clover than with winter vetch could 500 

be caused by the low initial 15N enrichment of soil under winter vetch. Mineralization of 15N in soil 501 

samples shows the fate of N deposited from legumes in the soil, and based on our estimates it reached 502 

22-30 % in soil from CC with red clover, after four months of incubation. This compares to previously 503 

reported values for N rhizodeposition by grain legumes (Mayer et al. 2004). Based on the amount of N 504 

deposited in the soil from red clover (not taken up by the companion grass), 6-8 kg N ha-1 was mineralized 505 

after 4 months of incubation. This contribution to the N fertilization effect of CC is generally not 506 

accounted for, and could help to explain the poor correlation between N accumulation in CC biomass 507 
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and yield of the following crop, observed in some studies (Askegaard and Eriksen 2007; De Notaris et 508 

al. 2019).  509 

 510 

Based on common estimations of the N fertilizer effect of legume-based CC (Kaye and Quemada 2017), 511 

the net mineral N derived from CC with red clover would be approximately 40 kg N ha-1 (half of the 512 

aboveground N yield). Based on the results from our incubation study, this would be a great 513 

underestimation. When including the contribution from CC roots (approximately 40 kg N ha-1), mineral 514 

N derived from CC with red clover would amount to approximately 80 kg N ha-1. On top of this, plant-515 

deposition of N in the soil would provide an additional 10 %. However, as the allocation of N changes 516 

over time (Arcand et al. 2013) and plant-deposition of N in the soil is subject to several processes 517 

(Rasmussen et al. 2019), the contribution of plant-deposited N to the fertilizer effect of CC should not be 518 

considered as fixed. In a field experiment, De Notaris et al. (2019) observed an effect of CC sowing time 519 

on the yield of the following crop, even though the N accumulated in CC biomass (above- plus 520 

belowground) did not differ. This suggests that a longer growing period with early CC sowing could 521 

have contributed to a greater plant-deposition of N in proportion to CC biomass. Thus, N deposition in 522 

soil by legume-based CC plays an important role for the N fertilizer effect, on which the decisions on 523 

additional N fertilizers application is based, but more studies should explore the effect of time and 524 

management, with particular attention to the methodological issues discussed above. 525 

 526 

4.4 Perspectives 527 

An accurate assessment of C and N inputs from CC is crucial for reducing the uncertainty around soil C 528 

storage and N fertilizer effect of CC (Kaye and Quemada 2017). It was previously shown that 529 

belowground allocation is greater than assumed, when rhizodeposition is taken into account (Kanders et 530 
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al. 2017). In our study, legume-based CC allocated approximately half of the N to belowground fractions, 531 

which is greater than reported by previous studies, where only root biomass was considered (Li et al. 532 

2015a; Li et al. 2015b). This provides additional evidence of the importance of taking into account all 533 

contributions of CC to the input of C and N in the soil, and this should be considered for the estimation 534 

of effects of CC on soil quality and N cycling. 535 

 536 

The frequent multiple-pulse labeling scheme we adopted, allowed to cover both short and long term 537 

processes, and to quantify net plant-deposition of C and N at sampling time. In the case of CC with red 538 

clover, we could expect that our estimations are conservative, as they don´t cover the first three months, 539 

when the CC was growing in the interspace of spring barley rows. The net total plant-deposited C and N 540 

in the soil include C and N in soil microbial biomass, which was shown to increase in the presence of 541 

CC (Daryanto et al. 2018) and to have a higher activity and turnover rate with legumes than with non-542 

legumes (Wichern et al. 2007a). Microbial biomass provides an important contribution to the formation 543 

of soil organic matter (SOM) (Miltner et al. 2012), with microbial anabolism being one of the main 544 

pathways for soil organic C (SOC) stabilization (Liang et al. 2017). In the present study, mineralization 545 

of C and N from CC roots and soil suggests a high CUE, thus microbial anabolism, which was shown to 546 

increase with high N availability (Poeplau et al. 2019). This suggests that belowground fractions of 547 

legume-based CC, including plant-deposited C and N in the soil, can provide an important contribution 548 

to SOC storage while increasing N availability in the system. In terms of N fertilizer effect, accounting 549 

for plant-deposited N in the soil would improve the prediction of N availability to the following crop. 550 

However, as discussed above, plant-deposition of N should not be considered merely as a fixed 551 

proportion of CC biomass. Early sowing of CC was indicated as a strategy to improve CC establishment 552 



26 
 

and growth (De Notaris et al. 2019), and it might further improve N availability to the following crop by 553 

affecting the process of plant-deposition of N, which deserve further investigations.  554 

 555 

5. Conclusion 556 

Legume-based CC can deposit substantial amounts of C and N in the soil, through shorter (e.g., root 557 

exudation) and longer term processes (e.g., phyllodeposition). Studying these processes is complicated 558 

by methodological limitations, such as timing of isotopic labeling and incubation conditions. Overall, 559 

accounting for plant-deposition of C and N in the soil suggests that legume-based CC contribute more to 560 

C and N input in the soil than previously estimated. This has implications both in terms of C sequestration 561 

and N fertilizer effect, with consequences in terms of climate change mitigation. In particular, net C and 562 

N mineralization from roots and deposited by the plants in the soil indicate that belowground residues of 563 

legume-based CC (with low C/N ratios) provide highly available N, which has been shown to increase 564 

microbial anabolism. In addition,  accounting for net mineral N derived from plant-deposition in the soil 565 

would increase the estimated N fertilizer effect of legume-based CC, reducing the need for external input 566 

of N fertilization. Since the processes involved in plant-deposition of C and N vary with plant species, 567 

age and growing conditions, further efforts should be directed to clarifying these aspects. In perspective, 568 

this could help identifying management strategies to maximise the contribution of CC to climate change 569 

mitigation.  570 

 571 
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Tables 744 

 745 

Table 1: Cover crops used in the experiment. Seeding rates for each species are reported in brackets (kg 746 

ha-1). 747 

Pure stand Mixture 
Red clover (8) * Red clover (4) + perennial ryegrass  (7)* 
Winter vetch (69) ** Winter vetch (39) + winter rye (44) ** 

* Undersown; ** sown after harvest. 748 

 749 

 750 

 751 

  752 
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Table 2: Biomass accumulation, N concentration, N yield, C/N, fiber content and isotopic enrichment 753 
at sampling time of CC tops and roots. Data presented are average values, with standard errors reported 754 
in brackets (n=4). Fiber content (NDF, ADF and lignin) was determined for roots only, and was based 755 
on pooled samples for obtaining sufficient material for analysis.  756 

Fraction CC 
Biomass N 

concentration N yield C/N NDF ADF Lignin 13C 15N 

(Mg DM 
ha-1) 

(g 100 g-1 

DM) (kg N ha-1)  (g 100 g-1 DM) (atom% excess) 

Legume 
tops 

RC 2.61 (0.42) 3.1 (0.16) 83 (16) 12.6 (0.5) - - - 1.36 (0.16) 0.90 (0.08) 
RC-RG 2.41 (0.29) 3.2 (0.04) 77 (9) 12.3 (0.2) - - - 1.35 (0.11) 1.01 (0.22) 
WV 1.63 (0.11) 4.3 (0.09) 70 (4) 9.5 (0.2) - - - 2.28 (0.21) 0.12 (0.03) 
WV-RY 1.49 (0.10) 4.4 (0.21) 66 (5) 9.3 (0.4) - - - 1.52 (0.14) 0.09 (0.01) 

Grass 
tops 

RC 0.08 (0.02) 3.1 (0.12)* 3 (1)* 11.5 (0.3)* - - - 1.07 (0.15) 0.94 (0.03) 
RC-RG 0.34 (0.07) 2.5 (0.10) 9 (2) 14.2 (0.5) - - - 1.24 (0.1) 1.83 (0.31) 
WV 0.05 (0.03) 4.2 (0.21) 2 (1) 8.9 (0.5) - - - 1.64 (0.27) 0.21 (0.13) 
WV-RY 0.74 (0.07) 3.7 (0.12) 28 (3) 10.8 (0.4) - - - 1.72 (0.17) 0.03 (0.01) 

Total 
roots 

RC 2.98 (0.40) 3.4 (0.03) 102 (14) 11.9 (0.2) 32 20 3 1.08 (0.1) 0.62 (0.16) 
RC-RG 2.96 (0.34) 3.0 (0.03) 90 (11) 13.4 (0.1) 33 20 2 1.06 (0.11) 0.59 (0.07) 
WV 0.66 (0.08) 3.4 (0.14) 23 (3) 10.4 (0.1) 44 29 6 1.49 (0.07) 0.07 (0.02) 
WV-RY 0.98 (0.14) 2.5 (0.11) 24 (3) 15.3 (0.4) 53 30 4 1.11 (0.16) 0.03 (0.01) 

*n=3 757 
NDF= Neutral Detergent Fiber; ADF= Acid Detergent Fiber; RC= red clover; RC-RG= red clover and 758 
ryegrass mixture; WV= winter vetch; WV-RY= winter vetch and winter rye mixture. 759 
 760 

  761 
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Table 3: Soil mineral N (kg N ha-1) derived from cover crop roots and deposited in the soil, calculated 762 
based on net N mineralization percentage after 118 days of incubation. 763 

Cover crop Roots Soil* 
 (kg N ha-1) 
RC 40 (5) 8 (2) 
RC-RG 35 (4) 6 (1) 
WV 13 (4) 9 (1) 
WV-RY 13 (2) 4 (2) 

*Calculated based on net labeled N mineralization. RC= red clover; RC-RG= red clover and ryegrass 764 
mixture; WV= winter vetch; WV-RY= winter vetch and winter rye mixture. 765 
  766 
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Figures captions 767 

 768 

Figure 1: Allocation of labeled C (a) and legume-derived labeled N (b) to different plant fractions and 769 

soil. Aboveground fractions are indicated by thicker contour lines, and include legume and grass tops for 770 

labeled C, while just legume tops for labeled N. Numbers reported inside the bars are average percentages 771 

of allocation to aboveground (AG) and belowground (BG) pools. Error bars indicate standard error (n=4; 772 
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for WV-RY, n=3). RC= red clover; RC-RG= red clover and ryegrass mixture; WV= winter vetch; WV-773 

RY= winter vetch and winter rye mixture. 774 

 775 

 776 

Figure 2: C deposited in soil from CC (Cdfcc) and N deposited in soil from legumes (Ndfl), expressed 777 

as percentage of the total plant-related pool (a, b) and quantified per hectare (c,d). Red dots indicate mean 778 

values, the line within the box the median, box boundaries include the 25th and 75th percentiles, the dotted 779 
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lines above and below the box the 10th and 90th percentiles. CC= cover crop; RC= red clover; RC-RG= 780 

red clover and ryegrass mixture; WV= winter vetch; WV-RY= winter vetch and winter rye mixture. 781 

 782 

 783 

Figure 3: Net cumulative CO2 release from soil C (S) and root C (R) during incubation, expressed as a 784 

percentage of the initial C in the corresponding pools. Net CO2 release from roots was calculated from 785 

the difference between soils with and without root amendment. Different line types indicate different 786 

cover crops. Data points are mean values, error bars indicate the standard error (n=4). RC= red clover; 787 
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RC-RG= red clover and ryegrass mixture; WV= winter vetch; WV-RY= winter vetch and winter rye 788 

mixture. 789 

 790 
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 791 

Figure 4: Net release of mineral N from soil N (S), root N (R) and labeled soil N (LS) during incubation, 792 

expressed as a percentage of the initial total N in the corresponding pools. Net release from roots was 793 



39 
 

calculated from the difference in mineral N between soils with and without root amendment. Different 794 

line types indicate different cover crops. Data points are mean values, error bars indicate the standard 795 

error (n=4). RC= red clover; RC-RG= red clover and ryegrass mixture; WV= winter vetch; WV-RY= 796 

winter vetch and winter rye mixture. 797 

 798 

 799 

Figure 5: Net release of labeled mineral N, from roots (R) and labeled soil (LS) during incubation, 800 

expressed as a percentage of the initial total labeled N in the corresponding pools. Different line types 801 
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indicate different cover crops. Data points are mean values, error bars indicate the standard error (n=4). 802 

RC= red clover; RC-RG= red clover and ryegrass mixture; WV= winter vetch; WV-RY= winter vetch 803 

and winter rye mixture. 804 
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