
1 
 

Original paper        Date of preparation: 15-11-2016  1 

 2 

Highly productive forage legume stands show no positive biodiversity effect on yield and N2-3 

fixation  4 

Nawa Raj Dhamala1∗, Jørgen Eriksen1, Georg Carlsson2, Karen Søegaard1, and Jim Rasmussen1 5 

1Aarhus University, Department of Agroecology, PO Box 50, 8830 Tjele, Denmark 6 

2Swedish University of Agricultural Sciences, Department of Biosystems and Technology, PO Box 103, 23053, 7 

Alnarp, Sweden 8 

∗Corresponding author: E-mail: nawar.dhamala@agro.au.dk, Tel: 0045 8715 6000, Fax: 0045 8715 6076 9 

 10 

Acknowledgements 11 

This work was funded by the Green Development and Demonstration Program (GUDP project MultiPlant) as part of the 12 

Organic RDD -2 programme, and coordinated by the International Centre for Research in Organic Food Systems (ICROFS). 13 

We thank the staff at Foulumgård experimental station for technical assistance and Margit Schacht (Aeces.dk) for proof-14 

reading. 15 

  16 

mailto:nawar.dhamala@agro.au.dk


2 
 

Abstract 17 

Background and aims: While N2-fixation in diversified grasslands including forage legumes and non-legumes has been 18 

widely studied, N2-fixation in grassland mixtures containing only forage legumes remains unclear. In this study, we 19 

investigated N2-fixation in pure stands and mixtures of three forage legumes. 20 

Methodology: N2-fixation, dry matter (DM) and nitrogen (N) yield was quantified in a field experiment for red clover 21 

(Trifolium pratense L.), white clover (Trifolium repens L.) and lucerne (Medicago sativa L.) pure stands and mixtures using 22 

the isotope dilution method.  23 

Results: All three forage legume species derived most (around 85%) of their N from atmospheric N2-fixation (%Ndfa). 24 

However, the expected positive effect of species diversity was not found in any of the mixtures. Species composition of the 25 

forage legume mixtures affected the amount of N from N2-fixation by affecting DM production and N accumulation of the 26 

species, with the seasonal amount of N2-fixation ranging from 370 to 500 kg N ha-1; highest in the presence of red clover.  27 

Conclusions: We found that mixtures of the three forage legumes were highly productive, but surprisingly did not show 28 

positive advantages compared to the red clover pure stands in terms of DM, N yield and %Ndfa. 29 

Key words: grassland; forage legume mixture; percentage of N derived from atmosphere (%Ndfa);  N yield  30 

Introduction 31 

The EU is nearly 30% self-sufficient in protein feed  (Bouxin 2014), and there is an increasing demand for new homegrown 32 

sources of protein in the EU as alternatives to the import of soybean meal for livestock production (de Visser et al. 2014; 33 

Florou-Paneri et al. 2014). Nitrogen (N) is one of the most limiting crop nutrients, and to produce the required protein 34 

sources from crops requires large inputs of N. However, the efficiency of applied N resources is often low and such 35 

resources carry the risk of several environmental, economic and agronomic problems (Fowler et al. 2013). Hence, there is 36 

societal need to produce large amounts of plant protein without N fertilization or with more efficient use of 37 

available/applied N resources. Cropping systems such as grassland farming based on perennial crops have shown more 38 

ecosystem benefits than those based on annual crops (e.g. biodiversity, soil C and N sequestration, building soil organic 39 

matter and soil fertility, reducing greenhouse gas emission, using marginal land for biomass prouduction, etc.) (Carlsson et 40 
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al. 2016; Glover et al. 2010; Tilman et al. 2006). In this context, forage legumes have the potential to produce N-rich plant 41 

biomass with no inputs of N fertilizer. 42 

Forage legumes are widely used in agriculture as a valuable means of supplying protein-rich feed (Lüscher et al. 2014) and 43 

maintaining soil N fertility and plant productivity (Anglade et al. 2015; Dahlin and Stenberg 2010b). Forage legumes in 44 

cropping systems introduce atmospheric N2 to the soil N pool through the process of biological N2-fixation and improve the 45 

N supply to companion non-legume species (Dahlin and Stenberg 2010b; Fustec et al. 2010; Pirhofer-Walzl et al. 2012) and 46 

subsequent crops in the rotation (Eriksen et al. 2008; Rasmussen et al. 2012). However, multiple studies have reported wide 47 

spatial and temporal variations in legume N2-fixation and contribution to soil N fertility (e.g. Anglade et al. 2015; Carlsson 48 

and Huss-Danell 2003; Lüscher et al. 2014). N2-fixation is the result of internal and external factors such as legume species 49 

and genotype, their interaction with the environment (Carlsson and Huss-Danell 2003; Vinther and Jensen 2000), 50 

management practices such as cutting (Dahlin and Stenberg 2010a), grazing and fertilization (Vinther 1998), and plant 51 

species diversity and composition (Carlsson and Huss-Danell 2003; Carlsson et al. 2009; Rasmussen et al. 2012).  52 

Numerous studies on N2-fixation have shown that plant species diversity and richness of forage legume and non-legume in 53 

grasslands are some of the best management factors that can be applied to increase legume reliance on N2-fixation (e. g. 54 

Carlsson and Huss-Danell 2003; Carlsson et al. 2009; Høgh-Jensen and Schjoerring 1997; Nyfeler et al. 2011; Palmborg et 55 

al. 2005). The studies suggest that N2-fixation is regulated by legume competition for available soil N, defined as the gap 56 

between N availability in the soil and the N demand of the plant species in the mixtures, where non-legume species compete 57 

for the available soil N forcing the legume species to acquire more N from biological N2-fixation.  58 

To date, the N dynamics in diversified grasslands with forage legume and forage grasses have been extensively studied. The 59 

dynamics of N2-fixation in grassland mixtures including only forage legume species remain poorly understood. In this new 60 

experiment, we investigated how each of the three forage legume species: red clover (Trifolium pratense L.), white clover 61 

(Trifolium repense L.) and lucerne (Medicago sativa L.) in a grassland mixture influence the growth, N2-fixation and N 62 

acquisition of the other legumes in the mixture. The three forage legume species: red clover (RC), white clover (WC) and 63 

lucerne (LU) used in the present experiment are widely cultivated and commercially important forage legumes across the 64 

globe (Phelan et al. 2015) and are potential biological N2-fixers in temperate grasslands (Carlsson and Huss-Danell 2003; 65 

Rasmussen et al. 2012). They differ in root systems development and tissue composition, such as the C:N ratio (Louarn et 66 
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al. 2015), growth habit as white clover has clonal or stoloniferous and shallow adventitious root system while red clover has 67 

an erect growth habit with deep tap root system and with larger shoot but lower shoot density than white clover. White 68 

clover forms leaves from stems faster than red clover and more resistant to cutting while upright growth habit and solitary 69 

crown makes red clover less tolerant to frequent cutting (Black et al. 2009), and in their competitive ability in herbage 70 

production mixture with non-legumes, especially grasses, red clover being the more competitive to grass than lucerne and 71 

white clover (Black et al. 2009;Elgersma and Søegaard 2016). Furthermore, they differ in their canopy architecture (leave 72 

position and angle with in a canopy) and light interception. White clover has horizontal leaves, which favors more light 73 

interception at the top of the canopy, while red clover has greater distribution of the leaf area and light interception in the 74 

intermediate layer of the canopy (Black et al. 2009). They have different patterns of N uptake from the soil, of build-up and 75 

utilization of the N reserve in roots and in their ability to compete for recycled N (Barber et al. 1996; Frankow-Lindberg and 76 

Dahlin 2013; Louarn et al. 2015; Tomm et al. 1995).  Lucern has shown an ability to assimilate N from deep soil layers 77 

(Kelner et al. 1997), while white clover from the upper soil layers due to shallow stoloniferous roots (Rasmussen et al. 78 

2013; Younie 2012). Red clover and lucerne build-up and remobilize carbohydrates and N stored in their large tap root 79 

system for shoot regrowth (Black et al. 2009; Barber et al. 1996). Moreover, they differ in their ability to fix atmospheric 80 

N2, to transfer and rhizodeposit fixed N, and to receive N transferred from companion species as well as re-uptake of 81 

rhizodeposited N (Frankow-Lindberg and Dahlin 2013; Høgh-Jensen and Schjoerring 2000; Louarn et al. 2015; Pirhofer-82 

Walzl et al. 2012; Rasmussen et al. 2012)., with higher rate of N2-fixation (Carlsson and Huss-Danell, 2003) and transfer of 83 

fixed N to the companion species (Høgh-Jensen and Schjoerring 2000; Louarn et al. 2015; Pirhofer-Walzl et al. 2012) in 84 

white clover. Red clover has demostrated better ability to absorb N transferred from companion species than white clover 85 

(Pirhofer-Walzl et al. 2012), while lucerne has been found to be both a poor donor (Frankow-Lindberg and Dahlin 2013; 86 

Louarn et al. 2015) and a receiver (Pirhofer-Walzl et al. 2012). Varied above- and below-ground resource utilization and 87 

niche differentiation in space and time might occur between these species when grown in a mixture due to differences in 88 

plant architecture, and growth and N uptake patterns. In particular, the complementarity between forage legume species in a 89 

mixture might increase the utilization of soil N resources, making them stronger competitors for the available soil N in the 90 

rhizosphere, thereby increasing plant production and the proportion of atmospheric N2-fixation in the mixture compared to 91 

the species grown in pure stands. Hence, exploration of plant production and N2-fixation in a mixture of forage legume 92 

species is expected to generate new knowledge towards achieving higher and more stable biomass and N yields. In addition, 93 
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integration of legume-only mixtures in grassland is expected to increase the supply of protein without N fertilization.  Thus, 94 

we conducted this study with the objectives of determining how the grassland mixture of forage legume species will affect: 95 

1) herbage yield, N yield and botanical composition, and  2) percentage and amount of N derived from the atmosphere. The 96 

following hypotheses were tested: 1) the herbage yield and N accumulation increases in the forage legume mixtures 97 

compared to pure stands, and 2) the proportion of legume-N derived from the atmosphere increases in the forage legume 98 

mixtures compared to pure stands.  99 

Materials and methods 100 

Experimental site 101 

This field experiment was conducted at Foulumgaard experimental station, Aarhus University, located in Central Jutland, 102 

Denmark (09° 34° E and 56° 29° N). The experimental field has grown cereals at least since 2010 prior to the establishment 103 

of the present experiment in 2014. The soil is loamy sand characterized as typic Hapludult comprising 7.4% clay, 10% silt, 104 

48% fine sand, 33% coarse sand and 1.6% carbon (Elgersma and Søegaard 2016). Soil extractable P was 36 mg kg-1, soil 105 

exchangeable K was 129 mg kg-1 and pH 5.9. The mean monthly air temperature during the experimental period between 106 

April and October 2015 ranged between 7 and 17 °C, with July and August the warmest months. The monthly precipitation 107 

ranged from 21 to 117 mm, where May, June, July and September were the wettest months (Fig. 1).  108 

Experimental design and establishment of experimental plots 109 
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Ten different grassland mixtures, including pure stands, two- and three-species mixtures, were established in spring 2014 110 

including commonly used cultivars of three forage legume species: red clover (Trifolium pratense L. var. Suez), white 111 

clover (Trifolium repens L. var. Silvester)  and lucerne (Medicago sativa L. var. Creno). The species were sown in a 112 

replacement design, with different proportions of the species in the mixture based on their seeding rates in pure stands, in 113 

plots measuring 1.5 x 12 m and in four replicates. The seeding rates in pure stands were 10, 10 and 20 kg ha-1 for white 114 

clover, red clover and lucerne, respectively (Table 1). The lucerne seeds were inoculated with rhizobium (Nitragin Gold) 115 

before sowing. N2-fixation was determined in situ during the second year of ley establishment over the growing season 116 

between April and October in 2015 using the 15N isotope dilution method (e.g. Rasmussen et al. 2012). In this method, N2-117 

fixation is measured by assessing dilution of 15N enrichment of N2-fixing plant as compared to the 15N enrichment of non-118 

fixing plants. The non-legume plants grown together with legume plant reflects the 15N enrichment of legume derived N 119 

from soil. (Unkovich et al. 2008) At the onset of the growing season, during the second week of April, a subplot (dilution 120 

plot) measuring 1×1 m was demarcated in each experimental plot and the soil was labeled with ammonium Sulphate 0.1 g N 121 

m-2 (15N enriched to 98 atom% ) to artificially enrich the soil with 15N above the background concentration and minimize the 122 

natural discrimination in 15N enrichment, since 14N isotope of N is more abundant in the atmosphere and bond forms are 123 

easily broken, the 15N enrichment of soil N is slightly higher than the atmospheric N as a result of discrimination against 124 

heavier (15N) isotope during physiological and biochemical processes in soil and plants such as  denitrification, 125 

mineralization or transamination (He et al. 2003).  126 

 127 

Plant sampling and analysis  128 

The shoot biomass in each subplot was manually sampled four times during the growing season in a 0.25 m2 area at a 129 

stubble height of 5 cm, following common agricultural practice in cut grassland. The first sampling was done on 22 May, 130 

the second on 1 July, the third on 17 August and the last on 5 October. The plant samples were manually sorted into 131 

individual species and weeds, air-dried at 80 °C for 24 hours and dry matter (DM) weight was recorded. The dried samples 132 

were milled, subsampled and ball-milled into a fine powder, packed into small tin capsules and analyzed for total N 133 

concentration and atom% 15N at UC Davis Stable Isotope Facility, University of California, USA, on an ANCA-SL 134 

Elemental Analyzer coupled to a 20-20 Mass Spectrometer using the Dumas dry-combustion method. The N yield in each 135 

plot was determined as a product of shoot DM yield and N concentration in each species in the harvested biomass. 136 
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Calculations  137 

The N2-fixation was quantified based on excess atom% 15N in legumes and non-legumes using the weed species growing 138 

together with the legume species as reference plants, which gives the estimation of excess atom% 15N of the legume N 139 

derived from the soil. The percentage of N derived from the atmosphere (%Ndfa) was calculated using the following 140 

equation (McNeill et al. 1994):    141 

%Ndfa = (1 - (atom%15N excess legume / atom%15N excess reference)) x 100  142 

where, excess atom% 15N was calculated by subtracting the background atom% 15N (determined by analyzing 15N in 143 

legumes and weed species grown in unlabeled field plots adjacent to the 15N-labeled plots) from the atom% 15N determined 144 

in the corresponding species in 15N-labeled subplots. Then the amount of N2-fixation was expressed as a product of %Ndfa 145 

and N accumulation for the respective legume species. In the mixtures containing two or three legume species, the average 146 

%Ndfa for the whole mixture was estimated as the ratio of total amount of N2-fixed to the total N accumulated in shoots, 147 

and the seasonal %Ndfa was estimated as the ratio of the total amount of N2-fixed over the growing season to the total 148 

amount of shoot N accumulated.   149 

The relative yield (RY) was calculated for each species as its DM yield in the mixture as a proportion of its DM yield in the 150 

pure stand, with relative yield total (RYT; the sum of RYs for all species included in the mixture) values higher than 1 151 

indicating the presence of complementarity effects in the mixture (Hector 1998).  152 

Data analysis 153 

The data were analyzed using the open-source statistical program R (R Core Team 2016) (Version 3.1.1). A one-way 154 

analysis of variance (ANOVA) was used to determine the effect of sown species composition on each of the dependent 155 

variables: DM yield, N yield, atom% 15N, %Ndfa and amounts of N2-fixation, and the effect of two fixed factors (species 156 

composition and individual species) was tested using two-way ANOVA.  The effect of time of cut on DM yield, N yield, 157 

%Ndfa and amount of N2-fixation was tested using the linear mixed model. In the model, the composition of sown species 158 

(fixed effect) and time of cut (repeated fixed effect) were independent variables and block was a random factor, where plots 159 

were nested in the blocks. The model was then tested using ANOVA. For all dependent variables, the tests for significant 160 

differences between the seed mixtures were made using least square means in the adjusted Tukey method. The probability 161 
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limit for rejection of the hypothesis was set at the confidence level 0.95 (P˂0.05). The correlations between different 162 

dependent variables were tested using Pearson’s correlation coefficient. The data violating the assumption of normal 163 

distribution were generally log-transformed before analysis to achieve a normal distribution of residuals.  164 

Results 165 

The weather at the experimental site measured during the experimental period from April to early October, 2015 (Fig. 1) 166 

showed similar temperatures to the 30-year average measured at the same experimental station, while the mean monthly 167 

precipitation was about 30% higher than the 30-year average.   168 

Dry matter production and composition of the sward 169 

The seasonal total DM yield of the mixtures ranged from 10.7 to 16 t ha-1, with significant effect of species composition 170 

(p<0.001) (Fig. 2). Among the pure stands, RC produced the highest DM yield at 53 and 33% higher than the pure stands of 171 

WC and LU, respectively. All the mixtures containing RC produced DM yields as high as in RC pure stands and showed a 172 

yield advantage over pure stands of WC and LU and the WC+LU mixture. However, there was no significant difference 173 

between the seed mixtures containing RC. Species composition and seeding density affected the DM production in WC and 174 

LU, with the higher DM yield in the pure stand followed by the two-species mixture and three-species mixture with their 175 

80% seeding density. Weeds were most abundant in the pure stand of LU followed by the WC+ LU mixture and was 176 

strongly suppressed in the mixtures containing RC.  177 

The proportions of total DM yield differed markedly between the species across all mixtures. RC was the most productive 178 

of the three species (Fig. 2). Hence, RC could be defined as the most competitive of the three legume species under the 179 

conditions of the present study.  WC was always strongly suppressed by RC, but made up a higher proportion in the 180 

harvested biomass than its sown proportion in the two-species mixture with LU, and could thus be defined as less 181 

competitive than RC but more competitive than LU. LU was always strongly suppressed in all mixtures.. LU, on the other 182 

hand, was relatively less suppressed in the RC+LU mixture than WC in the RC+WC mixture.  183 

The RYT values based on total seasonal DM yield were higher than 1 only in the WC+LU mixture (1.06) and the three-184 

species mixture with 80% LU (1.2) (data not shown). In RC+WC, in the three-species mixture with 80% WC and in the 185 

three-species mixture with equal sowing density of all species, RYT was very close to 1 (between 0.99 and 1.02). In two of 186 
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the RC-dominated mixtures, RYT was lower than 1, i.e. 0.91 in RC+LU and 0.93 in the three-species mixture with 80% 187 

RC. 188 

N accumulation 189 

The average total seasonal N accumulation ranged from 440 to 595 kg ha-1, with significant differences between seed 190 

mixtures (p<0.001). Since RC defined the DM yield of the mixtures, the total N accumulation of the mixtures mirrored the 191 

pattern of RC DM production.  The total seasonal N accumulation was 34, 21 and 28% higher in mixtures containing RC 192 

compared to pure stands of WC, LU and WC+LU, respectively (Table 3). WC accumulated from 10 to 440 kg N ha-1, with 193 

the largest amount in the pure stand followed by WC+LU, RC+80WC+LU and RC+ WC+80LU. Similarly, N accumulation 194 

in LU ranged from 10 to 450 kg ha-1 with the largest amount in the pure stand followed by RC+ WC+80LU, RC+LU and 195 

WC+LU.     196 

Proportions and amounts of N2-fixation 197 

The values of atom% 15N in forage legumes and reference species were substantially above the natural abundance, and 198 

differences between the 15N enrichment of legumes and reference species were sufficient to estimate the %Ndfa. The 199 

background atom% 15N measured in non-legumes varied between 0.3668 and 0.3690, and in the three legume species 200 

between 0.3660 and 0.3667. Since the background atom% 15N in non-legumes was not affected (p>0.05) by time of cut and 201 

in legumes neither by the timing of cuts nor species, the average atom% 15N measured for the whole growing season was 202 

used as background, which was 0.3663 for legumes and 0.3676 for non-legumes. The 15N enrichment was highest at the first 203 

cut and decreased from the second cut onwards. The average excess atom% 15N in weed species varied between 2.830 and 204 

5.632, 0.835 and 1.419, 0.219 and 0.428, and 0.162 and 0.283 for the first, second, third and fourth cuts, respectively (Table 205 

2).  The excess atom% 15N in reference plants did not show a definite pattern, with no significant effect of species 206 

composition (treatments) and block at any of the cuts (p>0.05). Thus, the average excess atom% 15N of all weed species 207 

calculated at each cut was used as reference value to estimate %Ndfa.  208 

On a seasonal basis (Table 3), all the three forage legume species in the pure stand derived above 80% of their N from 209 

atmospheric N2-fixation (%Ndfa), which was similar for WC and RC. The %Ndfa in the pure stand of lucerne was 210 

significantly higher than in the pure stand of WC and RC and the mixture of WC+LU (p<0.01). In the two- and three 211 

species mixtures, the %Ndfa in WC and RC was mostly above 80%, irrespective of composition of seed mixtures, but 212 
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tended to decrease in LU (Table 3). However, the %Ndfa estimated in all three species was not affected by the composition 213 

of the seed mixture. Since RC dominated the mixtures, the weighted %Ndfa for the whole mixtures closely resembled the 214 

%Ndfa in RC, which was consistently above 80% with no significant difference between the two- and three-species 215 

mixtures. 216 

The measured %Ndfa at each cut (Table 4) showed that RC and WC mostly derived above 80% of their N from fixation 217 

during the first three cuts, with significant interaction between the seed mixture and time of cut (p<0.01). The %Ndfa in LU 218 

tended to be higher in the pure stand than in mixtures, and this difference between LU pure stands and LU in mixtures was 219 

more pronounced than the corresponding differences between pure stands and mixtures in RC and WC. However, the 220 

species composition, in general, did not affect the %Ndfa in either of the three species or the weighted average %Ndfa for 221 

the whole mixture. The %Ndfa measured in all species was nearly stable during the first two cuts and generally decreased in 222 

succeeding cuts, being more pronounced from the third to fourth cut, especially in RC and WC where the decrease from the 223 

third to fourth cut was statistically significant (p<0.001).   224 

The %Ndfa in RC and WC did not change with species composition, variation in DM production or botanical composition 225 

(Fig. 3). However, %Ndfa in LU appeared to be positively influenced by biomass yield at low yield levels, i.e. up to around 226 

1 t DM ha-1. At higher biomass yields, the %Ndfa tended to be more stable around or above 80% (Fig. 3).  227 

The amount of N2-fixation varied between the mixtures and cuts, with a significant interaction effect (p<0.001). The N2-228 

fixation was generally higher in the pure RC stand and in the mixtures containing RC. The seasonal amount of N2-fixation 229 

in the mixtures ranged from 370 to 500 kg N ha-1, with significant differences between the seed mixtures (p<0.001) (Table 230 

3). Since %Ndfa was not affected by the composition of the seed mixture, the amount of N2 fixed in all three species was 231 

closely related to the N accumulation. The seasonal N2-fixation increased in the two- and three-species mixtures, by 16 to 232 

37%, 6 to 25% and 12 to 33%, compared to the pure stands of WC and LU and the mixture of WC+LU. The pure stand of 233 

RC, and the WC+RC and WC+RC+80LU mixtures fixed amounts of N that were significantly higher than in the pure stands 234 

of WC, LU and the WC+LU mixture. Similarly, all the three-species mixtures fixed significantly larger N amounts than the 235 

pure stand of WC.       236 

When looking at each species, RC in the mixtures generally fixed as much N as in the pure stand, with the exception of the 237 

three-species mixture with the high seeding density of WC or LU. However, the seeding density influenced the N2-fixation 238 
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in WC and LU, affecting their proportion of total DM in the harvested biomass. On a seasonal basis, WC fixed more N 239 

when grown with LU in the two-species mixture, which was nearly similar to the WC in the pure stand. However, N2-240 

fixation in LU was suppressed in the mixtures, irrespective of seeding density, with significantly lower amounts of N2 fixed 241 

compared to its pure stand (Table 3).   242 

Discussion 243 

Plant growth and sward competition 244 

In the present study, the pure RC stand and mixtures containing RC showed a yield advantage compared to pure stands of 245 

WC and LU and the WC+LU mixture. However, there was no evidence of an effect of diversity leading to transgressive 246 

over-yielding (Palmborg et al. 2005), since none of the mixtures were more productive in terms of biomass yield, N 247 

accumulation or N2 fixation than the highest-yielding pure stand (RC). One explanation for the lack of an over-yielding 248 

effect could be that we had no non-legume species in the mixture that would benefit from legume-fixed N (Dhamala et al. in 249 

press; Nyfeler et al. 2011) and increase the complementarity of N use in mixtures with the fertilizing function of legumes 250 

and the uptake of this N by non-legumes (Palmborg et al. 2005). Since the WC and LU were outcompeted in the mixture, 251 

another explanation for the lack of transgressive over-yielding could be a lack of evenness in the growth of the species in 252 

the mixture (Kirwan et al. 2007) or the lack of evenness in the resource partitioning among the species in the mixture 253 

(Roscher et al. 2008). In our study, the mixture with the most even biomass yield proportions of the three species, i.e. the 254 

three-species mixture with 80% LU, also had the highest RYT value (1.2). This observation supports previous findings that 255 

evenness of species proportions in mixtures enhances complementarity effects in resource use among the mixed species.  256 

The total DM and N yields of the mixtures containing RC in the present experiment were comparable to previous studies of 257 

grassland mixtures at the same location (Dhamala et al. unpublished; Elgersma and Søegaard 2016; Pirhofer-Walzl et al. 258 

2012; Rasmussen et al. 2012) and higher or within the range of grassland production measured in various geographical 259 

regions in Europe (Anglade et al. 2015; Gylfadóttir et al. 2007; Kirwan et al. 2007; Oberson et al. 2013; Phelan et al. 2015; 260 

Pirhofer-Walzl et al. 2013). Thus, our study showed that when RC was present in the seed mixture, total DM and N yields 261 

were not compromised in the forage legume mixtures. Furthermore, the abundance of weeds was strongly suppressed in the 262 

mixtures. This suggests that the mixtures attributed to lower weed invasion (Kirwan et al. 2007) and there was a high 263 

resource utilization efficiency of the sown species in the mixture (Sanderson et al. 2005).  264 
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We had contrasting growth and competition between the three forage legume species in the mixture. Red clover consistently 265 

dominated in the mixtures irrespective of species composition and seeding densities of WC and LU; hence, RC defined the 266 

DM and N yields of the mixtures. This demonstrates the strong ability of RC to compete for above- and below-ground 267 

resources (Pirhofer-Walzl et al. 2012). We observed that RC was the most productive in the pure stand and always 268 

dominated in the mixture, with the RY value ranging from 0.63 to 0.94 and the RYT value below or near 1 in most of the 269 

mixtures, with the evidence that there was no complementarity between the species in the RC-dominated mixtures for the 270 

resource utilization (Hector 1998). Canopy characteristics of the species in the mixture was found to play an important role 271 

for light interception for photosynthesis and thereby growth in the study by Black et al. (2009), and an explanation for the 272 

restrained growth of the WC and LU in our study could be that they were shaded by the vigorous upright growth of RC 273 

(Frame 2005) and therefore outcompeted for light. The poor light interception could have lowered the leaf/stem ratio and 274 

the photosynthetic activity in LU and WC. Thompson and Harper (1988) showed that many growth attributes such as stolon 275 

branching, petiole and internode lengths and number of branched and rooted nodes in WC are affected by canopy light 276 

interception (quality of radiation transmitted) under the canopies of different grass species. We observed that the 277 

proportions of WC and LU increased with later cuts, while the RC generally showed the opposite trend with a significantly 278 

lower DM yield at the fourth cut. A second explanation could be environmental factors in that the mean monthly air 279 

temperature during the growing season (Fig. 1) remained lower than the optimum temperature required for the growth of all 280 

three species of between 20 and 25 °C (Frame 2005). However, the better performance of RC could be due to its ability to 281 

grow in a wider range of temperatures than WC and LU (Frame 2005). A third explanation for the poor growth, especially 282 

of LU, could be the preference of LU for a less frequent cutting regime than the four cuts per year applied in this study 283 

(Frame 2005; Wolf and Smith 1964). Our result indicate that the dominant species, RC in the present experiment, was the 284 

better able of the three to exploit the available resources.  285 

Proportions of N derived from the atmosphere (%Ndfa) 286 

We observed that the three forage legume species relied mainly on N derived from atmospheric N2-fixation, regardless of 287 

whether they were grown in pure stand or in two- or three-species mixtures. Hence, our second hypothesis that the 288 

proportion of legume-N derived from the atmosphere would increase in mixtures compared with pure stands was not 289 

confirmed. Numerous studies on N2-fixation have demonstrated that the %Ndfa is positively influenced by plant diversity in 290 

grasslands that are made up of a mixture of forage legumes and non-legumes due to non-legume competition for available 291 
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soil N (e.g. Carlsson and Huss-Danell 2003; Ledgard and Steele 1992; Nyfeler et al. 2011; Oberson et al. 2013; Rasmussen 292 

et al. 2012). Carlsson et al. (2009) and Palmborg et al. (2005) further suggested that functional traits of the species in the 293 

mixture play a more important role for efficient N uptake and stimulatory effect on %Ndfa. In this light, previous studies 294 

have shown that forage legumes in grassland mixtures containing non-legumes, especially grasses, often derive up to 90% 295 

or more of their N from atmospheric N2-fixation (e.g. Dhamala et al. unpublished; Rasmussen et al. 2012). The present 296 

study showed that the three studied forage legumes were equally good (or bad) competitors for soil N, i.e. that there was no 297 

difference between intra- and inter-specific competition for soil N, indicating that legume-legume mixtures behave like pure 298 

stands of legumes in terms of soil N acquisition. Hence, the documented trait differences in their root system development 299 

and tissue composition, canopy architectures, growth habit, N uptake pattern and utilization of reserve N in the roots 300 

including the competitive ability in the mixture for herbage production, ability of N2-fixation, N transfer, N 301 

rhizodeopoistion and assimilation of N transferred from the companion species is not leading to difference in N2-fixation 302 

between the mixtures and pure stands. Thus, in order to have a mixture effect on %Ndfa the grassland mixture may need to 303 

contain non-legume species, which compete more efficiently for available soil N than the legumes.  304 

The normally accepted regulation mechanism for %Ndfa is the availability of soil N, whereby a high N availability reduces 305 

%Ndfa and a low N availability increases %Ndfa. It is possible that the consistently high %Ndfa in our study was a 306 

consequence of generally low levels of plant-available soil N, since the field experiment was not fertilized, and that the 307 

legumes therefore relied to a large extent on N2 fixation for their N acquisition also when grown in pure stands. The lack of 308 

the expected effect of mixture could also be explained, at least in part, by complementary rooting patterns among the three 309 

forage legume species reducing the direct competition for plant-available soil N.  LU has demonstrated the ability to absorb 310 

N from deep soil layers, accessing leached nitrate-N (Kelner et al. 1997). In contrast, WC has been shown to assimilate 311 

nutrients more easily from the upper soil layers with the help of stoloniferous (creeping) roots (Rasmussen et al. 2013; 312 

Younie 2012). The large root system of red clover may have given it more flexibility to explore the N from both upper and 313 

lower soil profiles.  Furthermore, Barber et al. (1996) suggested that RC and LU accumulate and use their large root system 314 

as an N reserve, and that their shoot regrowth is mainly supported by the supply of N from roots. Thus, LU and RC, in the 315 

present experiment, could have built up more reserve N in their roots and therefore competed less with companion species 316 

for the available soil N. Given the fairly large variation in the proportions of the three legumes across the mixtures, the 317 
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finding that none of the three legumes seemed to be affected by competition for available soil N indicates that the legumes 318 

competed mainly for other resources, such as light, water and nutrients other than N.   319 

Recently, Dhamala et al. unpublished suggested an alternative regulation mechanism for %Ndfa whereby the re-uptake by 320 

the legume of its N exudates regulates %Ndfa. Previous studies have shown that all three forage legume species are net 321 

donors of N when in mixture with non-legume species. WC is a generous N-donor (Høgh-Jensen and Schjoerring 2000; 322 

Pirhofer-Walzl et al. 2012), but a poor receiver of the N transferred from companion species, while RC is an intermediate 323 

donor and a good receiver (Pirhofer-Walzl et al. 2012). LU has been shown to retain its plant N with a lower proportion 324 

being transferred (Frankow-Lindberg and Dahlin 2013; Louarn et al. 2015) and less fixed N being rhizodeposited (Louarn et 325 

al. 2015; Wichern et al. 2008), including a poorer ability to absorb the N transferred from companion species (Pirhofer-326 

Walzl et al. 2012). Thus, in line with the argument by Dhamala et al.unpublished, our result indicates that the legumes, 327 

especially RC, could access their N exudates due to the absence of non-legume competition for the legume-derived N, as 328 

observed by the net transfer of N to companion species in mixtures with non-legumes (e.g. Dhamala et al. in press; Dahlin 329 

and Stenberg 2010b; Rasmussen et al. 2013).  330 

Interestingly, the %Ndfa of LU showed a dependency on DM yield, which was not found for RC and WC. The LU, in 331 

general, had a relatively lower %Ndfa than RC and WC in the mixtures, but this tended to be higher in the pure stand 332 

(Tables 2 and 3).  Therefore, despite comparable levels of shoot yields of WC and LU, the %Ndfa tended to be lower in LU 333 

than WC. The differences in %Ndfa between the two species could partly be the result of differences in their pattern of N 334 

uptake. LU has been shown to compete more strongly for available soil N and act as both a source and sink for the recycled 335 

mineral N (Tomm et al. 1995). Therefore, LU in the present experiment must have extracted more N from the soil pool, 336 

resulting in less dependency on atmospheric N2-fixation when the DM yield of LU was low. In contrast, with a higher 337 

biomass production in pure stand, soil N might have become limited and LU had to increase its reliance on N2-fixation or 338 

another explanation could be that higher %Ndfa in pure stand of LU may have been due to higher competition for the 339 

available N from weed species. Buildup and utilization of the N reserve in the roots may have been lower in WC because of 340 

a higher rate of transfer and rhizodepositon of fixed N (Louarn et al. 2015; Pirhofer-Walzl et al. 2012) and a fast turnover 341 

and N release from roots (Louarn et al. 2015). Hence, the dependency on N2-fixation was in general higher for WC than for 342 

LU. Furthermore, the lower %Ndfa of LU at DM productions below 1 t DM ha-1 could also be related to a higher metabolic 343 

cost of N2-fixation as the plants should be able to supply the necessary carbohydrates produced from photosynthesis for the 344 
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N fixed from bacteria (Schulze 2004). This indicates that the growth of LU at low densities might have been limited by 345 

resources other than soil N (e.g. light, water, other nutrients) caused by competition from RC and WC. In summary, our 346 

result suggests that the three forage legume species both differed in their competitiveness for soil N and in their competition 347 

for other resources. 348 

We observed seasonal variation in %Ndfa, with a decrease later in the growing season and especially so at the fourth cut.  349 

Such a decrease  was also found in previous studies by Dhamala et al. unpublished and Rasmussen et al. (2012), and could 350 

be related to light and temperature sensitivity in the nitrogenase activity and the lower carbohydrate supply to root nodules 351 

(Gralle and Heichel 1982; Roughley and Dart 1970). Another explanation could be reduced growth of the plant species later 352 

in the growing season. The reduced growth could have decreased the N demand and thus also the need to spend energy on 353 

N2-fixation, consequently increasing the relative reliance on soil N. This phenomenon was observed by Nylefer et al. (2009) 354 

and (2011) in a grass-clover mixture, but the opposite was reported by Frankow-Lindberg and Dahlin (2013) and 355 

Rasmussen et al. (2013), who found grass to rely more on legume-derived N during the latter part of the growing season. 356 

Another explanation could be a higher soil N level later in the growing season due to mineralization from the soil N pool 357 

(Eriksen et al. 2008).  358 

Amount of N2-fixation 359 

In the present study, given the similar levels of %Ndfa, the differences in N2-fixation among the species were mainly driven 360 

by the differences in DM production and N accumulation, as observed in previous investigations and documented in 361 

reviews (Anglade et al. 2015; Carlsson and Huss-Danell 2003; Dahlin and Stenberg 2010a; Nyfeler et al. 2011; Phelan et al. 362 

2015).  363 

The seasonal amount of N fixed in the whole mixture (370-500 kg ha-1) in the present experiment was higher than a 364 

previously reported range of N2-fixation (100–380 kg N ha-1 yr-1) in European grasslands (Lüscher et al. 2014). The fixed 365 

amount of N was comparable to the highest amount of N2-fixation recorded in red clover (545 kg ha-1)  and lucerne (443 kg 366 

ha-1) in Europe (Anglade et al. 2015), and the reported highest amounts of N2-fixation in WC (545 kg ha-1), RC ( 373 kg ha-367 

1) and LU (350 kg ha-1) in northern European grasslands (Carlsson and Huss-Danell 2003). Thus, the present organic 368 

temporary grassland demonstrated a high N input from N2-fixation. Since we did not observe any transgressive over-369 

yielding, none of the mixtures in the present study fixed more N than the highest performing pure stand (RC). However, the 370 
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amounts of N2-fixation in mixtures containing RC were comparable to the strongest species in the pure stands and mostly 371 

higher than the pure stands of WC and LU and the WC+LU mixture. Hence, the lower amount of N2 fixed in the WC and 372 

LU pure stands and in the WC+LU mixture was compensated when RC was incorporated in the seed mixture, at least in a 373 

relatively small proportion. Thus, our study showed that forage legumes have the potential to deliver a high herbage 374 

production, N accumulation and N2-fixation, and provide protein-rich biomass without the need for N fertilization. These 375 

perennial crops are therefore a strong tool in the challenge of increasing European protein self-sufficiency. 376 

Conclusions 377 

Our study showed that mixtures of forage legume species had high biomass productivity and N yield from N2-fixation. The 378 

proportion of N derived from N2-fixation in the mixtures was similar to that of the respective pure stands; hence, we did not 379 

observe a mixture effect on N2-fixation as known from mixtures of legumes and non-legumes. Red clover was highly 380 

competitive under the study conditions, and there was no indication of complementary resource use in red clover-dominated 381 

mixtures. We conclude that mixtures consisting of only forage legume species do not express strong complementarity or 382 

over-yielding. However, such mixtures can be grown without compromising herbage production, N accumulation and input 383 

of N from N2-fixation, provided that the mixture contains the dominant species (red clover in the present study) at least as a 384 

small proportion in the seed mixture. 385 

 386 
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 495 

Figure legends 496 

Fig. 1 Monthly precipitation and mean monthly air temperature during the experimental period from April to October in 497 

2015 measured at a climate station near the experimental field. 498 

Fig. 2 Whole season shoot dry matter (DM) yield of red clover, white clover, lucerne and weeds grown in the field. Values 499 

are mean (±SE; n= 4) measured at four cutting times during the 2015 growing season. Different letters indicate statistically 500 

significant differences between species composition at the 0.05 level. RC: Red clover, WC: White clover, LU: Lucerne and 501 

80: percentage of total seeds in the mixture. 502 
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Fig. 3 Relationship between the dry matter production and percentage of N derived from atmosphere (%Ndfa) in the three 503 

forage legume species measured at four cutting times during the 2015 growing season. The dashed vertical line in c. 504 

Lucerne represent threshold line for positive association between LU dry matter production and %Ndfa.  505 

 506 
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 508 

 509 
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Table 1: Composition of seed mixtures (percentage is based on each species seeding rate in pure stand) 

 

Seed mixtures 
Percentage of seed in the 
mixture (%)  Seeding rate (Kg ha-1) 

RC WC LU  RC WC LU 

Pure 
stands 

RC 100    10   
WC  100    10  
LU   100    20 

Two 
species 

RC+WC 50 50   5 5  
WC+LU  50 50   5 10 
RC+LU 50  50  5  10 

Three 
species 

80RC+WC+LU 80 10 10  8 1 02 
RC+ 80WC+LU 10 80 10  1 8 02 
RC+ WC+80LU 10 10 80  1 1 16 
RC+ WC +LU 33 33 33  3.3 3.3 6.6 

RC: Red clover, WC: White clover, LU: Lucerne   



Table 2: Excess atom% 15N in reference plants (weed species) measured in shoot four times during the 
growing season in 2015. Values are mean (±SE; n= 4) measured at four cuts during the 2015 growing season. 
Absence of letter within each column indicates no significant difference between the treatments. 

Seed mixtures Cut 1  Cut 2  Cut 3  Cut 4 

Pure 
stand 

RC 4.484±1.250  1.302±0.280  0.333±0.043  0.278±0.024 
WC 3.458±0.986  1.215±0.101  0.219±0.044  0.206±0.011 
LU 2.830±0.920  0.835±0.039  0.253±0.006  0.214±0.008 

Two 
species 

RC+WC 5.632±0.568  1.399±0.100  0.428±0.065  0.283±0.034 
WC+LU 3.858±0.355  1.419±0.143  0.387±0.070  0.162±0.001 
RC+LU 3.645±1.107  1.265±0.250  0.328±0.035  0.261±0.029 

Three 
species 

80RC+WC+LU 4.034±0.199  1.274±0.127  0.374±0.032  0.253±0.028 
RC+80WC+LU 2.862±0.780  0.857±0.068  0.269±0.019  0.200±0.012 
RC+WC+80LU 3.742±0.383  1.031±0.078  0.351±0.060  0.246±0.024 
RC+ WC+LU 4.095±0.693  1.106±0.288  0.363±0.042  0.222±0.016 

RC: Red clover, WC: White clover, LU: Lucerne and 80: percentage of total seeds in the mixture 

 

 



Table 3: Whole season N accumulation in red clover, white clover and lucerne, and percentage (%Ndfa) and amount of N2-fixation in red clover, 
white clover, lucerne and in the whole mixture measured in shoots. Values are mean (±SE; n= 4) measured at four cutting times during the 2015 
growing season. Different letters within the same column indicate statistically significant differences between species compositions at the 0.05 level.  

 

Seed mixtures 
N accumulation (kg N ha-1)  % Ndfa  N2-fixation (kg N ha-1) 
RC WC LU  RC WC LU Weighted  RC WC LU Total 

Pure 
stand 

RC  595±18b    85±0.3a   85±0.3a  506±15b   506±15d  
WC  440±8c    84±0.9a  84±0.9a   370±7e  370±7a 

LU   450±10c    90±0.5a 90±0.5b    405±10c 405±10abc 

Two 
species 

RC+ WC 558±22ab 020±4a   86±1.0a 74±4.5a  86±0.8ab  480±20ab 015±4ab  495±17d 

WC+LU  410±9c 045±18ab   84±0.5a 76±5.2a 84±0.7a   345±6e 034±16ab 380±15ab 

RC+LU 453±49ab  050±22ab  86±1.3a  77±8.5a 86±1.4ab  390±31ab  040±20ab 430±22abcd 

Three 
species 

80RC+WC+LU 524±25ab 010±3a 010±7a  86±0.8a 77±7.5a 81±4.0a 86±0.9ab  450±25ab 008±3a 008±6a 466±22bcd 

RC+80WC+LU 376±48a 155±34b 012±7a  87±0.6a 84±1.3a 75±9.0a 86±0.9ab  327±44a 130±28de 009±6a 466±28bcd 
RC+WC+80LU 374±81a 100±37ab 114±38b  86±0.6a 83±2.0a 85±3.0a 86±0.5ab  322±71a 083±31cd 097±32b 502±30d 

RC+ WC+LU 520±25ab 037±8a 012±8a  87±0.4a 87±1.0a 60±13.0a 86±1.0ab  452±23ab 032±7bc 007±3a 492±16cd 
RC: Red clover, WC: White clover, LU: Lucerne and 80: percentage of total seeds in the mixture 



Table 4: Percentage of N derived from the atmosphere (%Ndfa) in red clover, white clover and lucerne measured in shoot four times during the growing 
season in 2015. Values are mean (±SE; n= 4) measured at four cutting times during the 2015 growing season. Different letters within the same column 
indicate statistically significant differences between species compositions at the 0.05 level. 

 

Seed mixtures 
Cut 1  Cut 2  Cut 3  Cut 4 
RC WC LU  RC WC LU  RC WC LU  RC WC LU 

Pure 
stand 

RC 88±0.5a    88±0.5a    83±0.9a    75±0.6b   

WC  92±0.8b    90±1.0a    76±2.0a    71±1.5ab  

LU   93±0.6a    92±0.8a    92±0.7a    77±0.5a 

Two 
species 

RC+WC 90±0.9a 49±18.0a   89±0.4a 85±1.5a   83±1.4a 80±2.6ab   77±1.0b 73±1.3ab  

WC+LU  92±0.5b 83±3.0a   90±1.0a 70±9.0a   78±1.0a 67±9.0a   70±0.9a 60±10.0 a 

RC+LU 90±0.8a  84±7.0a  90±0.8a  79±5.5a  84±1.8a  73±11.0a  71±3.9ab  67±12.0a 

Three 
species 

80RC+WC+LU 90±1.0a 88±2.6b 86±2.4a  89±0.9a 88±1.0a 71±8.2a  84±0.7a 84±1.0ab 62±12.0a  75±2.8ab 75±3.4ab 57±19.0a 
RC+80WC+LU 92±0.6a 89±1.0b 82±5.8a  89±0.9a 90±0.9a 78±5.0a  83±0.8a 83±1.6ab 55±15.0a  69±2.7a 72±2.5ab 54±10.0 a 

RC+WC+80LU 90±1.0a 88±1.0b 88±3.2a  89±0.4a 89±1.7a 82±5.8a  84±2.4a 82±2.2ab 85±2.2a  71±1.8ab 71±3.8ab 78±2.0a 

RC+ WC+LU 91±0.8a 89±1.2b 58±19.0a  90±0.3a 90±0.9a 49±15.0a  85±0.3a 87±0.9b 55±13.0a  73±3.0ab 75±1.0b 46±8.2a 
RC: Red clover, WC: White clover, LU: Lucerne and 80: percentage of total seeds in the mixture 
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