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Abstract 
Aims  To explore the contribution of vertical root 
niche differentiation to recovery of deep NH4

+ by 
species in cultivated grass-clover mixtures, and to 
mixtures’ overyielding.
Methods  The uptake of a deep-placed (42 cm) slow-
release 15NH4

+ label was tracked in the herbage of 
two grass-clover mixtures during one growing season 
and the subsequent spring (3 + 1 harvests) and com-
pared with uptake in monocultures.
Results  Mixtures overyielded in biomass (+ 11%), 
total N (+ 24%), and deep 15NH4

+ recovery (+ 17%). 
The latter was most pronounced in the autumn 
(+ 47% to + 62%). Diversity effects on deep 15N 
recovery were a combined result of changes in 
growth vigor and 15N recovery per biomass. We 

found evidence of vertical niche differentiation: 
Schedonorus arundinaceus, Schedonorus praten-
sis and Lolium perenne displayed positive diver-
sity effects on deep 15N uptake per biomass com-
bined with increased total N concentration; not so 
in Phleum pratense and Poa pratensis. Though the 
diversity effect on deep 15N per biomass was small 
in N-fixing Trifolium pratense, due to its high yields 
this translated into a large negative diversity effect on 
deep N recovery. Enhanced deep N uptake was con-
tingent on enhanced growth vigor.
Conclusions  Improved N nutrition in grasses due 
to clovers did not prevent overall positive diversity 
effects on deep N recovery. This is potentially ben-
eficial for reducing N leaching. The grass-clover 
mixtures better combined recovery of deep-placed 
15NH4

+ with yield performance and high protein con-
tent than any single species. Diversity effects on deep 
N uptake were species-specific and could not be pre-
dicted by performance in monoculture.

Keywords  Roots · Ecosystem productivity · 15N · 
Nitrogen use efficiency · Biodiversity · Species 
interactions

Introduction

There is an increasing demand for forage of high 
quality and protein content, produced with high nitro-
gen use efficiency and reduced N losses.
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Combining species with different growth habits 
can increase capture and use efficiency of resources 
such as light and nutrients and confer tolerance and 
resilience to adverse physical and biological factors, 
prompting diversity effects on the biomass and qual-
ity of a species in a mixture compared to monocul-
ture (Weisser et  al. 2017). A classical case is grow-
ing grasses with N-fixing legumes, which can give 
positive diversity effects on grass N nutrition (Hooper 
1998; Jing et  al. 2017; Lüscher et  al. 2014; Nyfeler 
et al. 2011) and thus reduce fertilizer needs. A mix-
ture is said to be overyielding when its overall perfor-
mance is superior to the performance of its compo-
nents in monoculture and their proportional presence 
in the mixture (Lüscher et  al. 2008; Nyfeler et  al. 
2011). Thus, mixture overyielding is the sum of the 
components’ diversity effects. A mixture yield sur-
passing that of the highest-yielding species grown in 
monoculture is defined as transgressive overyielding 
(Schmid et al. 2008).

Mineral N fertilizer is easily leached below the 
upper and densest root zone. Combining species 
with varied rooting depths can enhance N utiliza-
tion throughout the soil profile (Hoekstra et al. 2015; 
Mamolos et al. 1995; Mommer et al. 2010; Pirhofer-
Walzl et al. 2013), and may contribute to overyield-
ing. It has been theorized that competition between 
species in the topsoil can stimulate species capable 
of producing deeper roots to increase N uptake from 
deeper soil (vertical niche differentiation, Hoekstra 
et al. 2015; Mommer et al. 2010), and thus enhance 
recovery of N which has leached below the topsoil.

Vertical niche differentiation is difficult to study 
as it is related to many simultaneous diversity effects 
which are difficult to disentangle (Hoekstra et  al. 
2015; Mamolos and Veresoglou 2000; Pirhofer-
Walzl et al. 2013; von Felten et al. 2012; von Felten 
and Schmid 2008) and may vary over time (Ravenek 
et al. 2014). While many studies have confirmed that 
deep-rooting grassland species can access N from 
deep soil layers (Hoekstra et al. 2015; Kristensen and 
Thorup-Kristensen 2004), mixtures including deep-
rooting species do not always obtain more N from 
deeper soil layers than mixtures without them (Hoek-
stra et al. 2015). Mommer et al. (2010) observed an 
early increase in root mass but shallower root distri-
butions in mixtures relative to monocultures, which 
they attributed to inter- and intraspecies root recog-
nition. Though plants modify root distribution and 

allocation in response to other species and competi-
tion for limiting nutrients (Cahill and McNickle 2011; 
Hodge 2004; Robinson et  al. 1999), root position is 
not necessarily indicative of nutrient uptake, as roots 
can vary in affinity for NH4

+ or NO3
− (Maire et  al. 

2009). Further, it has been suggested that species-rich 
communities invest less in belowground biomass but 
use it more efficiently (Bessler et al. 2009).

It is also unclear how the enhanced N nutrition of 
grasses when grown with N-fixing clovers may affect 
the grasses’ exploitation of N at different soil depths. 
For example, upon surface N application in a nutri-
ent-poor permanent grassland, N-competitive non-
legumes increased shallow root activity (5 cm, traced 
by alkali earth metals) while legumes increased 
deeper (15 cm) root activity and less N-competitive 
species showed little change (Mamolos et  al. 1995). 
Pirhofer-Walzl et  al. (2013) found that N-competi-
tive perennial ryegrass increased growth vigor and 
N uptake at 40 cm, and more so than deeper-rooting 
chicory, when they were grown together with leg-
umes in a moderately-fertilized ley.

Our study aimed at exploring diversity effects on 
deep N acquisition in two well-established grass-clo-
ver mixtures grown in a hemiboreal climate typical 
of southern Norway, where due to soil conditions and 
the short growing season roots of grassland species 
are mainly confined within the shallow plough layer 
(upper 20–25 cm, Bleken et al. 2022). To do this we 
developed a novel slow-release 15NH4

+ label (Byers 
et al. 2024) and followed its uptake by the mixtures’ 
components through the third production year.

We chose five common forage grasses and two 
N-fixing clovers covering a variety of expected deep 
rooting patterns, N acquisition strategies, forage 
qualities, and persistence in hemiboreal conditions. 
The five grasses were: timothy (Phleum pratense L.) 
and meadow fescue (Schedonorus pratensis (Huds.) 
P.Beauv.), which are the most commonly-grown for-
age species in Norway as they combine good forage 
quality with winter hardiness (Jørgensen et al. 2023); 
tall fescue (Schedonorus arundinaceus (Schreb.) 
Dumort), which is known to be deep-rooting (e.g. 
Hernandez and Picon-Cochard 2016; Malcolm et  al. 
2015) as well as drought and winter resistant in Nor-
dic countries; perennial ryegrass (Lolium perenne 
L.), which is fast establishing and reputed for its high 
yields and nutritional value, but overwinters poorly 
in Norway (Østrem et al. 2015) and is considered to 
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be shallow rooting (Finn et  al. 2013), and Kentucky 
bluegrass (Poa pratensis L.), which is known for 
lower yields but high N concentration and a shal-
low rhizomatous root system which makes it more 
adapted to pastures. Red and white clover are the pre-
dominant N-fixing legumes in Norway. They differ 
in growth habit; red clover (Trifolium pratense L.) is 
tall and has a persistent deep taproot (e.g. Ergon et al. 
2016), while white clover (Trifolium repens L.) forms 
stolon.

We hypothesized that mixtures of grasses and 
N-fixing clover (1) would overyield in herbage 
biomass and total N yield and (2) overyield in 
recovery of deep-placed 15N (3a) through com-
plementary vertical differentiation of root activ-
ity. Alternatively, (3b) increased N concentration 
in grasses due to presence of clovers in the mix-
ture would suppress vertical niche differentiation 
and reduce deep N uptake by the grasses. Further, 
we expected perennial ryegrass, bluegrass and the 
clovers to decrease their uptake of deep-placed 
15N and the purportedly deep-rooting grasses to 
increase it when grown in mixtures rather than in 
monoculture. This article reports the overyielding 
and diversity effects in the two mixtures. The per-
formance of the species in monoculture was pre-
sented in Byers et al. (2024).

Materials and methods

Site, experimental treatments and sward management

The experiment was established in an Umbric Epistag-
nic Retisol (IUSS 2015) at the NMBU research farm in 
Ås, Norway (59°39′49″N, 10°45′38″E, 69 m a.s.l.). The 
soil is a stone-free silty loam (~ 31% clay, 44% silt and 
25% sand), artificially drained at 1 m depth. The bulk 
density is low in the top layer (1.15 g cm−3), but below 
the ploughing depth (20 cm) it increases markedly 
to 1.5 g cm−3 at 40 cm (Byers et al. 2024). The mean 
temperature normal (1991–2020) is 13.8 °C during the 
growing season from May through September, and 0.9 
°C for October through April (Wolff et al. 2021). Dur-
ing the winter, freeze–thaw events and periods with 
snow cover are common. The normal annual precipita-
tion is 892 mm, roughly evenly distributed through the 
year, but periods of drought can occur, especially in 

early summer due to strong insolation and wind (Byers 
et al. 2024).

Average temperature was close to normal in 2017 
(Suppl. Fig. S1). Plants experienced drought in April 
and July 2017. There was an exceptionally heavy rain 
event of ~ 55 mm in August 2017 between the second 
and third harvests. The winters were harsh, especially 
before spring 2018, with continuous snow cover from 
early January to early April.

Monocultures and mixtures of forage grass and 
clover species were sown in June 2014 in fully ran-
domized plots (8 m × 1.5 m) on 12 sowing rows per 
plot spaced 12 cm apart. Two mixtures were used. 
Mix 4 was composed of timothy (Phleum pratense 
L. cv. Grindstad), perennial ryegrass (Lolium perenne 
L. cv. Figgjo), tall fescue (Schedonorus arundinaceus 
(Schreb.) Dumort. cv. Swaj), and red clover (Trifolium 
pratense L. cv. Lea). Mix 10 in addition to the four 
species of Mix 4 included meadow fescue (Schedo-
norus pratensis (Huds.) P.Beauv. cv. Fure), Kentucky 
bluegrass (Poa pratensis L. cv. Knut), white clover 
(Trifolium repens L. cv. Milkanova), smooth brome-
grass (Bromus inermis Leyss.), festulolium (Hybrid 
Festuca x Lolium), and alfalfa (Medicago sativa L.). 
The best locally adapted cultivars were chosen. How-
ever, festulolium, smooth bromegrass and alfalfa had 
not survived in the mixture by the time of this study, 
apart from a few bromegrass leaves. If any festulo-
lium was present this was likely included among the 
fescues during sorting. In the case of alfalfa inocu-
lation with a suitable Rhizobium had failed. Clover 
seed was successfully inoculated using soil from an 
organically managed crop rotation.

Starting in 2015, the swards were harvested three 
times per year following local recommendations for 
high forage digestibility. All treatments received 
moderate N fertilization, in total 200 kg N ha−1 yr−1 
applied as NPK 22–3–10, distributed 40% in early 
spring (60% in 2018), 40% after the first harvest 
and 20% after the second harvest. More details are 
reported in Byers et al. (2024).

15N Labeling

A slow-release label of 98 atom percent (AT%) 
15NH4

+ adsorbed to clinoptilolite was applied in 4 
subplots distributed in 4 fully randomized sowing 
plots per treatment, before the onset of the spring 
regrowth (18–20 April 2017). Each subplot received 
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a dose of 36.0 mg 15N, which translates to 68 mg 
m−2 of plant sampling area, placed at 41–43 cm 
depth in a pre-augured 4 × 4 array of 16 mm diam-
eter, 0.43 m deep holes centered between sowing 
rows and spaced 12 cm apart. Care was taken to 
avoid contamination and holes were sealed with 
finely ground and compacted dry clayey soil, to 
hinder preferential root growth. See Byers et  al. 
(2024) for an evaluation of the 15N labeling method 
and results of the companion 15N-labeling study in 
monocultures of timothy, ryegrass, tall and meadow 
fescue, bluegrass, red and white clover in the same 
field experiment.

Plant sampling, total N and 15N uptake

We measured the dry matter (DM) and N yield, and 
uptake of 15N in the herbage of the three harvests 
(H1, spring; H2, summer; and H3, autumn; on 6 June, 
27 July and 18 September, respectively) during the 
growing season following the labeling event, and in 
the spring harvest of the following growing season 
(H4, on 30 May 2018). Herbage above ~ 5 cm stub-
ble height was collected from a square sampling area 
(0.532 m2) with a width of 5 sowing rows, which was 
superimposed and larger than the area delineating 
the 15N label placement (Powlson and Barraclough 
1993). The herbage of mixtures was sorted into indi-
vidual species while fresh. Samples were dried at 
40–60 °C, chopped, and a subsample was ground, 
ball-milled and analyzed for N content and excess 
15N above natural abundance to calculate uptake as 
detailed in Byers et al. (2024).

Per mixture subplot j, the total yield in herbage 
DM (g m−2), N (g m−2) or 15N uptake (mg m−2) is the 
summed values of the component species i:

The whole-season cumulative 15N uptake per herb-
age DM (mg g−1) was calculated per subplot j over 
three consecutive harvests h as:

The same approach was used to calculate the yield-
weighted average total N concentration in DM (g 
g−1).

Diversity effects on mixtures’ components

For each species, the expected yield (g m−2 for DM 
and N, mg m−2 for 15N) and diversity effect (same 
units) were calculated from the mean DM or N 
yields and 15N uptake in monoculture (Eqs.  3 and 
4) weighted by the attained share of the DM yield in 
the mixture. This accounted for the marked shift in 
botanical composition by the third production year 
and differs from the expected yield based on sown 
proportions as used in otherwise similar studies (e.g. 
Kirwan et al. 2009).

The expected 15N uptake (mg m−2) at each single 
harvest was also weighted based on the amount of 15N 
remaining in the soil after previous harvests, assum-
ing that plant uptake into harvested herbage was the 
only removal of 15N. This was done to account for the 
fact that the label amount remaining in the soil could 
differ between mixtures and monocultures (Eq. 5).

(1)(Yield)j =
∑

i

(Yield)ij

(2)(15Nuptake∕DM)j =

∑

h,i (
15Nuptake)hij

∑

h,i (DMyield)hij

(3)(Expected yield)ij = (DM share)ij ∗ (Mean yield)mono,i

(4)(Diversity effect)ij = (Yield)ij − (Expected yield)ij

However, the whole season cumulative diversity 
effect on 15N uptake summed over three harvests (h) 
was based on the amount of applied 15N.

The diversity effect on 15N uptake can result from 
changes in DM yield or changed deep root activity. 
To explore this, at each harvest we estimated the 15N 

(5)(Expected15Nuptake)ij = (DMshare)ij ∗ Mean

(

15Nuptake

15Nremaining

)

mono,i

∗
(

15Nremaining
)

j

recovery per dry matter (RDM, Eq. 6) relative to the 
amount of 15N label not yet removed in the harvested 
herbage. Similarly, to explore how the plants’ utiliza-
tion of Nmin from deeper soil contributes to their total 
N acquisition, we estimated a relative deep uptake 
index (RDUI, Eq. 7).
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Thus, RDM and RDUI express the strength of 15N 
recovery per DM or N yield, weighted based on the 
amount of 15N label assumed still in the soil in each 
subplot, and since they are analogous to concentra-
tions they can be compared directly between species 
in mixture or monoculture. The diversity effects on 
RDM and RDUI were calculated as the difference 
from the observed value in mixture and the average 
value in monoculture. A positive or negative diversity 

(6)RDMij =

(

15Nuptake∕15Nremaining

DMyield

)

ij

(7)RDUIij =

(

15Nuptake∕15Nremaining

Nyield

)

ij

effect on RDUI indicates a niche response towards 
deeper or shallower N uptake.

Notice that a negative diversity effect on RDM or 
RDUI does not necessarily implies a negative effect 
on the contribution to total 15N uptake in the mix-
ture, as it could co-occur with increased growth vigor 
(positive diversity effect on DM) or increased nitro-
gen concentration.

Mixture overyielding

The mixtures’ overyielding in DM yields, N yields 
and 15N uptake m−2 was defined as the sum of the 
diversity effects on the components. It was calculated 
per subplot j as the difference between the yield of the 
mixture and the sum of the expected values of all spe-
cies i present in the mixture subplot:

Overyielding was defined as transgressive when a 
mixture surpasses the performance of the best mono-
culture (Kirwan et al. 2009).

Bromegrass was found in small amounts in some 
Mix 10 subplots. Since no 15N labeling experiment 
was carried out in bromegrass monocultures, mixture 
overyielding was calculated assuming that brome-
grass 15N expected values were equal to realized val-
ues (no diversity effects). Weeds were excluded from 
overyielding calculations.

Soil mineral N content

Soil was sampled in the spring from the holes for the 
15N label placement (at 0–20, 20–30 and 30–43 cm 
depths), and again in the autumn (30 October 2017) 
in selected treatments using a hydraulic press outside 
the subplots (at 0–20, 20–40 and 40–60 cm depths, 
four soil cores per main plots hosting the subplots). 
The soil was immediately refrigerated to 4 °C, sieved 
to 2.0 mm, and analyzed for 1 M KCl-extractable 
NH4, NO2 and NO3-N using colorimetric assays 
(Byers et al. 2024).

(8)Overyieldingj = Mixtureyieldj −
∑

i

(Expectedyield)ij =
∑

i
(diversityeffect)ij

Statistics

One-way analyses of variance were used to detect 
significant effects of ley type (two mixtures and 
seven monocultures) on DM and N yield, 15N uptake 
and other traits considered; homoscedasticity was 
checked and confirmed for all variables using the 
HOVTEST = BF option in the MEANS statements 
of the GLM procedure in the statistical package SAS 
9.4 (Statistical Analysis System; SAS Institute, NC, 
USA). Post hoc Tukey tests to compare yields and 
15N uptake of mixtures and monocultures was used 
for multiple means comparison of significant effects. 
Mixture positive overyielding was assessed by one-
sided t-tests separately for Mix 4 and Mix 10, and for 
both mixtures pooled together. Diversity effects were 
assessed separately per species by two-sided t-tests, 
by mixture and also with mixtures pooled together. In 
all cases, an effect was considered statistically signifi-
cant when p ≤ 0.05, and for brevity is referred to as 
‘significant’. However, for t-tests we also report prob-
ability values ≤ 0.15, while larger probabilities are 
indicated as ‘n.s.’
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Results

For detailed results of the species in monocultures 
and an evaluation of the 15N labeling method see 
Byers et al. (2024).

Mixture composition

At the time of the labeling experiment in the third 
production year, the contribution of single compo-
nents to the total mixture DM yield diverged strongly 
from the original seeding proportion, and changed 
from harvest to harvest (Fig. 1). Mix 4 was dominated 
by red clover and perennial ryegrass, with timothy 
and tall fescue comprising only around 16% of the 
herbage (H1 to H3). Mix 10 was also dominated by 
red clover, while timothy, ryegrass and both fescues 
(hereafter called the tall-growing grasses) were more 
evenly distributed. Ryegrass doubled its DM yield in 
both mixtures from H1 to the drought-affected sum-
mer harvest H2 (Suppl. Table  S2); red clover also 
yielded strongly in H2 and only showed a reduced 
proportion in Mix 4 due to ryegrass dominating. Tim-
othy contributed about the same DM share per har-
vest in both mixtures.

After a harsh winter and prolonged early spring 
snow cover, several red clover plants died in mixtures 
and well as in monoculture, and both fescues and timo-
thy increased their share in the harvest (H4) of the sec-
ond spring after 15N labeling. However, while in Mix 
4 ryegrass remained the dominating species, Mix 10 

became dominated by timothy and the fescues along 
with an increased weed presence. While only sparse 
ryegrass tillers survived in monocultures, ryegrass 
overwintered relatively well in the mixtures. Only 
small amounts of bluegrass, white clover and brome-
grass survived early competition and were found in 
Mix 10 in at least two replicate plots at each harvest.

Overyielding of mixtures

Considering the whole growing season (H1-H3), 
mixtures showed a tendency towards transgressive 
DM overyielding at over 900 g m−2 and transgres-
sively overyielded in N yield by 8–9 g m−2 compared 
to the best monospecific grass (Table 1). Further, Mix 
4 recovered 52% of the applied deep 15N, similarly 
to the best-recovering monocultures (timothy; 55%), 
while Mix 10 recovered 43%, similarly to tall and 
meadow fescue monocultures (Tables 1 and 2).

Compared to expected values (Eqs.  3 and 5), 
mixtures together overyielded significantly (Eq.  9), 
with + 10% DM yield, + 25% N yield, and + 16% 
15N recovery (Table 2A) over three harvests. Includ-
ing H4 (first harvest of the following year, Table 2B) 
gave similar results. Mix 10 exhibited weaker overy-
ielding than Mix 4, particularly with respect to deep 
15N recovery, which while significant was only 5% 
more than expected, compared to 27% more in Mix 
4 (Table 2A). In Mix 10 the DM overyielding (~ 8%) 
was very variable, linked to patchiness of its herbage 
(SE ± 60 g m−2, Table 2).

Fig. 1   Species’ share of 
DM yield (% ± SE) in Mix 
4 and Mix 10, by harvest. 
SE is not shown for spe-
cies present only in small 
amounts in Mix 10. RYE: 
perennial ryegrass; TIM: 
timothy; TAL: tall fescue; 
MEA: meadow fescue; 
BLU: bluegrass; RC: red 
clover; WC: white clover, 
REST: weeds. H1: spring 
2017; H2: summer 2017; 
H3: autumn 2017, H4: 
spring 2018

37%
49%

41%
56%

13%
26%

18% 12%

10%

6%

5%

16%

10%

9%

7% 19%

6%

11%

9%

13%

23%

20%

8%
9%

11%
2 %

23%

25%

47%
34%

45%

15%

35% 39% 40% 19%

0%

20%

40%

60%

80%

100%

H1 H2 H3 H4 H1 H2 H3 H4

Mix 4 Mix 10

RYE

TIM

TAL

MEA

RC

REST
BRO
BLU
WC



1799Plant Soil (2025) 517:1793–1811	

Vol.: (0123456789)

Herbage overyielding changed during the grow-
ing season. Herbage DM overyielding was moderate 
in the springs (significant only in Mix 10), absent 
or negative in the drought-affected summer harvest 
and large in autumn (~ 28% above expected) (Fig. 2). 
Nitrogen overyielding was present in every harvest, 

except for Mix 10 in the summer harvest H2, and was 
strongest in autumn (48% more than expected in Mix 
4, 41% in Mix 10). Overyielding in 15N uptake was 
non-significant or small in spring and summer, when 
only Mix 4 overyielded, and very large in the autumn: 
62% and 47% more than expected in Mix 4 and Mix 

Table 1   Whole-season DM yield (g DM m−2), N yield (g N 
m−2), and total 15N herbage uptake (mg 15N m−2) of three con-
secutive harvests after 15N labeling in early spring 2017, and 

related yield-weighted (Eq. 2) N concentration in the DM (%), 
15N herbage uptake to DM yield (mg 15N g−1 DM), and 15N 
herbage uptake to N yield (mg 15N g−1 N)

DM Yield 
(g DM m−2)

N yield 
(g N m−2)

15N herbage 
uptake (mg 15N 
m−2)

N conc. (%) 15N herbage 
uptake/DM yield 
(mg 15N g−1 DM)

15N herbage 
uptake/N yield 
(mg 15N g−1 N)

Mix 4 933 (± 9.4) A 24.7 (± 0.6) A 35.3 (± 0.8) AB 2.64 (± 0.07) B 0.038 (± 0.001) ABC 1.43 (± 0.02) CD

Expected 836 (± 9.9) 19.3 (± 0.4) 27.8 (± 0.6)
Mix 10 908 (± 60.7) AB 23.8 (± 2.1) A 29.2 (± 0.3) B 2.61 (± 0.07) BC 0.033 (± 0.002) CDE 1.25 (± 0.10) DE

Expected 842 (± 13.4) 19.5 (± 0.6) 27.8 (± 0.5)
Monocultures
Per. Ryegrass 749 (± 28.1) BCD 12.3 (± 0.4) B 33.5 (± 0.9) AB 1.64 (± 0.02) D 0.045 (± 0.002) A 2.73 (± 0.11) A

Timothy 851 (± 17.8) ABC 15.7 (± 0.6) B 37.6 (± 1.5) A 1.84 (± 0.05) D 0.044 (± 0.002) AB 2.42 (± 0.14) AB

Tall fescue 880 (± 27.9) ABC 15.6 (± 1.0) B 29.2 (± 0.9) B 1.78 (± 0.12) D 0.033 (± 0.002) BCD 1.90 (± 0.17) BC

Meadow fescue 742 (± 24.6) CD 14.2 (± 0.7) B 31.0 (± 2.6) AB 1.91 (± 0.04) D 0.042 (± 0.004) ABC 2.21 (± 0.23) AB

Bluegrass 645 (± 8.5) D 14.9 (± 0.4) B 21.0 (± 2.2) C 2.31 (± 0.06) C 0.032 (± 0.003) CDE 1.41 (± 0.14) CD

Red clover 892 (± 49.8) ABC 27.8 (± 2.2) A 19.5 (± 0.5) C 3.10 (± 0.07) A 0.022 (± 0.001) E 0.71 (± 0.05) E

White clover 686 (± 39.2) D 22.1 (± 1.3) A 16.3 (± 0.6) C 3.22 (± 0.03) A 0.024 (± 0.002) DE 0.75 (± 0.07) E

Table 2   Cumulative overyielding as percent increase from expected values in DM yield (g DM m−2), N yield (g N m−2) and total 
15N herbage uptake (mg 15N m−2) of three (A) and four (B) harvests after 15N labeling

Mixture Overyielding (± SE) as % increase from expected value 15N recovered, % of 
label applied

DM yield N yield 15N Recovery In total Due to 
overy-
ielding

A) First year, spring, summer and autumn harvest in 2017, (H1 to H3)
Both  + 9.7% (± 2.8%), p = 0.006  + 24.8% (± 4.0%), p < 0.001  + 16.1% (± 4.7%), p = 0.006 47.4 6.6
Mix 4  + 11.6% (± 1.2%), p = 0.001  + 27.8% (± 3.1%), p = 0.001  + 27.0% (± 4.7%), p = 0.005 51.9 11.0
Mix 10  + 7.8% (± 5.8%), p = 0.135  + 21.8% (± 7.6%), p = 0.032  + 5.1% (± 1.5%), p = 0.020 42.9 2.1
B) All harvests, including spring harvest in 2018, (H1 to H4)
Both  + 11.1% (± 4.3%), p = 0.018  + 24.1% (± 4.9%), p = 0.001  + 16.8% (± 3.8%), p = 0.002 51.7 7.4
Mix 4  + 12.6% (± 2.7%), p = 0.009  + 25.5% (± 2.1%), p = 0.001  + 25.9% (± 4.0%), p = 0.004 54.9 11.3
Mix 10  + 9.7% (± 8.8%), p = 0.175  + 22.7% (± 10.2%), p = 0.056  + 8.0% (± 1.8%), p = 0.010 48.5 3.6
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Fig. 2   Expected and real-
ized herbage DM and N (g 
m−2) and 15N uptake (mg 
m−2) in mixtures in each of 
four consecutive harvests 
(H1 to H4). Mean values of 
4 replicates (± SE). Percent 
change and probability 
values of one-sided t-test 
for positive overyielding 
are shown above bars. NS: 
p > 0.15. Bromegrass is 
included assuming no diver-
sity effect. Excludes weeds. 
NS: p > 0.15. Figure table 
shows the 15N recovery in 
the herbage by mixture and 
harvest, in percent of 15N 
assumed remaining in the 
soil, and the percent point 
contribution by the mixture 
effect (overyielding)

15N recovered (% of 15N in soil)
Total uptake Contribu on by overyielding

Harvest Mix 4 Mix 10 Mix 4 Mix 10
H1 6 6 1 0
H2 31 20 3 -4
H3 26 24 7 6
H4 6 10 0 2
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10, respectively. Autumn 15N overyielding was larger 
by percentage-point than N overyielding, which in 
turn exceeded DM overyielding.

Weighted relative to 15N label assumed remain-
ing in the soil, the recovery by mixtures was weakest 
in the springs (~ 6% of applied 15N in H1, 6–10% in 
H4) and stronger in summer and autumn (~ 20–30% 
of remaining 15N in H2 and H3 (Fig. 2)), as was also 
found in monocultures (Byers et al. 2024).

Mean values of 4 replicates (± SE), weeds 
excluded. Letters indicate post hoc Tukey group-
ings (α = 0.05). Both realized and expected yields are 
shown for mixtures. Monocultures’ values adapted 
from Byers et al. (2024).

Mean percent increase of 4 replicates relative to 
expected values (± SE). Note that probability values 
(p) of one-sided t-tests for positive overyielding were 
calculated on absolute differences rather than per-
centages. Also: Percent of 15N label recovered in har-
vested herbage in total, and due to overyielding. H1: 
spring 2017; H2: summer 2017; H3: autumn 2017, 
H4: spring 2018.

The growing season average N concentration 
(Eq. 2) of the mixtures was ~ 2.6% of DM, closer to 
that of clover monocultures than tall-growing grasses, 
and consequently the mixture N yields (~ 25 g N m−2) 
were similar to the N yields of the clovers (Table 1). 
Consequently, the average ratio of 15N per total N in 
both mixtures was significantly smaller than in the 
monocultures of ryegrass, timothy and meadow fes-
cue, similar to that of bluegrass and somewhat higher 
than in clovers (Table  1). Notice that reputed deep 
rooting tall fescue in monoculture had a lower 15N per 
total N ratio than ryegrass. On average the uptake of 
15N per herbage DM in Mix 4 was nearly the same 
as in the best monocultures (ryegrass, timothy and 
meadow fescue), while in Mix 10 it was lower, yet 
about 50% greater than in clovers.

Species diversity effects contributing to overyielding

The diversity effects (Eq.  4) express the species’ 
contribution to mixture overyielding (Eq.  8). Those 
on DM and N yields were mostly positive or neu-
tral, except in the drought affected summer harvest 
(Fig.  3A-B, p-values available in Suppl. Table  S2, 
cumulative values for the growing season (H1_H3 
available in table Suppl. Table S1 A & B). Ryegrass 
followed by red clover showed the strongest positive 

diversity effects on DM and N yields. In the autumn 
harvest also the fescues and timothy contributed 
to total DM and N overyielding. Timothy, which in 
monoculture had the best spring yield (Byers et  al. 
2024), responded negatively in mixtures in the spring 
harvests and generally showed negative or non-signif-
icant diversity effects on N yield. Bluegrass and white 
clover were found in small amounts in Mix 10 and no 
substantial diversity effects on DM or N yield could 
be discerned.

The diversity effects on 15N uptake (Eqs.  4 and 
5) discriminated species with positive response, 
ryegrass, tall and meadow fescue, from other spe-
cies which showed overall negative responses, mainly 
red clover and timothy (Fig.  3C, Suppl. Table  S2). 
Ryegrass dominated the positive diversity effects on 
15N recovery in Mix 4, whereas it contributed little in 
Mix 10, where the fescues together had the most posi-
tive effects. White clover and bluegrass were scarcely 
present in Mix 10 and expressed no or small negative 
diversity effects.

Diversity effects on N and15N concentrations in the 
herbage and N acquisition profile

The mixture components exhibited clearly different 
responses in average total N and 15N concentrations 
in the herbage yield of the whole growing season (H1 
– H3) (Eq. 2, Fig. 4). The fescues and ryegrass com-
bined increased total N concentration with enhanced 
15N uptake per DM, while Timothy, on the contrary, 
showed no benefit in N concentration and a decrease 
in 15N uptake per DM. Short growing bluegrass 
showed a strong increase in total N concentration and 
a marked decrease in 15N per DM. Clovers showed no 
overall response in N concentration and a decrease in 
15N uptake per DM.

To explore in more detail which factor contributed 
throughout the growing season to the diversity effect 
in deep 15N uptake we examined its relationship with 
the diversity effects RDM or RDUI at each harvest 
(15N per DM or per N, weighted per 15N remaining in 
the soil, Eqs. 6 and 7), as well as with diversity effects 
on DM and N yield (Fig.  5). Changes in RDUI can 
give an indication of how the presence of N-fixing 
clover and competition with other grasses influences 
the N uptake profile in the soil. The species showed 
distinct patterns: tall fescue most often exhibited an 
increase in RDUI, although the effect was significant 
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Fig. 3   Species’ diversity 
effects contributing to 
overyielding in DM yield (g 
m−2), N yield (g N m−2) and 
total 15N herbage uptake 
(mg 15N m.−2) in Mix 4 
and Mix 10, by harvest. 
Mean values of 4 repli-
cates. Standard errors and 
significance of two-sided 
t-tests are shown in Suppl. 
Table S2. RYE: perennial 
ryegrass; TIM: timothy; 
TAL: tall fescue; MEA: 
meadow fescue; BLU: 
bluegrass; RC: red clover; 
WC: white clover. H1: 
spring 2017; H2: summer 
2017; H3: autumn 2017, 
H4: spring 2018
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only for the cumulative data of the whole growing 
season, and timothy and blue grass showed a signifi-
cant reduction in RDUI, while ryegrass and meadow 
fescues varied in their response (Fig.  5C, Suppl. 
Table S2, Suppl. Fig. S2). However, niche differentia-
tion ad indicated by RDUI did not explain the diver-
sity effects on the amount of 15N taken up, which was 
greatest in ryegrass as it combined enhanced total N 
concentration with enhanced RDM.

Considering RDM, positive (most samples of tall 
fescue and ryegrass, some samples of meadow fescue) 
and negative (timothy, bluegrass and clovers) diversity 
often corresponded with positive and negative diver-
sity effects on 15N uptake (Fig.  5D, Suppl. Table  S2, 
Suppl. Fig. S2). However, RDM alone could not pre-
dict the size of the diversity effect on 15N uptake, which 
depended also on the diversity effect on DM yield, 
(Fig. 5B and D). This will be analyzed more deeply in 
the Discussion.

Soil mineral N

The soil mineral N was measured at the beginning and 
end of the growing season; in the mixtures it was low 
(< 1.8 g m−2 in the upper 43 cm soil layer in the spring 
and < 1.3 g m−2 in the upper 60 cm in autumn), about 
the same as in grass monocultures and about half that 
of clover monocultures (Suppl. Table S2).

Discussion

Mixtures overyielding

In total, the grass-clover mixtures surpassed the 
weighted yields of their components with respect 
to biomass and nitrogen yield as well as deep 15N 
uptake, confirming the overyielding Hypotheses 1 
and 2 (Table 1). The forage crude protein yield also 

Fig. 4   Diversity effect (value in mixture – value in monocul-
tures) on deep 15N uptake per herbage biomass (mg 15N g.−1 
DM) versus diversity effect on total N concentration (%). 
Weighted means of three consecutive harvests (H1, H2 and 
H3) in Mix 4 (open circles) and Mix 10 (filled circles), ± stand-
ard error. In parentheses: statistical significance in the x and/
or y direction (two-sided t-test, capital letters indicate p ≤ 0.05, 
small letters indicate 0.5 < p < 0.1). Species name abbre-

viation as in Fig. 3. Some species were found in fewer than 4 
replicates in Mix 10: tall fescue (3 replicates in H1), meadow 
fescue (2 in H1, 3 replicates in H2), bluegrass (2 in all 3 har-
vests), and white clover (3 in H1, 2 replicates in H3). Figure 
table shows probability for H0 with species pooled from both 
mixtures, when relevant. (See Suppl. Table S1 A and B for val-
ues and probability of diversity effects)
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increased since it is directly proportional to N con-
tent. Even though the mixtures did not achieve trans-
gressive annual overyielding in any of these traits, 
the mixtures were superior to the monocultures as 
they combined the best DM and N yields and deep 
15N uptake in one sward. Positive DM and N overy-
ielding of well assorted grass and clover species is 
well documented (Kirwan et  al. 2007; Ergon et  al. 
2016; Hooper et al. 2005; Jørgensen et al. 2023). Our 
study demonstrates that the exposure to competition 
by other species can promotes vertical root differen-
tiation and enhance the recovery of deep mineral N 
even when the N nutritional state of the plants is sub-
stantially increased by N-fixing legumes, confirming 
Hypothesis 3a and rejecting Hypothesis 3b as dis-
cussed in more detail later.

Noteworthily, in the autumn, when grass species 
in monoculture showed the most severe N deficiency 
(Byers et  al. 2024), 15N overyielding was transgres-
sive and surpassed N overyielding (Fig. 2). In mono-
cultures the 15N uptake increased during the growing 
season (Byers et  al. 2024). In addition to this, 15N 
overyielding was largest in the autumn (47%—62% 
more than expected) (Fig. 2). This indicates a devel-
opment of roots’ vertical niche differentiation during 
the growing season which harmonizes with the fact 
that during the winter many tillers and associated 
roots die, and new roots must develop from new till-
ers in the spring. This was well exemplified by poor 
winter hardy ryegrass.

It is reasonable to assume that the positive com-
plementarity effect observed on 15NH4

+ uptake would 
also apply to the more mobile NO3

−. Thus, the overy-
ielding in 15N recovery indicates a heightened ability 
of mixtures to recover nutrients and in particular min-
eral N leached below the ploughed layer. Soil analy-
sis in the early spring and at the end of the growing 
season in autumn confirmed that mixtures exploited 

soil mineral N similarly to the grasses and better than 
the clovers (Suppl. Table S2). Thus, the grasses in the 
mixtures alleviated the exacerbating effect clovers 
have on N leaching and residual mineral N in the soil, 
which is also expected to impact the emissions of the 
greenhouse gas nitrous oxide, N2O. This is important 
especially in the autumn, because winter freeze–thaw 
enhances N2O formation (Bleken et  al. 2022; Byers 
et  al. 2021), and the winter period contributes a 
majority of total annual emissions under hemiboreal 
conditions (Wagner-Riddleet al. 2017).

Factors contributing to overyielding, other than 
nitrogen

Synergy, complementarity and facilitation other 
than N uptake

The three overyielding parameters considered, DM, 
total N and deep 15N uptake, are intrinsically inter-
connected in addition to being focal for the agronomic 
outcome and N losses. Synergy, complementarity and 
facilitation effects contribute to overyielding (Hooper 
1998) and thus enhance N uptake, e.g. increased light 
interception and use efficiency due to better foliar 
architecture and temporal distribution. In our experi-
ment there was also a marked reduction of foliar dis-
eases which affected grasses in the autumn (data not 
shown).

Facilitation was also observed in the less winter 
hardy ryegrass and white clover, which survived the 
winters better when grown in mixtures, where hardy 
species modified the microclimate and provided pro-
tection from frost damage and also from early drought 
when the soil was cold (< 5° C) and the evaporative 
demand high due to strong radiation and wind. The 
latter was corroborated by soil moisture measure-
ments before the onset of the growing season (data 
not shown, notice that dead leaves of ryegrass and 
clovers in monoculture had mostly decomposed 
under the snow and left the soil largely barren). By 
contrast, winter hardy timothy, which in the year of 
the labeling experiment (third production year) had 
high DM and N yields and highest 15N uptake among 
monocultures (Byers et al. 2024), it was outcompeted 
by ryegrass when grown in mixtures. This illustrates 
the continuous dynamics in a mixture, where diver-
sity effects that contribute to overyielding lead also to 
competition and potentially to the depression of some 

Fig. 5   Relationships between selected diversity effects (real-
ized—expected values, Δ for brevity) on: (A) Δ DM yield 
(g m−2) versus Δ N concentration in DM (percentage-point 
change); (B) Δ 15N uptake (mg m−2) versus Δ DM yield (g 
m−2); (C) Δ RDUI (g−1 m2 ∙ E03) versus DM yield (g m−2); 
(D) Δ 15N uptake (mg m−2) versus Δ RDM (g−1 m2 ∙ E04); 
(E) Δ 15N uptake (mg m−2) versus Δ N concentration in DM 
(percentage-point change); (F) Δ 15N herbage uptake (mg m−2) 
versus Δ N yield (g m−2). Values for all replicates of both mix-
tures at each of three harvests (H1-H3). Corresponding graphs 
with symbols per-harvest are in Suppl. Fig. S2

◂



1806	 Plant Soil (2025) 517:1793–1811

Vol:. (1234567890)

species, with environmental conditions influencing 
the outcome (Cardinale et al. 2007).

The fact that mixtures overyielded despite strong 
dominance by red clover in Mix 10 and by ryegrass 
and red clover in Mix 4 (Fig. 1) is in accordance both 
with the theory that diversity effects outweigh spe-
cies dominance over time (Fargione et al. 2007), and 
with previous observations that although productivity 
generally increases with species diversity, the choice 
of species may be more important than the number 
(Hooper et  al. 2005; Jørgensen et  al. 2023). Slowly 
establishing species were rapidly outcompeted in Mix 
10 (i.e. smooth bromegrass and bluegrass), and so was 
alfalfa for which the inoculum with N-fixing rhizo-
bium had failed, leaving patches open for weeds inva-
sion. Thus, the mixing of slowly with rapidly estab-
lishing grasses may not be an advantage (Jørgensen 
et  al. 2023), contrary to the generalized expectation 
that functional trait dispersion increases resource cap-
ture and weed control in forage (Hofer et  al.  2017). 
Our experiment was established in early summer with-
out a cover crop, contrary to locally recommended 
practice of sowing leys under a spring cereal, and this 
probably favored the faster establishing species.

Diversity effects on N uptake and vertical niche 
differentiation

Biological nitrogen‑fixation – N supply

The presence of N-fixing legumes increased the N 
yield of the mixtures compared to the average of the 
grasses by nearly 10 g N m−2. About 4–5 g N m−2 
came from increased N concentration in the grass, 
similarly to results from Ergon et  al. (2016) and 
Nyfeler et al. (2011). The increased N concentration 
when grown with clovers can itself enhance growth. 
However, only in ryegrass and meadow fescue a posi-
tive diversity effect on N concentration was mostly 
associated with a positive diversity effect on DM 
yield (Fig.  5A). Light competition was probably a 
limiting factor for other grasses.

Contribution of increased biomass or increased 15N 
concentration to 15N uptake

Diversity effects on DM yield or 15N concentration in 
the herbage can both contribute to 15N overyielding. 

RDM measures the 15N concentration weighted per 
remaining 15N in the soil. In general, positive (fescues 
and ryegrass) and negative effects (mainly red clover 
but also timothy) on RDM corresponded with positive 
and negative diversity effects on 15N uptake (Fig. 5D). 
Furthermore, the diversity effect on RDUI was very 
specific and apparently unrelated to the diversity 
effect on plant vigor (Fig. 5C). These responses show 
a species-specific change in the deep N acquisition: 
a preference for deeper N uptake by tall fescue, and 
the opposite by timothy, while ryegrass and meadow 
fescue often combined enhanced total N uptake with 
enhanced deep N uptake.

However, the effect size on deep 15N uptake 
depended on the effect on plant vigor and thus bio-
mass production, which played an important role in 
the case of ryegrass and meadow fescue but not tall 
fescue (Fig.  5B). This is illustrated also by red clo-
ver for which the relatively strong negative diversity 
effect on deep 15N uptake depended on increased 
plant vigor combined with a minor decline in RDM.

The contribution of temporal complementarity 
(Husse et  al. 2017, 2016) is supported by the fact 
that during the growing season variations in diversity 
effects on 15N uptake in mixtures and 15N recovery in 
monoculture were not synchronous (Suppl. Table S2).

N nutrition and vertical niche differentiation

We suspected (Hypothesis 3b) that better N nutrition 
due to the presence of N-fixing clovers would elimi-
nate the competitive pressure for deep N uptake and 
weaken the recovery of deep 15N. This was disproved 
in our mixtures for the fescues and ryegrass, which 
combined a positive diversity effect on concentration 
and yield of total N with a positive effect on deep N 
uptake (Fig. 5E and 5F).

These results indicate that nitrogen deficiency by 
itself was not fundamental for the diversity effects on 
deep15N acquisition. This agrees with observations by 
Husse et  al. (2017), and Mommer et  al. (2010) who 
attributed changes in root distributions to inter- and 
intraspecies root recognition rather than nutritious 
cues and echoes the conclusion by Hoekstra et  al. 
(2015) that including legumes reduces N limitation 
and allows for enhanced root exploration and nutrient 
uptake by other species. Ryegrass benefited the most, 
as it combined the strongest alleviation of N defi-
ciency with the strongest increase in deep N uptake 
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both in the summer and autumn harvests, confirming 
its competitiveness for N (Maire et al. 2009).

We used the parameter RDUI to estimate the 
uptake of deep N relative to total N uptake. A posi-
tive diversity effect on RDUI indicates a niche effect 
towards deeper root activity, especially when the 
total N concentration in the shoot DM also increases. 
Vice versa, a negative diversity effect indicates a 
niche effect towards shallower root activity. Tall 
fescue exhibited the clearest niche differentiation 
towards deeper root activity, as indicated by a posi-
tive diversity effect on RDUI (Fig. 5C and D) con-
comitant with an increase in total N (Fig. 4), espe-
cially in summer and autumn. Timothy, on the other 
hand, responded with a shallower N uptake profile 
(negative diversity effect on RDUI) and no over-
all effect on total N concentration, almost a specu-
lar behavior to that of tall fescue (Fig.  5C and D). 
Bluegrass showed an even stronger niche response 
towards shallower N uptake, as it strongly increased 
its N concentration despite being the grass species 
with the highest N concentration in monoculture, 
and decreased 15N uptake per DM (RDM, Figs.  4 
and 5A, C, D). Interestingly, the ability to recover 
deep  15 N shown by the grasses in monoculture was 
not a good predictor of the species response to com-
petition: in monoculture timothy had the largest deep 
15N uptake of all species and its preference for deep 
N, indicated by the whole season 15N/N ratio, was 
larger than in tall fescue (P < 0.1) and significantly 
larger than in bluegrass (Table 1). In conclusion, dif-
ferentiation of root activity towards relatively deeper 
or shallower N uptake is species-specific and it is not 
easily related to root performance in monoculture.

As expected, red clover consistently recovered less 
deep 15N in mixture than in monoculture. However, 
non-N-fixing timothy and bluegrass showed a more 
negative diversity effect on RDUI than red clover. 
This can indicate an increased reliance of red clo-
ver on non-deep sources such as BNF (see effects 
on RDUI in H2 and H3, Suppl. Fig. S3 S4,), in line 
with observations by Pirhofer-Walzl et al. (2013), but 
it is also compatible with the fact that the persistent 
tap-root contributes to uptake of deep N (Husse et al. 
2017) and water (Hoekstra et al. 2014) when exposed 
to competition by grass species. Also, NO3

− and 
water are more easily taken up by thicker roots than 
NH4

+, which can influence the competition between 
clover and grass species with thinner roots. Maire 

et  al. (2009) observed that timothy is less competi-
tive for NH4

+ than perennial ryegrass but more com-
petitive for NO3

− and NH4
+ than tall fescue. Roots of 

ryegrass are characterized as thin, while tall fescue 
has deep thick roots adapted to water transport.

Notice that niche differentiation was only a par-
tial contributor to the mixture overyielding in total 
N uptake, and by itself was insufficient to explain a 
species’ contribution to deep N overyielding, as illus-
trated by tall fescue, ryegrass, timothy and bluegrass 
(Fig.  5, compare C with D—F). Ryegrass showed a 
predominantly negative effect on the RDUI, due to 
a relatively larger gain in total N from the upper soil 
horizon(s), in line with observation by Mamolos et al. 
(1995) on the behavior of the most competitive spe-
cies after surface application of mineral N. Also, in 
the case of meadow fescue, the diversity effect on 
RDUI was at times negative. Nevertheless, ryegrass 
contributed to most of the 15 N overyielding of Mix 4 
and, when present, meadow fescue consistently con-
tributed positively to 15 N overyielding.

About the methodology

The 15NH4
− adsorbed to clinoptilolite was mainly 

released and transported upwards by plant activity, 
with relatively little loss of label out of the soil–plant 
system. On average, after two growing season 88% of 
applied 15N was accounted for in the herbage plus soil 
above and around the clinoptilolite in the tall growing 
grasses monocultures (Byers et al. 2024). This enabled 
us to follow the diversity effects of deep roots activity 
during several successive harvests, which was impor-
tant as deep N uptake increased during the growing 
season. A challenge is given by the fact that treatments 
affect the amount of 15N present in the soil after the 
first harvest. To account for this, all by-harvest diver-
sity effects related to 15N were calculated relative to 
the 15N assumed remaining in the soil. Thus, if leach-
ing took place, our method underestimated the effec-
tive recovery in later harvests of the label present in the 
soil. Notice however, that the diversity effects cumu-
lated over the whole growing season were related to 
the single label application in the spring, which gives 
a fair comparison also in the case of losses by leaching.

Seldom the space occupied by the components 
corresponds to the sown seed proportions. There-
fore, we used attained species proportions as a proxy 
for the space occupied in the mixture. This enabled 
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to split the factors contributing to deep 15N diversity 
effects between impacts on plant vigor or 15N con-
centration in the herbage and analyze separately how 
they related to changes in total N concentration. Thus, 
our approach for estimating diversity effects and ove-
ryielding differs from that based on seed proportions 
at sowing (Ergon et al. 2016, Kirwan et al. 2009 and 
Nyfeler et  al. 2011), which is linked to the concept 
of replacing a group of monocultures. Although easy 
to grasp, the rationale of that approach can be ques-
tioned in the case of species which are not suitable for 
use in monoculture, e.g. the clovers. A drawback of 
our method is the labor needed for sorting each har-
vested sample in its entireness.

Agronomical relevance

Timothy and meadow fescue are the most commonly 
used grass species in areas with challenging winter 
conditions in Fennoscandia and Canada. Recently 
Jørgensen et al. (2023) confirmed the high agronomic 
value of traditional mixtures with timothy, meadow 
fescue and red clover in climatically contrasting envi-
ronments in Norway and questioned the advantage of 
including perennial ryegrass. However, they did not 
study the recovery of deeply placed N, nor did they 
present the results of mixtures with ryegrass to support 
their statement. In the present study, perennial ryegrass 
had a pivotal role in the recovery of deep N in the 
grass-clover mixtures, and its contribution increased 
during the growing season, potentially moderating N 
dissipation while increasing high-quality forage pro-
duction with moderate application of N fertilizer. Thus, 
our results support a cautious inclusion of perennial 
ryegrass in clover-grass leys in combination with the 
more winter hardy timothy. Tall fescue proved capable 
of recovering N that has leached below the ploughed 
layer, but its value in ley mixtures is curtailed by a rela-
tively low palatability and digestibility, therefore its 
use is more adapted in areas where its drought toler-
ance is most beneficial (Cougnon et al. 2014).

Conclusions

Mixtures of grasses and clovers overyielded in deep 
N uptake, herbage biomass and total N yield. N-fixing 
legumes increased the N-yield of the leys by about 

10 g m−2 without reducing the ability of the leys to 
recover deep mineral N. Enhanced uptake of deeply 
placed mineral N coexisted with enhanced N nutrition 
brought by the presence of N fixing clovers.

Stimulation of deeper N uptake depended on both the 
species-specific root responses and growth vigor. Niche 
differentiation was found towards deeper root N uptake 
in tall fescue, and towards shallower uptake in timothy 
and Kentucky bluegrass. Ryegrass growth was strongly 
facilitated through a better overwintering when grown 
in mixture and proved to be as deep-rooted as tall and 
meadow fescue when in competition with them, and 
more competitive for N and thus a major contributor to 
overyielding in both total N and deep N uptake. Timothy 
displayed low competitivity for N and especially deep N 
when grown in mixture. It was confirmed that bluegrass 
and white clover have a shallow root system compared 
to common tall ley species and that red clover has a 
higher uptake of deep N than white clover.

Niche differentiation of N uptake and facilitation 
of species with a strong competition for N can play an 
important role in preventing N losses from legume-
grass mixtures. To exploit this effect properly, a tar-
geted choice of species and cultivars is necessary. Our 
study with species of highest agricultural value under 
hemi-boreal conditions indicates that functional traits 
as observed in monoculture are not always good pre-
dictors of the diversity effects realized in mixtures 
and supports a careful introduction of less winter 
hardy ryegrass in mixtures in this region.

To our knowledge, this is the first study applying a 
slow-release 15N label to explore root niche differen-
tiation in response to competition pressure by roots of 
other species, including N-fixing legumes, during the 
whole production season. We opted to study some of 
the species with highest agricultural value under hemi-
boreal conditions. Deep root activity increased from 
spring to autumn and the mixtures overyielding on deep 
N uptake was largest in autumn. This seasonal effect 
has received little attention and deserves further studies.
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