
Vol.: (0123456789)
1 3

Plant Soil (2024) 499:393–408 
https://doi.org/10.1007/s11104-023-06455-z

RESEARCH ARTICLE

Deep N acquisition in cultivated grasslands: Uptake 
of slow‑release 15N‑labeled ammonium in hemiboreal 
monospecific leys

Erin Byers   · Peter Dörsch   · 
Susanne Eich‑Greatorex   · Marina A. Bleken 

Received: 13 June 2023 / Accepted: 12 December 2023 / Published online: 14 February 2024 
© The Author(s) 2024

Abstract 
Aims  To develop a methodology to study uptake 
and redistribution by plants of NH4

+ from deep soil, 
applying it to investigate deep root N uptake by culti-
vated grassland species.
Methods  A slow-release 15NH4

+ label adsorbed to 
clinoptilolite was placed into soil (depth 42 cm) well 
below the densest root zone in well-established mon-
ospecific stands of five grass and two clover species. 
Species showing a variety of deep rooting patterns, N 
acquisition strategy, forage qualities, and persistence 
in hemiboreal conditions were chosen. The label was 
placed in early spring and tracked throughout one or 
two growing seasons in two repeated experiments.
Results  After two growing seasons ~ 90% of the 
label was tracked in the soil and harvested herbage 

of grasses, less in clovers. Deep N uptake was lim-
ited in spring, increased during mid-season, and was 
strongest in autumn in all species, despite lower herb-
age yield in autumn. Species differed in ability to 
recover and maintain 15N in the soil–plant system. In 
one growing season, Lolium perenne L., Phleum prat-
ense L., Schedonorus pratensis (Huds.) P.Beauv. and 
Schedonorus arundinaceus (Schreb.) Dumort herb-
age recovered ~ 65% of the label, Poa pratensis L. 
54%, and Trifolium pratense L. and Trifolium repens 
L. 36–48%. Label transport to topsoil was observed, 
mainly attributable to plant nutrient redistribution 
rather than physical diffusion.
Conclusions  The innovative slow-release 15N label 
enabled tracing species differences and seasonal 
changes in uptake of NH4

+ from deep soil. Among the 
tall-growing grasses, growth vigor appeared as impor-
tant for deep N uptake as expected root depth.

Keywords  Roots · Nitrogen uptake · Slow-release 
15N label · Clover · Grass

Introduction

There is an increasing demand for forage of high quality 
and protein concentration, produced with high nitrogen 
(N) use efficiency (NUE) and reduced N losses. Higher 
yields with higher protein concentration require abun-
dant N fertilization, which tends to reduce NUE and 
increase N dissipation to the environment. Mineral N 
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fertilizer is often leached below the plough layer, i.e., the 
densest root zone, which is roughly 0–20 cm in a typical 
Norwegian forage grassland (Bleken et al. 2022). Peren-
nial grassland species grown for forage differ in rooting 
depth (Craine et al. 2001) and in their ability to recover 
N from deeper soil (Hoekstra et  al. 2015; Jumpponen 
et al. 2002; Pirhofer-Walzl et al. 2013).

A root phenotype is the result of genome, environ-
ment and management interactions (Großkinsky et al. 
2015), with multiple factors influencing root posi-
tion and activity (Cahill and McNickle 2011; Hodge 
2004). Overall N uptake is seasonal and depends on 
dry matter (DM) production (e.g. Murphy et al. 2013). 
It is less clear how deep N uptake changes throughout 
the growing season (Chen et al. 2016). Many studies 
have shown that purportedly deep-rooting grassland 
species can access N from deep soil layers (Hoekstra 
et al. 2015; Kristensen and Thorup-Kristensen 2004). 
There are few studies on the relative ability of grass-
land species to take up nutrients from deeper soil, and 
we are not aware of field studies exploring how acqui-
sition of deep N changes throughout the season.

Many rooting depth studies apply 15N to the soil as 
15NO3

−, which is rapidly immobilized or lost by leach-
ing (Kristensen and Thorup-Kristensen 2004). Solutions 
of 15NH4

+, which more readily adsorbs to soil particles, 
though it is prone to microbial immobilization and nitri-
fication, may somewhat prolong label presence in the 
study system (Davis et al. 2006). In a unique approach, 
von Felten et al. (2012) used 15N-enriched plant litter as 
a slow-release 15N source in pots, harvesting plants up to 
11 months later. Otherwise, we are not aware of previ-
ous experiments tracking the recovery of 15N over sev-
eral subsequent harvests after a single application.

To impede microbial immobilization, remineralization 
and leaching of applied 15N we developed a novel label 
application method using clinoptilolite, a natural zeolite 
which adsorbs and desorbs NH4

+ via ion exchange with 
pseudo-second-order kinetics (Milovanović et  al. 2015). 
This provided a fixed-point, slow-release label which 
allowed us to track uptake of NH4

+ from a known depth 
over several successive harvests. We placed 15N-labeled 
clinoptilolite in early spring in well-established grassland 
swards at 42 cm depth, in a naturally compact soil layer 
markedly below the ploughing depth (20 cm) and densest 
root zone. We then measured 15N recovered in harvested 
herbage utilizing isotope ratio mass spectrometry.

In this article we present how deep N uptake in 
monospecific stands related to purported rooting depth, 

under a variety of conditions throughout two grow-
ing seasons. We compare five forage grasses and two 
N-fixing clovers chosen for showing a variety of deep 
rooting patterns, N acquisition strategy, forage qualities, 
and persistence in hemiboreal conditions. Tall fescue 
(Schedonorus arundinaceus (Schreb.) Dumort) is con-
sidered to be deep-rooting (e.g. Hernandez and Picon-
Cochard 2016; Malcolm et  al. 2015), drought resist-
ant, and well adapted to Nordic conditions. Perennial 
ryegrass (Lolium perenne L.) is commonly described 
as fast establishing and shallow rooting (Finn et  al. 
2013); it is reputed for its high yields and nutritional 
value but overwinters poorly in Norway (Østrem et al. 
2015). Timothy (Phleum pratense L.) and meadow 
fescue (Schedonorus pratensis (Huds.) P.Beauv.) are 
well-adapted and commonly-grown forage species in 
Norway. Bluegrass (Poa pratensis L.) is more common 
in pastures and is known for lower yields but high N 
concentration and a shallow rhizomatous root system. 
Red clover (Trifolium pratense L.) is reputed to be 
deep-rooting due to its persistent taproot structure (e.g. 
Ergon et al. 2016), while white clover (Trifolium repens 
L.) forms shallow stolons.

The following hypotheses were tested: (1) A sin-
gle application of 15NH4

+-enriched clinoptilolite 
can be used to effectively trace deep root N uptake 
over several harvests; (2) Generally, the recovery of 
deep-placed 15N will correlate with growth vigor, 
and thus be stronger in the spring and summer than 
in the autumn; (3a) Species reputed as deeper rooting 
will recover more 15N from 42 cm depth, and N fixers 
less. Therefore, the annual recovery of deep-placed 
15N by monospecific stands from greatest to least will 
be: tall fescue, meadow fescue and timothy, perennial 
ryegrass, red clover, bluegrass, and white clover; (3b) 
In ryegrass the annual recovery of deep-placed 15N 
will strongly decline from year to year due to poor 
winter persistence in high latitudes.

Materials and methods

Site

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 



395Plant Soil (2024) 499:393–408	

1 3
Vol.: (0123456789)

bulk density is low in the top layer (1.15 g cm−3), but 
below the ploughing depth (20 cm) it increases mark-
edly to 1.5 g cm−3 at 40 cm (Suppl. Table S1). During 
the growing season from May through September, the 
mean temperature normal (1991–2020) is 13.8 °C. For 
October through April, the mean temperature normal is 
0.9 °C, while it was 1.6 °C and 1.5 °C during the win-
ters leading to spring 2016 and 2017. During the win-
ter, freeze–thaw events and periods with snow cover are 
common. The annual precipitation normal is 892 mm, 
roughly evenly distributed through the year, but peri-
ods of drought can occur, especially in early summer 
due to strong insolation and wind. Weather data are 
from the nearby weather station Ås (No. SN17850) at 
59°39′37.8″ N, 10°46′54.5″ E, 94 m a.s.l. (Wolff et al. 
2021, 2018, 2017, 2016).

Crop management and experimental treatments

Monospecific stands of perennial ryegrass (Lolium 
perenne L. cv. Figgjo), tall fescue (Schedonorus 
arundinaceus (Schreb.) Dumort. cv. Swaj), meadow 
fescue (Schedonorus pratensis (Huds.) P.Beauv. cv. 
Fure), timothy (Phleum pratense L. cv. Grindstad), 
Kentucky bluegrass (Poa pratensis L.), red clover 
(Trifolium pratense L. cv. Lea) and white clover 
(Trifolium repens L. cv. Milkanova) were established 
in June 2014, on 12 sowing rows per plot, spaced 
12  cm apart. The best locally-adapted cultivars for 
agronomic performance and winter survival were 
chosen. In the third production year, a de-vegetated 
treatment was added in four subplots by uprooting 

all plants prior to label application, and keeping 
them clear of vegetation. Each treatment was rep-
licated in four or more sowing plots (8  m × 1.5  m) 
which were fully randomized among several treat-
ments not presented here. The de-vegetated subplots 
were in four plots at the edges of the trial.

In the following years the swards were harvested 
three times per year (Table 1): in spring (H1) when 
10% of timothy inflorescence started to be visible, 
in summer (H2) after 600–650 growing degree days 
(basis temperature 0 °C), and in autumn (H3) around 
mid-September, following local recommendations for 
high forage digestibility. All treatments received a 
moderate N fertilizer dose, in total 200 kg N ha−1 yr−1 
applied as NPK 22–3-10, distributed 40% in early 
spring before H1, 40% after H1 and 20% after H2 
(Table 1). Red and white clover seed was inoculated 
using soil from an organically managed crop rotation.

15N Labeling

Two 15N labeling experiments were established 
before the onset of growth in the early spring of the 
second (L1: 26–28 April 2016) and third production 
years (L2: 18–20 April 2017). Each labeling experi-
ment consisted of four new labeled subplots distrib-
uted in separate replicates for each monospecific 
stand. In most cases different sowing plots were used 
in L1 and L2, except for bluegrass and white clover 
for which only four plots were available. At least 5 m 
distance was maintained between subplots labeled in 
L1 and L2.

Table 1   Dates of 15N label applications L1 and L2, herbage harvests and N fertilization. For each harvest, cumulated rainfall + irri-
gation (mm) and growing degree days (GDD), basis 0°C, are given for the period spanning from 1 April or the previous harvest

a L1 subplots were harvested three additional times in 2017, and L2 subplots were harvested one additional time in 2018; these results 
are available in Suppl. Table S5
b During a drought period from 11 June to 10 July 2017 there was only 32 mm of precipitation and no irrigation until just before H2
c April fertilization in 2018 was 120 kg N ha-1

Operation 2016 (2nd prod. year) 2017 (3rd prod. year) a 2018 (4th prod. year) a

80 kg N ha-1 25 April 2 May 27 April c
15N application L1: 26-28 April L2: 18-20 April
H1: Spring harvest 1 June (141 mm, 531 GDD) 6 June (125 mm, 542 GDD) 30 May (65+30 mm, 587 GDD)
80 kg N ha-1 3 June 19 June
H2: Summer harvest 12 July (118+15 mm, 637 GDD) 19 July b (107+15 mm, 640 GDD)
40 kg N ha-1 21 July 27 July
H3: Autumn harvest 2 Sept. (166 mm, 821 GDD) 18 Sept. (260 mm, 884 GDD)
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The label was prepared by shaking clinoptilolite 
for 24 h in a 98 atom percent (AT%) 15NH4Cl solu-
tion and dried. The amount of NH4-N adsorbed was 
determined in subsamples (0.5  g clinoptilolite in 
25 mL 2 M KCl).

Each subplot received a dose of 36.0  mg 15N, 
which translates to 68  mg  m−2 of plant sampling 
area (2.4. 15N recovery by plants and redistribution 
in the soil). To label subplots, we pre-augured a 4 × 4 
array of 16 mm diameter, 0.43 m deep holes centered 
between sowing rows and spaced 12 cm apart (Fig. 1). 
The 15N-labeled clinoptilolite was introduced through 
a PVC pipe to fill ~ 41–43  cm depth (1  g hole−1 in 
L1 and 0,87 g hole−1 in L2). Dry, finely sieved soil 
from the same field was used to flush the pipe before 
removing, and after its removal the hole was filled 
with more dry soil which was carefully compacted. 
This was done to prevent preferential root growth, as 
this clayey soil expands on rewetting.

15N recovery by plants and redistribution in the soil

Herbage above ~ 5 cm stubble height was collected 
at each harvest (2.2. Crop management and experi-
mental treatments) from five sow rows along 70 cm 
(or an area of 76 by 70  cm in white clover and 
bluegrass plots where there were no clear sowing 
rows) (Fig. 1). The plant sampling area, 0.532 m2, 
was larger than the 48 × 48  cm area immediately 

surrounding the 15N label placement; this was done 
to assure a high recovery of the label (Powlson and 
Barraclough 1993). To check that the harvest area 
was adequate, in L1 we also sampled herbage from 
an adjacent 10 cm wide margin, which was assumed 
to be representative for the whole perimeter (0.3 
m2). All herbage was dried at 40–60 °C under ven-
tilation, chopped, and a subsample was ground and 
ball-milled.

Passive upward 15N redistribution by diffusion and 
convection in the soil profile was investigated in the de-
vegetated subplots in L2. At labeling, the projections 
of the 16 clinoptilolite positions in the subplot were 
marked on the soil surface. Soil was sampled one and 
five months later to 54 and 60 cm, respectively, with 5 
soil cores per subplot taken between the projections of 
the clinoptilolite positions (Fig. 1) and pooled together.

Approximately 17  months after labeling in L1, 
redistribution of 15N in the soil profile in the pres-
ence of plants was studied to 60  cm depth (Suppl. 
Table  S1), in the same manner as shown in Fig.  1. 
The thickness of the layers was adjusted to center 
around the clinoptilolite, also taking into considera-
tion the ploughing depth (20 cm), below which soil 
organic matter (SOM) decreases abruptly, and the 
soil becomes very compact. All samples were sieved 
to 2.0 mm and oven-dried at 60 °C under strong ven-
tilation, and a representative subsample was pulver-
ized in an agate mill prior to 15N analysis.

Fig. 1   From left, scheme of a subplot with position of 16 
holes (dots) for 15N placement between sowing rows, position 
of 5 soil subsamples (X) for 15N redistribution, plant harvest 
area (dashed outlines) and margin area used for assessing the 

sufficiency of the harvest area. Photograph of 15N-labeled 
clinoptilolite and vial containing one of 16 doses per plot. 
Depth and method of placement of clinoptilolite
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Ancillary observations: soil mineral N and bulk 
density

Soil mineral N stock (Nmin) was analyzed in the soil 
removed when preparing holes before label placement 
(only at 30–43  cm depth in L1, and 0–20, 20–30 and 
30–43 cm depths in L2), and again in autumn (26 Octo-
ber 2016 and 30 October 2017). In the autumn, soil sam-
ples were taken from non-labeled areas of the treatment 
plots using a hydraulic press (0–20, 20–40 and 40–60 cm 
depths, four soil cores per plot). The soil samples were 
immediately refrigerated to 4 °C and sieved within two 
days to 2.0  mm. Sieved samples were either immedi-
ately extracted for KCl-extractable NH4

+
, NO2

− and 
NO3

− or immediately frozen and extracted later, adding 
the extractant before thawing (details in Suppl. Table S2). 
Soil extracts were frozen and analyzed within one month 
by colorimetric assay (Doane and Horwáth 2003; Krom 
1980) on a Tecan Infinite F50 microplate photometer.

The soil bulk density (BD) was measured through 
the soil profile to 60 cm depth, using 100 cm3 intact 
cores taken on 1 November 2017 (Suppl. Table S1).

15N analysis and recovery calculations

Nitrogen amount and 15N abundance were analyzed 
using a Thermo 1112 HT flash combustion element 
analyzer, coupled through a Finnigan ConFlo III to 
a Finnigan Delta Plus XP isotope ratio mass spec-
trometer (IRMS). Atom percent (AT%) of 15N was 
corrected for scale and drift using house standards 
which had been calibrated to the international stand-
ards IAEA-N1 and N2, and USGS32 and 34. The N 
amount was quantified by calibrating the peak area 
of m/z 28 against known amounts of EDTA.

To calculate excess 15N AT% above natural abun-
dance, we subtracted the AT% of unlabeled samples 
taken from the same field (timothy, 0.3690 AT%, for 
the grasses; white clover, 0.3686 AT%, for the clovers; 
natural abundance by depth for soil samples are given 
in Suppl. Table S1).

Excess AT% was converted to excess 15N fraction by 
mass F‰ (mg 15N/(g 14N + g 15N)) as:

15N uptake by aboveground herbage (DM) per area 
was calculated as:

(1)Excess F‰ =
15(Excess AT%)

15(AT%) + 14(1 − AT%)

(

10
3
)

Since the 15N uptake in the herbage at H2 and H3 
depended on the label remaining in the soil after pre-
vious harvests, 15N recovery strength (Eq. 3) was cal-
culated plotwise at each harvest, assuming plant uptake 
into harvested herbage to be the only removal of 15N:

Note that cumulative recovery during a growing 
season was calculated as the total 15N removal in 
plant herbage relative to the amount applied.

As an indication for the plants’ ability to utilize 
Nmin from deeper soil to contribute to their total N 
acquisition, we estimated the Relative Deep Uptake 
Index (RDUI) as 15N recovery strength per N yield:

We also estimated Recovery per Dry Matter (RDM) 
as 15N recovery strength per DM yield:

Regarding the soil samples, the amount of 15N label 
present in each soil layer of thickness (T, cm)  was 
calculated:

The area (A) was assumed to be 48 × 48 cm evenly 
spaced around the clinoptilolite placement (thus smaller 
than the harvest area shown in Fig. 1). The measured 
bulk density (BD, g cm-3) was interpolated to match 
the exact depths of soil samples taken (2.5. Ancillary 
observations: soil mineral N and bulk density).

Plant nutritional N status

To evaluate the grasses’ nutritional N status at the time of 
harvest, the critical N concentration (Ncrit) for potential 

(2)
Herbage uptakemg 15N m−2

= (Excess F‰ )
(

gN g−1DM
)

(gDMm−2
)

(3)

15N recovery strength

=

(

Herbage uptakemg 15Ncurrent harvest

Applied mg 15N − Σ
(

Herbage uptakemg 15N
)

previous harvests

)

(4)RDUI =

(

15N recovery strengthcurrent harvest

N yieldcurrent harvest

)

(5)RDM =

(

15N recovery strengthcurrent harvest

DM yieldcurrent harvest

)

(6)
mg 15N layer−1

=

(

Excessmg 15N

gN

)(

gN

g soil

)

⋅ BD ⋅ T ⋅ A
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growth was estimated plotwise and for each harvest as a 
negative power function of the DM yield, adapted to Nor-
wegian conditions (Baadshaug and Lantinga 2002, Suppl. 
Text S1). The N status was then calculated as a ratio of the 
N concentration measured in the herbage (g N g−1 DM) 
and the Ncrit estimated for each subplot, indicating N defi-
ciency when < 1. This accounts for the dilution of N con-
centration in herbage with increased plant size, even under 
non-limiting N supply, due to a greater fiber concentration.

Statistics

The effect of species on each of the response variables 
considered was tested by one-way analysis of variance 
(α = 0.05) applied to the cumulative results (sum of sev-
eral harvests), separately by harvest or soil sampling 
event, and to the total amount of 15N accounted for in 
plants and soil 17 months after labeling (L1). Plots of the 
residual distribution were used to inspect the adequacy of 
the model, and homoscedasticity was checked and con-
firmed 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). In case of significant treat-
ment effect, post hoc Tukey tests were used for multiple 
comparisons of the species mean values (α = 0.05). To 
analyze 15N redistribution in the soil, a simple one-sided 
t-test was used to test for 15N enrichment. For brevity, 
‘significant’ is used for ‘statistically significant’.

Two extremely high soil 15N outlier observations were 
discarded due to suspected contamination with clinop-
tilolite (38–46 cm layer in ryegrass) or other source in the 
lab (0–10 cm layer in tall fescue). No other soil or plant 
15N observation was removed from the analysis.

Results

Mineral N in the soil profile in the spring and autumn

In both years, the spring and autumn soil Nmin stock 
in the grass plots was half or less that of the clo-
ver plots, and there were no significant differences 
among the grasses or the clovers (Suppl. Table S3 A). 
In L1, the initial spring Nmin stock in the soil layer 
comprising the 15N label and immediately above it 
(30–43 cm) was ~ 0.9 g m−2 in the grass and 2.5 g m−2 
in the clover treatments, and half as much in the fol-
lowing year (L2). Thus, within the plant sampling 

area, 15N addition corresponded at most to ~ 15% of 
the Nmin in the 30–43 cm layer, 2–5% of the total soil 
Nmin (0–43  cm profile, measured only in L2) before 
fertilizer application and ~ 0.8% of fertilizer N applied 
in the spring.

Grasses effectively depleted Nmin, leaving ≲1  g 
Nmin m−2 in the 0–60 cm soil profile by the end of each 
growing season. Although clovers depleted Nmin less, 
they left only 2–3 g Nmin m−2 (Suppl. Table S3 B).

Physical diffusion of 15N and redistribution in the soil 
profile by plant activity

Our approach to follow the herbage uptake of one 
dose of deep-placed 15N over three harvests assumes 
minimal upward diffusion of 15N in the absence 
of plant roots and minimal leaching loss during the 
growing season. We tested this assumption in the de-
vegetated subplots in L2. One month after labeling, at 
most 3% of the applied 15N was found in the soil layer 
(38–46 cm depth) surrounding the 15N-loaded clinop-
tilolite at 42 cm depth, and even less in the adjacent 
layers below and above the label (Fig. 2A). No signif-
icant 15N enrichment was found above 30 cm depth. 
After 5  months, 7% of the original label was found 
in the layer immediately below the clinoptilolite posi-
tion, ~ 4% in the 38–46 cm layer centered around the 
clinoptilolite, ~ 2% in the layer immediately above 
it and less than 1% within the ploughing depth (0 
to 24  cm, Suppl. Table  S4 A). The soil in the veg-
etated treatments was drier and thus less favorable 
for Nmin diffusion than in the de-vegetated subplots 
(data not shown). This indicates that diffusive redis-
tribution was small and that there was little bioturba-
tion upwards was small relative to the 15N uptake by 
plants.

Redistribution of 15N throughout the soil profile 
due to plant activity was explored in L1 after two 
growing seasons, i.e. 17 months or six harvests after 
labeling. On average ~ 20% of the applied 15N was 
found in the soil profile. Tall fescue subplots retained 
less 15N in soil than red clover subplots from 0–60 cm 
depth, and less than meadow fescue subplots at 
24–38 cm depth; there were otherwise no significant 
differences among species (Fig.  2B and C, Suppl. 
Table S4B). A strong vertical redistribution by plants 
was evident, as most of the remaining 15N was found 
in the upper 10 cm of the soil (on average 43%), and 
nearly 60% in the upper 0–24  cm, while only ~ 12% 



399Plant Soil (2024) 499:393–408	

1 3
Vol.: (0123456789)

(1–4% of the 15N applied) was transported below the 
labeling depth to the 46–60 cm layer. Tall fescue had 
the least residual soil 15N.

Cumulated over the three successive harvests 
of L1, only 1.1 to 2% of the original 15N label was 
recovered in herbage harvested from the 10-cm wide 
perimeter surrounding the sampling area, the most 
around tall fescue; no 15N enrichment was detected in 
the margins of red clover plots (Suppl. Fig. S1). This 
confirmed that the sampled area was sufficiently large 

to comprise most of the 15N label recovered in above-
ground herbage.

Total 15N accounted for in harvested herbage and soil

After two growing seasons, 17 months after labeling 
in L1, the sum of 15N in herbage from six consecu-
tive harvests plus that still present in the soil profile 
accounted for 76–92% of the 15N applied in the sub-
plots of perennial ryegrass, timothy and both fescues 
(four species hereafter called tall-growing grasses) 
and red clover (Fig.  3). Less 15N was accounted for 
in bluegrass (71%) and white clover (57%). Dif-
ferences were mainly attributed to less 15N in har-
vested herbage rather than differences in soil 15N 
(Fig. 3). The 15N in herbage from the fourth through 
sixth harvests of L1 subplots (the second year after 
labeling) was small: < 5% of the original 15N label 
in ryegrass, < 10% in both fescues, up to 10–17% in 
the remaining species, and was found primarily in 
the fourth (spring) harvest. These harvests are not 
included in our evaluation of deep N utilization by 
different species but are available in Suppl. Table S5.

Recovery (%) of original 15N label in subplot soil

0 2 4 6 8 10 12

mc
htpe

D

0

10

20

30

40

50

60

Bluegrass
Red clover
White clover

mc
htpe

D

0

10

20

30

40

50

60

Ryegrass
Timothy
Tall fescue
Meadow fescue

mc
htpe

D
0

10

20

30

40

50

60

Deveg. 1 mo
Deveg. 5 mo

a

b

c

17 mo:

17 mo:

Fig. 2   Recovery of 15N found in each soil layer, avoiding the 
clinoptilolite placements, relative to the original amount of 
15N label placed at ~ 42 cm depth (star). Horizontal lines sepa-
rate the soil layers sampled, with the 15N recovery shown in 
the center of the layer. (a) De-vegetated subplots, sampled 1 
and 5 months after 15N labeling (L2). A slightly different depth 
profile was sampled at 1 month because less movement of 15N 
was expected. 15N enrichment at 0–20 and 20–30 cm depths at 
1 month were not significant, and 15N enrichment at combined 
0–24 cm depth at 5 months was < 1% of the original label. (b, 
c) Vegetated subplots, sampled 17  months after 15N labeling 
(L1). Mean values of 4 replicates; std. errors and p-values from 
one-sided t-tests are available in Suppl. Table S4 0%

20%

40%

60%

80%

100%

R
YE TI
M

TA
L

M
EA BL

U

R
C

W
C

Pe
rc

en
t o

f o
rig

in
al

 15
N

 la
be

l

Soil 0-60 cm Herbage 6 cuts

A AB AB A BC AB C

Fig. 3   Percent of 15N label accounted for 17  months after 
labeling (L1), either in removed herbage of six harvests over 
two years or found in the soil to a depth of 60  cm. Mean of 
4 replicates (± SE). Letters show post hoc Tukey groupings 
of the total 15N accounted for. RYE: perennial ryegrass; TIM: 
timothy; TAL: tall fescue; MEA: meadow fescue; BLU: blue-
grass; RC: red clover; WC (not harvested in the first harvest): 
white clover



400	 Plant Soil (2024) 499:393–408

1 3
Vol:. (1234567890)

Growth conditions and plant performance

The mean temperature during the growing season 
(May to September) was 14.6 °C and 13.7 °C in 2016 
and 2017, respectively. Harsh winters and early spring 
drought prior to the second (L1) and the third (L2) 
production years challenged spring (H1) growth of 
white clover and ryegrass. White clover was not har-
vested in H1 of L1 due to insufficient growth. Ryegrass 
had particularly low DM yield in H1 of L2 (Fig. 4A). 

A summer drought prior to H2 of L2 further reduced 
yields across species, and annual yields were overall 
lower in L2 than in L1 (Table  2). A detailed assess-
ment of species response to weather is provided in 
Suppl. Text S2 and Suppl. Fig. S3.

The growing conditions had a lesser effect on 
the annual N yield (the amount of total N in the 
harvested herbage) than on the DM yield, and on 
average the grasses yielded about 16 and 14.5  g 
N m−2 which corresponds to 80% and 72% of 

Fig. 4   Per-species and 
harvest (a) DM yield (g 
DM m−2), (b) N yield (g 
N m−2), (c) 15N recovery 
strength (% recovered of 
label remaining in soil, 
Eq. 3), (d) N status of 
grasses (1 indicates no defi-
ciency, see 2.7. Plant nutri-
tional N status), (e) RDM 
(15N recovery strength 
per DM, Eq. 5), (f) RDUI 
(15N recovery strength per 
N, Eq. 4). RYE: perennial 
ryegrass; TIM: timothy; 
TAL: tall fescue; MEA: 
meadow fescue; BLU: 
bluegrass; RC: red clover; 
WC (not harvested in the 
first harvest): white clover. 
Mean of 4 replicates (± SE). 
See Suppl. Table S6 for 
post hoc Tukey groupings 
and Suppl. Fig. S2 for lines 
connecting results from 
each harvest
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the fertilizer N applied in L1 and L2 respectively 
(Table 2). The annual N yield of red clover was about 
twice as much as that of the grasses (~ 30 g N m−2, 
50% higher than the amount of applied fertilizer, 
indicating a substantial contribution by biological N 
fixation). White clover yielded less (~ 21  g N m−2) 
due to a lower DM yield rather than differences in N 
concentration compared to red clover.

The general decrease in annual DM from L1 to 
L2 was reflected in all 3 harvests (Fig. 4A). Though 
there were exceptions pertaining to winter survival 
and drought response of some species (3.4. Growth 
conditions and plant performance), the DM yields 
of the spring and summer harvests were otherwise 
comparable in size both years. Autumn DM yields 
were ~ 20–40% lower, and the tall-growing grasses 
were particularly N-deficient in autumn of both years. 
The N status (2.7. Plant nutritional N status) of each 
grass species was similar at each harvest in L2 to the 
corresponding harvest in L1, with the exception that 
bluegrass was more N deficient in spring of L2 than 
in spring of L1 (Fig. 4D).

15N recovery by plant species

The 15N recovery strength, in a contrasting pattern to 
the general yield levels, was weakest in spring and 
stronger in the summer and autumn harvests (Fig. 4A, 
C). In the grasses, 15N recovery strength ranged from 
4%-14% in the spring, markedly lower than in the 
summer (14%-47%) and autumn harvests (14%-35%). 
In the autumn of L2 all species had much lower 15N 
recovery than in L1, even though the autumn N yields 
were similar (Fig. 4B, C).

The strongest 15N-recovering tall-growing grass 
species shifted from harvest to harvest (Fig. 4C; see 
Suppl. Table S6 A for post hoc Tukey grouping). In 
spring of L2 timothy recovered the most 15N together 
with meadow fescue, while there were no significant 
species effects in spring of L1. In the summer 
harvests ryegrass had the highest 15N recovery 
strength in both years, a position shared with timothy 
in summer of L2. In the autumn harvests there were 
no marked differences between the tall-growing 
grasses, although timothy tended to have the highest 
15N recovery strength in L1 and meadow fescue 
showed a similar tendency in L2. Tall fescue did not 
have the highest 15N recovery strength in any harvest. 
The 15N recovery of bluegrass was generally between 

that of grasses and clovers, though in the drought 
summer of L2 bluegrass had lower 15N recovery 
strength than the clovers and did not have better N 
status than the tall-growing grasses (Fig. 4C, D).

The Recovery per Dry Matter (RDM) weights the 
15N recovery strength by DM yield (Eq. 5, Fig. 4E). In 
both autumns and the drought summer of L2, RDM 
highlights weak 15N recovery despite strong DM yields 
by tall fescue and strong 15N recovery by timothy.

The Relative Deep Uptake Index (RDUI), which 
is 15N recovery strength relative to N yield (Eq.  4, 
Fig. 4F), followed much the same trends as RDM but 
better distinguished the deep N uptake behavior of the 
tall-growing grasses from N-rich bluegrass, and from 
N-fixing clovers (Table 2). RDUI was the same for a 
given species in both springs and in both summers, 
but was higher across all species in autumn of L1 
than in autumn of L2, when RDUI was only slightly 
higher than in the summers. This was despite similar 
DM yields and N status as in the previous autumn 
(Fig.  4A, D, F). The clovers reached only 15–20% 
of the maximum RDUI observed in the tall-growing 
grasses at each harvest (Suppl. Table S6).

The cumulative herbage uptake of deep-placed 15N 
over three cuts was smaller in L2 than in L1 (Table 2). 
In both years, the tall-growing grasses recovered the 
most 15N (~ 60% of applied in L1 and 50% of applied 
in L2), whereas the clovers recovered about half as 
much. Bluegrass recovered similar or slightly higher 
amounts of 15N than the clovers; it also had markedly 
higher N concentration but lower 15N N−1 than the 
other grasses. Despite tall fescue being the highest 
DM-yielding species both years, and being reputed 
as deep rooting, compared to the other tall-growing 
grasses it did not recover more 15N, and it tended to 
have lower 15N DM−1 and 15N N−1. Ryegrass was 
among the species recovering the most 15N both years, 
despite its poor spring regrowth. Timothy increased 
cumulative 15N recovery relative to the other tall-
growing grasses in L2 compared to L1, corresponding 
with its good winter survival and persistence.

Relationship between 15N recovery strength and other 
performance variables

The 15N recovery strength was not related with plant 
vigor as indicated by the DM yield across harvests, 
as the DM yield of the spring harvest was roughly 
similar to that in the summer, while the 15N recovery 
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strength was much lower (Fig. 4A, C). This was the 
case for both the clovers and the grasses.

However, plant vigor could be important within 
a growing period. We checked this within each 
seasonal period (spring, summer or autumn, each 
group including L1 and L2) and separately for grasses 
(5 species) and clovers (2 species) by comparing the 
correlation of 15N recovery strength with DM yield 
and other variables. Overall, DM yield predicted 
15N recovery strength significantly and better than 
did N yield, which in turn was a better predictor of 
15N recovery strength than N concentration in the 
herbage, especially in grasses (Suppl. Table  S7). 
However, an analysis of the scatter plots showed 
that the relationships were not linear, and the pattern 
changed between harvests (data not shown).

We checked whether the uptake of deep-placed 
15N increased with N deficiency. Across harvests and 
labeling seasons, the 15N recovery strength and the N 
status of the grasses changed in reverse order (Fig.  4). 
However, N status was not a good predictor of 15N 
recovery strength within seasonal periods for the grasses 
(Suppl. Table S7), and it did not correlate any better with 
15N recovery strength than did herbage N concentration. 
There is necessarily a dependency between N status and 
plant vigor, which, as seen, was important for 15N uptake.

Discussion

Clinoptilolite as deep 15NH4
+ reservoir over 

successive harvests

Most 15N studies on root uptake of N in grassland 
species have either injected or buried quick-
dispersing solutions of 15NO3

− (Kristensen and 
Thorup-Kristensen 2004), 15NH4

+ (Pirhofer-Walzl 
et  al. 2013), double-labeled NH4NO3 (Hoekstra 
et  al. 2015), or 15N-enriched urea (Malcolm et  al. 
2015). These studies either harvested the plants once 
and shortly after injection (6  days—Kristensen and 
Thorup-Kristensen 2004; 10  days—Pirhofer-Walzl 
et al. 2013; up to 3–4 weeks – Hoekstra et al. 2015), 
or used multiple applications over a longer study 
period with multiple harvests as Malcolm et  al. 
(2015). Von Felten et  al. (2012) used 15N-enriched 
plant litter as slow-release 15N source in pots and 
harvested plants up to 11  months later. Otherwise, 
we are not aware of previous experiments following 

the recovery of 15N over several subsequent harvests 
after a single application.

Our method of using 15NH4
+ adsorbed to 

clinoptilolite is thus a new and complementary tool 
for the study of root activity, with several advantages. 
The long study period allowed us to track active 
15N uptake from depth (Fig.  4C, Suppl. Table  S5) 
and its redistribution to the upper soil after two 
growing seasons, likely through shedding of roots 
and aboveground litter (Fig. 2B, C). The fact that one 
and five months after application the passive upward 
diffusion of 15N in absence of vegetation was small 
(Fig. 2A) supports that the 15N measured in herbage 
was a real effect of deep (~ 40 cm) root activity in 
this naturally compact silty clay soil (bulk density 
1.54 g cm−3). Although bioturbation by earthworms 
could also contribute to vertical redistribution of 15N, 
few signs of earthworm activity, such as casts, were 
observed. Active uptake by roots will cause a negative 
gradient and thus enhance the release of 15NH4

+ from 
the clinoptilolite. Where we obtained evidence of 
15NH4

+ uptake, we can assume that any NO3
− leached 

to the same depth could be recovered even better, due 
to its higher diffusion and thus likelihood of being 
transported to the surface of deep roots.

Only 8–21% of the applied 15N was unaccounted 
for in the soil and herbage of the tall-growing 
grass subplots after 17 months (Fig.  3). Our 
estimation accounts for 15N contained in fine roots 
or remineralized from plant litter present in the soil 
analyzed, but excludes 15N stored in larger roots, 
crowns and stubble left after harvesting (height 
5  cm), or still adsorbed to the clinoptilolite, which 
we did not have the opportunity to analyze. Including 
them would probably raise the level of accounted-for 
label even higher (Davis et al. 2006).

The fact that after 17 months we only detected 
1–4% of the 15N applied to planted subplots at the 
46–60 cm soil depth, below the clinoptilolite, and 
with no significant differences between species 
(Fig.  2B, C) suggests little loss by diffusion and 
leaching of NH4

+ in this clayey soil. Since at most 
2% of the original 15N label was found in the subplot 
margins (Suppl. Fig.  S1), we conclude that the 
harvested area was sufficiently large to capture the 
plants’ ability to recover the original label (“negative 
discard,” Powlson and Barraclough 1993; Kristensen 
and Thorup-Kristensen 2004). The fact that margins 
of grass subplots contained some 15N enrichment, 
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while virtually no 15N was detected in the margin of 
red clover, can be due to contribution by shedding 
in the grass subplots. Interestingly, there was no 
indication of horizontal 15N transport outside the 
subplot through stolons in white clover or rhizomes 
in bluegrass.

Increased depth of root activity during the growing 
season

We found that high herbage production was necessary 
but not sufficient for efficient utilization of NH4

+ from 
the very compact and SOM-poor deep soil, below a 
well-structured and SOM-rich ploughed layer and 
dense root zone (Fig.  4A, C). The slow-release 15N 
label revealed little deep root activity during spring 
regrowth compared to summer and autumn, in which 
2–3 times more 15N was taken up in plant herbage. 
In grasses tiller death during the winter entails root 
death. In early spring, root regrowth is dominated by 
thick nodal roots, while secondary roots, which are 
thinner and more effective for nutrient capture, start 
growing later (Chen et al. 2016). Thus roots from new 
tillers take time to penetrate deeper soil in spring, 
especially after poor winter survival. This was best 
exemplified by ryegrass in L2 (Fig. 4C). That white 
clover and even red clover recovered very little 15N 
in the spring compared to the summer and autumn 
harvests might indicate that shedding of active fine 
roots during winter and progressive active root depth 
during the growing season occur both in monocot and 
dicot species, as also observed by von Felten et  al. 
(2012).

Kristensen and Thorup-Kristensen (2004) found 
a linear relationship between root density and 15N 
recovery from different depths. Husse et  al. (2017) 
found that shallow-rooting perennial ryegrass and 
white clover increased deep N uptake more gradually 
through the growing season than deep-rooting 
chicory and red clover, similar to our observation 
with RDUI. Lower soil temperature in spring 
compared to summer will also reduce root activity as 
well as NH4

+ diffusion (Macduff et al. 1986). In our 
study, increasing N deficiency from the first to the last 
harvest may also have stimulated deep root uptake; 
however, 15N recovery increased much more than N 
deficiency, indicating that deep root activity was the 
most important mechanism for the increased recovery 

of deep-placed 15N as the growing season proceeded 
(Fig. 4C, D).

That 15N recovery strength often remained constant 
or decreased from the second to the third harvest 
(Fig. 4C) may be partly because we did not account 
for 15N stored in stubble and large roots. This likely 
overestimated the amount of 15N remaining in the soil 
after the summer harvest and thus underestimated 
the recovery strength of deep-placed 15N in autumn. 
Conversely, it is possible that through shed roots 
and leaves some 15N already taken up by plants was 
translocated to the upper soil during summer. A 
rapid re-uptake would lead to overestimating deep 
15N recovery strength in the autumn harvest. For 
grasses, the amount of 15N recovered in herbage in 
the autumn harvest of L1 was 1.5 to 3 times the 15N 
stock translocated to the upper soil (0–24  cm) one 
year later, 17  months after labeling. This indicates 
that deep N uptake was still important in the autumn 
regrowth period. The heavy rain event during the 
third regrowth period of L2 (Suppl. Fig.  S3) may 
have caused N leaching and/or plant stress, helping 
to explain the systematically lower 15N recovery 
strength in autumn of L2 compared to autumn of L1 
(Fig. 4C).

An important conclusion is that approaches to 
studying deep nutrient uptake must consider that 
expression of this functional trait is seasonal (Chen 
et  al. 2016). For example, an experiment on deep-
placed 15N recovery performed in the spring cannot 
be used to deduce the recovery of leached N in the 
autumn.

Species performance

In general and over the whole growing season, the 
tall-growing grasses exploited deep N equally well 
(Fig.  4C). Furthermore, after two growing seasons 
the tall-growing grasses maintained a larger amount 
of 15N in the plant-soil system than bluegrass and 
white clover (Fig.  3), and in both springs the soil 
profile below the clovers contained twice as much 
mineral N as the grasses, at least partly attributable 
to N fixation by the clover species (Suppl. Table S3). 
These major differences between groups of species 
were expected because of the thinner root system of 
the grasses compared with that of clovers, and the 
shallow rooting depth of bluegrass.
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Although tall fescue is known for drought 
tolerance due to deep rooting, it tended to have lower 
uptake of 15N relative to DM and N yield than other 
tall grasses, also under summer drought conditions 
(Fig.  4E, F). This agrees with the observation by 
Maire et  al. (2009) that tall fescue has thick roots 
adapted for water transport but with low specific 
root area and low affinity for NH4

+, and by Malcolm 
et al. (2015) that for tall fescue, growth vigor is more 
important than presence of deep roots for recovery of 
N from deeper soil, and dry conditions exacerbate its 
low affinity for NH4

+.
Although ryegrass had poor winter survival, 

the surviving tillers demonstrated high plasticity 
and ability for vigorous growth in agreement with 
observations by Hoekstra et al. (2014), high N uptake 
and high yields per N uptake (Suppl. Table S6). The 
thin root system of ryegrass may also be advantageous 
for NH4

+ uptake generally. Ryegrass utilized deep 
N as well or better than other tall-growing grasses, 
as exemplified in the summer harvest of L1, when it 
had the highest 15N recovery strength (47%) observed 
throughout the experiment (Fig.  4C), in agreement 
with observations by Pirhofer-Walzl et  al. (2013), 
and with observations that ryegrass has high affinity 
for NH4

+ (Maire et  al. 2009). This contrasts with 
our expectations and with the common perception 
of ryegrass as shallow-rooting (Husse et  al. 2017), 
particularly when compared to chicory (Pirhofer-Walzl 
et al. 2013; Hoekstra et al. 2015). However, we did not 
find studies comparing deep root activity of perennial 
ryegrass with that of tall fescue or other grasses.

Timothy in particular, and also meadow fescue 
displayed their well-known good winter hardiness 
(Østrem et  al. 2015; Schjelderup et  al. 1994) and 
performed well, with good utilization of deep N 
per DM and N yields, also under severe summer 
drought (Fig.  4E, F). Maire et  al. (2009) observed 
that timothy has a weaker affinity for NH4

+ than 
perennial ryegrass but a stronger affinity for 
NO3

− and NH4
+ than tall fescue.

As expected, bluegrass utilized less deep N than the 
other grasses due to both low DM yields and low 15N 
DM−1 (Fig. 4A, C, E). Considering that bluegrass had 
N yields m−2 as high as those of other grasses with 
higher DM yields, this confirms that bluegrass utilized 
shallower soil to satisfy its N requirements than the 
tall-growing grasses tested.

That the clovers took up the least deep N, and there 
were no significant differences in deep N uptake per N 
yield between white and red clover (Fig. 4F) may indicate 
that red clover’s persistent taproot is not advantageous 
for uptake of NH4

+ from depth. In the drought-affected 
summer harvest of L2 red clover had much weaker 15N 
recovery than perennial ryegrass, despite similar yields 
and in contrast with findings by Hoekstra et  al. (2015) 
in a first-year sward. Still, the clovers’ recovery of deep-
placed 15N in summer and autumn demonstrates that 
deep N uptake is a part of their N acquisition strategy.

Weighting 15N uptake in herbage by the amount 
presumably left in the soil (15N recovery strength), 
and by DM and N yields (RDM and RDUI), helped 
to identify differences in species’ inherent ability to 
utilize NH4

+ from deeper soil. RDM highlights the 
weak 15N recovery by tall fescue relative to timothy, 
and to a lesser extent meadow fescue, during the 
drought summer and the autumns (Fig. 4E). Variations 
in growth vigor between these species appeared to 
affect neither the inherent ability to utilize deep N nor 
its utilization in proportion to total N uptake (Fig. 4A, 
F).

RDM and RDUI were markedly lower in autumn 
of L2 compared to L1, yet showed a similar species 
effect (Fig.  4E, F). It is possible that N deficiency 
caused by the preceding drought, stunting growth 
equally in the grasses, caused plants to reduce deep 
root activity (analogous to Hofer et al. 2017), or that 
less Nmin was transported downward in the soil profile 
during the drought. If drought in L2 had reduced 
photosynthesis more than N uptake, we would have 
expected higher N status in grasses than in the 
summer harvest of the first year, but this was not the 
case.

Conclusions

Our method of placing 15NH4
+ adsorbed to 

clinoptilolite at 42 cm depth, as a slow-release label, 
proved to be a successful tool for comparing species’ 
ability to take up deep soil N during several regrowth 
periods (Hypothesis 1). It can also be used to 
investigate changes in root activity along the growing 
season or following drought events.

Deep N recovery by grasses and clovers was small 
in the spring harvest despite high growth vigor, and 
strongest in the autumn despite lower yields, in contrast 
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to Hypothesis 2. This suggests that deep root activity 
of both the monocot and dicot species can take time to 
establish after hemiboreal winters. This phenomenon 
has implications for the recovery of N transported 
below ploughing depth and deserves further study.

We expected (Hypothesis 3a) that species 
in monospecific stands would exploit deep-
placed 15NH4

+ in the order: tall fescue > meadow 
fescue and timothy > perennial ryegrass > red 
clover > bluegrass > white clover. This was 
only confirmed for the groups (tall-growing 
grasses > bluegrass > clovers). Tall fescue was somewhat 
less efficient in taking up deep N than expected from 
its DM yield, likely due to thick roots with low affinity 
for NH4

+. Despite poor winter survival, and contrary 
to Hypothesis 3b, ryegrass was among the highest 
15N-recovering species, also in the second and third 
production year and under severe summer drought, 
owing to vigorous growth and 15N uptake in mid- and 
late summer. Timothy and meadow fescue are presently 
the most commonly sown species in Norwegian leys due 
to their winter hardiness and good forage quality. This 
study shows that they are also a good strategic choice for 
N utilization throughout the soil profile.
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