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Abstract
The aim of this study was to investigate fertiliser-derived N uptake of soybean from different depths of the soil under field 
conditions. In addition, soybean root growth in sandy and loess soil was evaluated to understand the impact of site and soy-
bean variety characteristics on soybean N uptake under continental conditions in Central Europe. Root analysis to determine 
rooting depth and root length density (RLD) was carried out using the profile wall method at three growth stages and two 
soybean cultivars (Glycine max (L.) Merr. cvs. Merlin and Sultana) in three consecutive years at two locations in eastern 
Germany. Fertiliser-derived N uptake of soybean from the soil surface and the subsoil was determined at 0.3 and 0.6 m depths 
using 15N-labelled nitrate N. Root studies showed that soybean roots grew up to 1.4 m on sandy and loess soil sites. Root 
length densities of up to 2.4 cm  cm−3 were documented in the topsoil. By means of 15N application, soybean was shown to 
take up 15% of the surface-applied nitrogen in the dry growing season and 67 % in high rainfall years, between 19 and 77 % 
of the nitrogen placed at 0.3 m soil depth, and between 2 and 64 % of the nitrogen placed at 0.6 m soil depth by flowering. 
The field trials showed that soybeans can absorb a high proportion of the nitrogen placed in the subsoil by flowering time. 
Due to a well-developed root system reaching deep into the soil, soybeans are able to cover their N demand from soil-borne 
sources and secure yield formation during dry periods by water uptake from the subsoil.
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1 Introduction

Soybeans have recently become one of the most important 
grain legumes in Central Europe, contributing to the protein 
supply for humans and animals. For example, the area 

planted with soybeans in Germany doubled to 47,000 ha 
between 2016 and 2022 (Statista 2022).

Under dry conditions in the growing season, conditions 
that are increasingly observed at many locations in Central 
Europe, even annual crops, such as soybeans, must have 
a deep-reaching root system to use plant-available water 
in the subsoil for yield formation. Especially during 
flowering, soybeans have an increased water demand. 
Therefore, several studies have concluded that drought 
stress during the reproductive phase of flowering and 
pod formation results in a lower grain yield in soybean 
(Demirtas et al. 2010; Frederick et al. 2001; Sionit and 
Kramer 1977). He et al. (2020) showed that low irrigation 
during f lowering time leads to a better distribution 
of roots in the subsoil, resulting in greater flower and 
pod formation. In addition, root growth is subject to 
a temperature-dependent optimum curve. The ratio of 
shoot to root growth shifts in favour of the roots at low 
temperatures but also when there is a lack of water and 
nutrient availability in the soil (Kutschera et al. 2018; 
Turman et  al. 1995). Here, even a few deep roots are 
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sufficient to maintain the water supply during drought 
events (Reicosky et al. 1972). According to Allmaras et al. 
(1975), soybeans can reach a rooting depth of up to 1.2 m 
and an RLD of 0.2 cm   cm−3 in the topsoil at the time 
of pod formation until pod filling. Turman et al. (1995) 
showed that an earlier sowing date in mid-April reduced 
soybean root growth compared to sowing in mid-June. In 
this regard, an average RLD of 0.73 cm  cm−3 was measured 
for early seeding, and an average RLD of 1.65 cm  cm−3 at 
a depth of 0.56 m was measured for later seeding dates. 
Hoogenboom et al. (1987) described that root growth up 
to 0.4 m has already taken place in the early vegetative 
stage. In this context, dry phases at the beginning are even 
beneficial for root growth because during drought stress, 
almost all photosynthetic products enter the root; thus, an 
appropriate root system is established. Therefore, plants 
are more tolerant to drought stress at sensitive times, such 
as flowering, pod formation, and pod filling. As a result, 
soybeans under drought stress reach a rooting depth of 
2.0 m for pod filling, compared to 0.9 m for irrigated 
soybean. In contrast, in years without drought stress, a 
maximum rooting depth of 1.2 m is reached at the time of 
pod formation (Hoogenboom et al. 1987).

Little data are available on the root growth of currently 
cultivated, high-yielding soybean varieties, which are now 
increasingly grown in Central Europe. Kutschera et  al. 
(2018) plotted the root profile of soybeans grown under 
Austrian conditions and documented a maximum soybean 
rooting depth of 1.4 m at pod filling, which is the only avail-
able data on soybean root growth in Central Europe.

Kautz et al. (2013) pointed out that studies on nutrient 
uptake from subsoil have been neglected thus far. There 
are indications, however, that the subsoil can contribute 
significantly to the N, P (phosphorus), and K (potassium) 
supply of plants. Especially in view of the increasing drought 
in summer, it is important to promote nutrient uptake from 
the subsoil. Han et al. (2022) investigated the P uptake 
potential of various perennial crops under field conditions. 
In this study, 33P-labelled soil was incorporated obliquely 
into ingrowth cores up to 4.2 m in the subsoil. P uptake was 
strongly plant species dependent and detectable across all 
depth levels. Rasmussen et al. (2020) studied nutrient uptake 
from subsoil using rhizoboxes in chicory. They demonstrated 
uptake of 15N from 3.5 m and trace elements from a 2.3 m 
soil depth. Furthermore, it was shown that nutrient uptake 
from the topsoil, which is limited by drought, could be 
compensated for by the subsoil. Chen et al. (2021) further 
complemented these results with their studies on chicory. In 
the plant samples studied, the 2H and 15N values were about 
10 times higher at a depth of 1.1 m compared to 3.5 m. Time 
and nutrient availability in the soil are major influencing 
factors. This explains why the 15N values decreased in the 

topsoil and increased to a larger extent in deeper soil layers 
under dry conditions.

Measurements in sugar beets between 3 and 18 weeks 
after planting showed that N uptake from the topsoil (up to 
0.3 m) was greatest throughout the growth phase, although 
nutrient uptake was detected at all depth levels (up to 1.2 m). 
In addition, lateral movement of labelled N fertiliser from 
the injection site of 0.1 m was documented (Zinati et al. 
2001).

Swiss and French studies have investigated  N2 fixation 
in soybean. There are no data available except for one study 
on surface enrichment with 15N-labelled fertilisers (Oberson 
et al. 2007). Soybeans did not contribute to an improve-
ment in N supply in any of the systems investigated since 
N removal by the grains was higher than the symbiotic  N2 
fixation of the soybeans. In this context, Amarger et al. 
(1979) found that non-inoculated soybeans have a higher 
15N content than inoculated soybeans because the value of 
15N uptake decreases the more a plant fixes itself. Similarly, 
the results of Kohl et al. (1980) showed that the 15N value is 
higher in soybeans without nodules than in soybeans with 
nodules. They also reported that the percentage of fixed N 
from the atmosphere of total plant N (%Ndfa) ranged from 
21.7 to 62.1% depending on the growth stage.

Despite their major importance, there are only a few stud-
ies on soybeans under field conditions that deal with root 
growth and nutrient uptake. To fill this gap, field trials were 
established at two locations over 3 years, and rooting depth, 
root length density, and N uptake from the soil surface and 
subsoil were investigated using 15N-labelled fertiliser.

In the field study presented here, the following hypoth-
eses were tested: (i) The point enrichment method used 
provides valid data on the N uptake ability of soybeans in 
different soil layers, thus confirming the method used. This 
is to be expected because (ii) soybeans take up less N from 
deeper soil layers (0.6 m) than from topsoil (0.3 m). (iii) The 
studied genotypes differ in their N uptake capacity; there-
fore, deeper-rooted varieties can take up more N from the 
subsoil. Based on the difference in yield potential between 
the cultivars Merlin and Sultana, it was assumed that Sultana 
developed deeper roots and could thus tap the water and 
nutrient reserves in the subsoil better than Merlin.

2  Materials and Methods

2.1  Experimental Design and Site Description

From 2017 to 2019, the field trials were conducted on 
agricultural land in Käbschütztal near Meißen (MEI) and on 
the experimental field of the Leibniz Centre for Agricultural 
Landscape Research (ZALF) e.V. (MÜ) in Germany. 
A description of the sites, as well as temperature and 

6258



Journal of Soil Science and Plant Nutrition (2023) 23:6257–6272

1 3

precipitation data for the experimental years, are presented 
in Supplementary Information (SI) Table S1 and Fig. 1. 
The field trials were performed in a split-plot design (main 
plots: cultivars; subplots: application depth of 15N-enriched 
nitrate) with four replicates and a single subplot size of 
10.0 × 1.5 m in MEI and 8.0 × 3.0 m in MÜ. In this case, the 
experiment was conducted in a new area each year to ensure 
that the plots were free of 15N-labelled fertiliser.

The land at MEI was farmed conventionally long term, 
while at MÜ, it was farmed organically for more than 
20 years. The preceding crop before soybean was winter 
wheat at the MEI site in all 3 years, oats at the MÜ site in 
2018, and winter rye in 2019. For better weed control, MÜ 
was cultivated twice and ploughed once before seeding. In 
MEI, only two tillage operations were carried out with the 
cultivator before sowing. The soybean cultivars Merlin and 
Sultana were investigated. Inoculation was performed with 
two teaspoons of peat preparation (HiStick, BASF) per plot 
(equivalent to about 5.7 kg  ha−1). The inoculant HiStick was 
mixed with the seeds directly before sowing and then applied 
together. The narrow-leafed lupin (Lupinus angustifolius L., 
cv. Boregine, non-inoculated seeds) was chosen as the ref-
erence crop for soybean in 2017, and niger seed (Guizotia 

abyssinica) was chosen in 2018 and 2019. Weed control was 
performed in MÜ with a harrow and hoe. Herbicides in the 
form of Clomazone (0.25 l  ha−1 in 250 l of water) and Met-
ribuzin (0.4 l  ha−1 in 250 l of water) were used at MEI after 
sowing. The seeding densities were 80 germinating seeds 
 m−2 (cvs. Merlin and Sultana) at MEI and 84 seeds  m−2 for 
both varieties in MÜ. The row spacing was 0.33 m at MEI 
and 0.5 m at MÜ.

2.2  Determination of Soil Parameters

For a better characterisation of the locations, the sowing 
times and yields in the respective trial years are shown in 
Table 1. To classify the soil conditions, a basic soil nutrient 
analysis was carried out from the top 0.3 m (BBCH 11; V1) 
(Table 1). A basic chemical analysis was carried out on 
each soil sample in accordance with the guidelines for soil 
analysis of the Association of German Agricultural Analytic 
and Research Institutes e.V. (VDLUFA). The pH value 
(Association of German Agricultural Analytic and Research 
Institutes 1991d) and the phosphorus (P), potassium (K) 
(Association of German Agricultural Analytic and Research 
Institutes 1991b), magnesium (Mg) (Association of German 

Fig. 1  Monthly mean 
temperature and precipitation 
in the experimental period at A 
Meißen and B Müncheberg
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Agricultural Analytic and Research Institutes 1991c), 
humus (DIN EN 15936:2012-11 2012), and total nitrogen 
 (Nt) contents (Landwirtschaftliche Kommunikations- und 
Servicegesellschaft mbH LKS 2019; DIN ISO 11277:2002-
08 2002) of the soil were determined accordingly.

To evaluate the inorganic soil N  (Nmin) content, three soil 
samples per plot were collected from the sites using a Pürck-
hauer soil auger (diameter, 0.03 m) after sowing soybean. 
Mixed samples from three incremental samples were col-
lected from depths of 0 to 0.3, 0.3 to 0.6, and 0.6 to 0.9 m. 
The samples were immediately cooled down with a cooler 
box to < 5 °C in the field for transport and were stored for 
further analysis at – 18 °C on the same day. To determine 
the  Nmin content in the soil, 100 g of moist soil was mixed 
with 250 ml of 0.01 M  CaCl2 solution for 60 min in a shaker 
(manufacturer GFL) with an overhead spinning agitation. 
Subsequently, the extract was filtered (folding filter, MN 
615.25; diameter, 150 mm; filtration time, 22 s; thickness, 
0.16 mm, retention, > 4 μm), and the supernatant was stored 
in polyethylene tubes (10 ml) at − 18 °C. The  Nmin con-
tent of the extract was analysed using the VDLUFA method 
(Association of German Agricultural Analytic and Research 
Institutes 1991a). About 90 % was present as  NO3

− and the 
remainder as  NH4

+. The initial  Nmin  (NO3
− +  NH4

+) values 
were at a low level, except at MEI in 2017.

The soil water content was determined volumetrically at 
MEI using a profile probe (PR2 profile probe, UP GmbH, 
accuracy ± 0.04  m3   m−3, 0 to 40  °C). For this purpose, 
after seeding in two plots per block, a fibreglass tube was 
inserted one metre deep into the soil and sealed with a lid. 
The profile probe was used to measure the volumetric soil 
water content at 0.1, 0.2, 0.3, 0.4, 0.6, and 1 m depths on 
five (2018) and six dates (2019) in the experimental field. In 
MÜ, the soil water content was determined gravimetrically. 
For this purpose, a soil sample was taken at different times 
in two plots per block with a drill stick (Pürckhauer soil 
auger; diameter, 0.03 m) to a depth of 1 m. The soil moisture 
content was determined every 0.1 m. The insertion of soil 
probes was not possible at the MÜ site.

The bulk density of the soil was determined at three soil 
layers, 0 – 0.3, 0.3 – 0.8, and 0.8 – 1.2 m depth. For this pur-
pose, a pit for root determination was used. Eight cylinders 
(100  cm3) were collected from each soil layer. The samples 
were dried for 24 h at 105 °C in a drying oven (Heraeus 
Instruments, UT 6760). Subsequently, the weight of the soil 
sample was recorded without cylinders, and the bulk density 
(dB) was calculated.

Table 1  Yield and soil properties of the experimental plots

* Soil index reflects the quality and yield capacity of a soil, 100 = “very fertile”; MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ±SD, 
standard deviation; various letters indicate significant differences between the yields, α < 0.05

MEI 2017 MEI 2018 MEI 2019 MÜ 2017 MÜ 2018 MÜ 2019

Date of sowing 29.4.2017 24.4.2018 3.5.2019 2.5.2017 3.5.2018 2.5.2019
Grain yield (t ha−1)

  Merlin (± SD) 3.5 (± 0.15)a 1.9 (± 0.07)a 3.1 (± 0.04)a 3.2 (± 0.12)a 1.2 (± 0.10)a 2.2 (± 0.21)a

  Sultana (± SD) 3.8 (± 0.19)a 2.4 (± 0.18)b 3.3 (± 0.11)a 3.8 (± 0.06)b 0.7 (± 0.21)a 1.7 (± 0.08)a

Soil nutrient content (0–0.3 m)
  Humus (%) 1.6 2.3 2.7 − 1.0 1.0
  pH 7.1 6.9 6.2 − 4.7 6.0
  P (mg 100  g−1) 9.9 6.8 6.6 − 6.7 13.9
  K (mg 100  g−1) 22.1 11.7 24.1 − 7.5 10.5
  Mg (mg 100  g−1) 9.1 7.7 7.6 − 6.8 6.4
  N (%) 0.08 0.13 0.11 − 0.04 0.16

Nmin in spring (kg ha−1)
  0–0.3 m 54.1 8.4 6.9 − 11.2 17.9
  0.3–0.6 m 40.8 12.6 15.9 − 5.4 9.3
  0.6–0.9 m 45.0 25.0 48.2 − 7.5 24.9
  0–0.9 m 139.9 46.0 70.9 − 24.1 52.1

Soil index* 72 83 83 21–34
Bulk density (g cm−3)

  0–0.35 m 1.23 1.46 1.47 1.54 1.49 1.47
  0.35–0.8 m 1.43 1.53 1.57 1.71 1.60 1.57
  0.8–1.2 m 1.57 1.56 1.59 1.83 1.59 1.57
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2.3  15N Enrichment and Analysis

The application of 15N-enriched nitrate was performed at 
three levels: at the soil surface (1.35 × 2.0 m), at a soil depth 
of 0.3 m, and at a depth of 0.6 m. The surface application 
was carried out with a battery-powered backpack sprayer 
immediately after seeding before the soybeans had germi-
nated. For this purpose, the enriched 15N fertiliser was dis-
solved in water and applied to the plots (600 ml per plot). 
Deep enrichment was applied to the side of the plot when the 
soybeans had up to two leaves. For this purpose, a wooden 
angle (45°) was used to hammer a Pürckhauer soil auger 
(diameter, 0.03 m) into the ground for 0.43 or 0.85 m. Thus, 
the soil was removed to the point of enrichment. Subse-
quently, a plastic tube (diameter, 0.025 m) was inserted into 
the pre-drilled hole. An aqueous solution (50 ml) contain-
ing the labelled nitrogen was then added to the tube with a 
syringe and rinsed with 30 ml of water to prevent the fer-
tiliser residue from remaining in the tube. Finally, the tube 
was covered with adhesive tape and left in the soil until the 
final harvest. From the end of the tube, 0.3 or 0.6 m was 
measured in the direction of lay, and the place was marked 
for later harvesting (similar to the principle of Han et al. 
(2022)).

The advantage of this approach is that soybeans should 
not root along the shaft, making it easier to reach the 
15N-enriched fertiliser depot. In addition, the tube was 
covered to prevent the water from reaching the enrichment 
point.

Potassium nitrate and ammonium sulphate labelled with 
15N from Merck with a purity of > 99% were used for the 
experiment. The following placement of the 15N-enriched 
fertiliser was conducted (Table 2):

At the MEI site, enrichment with 15N-labelled fertiliser 
was carried out in all three trial years. For MÜ, only data for 
two depths were available for 2017.

Harvesting of the fertilised plots was performed in two 
steps. First, the samples with enrichment at 0.3 or 0.6 m 
depth were harvested at the end of flowering or the begin-
ning of pod formation, respectively, as it was assumed 
that the time of maximum N demand had already been 
exceeded at this time. For harvesting at MEI, a metal ring 

with a 0.5  m2 area was placed in the centre of the already 
marked point. Within the ring, the entire stand of plants 
was cut off by hand just above the soil surface. Due to 
the wider row space at the MÜ site, a ring was not used, 
but 0.5 linear metres were harvested in the marked row. 
As a control, in addition to the enriched samples, a non-
enriched sample was also collected from each plot.

Harvesting of the surface-enriched plots was done 
at the beginning of pod maturity (BBCH 80/85 (Meier 
2018); R7 (Fehr et al. 1971)). Since the plants had already 
lost their first leaves by this time, two collection baskets 
(1.0 × 0.2 m) were placed in the enriched plots before the 
first leaf fall. The leaves, as well as the other plant sam-
ples, were regularly collected and processed. For this pur-
pose, the middle three rows (0.81  m2) of each plot were 
harvested by hand. The processing of the harvest took 
place immediately afterward. The harvested plants were 
weighed, shredded, and dried at 55 °C until a constant 
dry weight was reached. Microanalysis (EuroEA3000-
Hekatech) was used to determine the contents of total N 
and carbon (C) in shoots (chromatographic separation 
of the oxidation gases). The principle of analysis in this 
machine is based on dynamic flash combustion, followed 
by gas chromatography separation of the resultant gase-
ous species (Karasek and Ray 1988). For this purpose, the 
samples were ground to a particle size of ≤ 0.2 mm, and 
the material was filled into 3 × 6 mm tin capsules (IVA 
Analysentechnik, Meerbusch) and weighed with a fine bal-
ance (Mettler Toledo XA 105 Dual Range) with an accu-
racy of ± 0.01 mg. The amount weighed was based on the 
C to N ratio of the plant material, which ranged from 2.8 
to 3.0 mg for soybeans.

Stable nitrogen isotope ratio analysis of 15N and 14N 
was performed at the UC Davis Stable Isotope Facility 
Laboratory, USA (PDZ Europa ANCA-GSL elemental 
analyser coupled with PDZ Europa 20 - 20 isotope mass 
spectrometer). The delta (δ) 15N values of the applied fer-
tiliser were calculated to be 29.222 ‰ and 266.540 ‰ 
(Peoples et al. 1989), where atmospheric  N2 is usually 
the ultimate standard (0.3663 at.% 15N; (Mariotti 1983)).

The proportion of nitrogen derived from fertiliser (% 
Ndff) in the soybean shoots is calculated using Eq. (1) 
(Jensen 1994):

Table 2  Preparation of the soil 
with 15N-enriched nitrate for the 
investigated depth levels

* The surface application was made on 2.7  m2 per plot

Point enrichment Application rate per 
plot (mg)

Surface enrichment* Application rate 
per plot (mg)*

Year Used fertiliser Total N 15N Used fertiliser Total N 15N

2017 K15NO3, 10 atom % 35.91 3.59 (15NH4)2SO4, 98 atom % 101.53 75.95
2018 K15NO3, 10 atom % 35.91 3.59 K15NO3, 10 atom % 759.55 75.95
2019 K15NO3, 10 atom % 35.91 3.59 K15NO3, 10 atom % 759.55 75.95
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Se  15N enrichment level enriched soybean, δ15N (‰)

Sne  15N enrichment level non-enriched soybean, δ15N 
(‰)

Afert  15N enrichment level of the applied fertiliser δ15N (‰)

The 15N recovery of the applied fertiliser rate (RR) is 
calculated following Eq. (2) (Jensen 1994):

% Ndff  Nitrogen derived from fertiliser in the shoot (%)

Ntshoot  Soybean shoot  Nt content (g/harvest area)

ANfert  applied amount of fertiliser (g)

2.4  Root Analysis

Root examinations were performed using the profile wall 
method (Böhm 1979). For this purpose, a soil pit was made 
in the experimental field when the soybean plants had two 
to three leaves. The pit ran the full width of the trial in MEI 
to allow two replicates per cultivar. In MÜ, only one plot per 
cultivar was examined. An overview of the individual trial 
dates is presented in SI Table S2.

Five steps were performed as part of the profile wall 
method: (1) digging the trench; (2) preparing the profile wall; 
(3) exposing the roots; (4) mapping the roots; and (5) count-
ing procedure. At each examination date, the profile wall 
was removed for a further 0.2 to 0.25 m to record a new root 
image. An acrylic glass sheet (1 m × 1 m) was used to map 
the roots. A transparent film with a grid (0.05 m × 0.05 m) 
was placed on it. Marking was done with one point per 
0.005 m root length. The root length per 0.05 m soil depth 
is recorded in 20 parallel squares (0.05 × 0.05 m), and the 
mean root length density and the standard deviation of the 
mean are calculated, which are shown in Supplementary 
Material Tables S5–S7. Plots were weed free to ensure that 
only soybean roots were documented.

(1)%Ndffshoot [%] =

(

Se − Sne
)

(

Afert−Sne
) ∗ 100

(2)RR[%] =

(

%Ndff ∗ Ntshoot

)

(

ANfert

)

2.5  Statistical Analysis

The statistical analysis system (SAS) programme version 9.3 
of SAS Institute Inc. 2013 was used for the statistical analy-
sis. The normal distribution of the data was tested according 
to Shapiro–Wilk (univariate normal procedure) (Munzert 
2015). A one-factor analysis of variance (ANOVA) was 
performed for the yield comparisons of the two cultivars 
and for the evaluation of the areal enrichment. Cultivars and 
fertilisation depth were assessed using a two-factor analysis 
of variance. For the multiple mean value comparison of the 
balanced data, Tukey’s test was used. Significant differences 
between cultivars were indicated, with error probabilities (α) 
of < 0.05, < 0.01, and < 0.001 and are indicated by different 
letters in the tables.

3  Results

3.1  Root Examination

The root length density and rooting depth of soybean 
cultivars on both loess and sandy soils reached a maximum 
rooting depth between 0.6 and 0.85  m at the time of 
flowering (Figs. 2 and 3). At the time of pod formation or 
the beginning of maturity, a maximum rooting depth of 
1.35 m was documented. The highest root length density was 
recorded between 0.15 and 0.2 m soil depth and ranged from 
0.5 to 2.4 cm  cm−3. Root length density gradually decreased 
to a soil depth of 0.3 to 0.4 m, and only a few roots were 
detected in deep soil layers.

There were hardly any visible differences between the 
cultivars Merlin and Sultana. Sultana appeared to have a 
higher root length density in the topsoil layer, up to 0.4 m, 
while Merlin was mostly rooted slightly deeper.

Differences between the years were observed at the MEI 
site. In 2017, a maximum rooting depth of 1.0 m was docu-
mented on the last survey date. In addition, the root length 
density was more pronounced in the upper soil layers, up to 
about 0.3 m, than in 2018 and 2019. In 2018, the root growth 
in the upper soil layer was the lowest, and a maximum root-
ing depth of 1.35 m was measured, which could be related to 
low water availability. In 2019, stronger growth in the upper 
soil layer, up to 1.0 cm  cm−3, and a maximum rooting depth 
of 1.35 m were observed. At the MÜ site, growth similar to 
MEI was observed. The maximum rooting depth in 2018 
was only 0.9 m, and in 2019, there were stronger fluctua-
tions in the lower soil layer between 0.6 and 0.8 m for the 
Merlin cultivar on the second and third investigation dates. 
The measurement of soil water content confirmed a strong 
decrease in soil moisture during vegetation (Supplementary 
Material Fig. S1). Due to site differences, the soil water 
content in spring was only half as high at MÜ as at MEI 
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Fig. 2  Root length density of soybean cultivars (●Merlin; ○Sultana) 
at the Meißen (MEI) site in A 2017; B 2018; and C 2019 and at three 
growth stages of soybeans. One point corresponds to the average of 

an area 5 × 100 cm; there were two root profiles per variety on each 
day of investigation (N = 2); Tables S5–S7 in the Supplementary 
material provide additional information on standard deviation
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in 2018 and 2019. The decrease in soil moisture was also 
visible in the lower soil layer of 0.6–1 m during flowering 
to pod formation. This indicates that both soybean varieties 
drew water from the lower soil layer at flowering. However, 
despite the large site differences due to soil properties, soy-
bean root characteristics for 2018 and 2019 and varieties 
were very similar.

3.2  Soybean N Uptake

For the non-fertilised soybeans and the reference crop, a 
decrease in N yield in the soybean shoots was evident over 
the course of 2017–2019 (SI Table S3). Therefore, a signifi-
cantly higher N yield was found at MEI than at MÜ for indi-
vidual years. Comparing the varieties or the reference crops, 
the Merlin variety achieved the highest N yield in four out 

of five cases. The reference crop, as a non-legume, yielded 
the lowest N yield in all years and locations. Compared to 
the 15N-fertilised samples, the N content of the unfertilised 
samples was in a similar range, sometimes slightly above 
or below.

In 2017, the variants with surface 15N fertilisation also 
showed the highest N yield (Table 3). The N yield decreased 
in 2018 and increased again in 2019. A higher N yield was 
documented at MEI than at MÜ. When comparing the cul-
tivars, there were no significant differences at MEI. How-
ever, at MÜ, the shoot N yield of the Merlin cultivar was 
significantly higher than that of Sultana. The reference crop 
showed the lowest N yield in all years and locations.

Except at MÜ in 2018, there were no significant differ-
ences in shoot N content between varieties or fertilisation 
depths. Table 4 shows that the shoot N content decreased 

Fig. 3  Root length density of soybean cultivars (●Merlin; ○Sultana) 
at the Müncheberg (MÜ) site in A 2018 and B 2019 and at three 
growth stages of soybeans. One point corresponds to the average of 

an area 5 × 100 cm; there was one root profile per variety on each day 
of investigation (N = 1); Table S6–S7 in the Supplementary material 
provides additional information on standard deviation
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from year to year. As in previous evaluations, N yields 
were also higher in MEI than in MÜ. In four out of five 
cases, the shoot N content was higher in Merlin than in 
Sultana, although the difference was only significant at 
MÜ in 2018 (Merlin, 67.5 kg  ha−1; Sultana, 50.9 kg  ha−1) 
(Table 4). A more differentiated examination for the 15N 
enrichment showed that Merlin had a higher N shoot content 
(70.3 kg  ha−1) than Sultana (36.8 kg  ha−1) in microplots of 
15N application at a 0.30 m depth. In contrast, in microp-
lots of N application at 0.6 m depth, the N shoot content of 
both varieties was similar (Sultana, 64.9 kg  ha−1; Merlin, 
64.8 kg  ha−1; Table 5).

In the regression analysis of average root length density 
(cm/cm3) in the root profile and total shoot N uptake (kg/ha), 
data for all sites, varieties, and experimental years revealed 
a weakly significant relationship (R2 = 0.41; p = 0.002; 
N = 20).

3.3  N Acquisition from Different Soil Depths

Soybean and the reference crop from the plots not enriched 
in 15N had 15N enrichment levels between 2.2 and 4.4 
δ15N‰ and between 4.4 and 6.8 δ15N‰, respectively (SI 
Table S4). Compared to non-fertilised soybean, the measured 
15N values were significantly higher in the 15N-fertilised 
soybean samples (Fig. 4). In 2017, the results were low at 
all depths of investigation, and in 2019, the highest delta 15N 
values were obtained. The surface 15N fertilisation results 
were higher than after 15N application at 0.3 and 0.6 m in 
three of the five cases. Nitrogen was obviously better taken 
up by plants at MÜ than at MEI, as the measured delta N 
values were higher across all depth levels studied. In 2018 
and 2019, the non-N2-fixing reference plant also showed 
the highest 15N enrichment of all plants. In 2018, at MÜ, 
the value of the reference plant deviated. Due to the severe 

Table 3  Shoot N of surface-
fertilised soybeans (kg  ha−1)

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ± SD, standard deviation. Letters indicate significant 
differences between cultivars within a year, α < 0.05

2017 2018 2019

MEI  ± SD MÜ  ± SD MEI  ± SD MÜ  ± SD MEI  ± SD MÜ  ± SD

Reference 132.3 14,5  −  − 100.9 20.7 21.6 14.4 168.9 74.5 14.1 5.7
Merlin 249.8a 67.6  −  − 102.0a 15.6 67.1b 11.0 211.6a 29.1 109.9b 19.4
Sultana 219.4a 37.9  −  − 167.8a 56.6 49.6a 6.5 184.9a 9.9 72.2a 8.7

Table 4  Shoot N (kg  ha−1) 
between different cultivars 

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ± SD, standard deviation
1 There are significant interactions between variety*depth, p = 0.042; *α < 0.05. Letters indicate significant 
differences between cultivars within a year, α < 0.05

Merlin  ± SD Sultana  ± SD Reference  ± SD

MEI 17 218.9 81.7 A 188.6 73.9 A 117.7 35.2
MEI 18 146.4 33.7 A 158.1 43.1 A 104.4 33.3
MEI 19 126.4 40.8 A 96.6 33.3 A 102.4 23.6
MÜ 17 100.8 29.9 A 82.7 27.5 A  −  − 
MÜ  181 67.5* 15.2 B 50.9* 22.8 A 23.9 8.9
MÜ 19 71.3 16.9 A 60.4 15.7 A 16.4 10.9

Table 5  Shoot N (kg  ha−1) 
between different depths of 
fertilisation

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ± SD, standard deviation
1 There are significant interactions between variety*depth, p = 0.042. Letters indicate significant differences 
between depths of fertilisation within a year, α < 0.05

0.3 m  ± SD 0.6 m  ± SD Reference  ± SD

MEI 17 197.8 80.9 A 209.8 77.7 A 117.7 35.2
MEI 18 142.7 37.9 A 161.8 37.8 A 104.4 33.3
MEI 19 118.1 42.9 A 104.8 36.5 A 99.3 23.5
MÜ 17 100.9 25.3 A 82.5 31.8 A  −  − 
MÜ  181 53.6 25.3 A 64.8 14.0 A 23.9 8.9
MÜ 19 63.8 12.3 A 67.9 20.9 A 16.4 10.9

6265



Journal of Soil Science and Plant Nutrition (2023) 23:6257–6272 

1 3

6266



Journal of Soil Science and Plant Nutrition (2023) 23:6257–6272

1 3

drought in the summer of 2018, the niger seed hardly grew 
at MÜ. Therefore, in 2019, regular irrigation was conducted 
to provide the plants with sufficient water. Delta 15N values 
at MÜ showed that niger seed roots reached a depth of 0.6 m 
in 2018 to absorb fertiliser adequately. When comparing 
soybean varieties, the 15N content of Sultana at MÜ was 
higher than that of Merlin across all years and enrichment 
levels. At MEI, Merlin had higher delta 15N values only for 
surface enrichment.

Delta N (‰) in soybean shoots varied highly between 
years, sites, and cultivars: delta N values in soybean shoots 
increased annually, reaching the highest values in 2019  
(Tables 6 and 7). Within the individual years of investiga-
tion, no significant differences were found between the varie-
ties Merlin and Sultana. However, as a result, delta N values 
in the shoots of Sultana were higher than those for Merlin 
in four out of six cases. The reference crop had higher delta 
N values than soybean, except for MÜ in 2018 (Table 6).

In comparison, significantly higher delta N values in soy-
bean shoots occurred after 15N application at 0.3 m depth 
compared to 0.6 m depth at both study sites. The only non-
significant result occurred at MEI in 2019, but again, values 
were higher after 15N application at 0.3 m depth than at 
0.6 m depth. On average, among the cultivars, the measured 
delta N values at MÜ were higher than at MEI in all cases 
(Table 7).

The percentage of N derived from fertiliser (% Ndff) in 
soybean shoots was lowest after surface 15N application in 
2017 (MEI 17 reference = 0.354 %) and increased annually 
(MÜ 19 reference = 3.328 %) (Table 8). In five out of six 
cases, the % Ndff in soybean shoots was higher at MÜ than 
at MEI. There was no significant difference between the 
cultivars within the individual years. At MEI, the Merlin 
variety showed a higher % Ndff, whereas at MÜ, this trend 
was observed for Sultana.

Except for at MÜ in 2018, no significant interactions 
between cultivar*depth were found for % Ndff in soybean 
shoots. No significant differences were identified between 
the soybean cultivars. At MÜ, the cultivar Sultana tended to 
take up more of the 15N fertiliser, but the difference was not 
statistically significant (Table 9).

After 15N application at a depth of 0.3 m, plants took up 
significantly more fertiliser N compared to 15N application 
at a depth of 0.6 m in all years and locations. Only at MÜ in 
2018 was no significant difference observed with the depth 
of 15N application (Table 10). After 15N application at 0.3 m, 

the average value of % Ndff was 1.218 for Merlin and 0.824 
for Sultana; at 0.6 m, Merlin averaged 0.383, and Sultana 
averaged 1.864.

No differences were found between the varieties when 
calculating the 15N recovery rate. Soybean at MEI in 2017 
showed the highest 15N uptake efficiency of about 67% 
after surface application. In dry years (2018 and 2019), the 
recovery rate decreased sharply at both sites (7.5 – 26.8 %) 
after surface application. For subsoil application, the 
recovery rate of 15N fertiliser at 0.3 m depth was, on average, 
more than twice as high (about 45 %) as at 0.6 m depth 
(21 %). Thus, the data show plausible results and confirm 
the methodology used.

4  Discussion

Roots serve plants primarily for water and nutrient uptake, 
with rooting depth and root length density in space and 
time representing the central characteristics of their appro-
priation. Thus far, only a few studies on soybean root 
growth in the field are available (Allmaras et al. 1975; 
Kutschera et al. 2018; Ordóñez et al. 2018; Turman et al. 
1995). This is especially true for central European condi-
tions. The determined maximum rooting depth of almost 
1.4 m corresponds to the data of Kutschera et al. (2018). 
However, the rooting depth depends on various influencing 
factors, such as sowing time, water availability, and soil 
conditions. Ordóñez et al. (2018) also measured a maxi-
mum soybean rooting depth of 1.2 to 1.57 m at various 
locations in the USA and demonstrated that rooting depth 
is significantly related to water table depth. Due to the 
deep root growth of soybeans, they were also able to use 
water reserves in the subsoil, especially in low precipita-
tion years 2018 and 2019. The determined decrease in soil 
water reserves in the subsoil showed this very clearly (see 
figures in the Supplementary Material Fig. S1). Therefore, 
soybeans have a significantly higher capacity to absorb 
water from the subsoil than, for example, pea or faba bean, 
which generally do not root deeper than 100 cm (Li et al. 
2005; Liu et al. 2011). However, at flowering, soybeans 
always only reached a maximum rooting depth of 60 cm 
(Figs. 2 and 3); thus, at this stage, they still confer an 
insufficient ability to absorb water from the subsoil. In 
2018 and 2019, this could be observed at both experimen-
tal sites. Dry phases at the flowering stage of soybean are 
often associated with sensitive yield losses. Serraj and 
Sinclairs (1998) showed that soybeans are sensitive to 
soil drought and that nodulation and  N2 fixation are also 
reduced by drought.

At MEI, the maximum rooting depth in 2018 and 2019 
was about 0.15 m deeper than in 2017 (Fig. 2) when there 
was corresponding rainfall in the summer. This confirms 

Fig. 4  Delta 15N values (‰) in above ground plant biomass after 15N 
fertilisation to surface, at 0.3 m and 0.6 m subsoil in A 2017, B 2018, 
and C 2019 at two experimental sites. Ref., reference plant; cultivar: 
S, Sultana; M, Merlin; trial sites: MEI, Meißen; MÜ, Müncheberg; 
bars indicate the standard error (SE); four replicates per fertilisation 
depth and variety (N = 4)

◂
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the findings of Hoogenboom et  al. (1987), who found 
that drought stress during the early stages of plant growth 
promotes deep root growth.

Similarly, the measured RLD shows that soybeans tend 
to grow deeper roots rather than wider roots when water is 

scarce during flowering. Therefore, topsoil RLD values in 
2018 (0.5 to 0.6 cm  cm−3) and 2019 (0.25 to 0.5 cm  cm−3) 
were lower than those in the 2017 experimental year (0.8 to 
1.1 cm  cm−3). In addition, the documented RLD confirms 
the magnitude of Turman et al. (1995) and Allmaras et al. 

Table 6  Delta 15N (‰) between 
different cultivars (mean values 
of 15N fertilisation at 0.3 and 
0.6 m)

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ±SD, standard deviation
Letters indicate significant differences between cultivars within a year, α < 0.05

Merlin  ± SD Sultana  ± SD Reference  ± SD

MEI 17 93.5 85.6 A 68.7 64.5 A 112.9 49.7
MEI 18 132.3 87.6 A 126.4 55.0 A 248.9 60.6
MEI 19 148.9 109.6 A 228.7 125.1 A 289.9 161.9
MÜ 17 78.8 70.8 A 108.5 90.0 A  −  − 
MÜ 18 258.7 139.7 A 394.9 222.3 A 241.9 363.5
MÜ 19 295.2 151.2 A 372.2 131.4 A 436.3 339.4

Table 7  Delta 15N (‰) 
between different depths of 15N 
fertilisation

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ±SD, standard deviation
Significance level: *α < 0.05; **α < 0.01; ***α < 0.001. Letters indicate significant differences between fer-
tilisation depths within a year, α < 0.05

0.3 m  ± SD 0.6 m  ± SD

MEI 17 143.9** 51.8 B 18.2** 11.2 A
MEI 18 176.6** 42.7 B 82.1** 61.7 A
MEI 19 241.2* 141.2 A 136.4* 71.4 A
MÜ 17 164.4** 39.4 B 22.9** 25.1 A
MÜ 18 452.8** 186.1 B 200.9** 93.1 A
MÜ 19 425.2** 120.3 B 242.2** 99.6 A

Table 8  % Ndff of plants 
after surface application with 
15N-labelled fertiliser

Amount of fertiliser applied 37.60 mgN  m−2 (2017); 281.31 mgN  m−2 (2018, 2019); MEI, Meißen (trial 
site); MÜ, Müncheberg (trial site); ±SD, standard deviation

2017 2018 2019

MEI  ± SD MÜ  ± SD MEI  ± SD MÜ  ± SD MEI  ± SD MÜ  ± SD

Reference 0.35 0.06 − − 1.23 0.39 1.36 0.75 1.66 0.69 3.33 0.63
Merlin 0.45 0.05 − − 1.50 0.16 1.32 0.64 1.45 0.23 2.29 1.11
Sultana 0.44 0.11 − − 1.17 0.16 1.74 0.67 1.30 0.20 2.32 1.03

Table 9  % Ndff of plants 
between different soybean 
cultivars (mean values of 15N 
fertilisation at 0.3 m and 0.6 m)

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ±SD, standard deviation
1 There are significant interactions between variety*depth, p = 0.001; *α < 0.05. Letters indicate significant 
differences between cultivars in a year, α < 0.05

Merlin  ± SD Sultana  ± SD Reference  ± SD

MEI 17 0.31 0.29 A 0.22 0.22 A 0.38 0.17
MEI 18 0.44 0.30 A 0.43 0.19 A 0.84 0.21
MEI 19 0.50 0.38 A 1.20 1.18 A 0.98 0.56
MÜ 17 0.26 0.25 A 0.33 0.30 A  −  − 
MÜ  181 0.80* 0.56 A 1.34 0.76* B 0.81 1.25
MÜ 19 1.09 0.55 A 1.34 0.73 A 1.49 1.16
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(1975). The applied profile wall method represents a 
suitable possibility, as confirmed by Bublitz et al. (2021) 
in their study on intercrops. In this context, the absolute 
values in heavily rooted areas are below the measurement 
results of methods used to study root development in soil 
cores and monoliths and are thus probably underestimated 
(Bublitz et al. 2021).

RLD in the topsoil decisively contributes to the P uptake 
of plants. Grain legumes have a high P requirement. How-
ever, Kautz et al. (2013) pointed out that subsoil can take 
up over two-thirds of the N, P, and K supply during severe 
drought. Thus, deep roots can also ensure nutrient supply 
during pod formation and the pod-filling phase of soy-
bean. This can be justified by the better water availability 
in the subsoil, especially during dry periods, as shown here 
(Supplementary Material Fig. S1). Even if the RLD is bet-
ter developed in the topsoil, the roots cannot take up the 
nutrients from the soil if soil moisture is lacking (Farmaha 
et al. 2011). Han et al. (2022) also demonstrated in their field 
experiments that roots are more effective in taking up P in 
the subsoil than in the topsoil, but this is highly dependent 
on the plant species.

It should be emphasised that there were no differences in 
root growth between the tested soybean cultivars or between 
sites and their different soil conditions. Due to the lower soil 
bulk density, it was assumed that the roots would root deeper 
in the sandy soil at MÜ than at MEI.

In addition, other factors, such as soil water and nutrient 
supply, play a significant role. In principle, the results can 
be used to demonstrate that soybeans can absorb inorganic 
N and water from deep soil layers during flowering until pod 
filling. Furthermore, it is likely that soybeans are exposed 
to less water stress during the pod-filling phase than dur-
ing the flowering phase due to their deeper root growth at 
a later time.

The two soybean cultivars also showed no striking 
differences in shoot N accumulation, analogous to the results 
of the root tests. Only in one case was there a significant 
difference between the two investigated cultivars, which 
occurred at MÜ in 2018, with both a surface 15N application 

and a subsoil spot enrichment with 15N. The apparent 
greatest influence on N yield was water availability in each 
year of the experiment. In 2017, the shoot N yield was 
highest (219 to 249 kg  ha−1), but it declined distinctly in 
2018 (102 to 167 kg  ha−1) and increased again in 2019 (184 
to 211 kg  ha−1). Figure 1 shows the course of precipitation 
in the individual years. From this, it can be inferred that 
the precipitation in July 2019 at MÜ, with over 100 l  m−2, 
likely had a positive effect on soybean plant growth and, 
thus, N yield. Based on this series of experiments via a 
corresponding regression analysis, the intensive root growth 
of soybeans in the field was apparently a prerequisite for 
high N accumulation in the shoots. Intensive root growth 
ensures soybean not only a water supply but also inorganic 
nitrogen uptake from the subsoil, as shown by the results 
of 15N application in the subsoil. This is because mineral 
nitrogen uptake contributes to soybean yield stability under 
drought conditions, as shown by Purcell and King (2008).

Purcell and King (2008) showed that N fertilisation 
increases soybean drought tolerance, as measured by the 
biomass rate, N accumulation, and the reduction in flower 
and pod dieback.

From a sustainability point of view, plants that accumu-
late N via symbiotic  N2 fixation should not be fertilised with 
N. However, due to the increasing dry periods, Purcell and 
King (2008) and Salvagiotti et al. (2008) agree that to ensure 
a stable soybean yield and thus an appropriate protein supply 
in Central Europe under dry conditions.

Following the calculations of Shearer and Kohl 
(1986), plants fertilised with 15N absorbed an average of 
118 kg N  ha−1 from the soil. In comparison, the non-ferti-
lised control samples took up between 55 and 271 kg N  ha−1 
(mean 99 kg  ha−1).

Subsoil spot enrichment with 15N-labelled nitrate, tested 
here for the first time in soybeans in field trials, has been 
shown to be well-suited to directly quantify the appropriate 
amount of inorganic nitrogen under field conditions. 15N 
application resulted in correspondingly distinct 15N signals 
in soybean shoots during flowering (Fig. 4), which was also 
attenuated with application depth and was stronger under dry 

Table 10  % Ndff of plants 
between different depths of 15N 
fertilisation (mean values of 
soybean cultivars)

MEI, Meißen (trial site); MÜ, Müncheberg (trial site); ±SD, standard deviation
1 There are significant interactions between variety*depth, p = 0.001. Significance level: *α < 0.05; **α < 
0.01; ***α <0.001. Letters indicate significant differences between fertilisation depths in a year, α < 0.05

0.3 m  ± SD 0.6 m  ± SD

MEI 17 0.48** 0.18 B 0.05** 0.04 A
MEI 18 0.59** 0.15 B 0.27** 0.21 A
MEI 19 1.25* 1.19 B 0.46* 0.24 A
MÜ 17 0.54** 0.12 B 0.05** 0.05 A
MÜ  181 1.02* 0.34 A 1.12* 0.97 A
MÜ 19 1.57* 0.61 B 0.80* 0.36 A

6269



Journal of Soil Science and Plant Nutrition (2023) 23:6257–6272 

1 3

conditions than under wet conditions. This was highlighted 
by the progression of soybean root depth growth (Figs. 2 
and 3). Rasmussen et al. (2020) and Chen et al. (2021) 
showed the depth-dependent capacity for N uptake from the 
subsoil in chicory, with a spot 15N application in the subsoil, 
analogous to the results shown here on soybean. However, to 
improve the precision of the method chosen here, in further 
projects, several, e.g. 3 to 5, point applications should be 
made per square metre. It would also be advisable to use 
15N-labelled ammonium enrichment instead of nitrate since 
ammonium is less mobile in the soil than nitrate.

5  Conclusions

Field trials with two soybean varieties carried out over two 
locations and 3 years have shown that

 (i) A valid estimation of the uptake of mineral nitro-
gen from the subsoil by soybeans under field condi-
tions can be made by means of a point enrichment 
with 15N-labelled nitrate carried out at a depth of 0.3 
and 0.6 m; the soybeans took up an average of 45 % 
(0.3 m) and 21 % (0.6 m) of the applied nitrogen until 
flowering.

 (ii) Independent of variety and location, but depending 
on the water supply at the location, the soybeans 
reached a maximum rooting depth of approximately 
0.6 m until flowering and 1.4 m until the end of pod 
filling.

 (iii) the genotypes studied did not differ significantly in 
their rooting patterns and N uptake capacity.

Due to a well-developed root system reaching deep into 
the soil, soybeans are able to additionally cover their Nitro-
gen requirement from soil-borne sources and to secure yield 
formation in dry periods by water uptake from the subsoil.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s42729- 023- 01482-2.
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