Nutr Cycl Agroecosyst
https://doi.org/10.1007/s10705-022-10205-5

ORIGINAL ARTICLE

q

Check for
updates

Similar distribution of 1°N labeled cattle slurry and mineral

fertilizer in soil after one year

Hanna Frick® - Astrid Oberson -
Michael Cormann - Hans-Rudolf Wettstein -
Emmanuel Frossard - Else Katrin Biinemann

Received: 13 September 2021 / Accepted: 6 April 2022
© The Author(s) 2022

Abstract Targeted use of animal manures as a
nitrogen (N) fertilizer is challenging because of their
poorly predictable N fertilizer value. An enhanced
understanding of their N transformation processes
in soil under field conditions is necessary to better
synchronize N availability and crop N demand. N
labeled cattle slurry, produced by feeding a heifer
with 1N labeled ryegrass hay, was used in an on-farm
trial on two neighboring fields, cropped with maize
or grass-clover, in order to assess crop N uptake and
N dynamics in the topsoil. Recovery of applied total
N in plant biomass was higher for mineral fertilizer
(Min) (45-48%) than for slurry (Slu) (17-22%) when
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applied at the same rate of mineral N. Also, N derived
from fertilizer in plant biomass was higher for Min
than for Slu, due to both greater NH; emissions and
greater initial immobilization of slurry N. Despite
initial differences between the two in the relative
distribution of residual fertilizer N in soil N pools,
already in the following spring the majority (77-89%)
of residual N from both fertilizers was found in the
non-microbial organic N pool. Of the applied total N,
18-26% remained in the topsoil after the first winter
for Min, compared to 32-52% for Slu. Thus, the pro-
portion of fertilizer N not taken up by the first crop
after application, enters the soil organic N pool and
must be re-mineralized to become plant available.

Keywords >N labeling - On-farm trial - Farmer’s
practice - N use efficiency - Soil N pools

Introduction

Targeted use of animal manures as a nitrogen (N) fer-
tilizer is difficult due to their variable composition. A
high proportion of total N in animal manures is pre-
sent as organic N compounds (Pagliari et al. 2020)
which must be mineralized before becoming plant
available. Ammonium-N within manure is avail-
able for uptake by plants, but it is also prone to NH;
volatilization. In soil, ammonium gets rapidly immo-
bilized by microbes or can be nitrified. If not taken
up by plants, there is a high potential for losses via
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nitrate leaching, especially under high rainfall, and
gaseous losses via N,O or N, (Gutser and Dosch
1996). These losses cause adverse effects on the envi-
ronment (Erisman et al. 2013; Galloway et al. 2003)
and human health (Ward et al. 2018). At the same
time, in Europe bovine manure could replace about
4.3 million tons of mineral N fertilizer (Zavattaro
et al. 2017), but to this end, an improved understand-
ing of N transformation in the soil in relation to plant
N needs under field conditions is necessary.

Under current farming practices, fertilizer N use
efficiency (NUE) of both mineral fertilizer and ani-
mal manure is low, with N recoveries in crops aver-
aging 42+ 13% for mineral fertilizer and 26 +10%
for animal manure in the year of fertilizer application
(Smith and Chalk 2018). This leaves a large share of
fertilizer N in the soil, with a consistently low resid-
ual fertilizer value in the following years (Smith and
Chalk 2018). At the same time, plants take up more
than half of their N demand from other sources than
fertilizer applied that year, with major shares assumed
to originate from soil organic N mineralization (Yan
et al. 2020; Gardner and Drinkwater 2009). It must
be noted that NUE tends to be overestimated at
research stations and is not necessarily representa-
tive of achievable NUE values on farmers’ fields
(Ladha et al. 2005; Cassman et al. 2002). This is due
to a scale effect as researchers’ fields are commonly
small, and attentively managed, often over several
years, which is not feasible in practice. Therefore, on-
farm data obtained from farmers’ fields is needed.

N labeling represents a sensitive method for
assessing fertilizer NUE, including direct assessment
of its residual effect. However, it requires that N in
the tested fertilizer is homogeneously labeled (Hauck
and Bremner 1976). Homogeneous >N labeling of
both inorganic and organic N compounds in animal
manures is challenging to achieve (e.g., Bosshard
et al. 2011; Chalk et al. 2020; Hoekstra et al. 2011).
Nevertheless, Powell and Wu (1999) suggested that
mixing excreta portions around peak >N enrichment
after feeding a ruminant with >N labeled feed over
several days would allow for quantitative and accurate
evaluation of NUE. The variation in the results due to
inhomogeneous labeling can be assessed by charac-
terizing the '°N distribution in different slurry N frac-
tions (Langmeier et al. 2002; Bosshard et al. 2011).

Tracing N from animal manure into different soil
N pools could facilitate the prediction of its NUE,
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but such field data is scarce. Sgrensen (2004) and
Jensen et al. (2000) found a rapid decline in the
recovery of N from slurry in both microbial N
(Nmic) and mineral N (Nmin), and an increasing
share of N recovered in non-microbial organic N
(Norg) under field conditions. However, their labe-
ling approach could trace only the mineral N but
not the organic N in the slurry. Others only looked
into PN recovery in Nmin, but not Nmic (Bosshard
et al. 2009), or did not provide a direct comparison
with mineral fertilizer (Hoekstra et al. 2011). This
leaves a knowledge gap regarding the distribution of
either '°N labeled mineral fertilizer or >N labeled
cattle slurry, produced by mixing "°N labeled urine
and faeces, into different soil N pools under arable
field conditions. Furthermore, to our knowledge,
none of the previous studies investigated the effect
of repeated field applications of labeled fertilizers
on the N recovery in Nmic and Nmin. However,
repeated application of slurry is a common agricul-
tural practice.

We applied >N labeled cattle slurry under on-farm
conditions to gain a more realistic view of the NUE
of cattle slurry under field conditions in Switzerland.
While we acknowledge that our microplot design to
some extent contradicts the on-farm setting, placing
our experiment on fields managed by a farmer still
allowed more representative results than experiments
on research stations. The Géu region, where this study
was conducted, is located on the Swiss Central Pla-
teau, and is characterized by the agricultural produc-
tion of vegetables and arable crops. Common arable
rotations of mixed crop-livestock farms include silage
maize, winter cereals, canola, and grass-clover leys.
The groundwater in this region is specifically vulner-
able to nitrate leaching, not only due to agricultural
production, but also because it is barely diluted with
water from non-agricultural land (Gerber et al. 2018).
In the Géu region, authorities are searching for ways
to improve NUE of both organic and inorganic ferti-
lizers in order to reduce nitrate leaching. We chose
silage maize and grass-clover as model crops since
these crops are most commonly fertilized with animal
manure. Following the official Swiss fertilization rec-
ommendations (Richner and Sinaj 2017), we took the
NH,-share of the slurry as a proxy for its N availabil-
ity and established a >N mineral fertilizer treatment
with the same rate of mineral N for comparison.
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Overall, this study aimed at (a) assessing the
NUE of N labeled cattle slurry in comparison to
5N labeled synthetic mineral fertilizer in an on-
farm field trial under recommended agricultural
practice conditions, and (b) investigating their N
dynamics in topsoil during the season of applica-
tion. We expected N availability from cattle slurry
during the year of application to be equal to its
NH,-content. Thereby, we presumed that miner-
alization of organic N in slurry would compensate
for immobilization of slurry mineral N, and that
plant N derived from fertilizer would be the same
for slurry and mineral fertilizer when applied at the
same dose of mineral N. Finally, we assumed fer-
tilizer N recovery in crop biomass to be higher for
mineral fertilizer than for slurry, but to be equal for
both fertilizers when considering the whole plant-
soil system.

Material and methods
Field site and experimental design

The field experiment was conducted as an on-farm
trial on two neighboring fields in the Canton Solo-
thurn, Switzerland, during 2018/19. While Field A
was cropped with silage maize followed by winter
wheat during 2018, Field B was cropped with grass-
clover (Fig. 1). Both fields had been cultivated with
sown grass-clover for at least three years before the
experiment began and regularly received animal
manure according to common agricultural practice.
Fields differed slightly in bulk density and texture
but were overall similar in basic soil properties in
the uppermost 0.15 m (Table 1). Climatic conditions
at the field site are temperate, with a mean annual
temperature of 9.0 °C and yearly precipitation of
1129 mm (1981-2010). However, weather conditions
in 2018 were exceptionally hot and dry, especially
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Fig. 1 Overview of the experimental timescale, including crop rotation, cultivation measures, fertilization, and sampling on Field A

(upper panel) and Field B (lower panel)

Table 1 Topsoil properties at the two field sites (0-0.3 m) (mean + standard deviation)

Field Bulk density' (t m™3) pH (CaCl,,  C,, (gkg™' DM) Total N (g Clay (%) Silt (%) Sand (%)
1:2.5) (=) kg™ DM)

A 1.34+0.08 55+0.2 17.3+0.4 1.9+0.1 22.0+0.8 358+1.2 39.6+1.5

B 1.41+0.06 5.7+0.2 17.8+0.6 2.1+03 21.6+1.0 425+1.5 32.8+0.6

"Bulk density (0-0.15 m) was determined in each microplot with cylinders in 0.05 m increments (0-0.05 m, 0.05-0.1 m and 0.1-
0.15 m); for calculations, mean over all microplots per field, as reported here, was used
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during the summer, with temperatures between April
and September about 2.4 °C above average and about
30% less precipitation (BAFU 2019) (Fig. 2 and SI
Fig. D).

Three fertilizer treatments were implemented: N
labeled mineral fertilizer as 'NH,'"NO; (Min, 8.00
atom% "°N abundance), '°N labeled cattle slurry (Slu,
7.89 atom% N abundance), and a control (Con)
treatment not receiving any N labeled fertilizers.
Each fertilizer treatment was replicated four times,
resulting in 12 microplots per field. On both fields,
microplots were arranged in a complete randomized
block design on a 3 m wide strip (SI Fig. 2). Follow-
ing the design proposed by Jokela and Randall (1987),
non-confined microplots were located in a way that
two maize rows formed the edges of each microp-
lot and one maize row formed the centerline of the
plot (SI Fig. 3). Microplots had a size of 1.5 mXx2 m,
while row spacing was 0.75 m. Although Field B was
not cropped with maize in 2018, the same dimensions
for the microplots were used.

Production and characterization of '°N labeled cattle
slurry

I5N labeled cattle slurry was produced by feeding a
female heifer (240 kg live weight) with >N labeled
ryegrass (Lolium multiflorum var. Westerwoldicum)
hay with a N abundance of 12.6 atom% (for hay
production see SI. 3). After a preceding adaptation

phase of seven days, the heifer was fed with the °N
labeled ryegrass hay for eight days (daily ratio: 5.6 kg
dry weight). Both in the adaptation phase and the
three days after feeding with '°N labeled hay, feed
consisted of non-labeled hay produced under the
same conditions as the N labeled hay (Sgrensen
et al. 1994; Bosshard et al. 2011). From Day 8 (start
of feeding with '°N labeled hay) until the end of the
feeding period, faeces and urine were collected quan-
titatively and separately using a urinal which was
attached to the hindquarter of the animal (Langmeier
et al. 2002; Hoekstra et al. 2011). Faeces were col-
lected directly from the rubber mat on which the
heifer was bedded. Both portions were frozen in
24 h-intervals at —20 °C until later use. This experi-
ment was approved by the Cantonal Veterinary Office
Zurich, Switzerland (license ZH195/17).

Subsamples of the individual faeces portions from
each feeding day were freeze-dried, pulverized with
a ball mill, and analyzed for '°N. The highest '°N
enrichment in both urine and faeces was reached
between three to eight days after starting to feed with
5N labeled feed (i.e., from Day 11 until Day 16 of
the feeding period) (SI Fig. 5). The total amounts
of faeces (48 kg) and urine (56 kg) from these days
were then mixed and diluted 1:1 (w/v) with demin-
eralized water, since cattle slurry under common
husbandry conditions usually gets diluted with water
at about this ratio. The slurry had a total N content
of 67.8 g N kg™! DM, an ammonium-N content of
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Fig. 2 Daily average temperature and daily precipitation at
Wynau (closest meteorological station, 422 m a.s.l., 47.255025
/ 7.787475) during the timeframe of the experiment. Vertical
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dashed lines indicate time points for application of N labeled
fertilizers. (GC =fertilizer application to grass-clover at Field
B, SM =fertilizer application to silage maize at Field A)
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422 g N kg! DM and a N enrichment of 7.89
atom% "N (Table 2, SI Table 1).

The homogeneity in the N labeling of the
slurry was assessed using the fractionation method
described by Mason (1969) and simplified by Kreuzer
and Kirchgessner (1985). The fractionation revealed
that of total slurry N, about 75% was water-soluble
N (WSN), 4.6% was undigested dietary N (UDN),
and the remainder consisted of bacterial and endog-
enous debris N (BEDN) (SI Table 1). The >N enrich-
ment in these fractions ranged from 7.39 to 8.78
atom% '°N, following the order of WSN < total slurry
N<UDN<BEDN (SI Table 1). We assumed that
within the time scale of one year considered in this
experiment, only BEDN and WSN would become
plant available, due to the stable nature of UDN
(Kreuzer and Kirchgessner 1985; Sgrensen et al.
1994; Bosshard et al. 2011). Thus, only the enrich-
ment of BEDN and WSN might be relevant when cal-
culating plant N uptake. Their weighted mean label is
7.72 atom% "N, slightly lower than the 7.89 atom%
I5N label of total slurry N (SI Table 1). Therefore, the
label of total slurry N can be used as a source sig-
nature for quantitative tracing of slurry N transforma-
tion and uptake processes.

Fertilizer application and microplot management

In 2018, '°N labeled fertilizers were applied once to
maize at the three to four leaf stage on Field A and
four times (once after each cut of the grass-clover ley)
on Field B (Fig. 1). >N slurry was further diluted
with demineralized water upon application, in order
to apply slurry at a volume and N content that is
representative for cattle slurry in Switzerland. Thus,
the slurry was applied at a rate of 30 m® ha™! con-
taining 60 kg N ha™!, equivalent to 36.8 kg NH,-N
ha~!, while the N rate of the mineral fertilizer treat-
ment was equal to the NH,-N content of the slurry
(i.e., 36.8 kg N ha™!). The slurry was applied on the
microplot surface using canisters, imitating drag hose

application. For the Min treatment, SNH,'’NO, was
dissolved in demineralized water and the same vol-
ume was applied as for slurry, and in the same way.
The same amount of water as applied with slurry or
mineral fertilizer was distributed on the control plots.
Min and Con plots were additionally fertilized with
75 kg K ha™! (as potassium sulfate) and 6.7 kg P ha™!
(as triple super phosphate) per fertilizer application.
Due to hot and dry weather conditions during sum-
mer 2018 (Fig. 2), fertilizer application was primarily
performed in the evenings to avoid excessive N losses
due to NHj volatilization.

Under conventional farming, it is common practice
to apply slurry once during the early growth stages
of the maize and use mineral fertilizer for the second
fertilizer application. As we aimed to investigate the
fate of N from slurry under conditions representative
for agricultural practice, five weeks after the “experi-
mental” N dose, non-labeled urea (68 kg N ha 1)
was applied to all microplots at Field A. For grass-
clover (Field B), farmers usually apply slurry after
each cut, resulting in four to five applications per
year. Thus, we performed four repeated '°N labeled
fertilizer applications to the same microplots through-
out the year. Since the residual fertilizer values of
5N labeled fertilizers applied during 2018 were to
be assessed during a subsequent experimental phase
(Frick 2022), in spring 2019, all microplots at Field B
received unlabeled cattle slurry applied by the farmer
(95 kg N ha™!).

According to common agricultural practice, the
farmer performed crop protection measures in silage
maize (Field A) for the whole field including microp-
lots. Cultivation measures that involved soil move-
ment, such as ploughing after harvesting the maize,
were conducted manually on the microplots.

Measurement of ammonia volatilization

NH; emissions from the microplots were meas-
ured according to the Standard Comparison Method

Table 2 General slurry characteristics; NDF = neutral-detergent fiber; FM = fresh matter; DM =dry matter

Sample pH DM Corg P K Ca Mg S Ntot NH,-N NDF
S (gkg™' FM) (gkg™' DM)
Slurry 8.3 34 393 7.5 83.5 11.5 5.0 4.9 67.8 42.2 268

Slurry analysis was performed on fresh slurry in which excreta were already diluted with demineralized water
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(SCM) described by Vandré and Kaupenjohann
(1998). In short, passive samplers filled with 20 mL
0.05 M sulfuric acid were installed at about 0.1 m
above the soil surface. The acid was exchanged regu-
larly during a 60-h period after applying the fertiliz-
ers, followed by colorimetric determination of ammo-
nium. Two reference outgassing systems, emitting
NH; at known rates, were used to calculate a transfer
factor and calibrate the measured ammonium concen-
tration in the solution. Details can be found in SI. 4.

Biomass and soil sample collection and preparation

Aboveground biomass was harvested from the central
area of the microplots, at least 0.375 m away from the
plot edges (Jokela and Randall 1987). Upon maturity,
maize plants at Field A were harvested about 0.1 m
above ground. Only the center row on a length of
1.25 m (i.e., 0.375 m away from the plots edge) (SI
Fig. 3, Sample 5) was used for '°N analysis, while the
edge rows of the microplot (SI Fig. 3, Samples 3 and
4) were used for getting a more representative esti-
mate of the dry matter yield. Samples from outside
the microplot (SI Fig. 3, Samples 1 & 2) did not have
any enrichment in >N over the control. This indicates
that the >N values from the central row—having the
same distance from the plot edge as the outside row—
can be considered undiluted from the outside and thus
representative for N uptake solely from the area on
which PN labeled fertilizers were applied. The plants
were split into stems, leaves, grain, and husk + cobs,
dried and weighed.

For Field B (grass-clover), aboveground biomass
was harvested four times throughout the season from
a 0.5 mx0.5 m frame placed in the middle of each
microplot (“inner frame”) (SI Fig. 4). Biomass was
sorted into grass, legumes and other herbs and dried.
To get a representative estimate of the yield, the har-
vesting area was increased to the whole central area
of the microplot (1.25 mx0.75 m, “outer frame”) for
which the same relative share of grass, legumes and
herbs as in the inner frame was assumed.

Dried biomass samples of maize and grass-clover
were homogenized in a cutting mill. A subsample was
pulverized in a ball mill (MM200 Retsch, Haan, Ger-
many) to analyze N content and '°N enrichment.

The soil was sampled once before fertilizer appli-
cation on both fields (t0) and, after the treatments,
five times at Field A, and eight times at Field B
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(Fig. 1). Composite samples were made from eight
cores (0.02 m diameter) per plot to a depth of 0.15 m,
with a distance of at least 0.15 m and at most 0.375 m
from the edge of the microplot, in order not to dis-
turb the central part of the microplot (SI Fig. 3 and
SI Fig. 4). Samples were stored in cooling boxes on
the field and at 4 °C after reaching the lab. Within
24 h, soil was sieved at 5 mm and extracted by the
chloroform fumigation method in order to determine
microbial N (Nmic) (Brookes et al. 1985; Vance et al.
1987). In short, from each sample, two subsamples of
20 g dry weight equivalent each were weighed. One
subsample was immediately extracted with 80 ml
0.5 M K,SO,, while the other subsample was fumi-
gated with chloroform for 20-24 h and extracted
thereafter. Extracts were filtered through folded paper
filters (Macherey Nagel type 615, @ 185 mm) and
stored at —20 °C until analysis on the TOC/TNb-
analyzer. The non-fumigated extracts were analyzed
for both total dissolved N and mineral N (Nmin).
Upon each extraction, a reference soil sample (stored
at 4 °C) was included in triplicate and extracted the
same way to correct for deviations between extraction
series.

The N enrichment in different soil N pools was
assessed for sampling tl, t3, and t5 (Field A) and for
sampling t6, t7, and t8 (Field B) (Fig. 1). For analysis
of >N in Nmic, both fumigated and non-fumigated
extracts were oxidized by autoclaving extracts with
K,S,04 (Cabrera and Beare 1993), and total N after-
wards was diffused on acidified filter traps (Whatman
QM/A) by adding Devarda’s alloy (0.4 g per sample),
4 mL of 5 M NaCl, and 0.75 mL of 5 M NaOH per
10 mL of extract (Goerges and Dittert 1998; Mayer
et al. 2003). Ammonium and nitrate contained in non-
fumigated extracts were diffused in order to deter-
mine >N in Nmin following a similar procedure on
non-oxidized extracts, but adding only 0.2 g MgO
and 0.4 g Devarda’s alloy.

Laboratory analysis of slurry, soil and biomass
samples

Total N, NH,-N, P and K content of the fresh slurry
were analyzed at the laboratory for soil and environ-
mental analysis (LBU, Eric Schweizer AG, Steffis-
burg, Switzerland).

Total N in fumigated and non-fumigated soil
extracts was measured with a TOC/TNb-analyzer
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(Shimadzu, TOC-L (Model CPH), Japan). Microbial
N (Nmic) was calculated as the difference between
fumigated and non-fumigated extracts using a con-
version factor of kpy=0.54 (Joergensen and Muel-
ler 1996). Non-fumigated extracts were additionally
analyzed colorimetrically for nitrate and ammonium
(Keeney and Nelson 1982; Krom 1980).

All Ntot and "N analyses (cattle slurry, soil, bio-
mass, diffusion filters) were performed on an elemen-
tal analyzer coupled with a continuous flow isotope
ratio mass spectrometer (Pyro cube+isoprimel00,
Elementar, Germany). Urine samples were analyzed
for total N and >N enrichment using a liquid autosa-
mpler mounted on the elemental analyzer.

Calculations
For all '>N data, isotopic excess was calculated by

subtracting the mean N abundance (i.e., propor-
tion of N relative to total N) of non-labeled refer-

total Ny, X atom% 15Nexcessfm — total N,

Nd-ﬁ;‘el[%] « TN. (2)

Ndff [kg ha™'| = 00 ;

where TN, is the total amount of N in the considered
compartment expressed in kg N ha™".

For Field B (cropped with grass-clover) also bio-
logical nitrogen fixation (BNF) was determined. For
the fertilized treatments (Min and Slu), N from BNF
of clover (Nfix) was derived from the "N enriched
dilution method (McAuliffe et al. 1958), while for
the control treatment, the natural abundance method
(Shearer and Kohl 1986) was used (see SI. 5 for
details).

The remaining part of N uptake by crops, i.e. N
derived from other sources (Ndfo) such as soil, dep-
osition or unlabeled fertilizer N, was calculated as
the difference between total N uptake, Ndff and Nfix
(where applicable).

The N enrichment in the Nmic pool was calcu-
lated according to Mayer et al. (2003):

15
nonfum X atom% > Nexcess

15]\Imic

[atom%] =

total Nfum — total N

nonfum (3)

nonfum

ence samples from the measured N abundance. For
the mineral fertilizer, the natural abundance of >N in
air was subtracted as a reference (i.e. 0.3663 atom%),
while for slurry the weighted mean >N abundance of
the non-labeled faeces and urine samples was used
as non-labeled reference (0.386 atom%). For plant
biomass, soil or soil extracts, the mean of the con-
trol treatment (Con) at the corresponding sampling
time in the corresponding sample type (soil, plant,
extracts) was used as a reference.

The "N excess was used to calculate the share of
N derived from fertilizer (Ndff) in the corresponding
compartment (Hauck and Bremner 1976):

atom% SN excess sample

Ndﬁml[%] =

x 100 1
atom% SN excess fertilizer M

where atom% Nexcess sample is the >N enrichment
of the considered compartment (i.e., soil, extracts
or different plant groups or parts) and atom% '*Nex-
cess fertilizer refers to N enrichment of either mineral
fertilizer or slurry.

The amount of N derived from the fertilizer was
calculated as:

where “fum” indicates fumigated samples while
“nonfum” indicates non-fumigated samples. Total N
concentrations determined by TOC/TNb were used
for both total Ng,,, and total N ¢im-

The recovery of the applied fertilizer in the differ-
ent compartments was then calculated as:

Ndff [kg ha™"
recovery| %] = ﬁ[ & ] = X 100 @
Napplied [kg ha~ ]

where N applied is the total amount of N applied with
the labeled fertilizer. For the repeated fertilizer appli-
cations and cuts of grass-clover at Field B, recovery
was calculated cumulatively over the applications and
cuts.

Additionally, recovery of mineral N was calculated
relative to the amount of mineral N applied with the
fertilizers, which was the same for Min and Slu. This
calculation neglects that also organic N within Slu
was labeled with '’N. However, it allows for a nor-
malized comparison between Min and Slu, which had
been added at the same amount of mineral N but dif-
ferent rates of total N.
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Statistical analysis

Data preparation and statistical analysis were per-
formed using R (Version 3.5.3) (R Core Team 2019).
Throughout, a significance level of p<0.05 was
applied. Data for Field A and Field B were analyzed
separately.

Analysis of variance (ANOVA) was used for analyz-
ing differences between treatments in terms of dry mat-
ter yield, total N uptake, Ndff and recovery (Field A).
In case of repeated sampling events (several biomass
cuts at Field B; repeated soil sampling), linear mixed-
effects models (Imer within Ime4-package) were used
including treatment, block and sampling as well as the
interaction between treatment:sampling as fixed effects
and microplots as a random effect. Model validation
was performed by qq-plotting and Shapiro—Wilk nor-
mality test. In case of non-normal distribution of resid-
uals, statistical analysis was performed on square-root-
or log-transformed data. Contrast-function within the
emmeans-package was used for deriving p-values for
pairwise comparisons. p-value adjustment for multiple
comparisons was performed according to the Holm-
Bonferroni-method (Holm 1979).

Spearman’s rank correlation coefficient was used
for analyzing the relationship between soil moisture
content and both Nmic and Nmin.

Results

Yield and source of N uptake in the crop

For silage maize on Field A, dry matter yield was
16.4 to 17.9 t ha™!, while N uptake ranged between

137 and 150 kg N ha™! (Table 3). Dry matter yield
was similar in all treatments, while N uptake was
slightly higher for Slu than for both Min and Con
(by 7 to 9%). For Field B, significant treatment dif-
ferences were found only for Cut 3 and Cut 4, with
grass-clover dry matter yield between 26 and 34%
greater for the fertilized treatments than for the non-
fertilized control (Table 4). On average, N uptake
did not differ between treatments (p=0.13), but for
Cut 4 it was 28 to 31% lower for Con than for Min
or Slu.

The amount of N derived from the labeled fer-
tilizers, Ndff (kg N ha™!), was markedly higher for
Min than for Slu on both Field A (p<0.001) and
Field B (p<0.01 for cumulated values over the four
cuts). For the last cut considered in this study, which
was taken in spring 2019 on Field B, the trend was
reversed, with a higher Ndff value for Slu than for
Min, although this was not statistically significant
(p=0.33).

In the grass-clover mixture on Field B, cumulated
Nfix over all four cuts reached 41 kg N ha™! for Con,
while it was 19 kg N ha~! for Slu and 14 kg N ha™!
for Min (Table 4). However, treatment effects were
not significant (p=0.24) due to the high data vari-
ability. Nfix strongly decreased for the later cuts
(p<0.001), especially in Min and Slu.

On average, less than 25% of N taken up by grass-
clover on Field B derived from mineral fertilizer com-
pared to less than 20% for slurry. For silage maize on
Field A, less than 12% of N uptake derived from min-
eral fertilizer, while less than 8% derived from slurry.
On Field B, Nfix added about 18% of total N uptake
for Con and about 7% for Min and 5% for Slu. Thus,
for both fields, 69 to 92% of N uptake originated from
other sources than °N labeled fertilizer application or

Table 3 "N fertilizer input, dry matter yield, N uptake and N sources for silage maize (Field A); recovery of total N (Ntot) as well
as recovery of mineral N refer to harvested aboveground biomass

Date of harvest Ntotinput  Dry matter Total N uptake Ndff Ndfo Recovery of Recovery of
yield Ntot mineral N
(kgNha™!) (tha™) (kg N ha™!) (kgNha™') (kgNha™') (%) (%)
Con 2018-08-28 -] 16.4+0.6™ 137.3+9.9° [-] 137.3+9.9* [] [-]
Min 2018-08-28 36.8 17.9+0.9" 140.3 +4.5? 16.4+0.9° 123.9+5.1° 44.7+2.6 44.7+2.6
Slu  2018-08-28 60.0 17.6+1.0" 1497449  115+1.0" 1382+4.8"° 192+1.7° 313+2.7°

Ndff =N derived from labeled fertilizer; Ndfo=N derived from other sources (soil, deposition, unlabeled fertilizer)

Mean + standard deviation; n=4

Numbers followed by different letters within each column are significantly different (p <0.05); ns=not significant
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BNF, probably mainly from soil N and non-labeled
mineral fertilizer (Field A) or slurry N (Field B).
Noteworthy, for the latter non-labeled slurry was only
applied before the last cut, thus, for the first three
cuts, Ndfo presumably equals N derived from soil.

5N fertilizer recovery in the soil-plant system

Fertilizer recovery in aboveground biomass was on
both fields significantly higher for Min than for Slu
(p<0.001), ranging from 45 to 46% for Min and 19
to 22% for Slu (for Field B cumulated over all four
cuts of the grass-clover and all >N labeled fertilizer
applications) (Tables 3 and 4). Although the same
amount of mineral N was applied, also recovery of
mineral N was significantly higher for Min than for
Slu (p<0.01), for which it reached up to 35%.

Fertilizer recoveries in topsoil were markedly
higher for Slu than for Min at all sampling times,
except for the first sampling at one week after ferti-
lizer application to maize at Field A (Fig. 3). At this
time point, fertilizer recovery for both Min and Slu
was still around 100%. In contrast, in grass-clover at
Field B only 29+4% of >N applied with Min and
61+3% of >N applied with Slu were recovered in
topsoil one week after fertilizer application.

Adding the recovery in topsoil three weeks after
harvest to the recovery in the harvested maize bio-
mass, total recovery in the topsoil-plant system of
Field A summed up to 75% for Min and 69% for Slu.
On Field B, topsoil was sampled at Cut 1, Cut 2 and
Cut 3. At these three cuts, cumulative recovery in the

(a) Field A (maize)

120+ l
100+
801
60+
40+

harvest

recovery [%])

20+
04

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

harvested aboveground biomass and recovery in top-
soil summed up to 66%, 81% and 75% for Min and to
77%, 100% and 89% for Slu. The last soil sampling
took place in February 2019 in order to sample before
the spring application of non-labeled cattle slurry
by the farmer. Thus, this last sampling point of top-
soil cannot be directly linked to fertilizer recovery in
aboveground biomass at Cut 4, which took place in
April 2019.

Cumulated NH;-emissions at Field B were mark-
edly higher for Slu (24 kg N ha™!), than for Min
(5 kg N ha™!) (SI Fig. 6). For the single fertilizer
application at Field A, about 4 kg N ha~! were lost
via NH; volatilization from Slu, while for Min no
emissions were detected. Noteworthy, to deter-
mine NH; emissions only absolute N amounts could
be measured, since ammonium concentrations in
the acid traps were too low for reliable 'N meas-
urements. However, it can be assumed that emit-
ted ammonia originated only from the applied '°N
labeled fertilizers.

N dynamics in topsoil and >N recovery in different
soil N pools

Generally, Nmin and especially NO;-N responded
strongly to fertilizer addition, except for the first
and second fertilizer application on Field B (Fig. 4).
NH,-N followed a similar pattern, but differences
were less clear than for NO5-N, mostly due to the
high data variability for Slu.

Nmic was less directly affected by fertilizer addi-
tion than Nmin (Fig. 4). Across both fields, Nmic,

(b) Field B (grass-clover)
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Fig. 3 Temporal development of >N recovery in total soil N in topsoil (0-0.15 m) for Field A (Silage maize) (a) and for Field B
(Grass-clover) (b), (mean + standard deviation, n=4). Arrows indicate application of 5N labeled fertilizers
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Fig. 4 Temporal development of (a, b) NOs-N, (¢, d) NH,-N,
(e, f) Nmic-N in topsoil (0-0.15 m) (mean + standard devia-
tion, n=4, except Field B Nmic sampling tl control n=2).
Arrows indicate application of >N labeled fertilizers, dashed

NH,-N and NO;-N were significantly correlated
with the gravimetric moisture content of the soil
upon sampling (Spearman’s rank correlation coef-
ficient r=0.24 for Nmic, r=-0.40 for NH,-N, and
r=-0.37 for NO;-N) (SI Table 2). With grass-
clover on Field B, differences between treatments
increased over time (p=0.002), resulting in Nmic
in the order Slu> Con > Min (Fig. 4).

To trace the fertilizer into different soil N pools,
extracts from selected time points were analyzed for

(b) Field B (grass-clover)
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lines indicate aboveground biomass harvest. Sampling time
points for which >N abundance in the Nmic and Nmin pool
were determined (see Fig. 5), are marked with black bars at the
bottom

their >N abundance. Shortly after fertilizer applica-
tion on Field A, most N from Min was found in the
mineral N pool, but some of it was already assimi-
lated into Nmic (Fig. 5). At the same time, the big-
gest share of slurry N was found in the Norg pool.
With time, the share of Ndff in Nmin decreased
drastically in both treatments, while the share in the
Norg pool increased.

For Field B, a clear effect of the repeated appli-
cations of N labeled fertilizer to grass-clover was

@ Springer
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Fig.5 (a, b) Absolute amounts of N derived from fertilizer
(Ndff) in different soil N pools (kg N ha™Y); (c, d) distribution
of fertilizer N in different soil N pools relative to the residual
amount of fertilizer N (given in % of the absolute amount of
residual fertilizer N [Ndff (kg N ha™1)], see (a, b) in soil); (e,

observed. One week after the fourth fertilizer appli-
cation (t7), the share of fertilizer N in the Nmin
pool increased, especially for Min (Fig. 5). By that
time point, however, there was already quite a big
share of fertilizer N from both fertilizers found
in the Norg pool, originating from previous "N
labeled fertilizer applications.
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f) >N recovery in different soil N pools relative to applied
amounts of N; all numbers refer to topsoil (0-0.15 m);
for time points of fertilizer application compare Fig. 1;
Nmic=microbial N, Nmin=mineral N, Norg=non-microbial
organic N; (mean + standard deviation, n=4)

With time, differences in the distribution of fer-
tilizer N in soil between treatments and between
fields declined, reaching a similar distribution upon
spring. More than 77% of residual fertilizer N in
soil, defined here as the amount of fertilizer N not
taken up by the crop by a certain time point, were
found in the Norg pool and only minor shares were
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found as Nmin. Differences persisted for the share
of fertilizer N found in Nmic, which was higher for
Field B (20-21%) than for Field A (10-12%). Since
total recovery of fertilizers in the total soil N pool
was higher for Slu than for Min, this translated into
a greater amount of slurry N recovered in the Nmic
pool. Thus, in the following spring after fertilizer
application, more slurry N was still in the relatively
dynamic pool of Nmic as compared to N from min-
eral fertilizer (Fig. 5).

Discussion

Lower fertilizer value of cattle slurry than mineral
fertilizer under on-farm conditions

In accordance with the assumptions underlying the
Swiss fertilization guidelines, and since equal rates of
mineral N were applied with slurry and mineral ferti-
lizer, we expected no differences in dry matter yield,
N uptake or Ndff between Min and Slu. The underly-
ing assumption is that organic slurry N mineralization
will compensate for an expected higher immobiliza-
tion of inorganic slurry N compared to Min, induced
by the additional C input with Slu (Table 2).

Indeed, there were no differences in dry matter
yield or total N uptake between Min and Slu on either
of the fields (Tables 3 and 4). Even the Con treat-
ment reached the same yield level, except for the last
two grass-clover cuts at Field B. Yield levels on both
fields stayed on the lower end of yields expected for
Switzerland (Richner and Sinaj 2017), likely due to
the dry and hot weather conditions during summer
2018. Weather conditions also impeded the ability
to see clear differences in N uptake between Min and
Slu, as water limitation was probably a more limit-
ing factor than N. Besides, both fields had been under
grass-clover previously and had received regular N
inputs with three to four applications of cattle slurry
per year by the farmer. Therefore, mineral N release
from accumulated soil N probably further overlaid
the effect of the applied '°N labeled fertilizers.

Contrary to our expectations, and in spite that
WSN of slurry was even higher than the ammonium-
N content of the slurry (SI Table 1), both Ndff and
recovery of mineral N in aboveground biomass
were higher for Min than for Slu on both fields and

all sampling points, except for the last cut of Field
B (Tables 3 and 4). Lower Ndff and recoveries of
mineral N for Slu than for Min were also observed
by others (Paul and Beauchamp 1995). In their field
study, Paul and Beauchamp (1995) recovered 15% of
mineral N from cattle slurry, but 29% of mineral fer-
tilizer N in maize biomass, which is lower than the
values found in our study (Table 3). However, oth-
ers found higher recoveries of mineral N from cattle
slurry (e.g. Jensen et al. 2000), and overall our val-
ues fall well within the range summarized by Chalk
et al. (2020). Lower Ndff and recovery of mineral N
for Slu than for Min could possibly be explained by
either high immobilization or volatilization losses of
inorganic slurry N, or low mineralization of organic
slurry N, or a combination of all. Mineralization of
organic slurry N could not be directly assessed within
our study. However, it can be speculated that miner-
alization of the added slurry N might have been low-
ered by the hot, dry weather conditions, leading to an
underestimation of slurry N recovery in plant biomass
in our study. Higher N immobilization in soils from
the Slu treatment compared to Min seems likely and
is supported by greater amounts of residual fertilizer
N in Nmic for Slu than for Min (see Fig. 5) and was
also found in several other studies (Griffin et al. 2005;
Paul and Beauchamp 1995; Gutser and Dosch 1996).
NH;-emissions were lower for Min (3.4% of applied
N) than for Slu, where losses reached 6.6 and 10% of
total applied N for Field A and Field B, respectively,
which is equivalent to 10.8 and 16.4% of applied min-
eral N (SI Fig. 6), resulting in less mineral N being
deposited on the soil. Higher Ndff values for Slu than
for Min upon the last cut of the grass-clover could be
indicative of a higher residual fertilizer value for Slu
than for Min (Webb et al. 2013).

Recovery of total fertilizer N in plant biomass
was markedly lower for Slu than for Min, which fits
the expectations, as applied amounts of total N were
higher with Slu than with Min (about 1.6 times).
Overall, values compare well with Smith and Chalk
(2018) who reported average >N recoveries in crops
in the year of fertilizer application in the order of 40%
for mineral fertilizer and 25% for animal manure.

At the same time, we presumed that the additional
organic N applied with slurry would be preserved and
recovered in soil, thus, the sum of fertilizer N recov-
ered in soil and biomass should be equal for Slu and
Min. For Field A, upon harvest of the maize, total

@ Springer
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recovery in aboveground biomass and topsoil reached
similar levels for Min and Slu and, thus, confirmed
our predictions (Table 3 and Fig. 3). This was not the
case for Field B, where from Cut 1 to Cut 3, higher
total recoveries in the topsoil-biomass-system were
reached for Slu compared to Min (Table 4 and Fig. 3).
It must be noted, though, that N recovered in stub-
ble and roots was not accounted for, as no destructive
sampling took place. Since recovery in aboveground
biomass was higher in Min than in Slu throughout
these cuts, we assumed the recovery in roots and
stubble to follow the same pattern, thus, to be higher
for Min than Slu. This could explain the observed
differences in total recoveries in the topsoil-biomass-
system, in other words the higher proportion of N that
remained unaccounted for in Min.

Similar fate of residual N from cattle slurry or
mineral fertilizer in topsoil

5N recovery dynamics in topsoil differed between a
single fertilizer application under silage maize (Field
A) and repeated fertilizer applications under grass-
clover (Field B) (Fig. 3). In maize, initially almost
all of the applied fertilizer N was recovered in top-
soil, both for Slu and Min, with recovery decreasing
thereafter due to increasing N uptake of the maize
plants and/or translocation into deeper soil layers over
time (Hoekstra et al. 2011). The much lower recov-
ery of fertilizer N in topsoil one week after fertilizer
application on Field B is likely due to the rapid and
more efficient N uptake by grass-clover compared to
young maize plants. Indeed, 17% and 45% of Slu and
Min, respectively, were recovered in the biomass of
the first cut which took place only 24 days after the
fertilizer application. With repeated fertilizer applica-
tions at Field B, cumulative N recovery in total soil
N increased. Besides increasing amounts of residual
fertilizer N in soil, also internal re-cycling and miner-
alization of roots could explain the observed temporal
pattern. Furthermore, with time more organic resi-
dues from the slurry applied on the soil surface might
have gotten incorporated into the soil, for example,
by earthworms (Hoekstra et al. 2011). Overall, dry
weather conditions during summer 2018 might have
reduced nitrate movement into deeper soil layers from
both Min and Slu. Thus, the observed '°N recoveries
in topsoil are likely higher than they would have been
in a wetter year.

@ Springer

While the temporal development of the amount
of Nmin seemed to be driven mostly by fertilizer
addition and the counteracting uptake by plants and
microbes (Fig. 4), for the amount of Nmic, no clear
effect of fertilizers was observed. However, the
amount of Nmic was positively correlated with soil
water content (SI Table 2), indicating that besides fer-
tilizer addition, also dry and hot weather conditions
during summer 2018 (Fig. 2, SI Fig. 1) likely influ-
enced soil N transformation processes. Our measured
values for '°N recovery in Nmic ranged between 2
and 14%, in agreement with values reported by others
(Jensen et al. 2000; Hoekstra et al. 2011). Both fer-
tilizer recovery in Nmic and absolute Ndff in Nmic
were always markedly higher for Slu than for Min,
except for sampling t6 at Field B (Fig. 5), supporting
our hypothesis of an increased microbial immobiliza-
tion of slurry N.

Despite initial differences, the relative distribution
of fertilizer N recovered in different soil N pools was
similar between Min and Slu in spring of the next
year (Fig. 5). Averaged over both treatments, 88.0,
10.9, and 1.1% of residual fertilizer N in soil of Field
A were found in Norg, Nmic and Nmin, respectively,
while corresponding values at Field B were 77.9,
20.4 and 1.7%. The distribution of residual N in soil
N pools is in agreement with other studies (Jensen
et al. 2000; Sgrensen 2004; Douxchamps et al.
2011). Since total recovery in soil was much higher
for Slu than for Min (Fig. 3), these results indicate
that in absolute terms, more N derived from ferti-
lizer was still in the rather dynamic Nmic and Nmin
pools for Slu compared to Min (Fig. 5). This could
explain the higher Ndff values in biomass upon Cut
4 and indicate a higher residual fertilizer value of Slu
compared to Min (Schroder et al. 2013; Webb et al.
2013). Norg from fertilizers was previously found
to re-mineralize only very slowly and remain in soil
for a long time (up to decades) (Sebilo et al. 2013;
Sgrensen 2004).

Conclusion

In this study, N labeling was successfully used
under on-farm conditions to assess fertilizer value
of both cattle slurry and mineral fertilizer in the
year of application, and to trace fertilizers into dif-
ferent soil N pools. Contrary to the assumptions of
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the Swiss fertilizer guidelines, the fertilizer value
of slurry in the year of application was lower than
its ammonium content, due to increased NH; emis-
sions, increased immobilization, and likely lower
than expected mineralization of organic slurry
N. Despite differences in the year of application,
residual N of both fertilizers was found mostly in
the non-microbial organic N pool in the following
spring, potentially providing N for plant uptake
over a very long timeframe, but at a slow rate. In
absolute terms, however, more slurry N than min-
eral fertilizer N remained in the soil, indicating
a higher residual fertilizer value of Slu. Further
research should focus on the dynamics and driv-
ing factors of (re-)mineralization of this organically
bound fertilizer N. A better understanding of these
processes would facilitate prediction of both the
residual fertilizer effect of cattle slurry as well as
potential losses via nitrate leaching.
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