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Abstract

Limited knowledge is available on inner farm nutrient trans-
fer from organic grassland to arable land in organic farms.
This study quantifies the phosphorus (P) mobilization of per-
manent grassland and different arable crops for inner farm P
transfer and discusses in how far P reserves in grassland soils
can be a component of sufficiency P management in organic
farming. A North German organic dairy farm with sufficient
soil P supply is analyzed. Over three years its P balance show-
ed an average deficit of 7.9 kg ha” yr' in permanent grass-
land and 10.9 kg ha” yr' in arable land. Maize (30.5 kg P
ha' yr'), grass-clover (23.9 kg P ha' yr') and mixed faba
bean and oats (19.8 kg P ha' yr'") had the highest P uptake in
cropland. At grassland, grazing intake of P by livestock was
15.9 kg P ha” yr' and via storage feed and manure it directly
fed arable land with 64 kg P yr' (average 1 kg P ha' yr').
Especially on grassland, soil P mining does not endanger soil
fertility yet, according to sufficient available P-contents in
the soils (CAL-extract averages [mg 100 g' P]: grassland 14.7,
arable land 6.7). Generally, the inclusion of unexploited
grassland sites with high soil P contents in farm nutrient
flows (via feed conserves for livestock or biogas) would
address unused soil P reserves for redistribution.

Keywords: pasture, phosphorus-cycle, P-scarcity, P-balances,
grazing, organic farming

Zusammenfassung

Umverteilung von Bodenphosphor aus
Dauergriinland zu Ackerland in einem
okologischen Milchviehbetrieb

Zum Nahrstofftransfer von Griinland zu Ackerland in 6ko-
logischen Betrieben gibt es nur wenige Untersuchungen.
Diese Fallstudie eines norddeutschen okologischen Milch-
viehbetriebs mit ausreichenden Phosphor (P)-Reserven in
Boden quantifiziert die P-Mobilisierung aus Bdden von
Dauergriinland und von Ackerland fiir die innerbetriebliche
P-Umverteilung detailliert. Moglichkeiten der Steigerung
dieses Flusses werden vor dem Hintergrund schwindender
weltweiter P-Reserven diskutiert. Die mittleren P-Bilanzen in
Dauergriinland und Ackerland im untersuchten Betrieb tber
drei Jahre waren negativ (-7,9 bzw. -10,9 kg ha" Jahr") Bei
den Ackerkulturen hatten Mais (30,5 kg P ha™ Jahr'), Rotklee-
gras (23,9 kg P ha™ Jahr') und Ackerbohnen/Hafer-Gemenge
(19,8 kg P ha' Jahr?) die héchste P-Aufnahme. Auf Griinland,
wurden 15,9 kg P ha' Jahr' durch Beweidung aufgenom-
men. 64 kg P Jahr' (ca. 1 kg P ha') wurden durch Futterkon-
serven von Grinland Uber die Wirtschaftsdiinger auf das
Ackerland umverteilt. Vor allem in Griinland sind die nega-
tiven P-Bilanzen im untersuchten Betrieb derzeit noch
unproblematisch fiir die Bodenfruchtbarkeit, da ausreichend
pflanzenverfligbares P vorhanden ist (mittlere P Gehalte in
CAL-Extrakt [mg 100 g P]: Griinland 14.7, Ackerland 6.7).
Generell kénnten z. B. bisher ungenutzte und moglicher-
weise hohe P-Vorrdate bisher wenig genutzter Griinland-
flachen durch Intensivierung der Biomasseabfuhr fiir die
TierfUtterung oder Biogasgewinnung adressiert und umver-
teilt werden.

Stichworte:  Griinland, Phosphor-Kreislauf, P-Knappheit,
P-Bilanz, Beweidung, Okologischer Landbau
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1 Introduction

Phosphorus (P) is a non-renewable resource and an essential
plant nutrient. Accumulations of fertilizer P in soils have to be
avoided to increase fertilizer efficiency and soil reserves
should be addressed to save limited worldwide P resources
(Cordell et al.,, 2009). In Western Europe, conventional crop
production historically relied on high P fertilizer application
rates and considerable soil reserves accumulated (Barberis et
al,, 1996; Schroder et al., 2011; Toth et al., 2014). For this
reason, organic farmers today often neglect the import of P
fertilizers in arable crops and in grassland. Supported by the
principles of organic production (Council Regulation (EC)
834/2007), they rely on the soil ecosystem to nourish their
plants and also on the backflow of nutrients with wastes
from animal or plant production mostly from their own
farms. Without fertilizer imports soil reserves must cover
balance deficits. In this situation biological processes are of
high importance for a successful P acquisition (Richardson et
al., 2009; Simpson et al., 2011).

As phosphate diffusion is limited in soils (Schachtman et
al., 1998), root density and distribution are very important
factors for physical access to the soil volume and for phos-
phate acquisition (Ho et al., 2005; Vance, 2001). Microbial
activity in the root zone and mycorrhiza further enhance bio-
logical P turnover (Oberson and Joner, 2005; Whitehead,
2000; Smith and Read, 2010). In grassland, different plant
species, high rooting density and the permanent vegetation
cover, as well as droppings of grazing livestock, might favor a
continuous P uptake from soil reserves. The importance of
biological activation of P in grassland is described in various
studies. For example, biological uptake and translocation of
P to the soil surface with plant material from deeper soil
layers is reported from an analysis of grassland soils along a
precipitation gradient in the Great Plains (USA) (Ippolito et
al., 2010). Also, sufficient P supply in the topsoil of extensive
Australian grassland farms with limited available P reserves
and without fertilizer input is explained by P cycling upwards
from the subsoil by deep rooting perennial-grassland plants
(Cornish, 2009).

Nutrient mining in grassland and the transfer of its nu-
trients to arable land made grassland historically the ‘mother
of arable land; but at the same time adequate fertilization
measures are demanded to cover deficits (Klapp, 1971).
Worldwide 40.5 % of the terrestrial areas are grassland
(excluding Greenland and Antarctica, Suttie et al., 2005). In
Germany grassland constitutes 28 % of agricultural land and
represents 56 % of the organic farmland (Federal Statistical
Office, 2014). As 67 % of German organic farms have both
arable land and permanent grassland (Rahmann and
Nieberg, 2005) plant nutrient redistribution from grassland
to arable land is of special interest here.

The assessment of nutrient flows in farms is an important
prerequisite for an improved nutrient management (Oenema
et al., 2003). But there are only a small number of detailed
studies available on P flows in organic farms under inclu-
sion of grassland and with grazing animals. For instance,
Steinshamn et al. (2004) calculated nitrogen (N) and P flows
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in a Norwegian mixed dairy farm. They found negative
overall soil surface balances of 6.3 kg P ha™ yr'. Fystro (2014)
analyzed N, P, potassium (K) and magnesium (Mg) cycling in
Norwegian organic grassland dairy farms. Here additional P
input to the intensively used inner farm area is generated
from feed imports from remote grassland in the hills that was
defined to be outside the system boundary. But most of the
P isimported via concentrates and outweighs the exports via
milk. Méller (2009) analyzed the P, N, K and Mg flows in an
organic dairy system. Due to low N-efficiency when applying
livestock manures in legume rich grassland, he suggests the
redistribution of nutrients originating there via manures to
N-demanding arable crops under consideration of adequate
P and K loads. By inference P, K and Mg should be preferably
applied in mineral form in grassland, which traditionally has
high legume proportions and biological N fixation in organic
farms. Due to higher K/P-relations in grassland based feed-
stocks compared to those from arable crops, on farm level
this would indicate a relatively higher transfer of K when P is
used as reference for the manure application in cropland. On
26 German organic farms, farm gate deficits of -3 kg P ha yr
(range -14 to 4 kg P ha™ yr') including grassland were found
(Haas et al., 2007). For Austria farm gate P-balances from
-1.9 to 7.8 kg P ha” yr' were observed (Lindenthal, 2000).
In the Swedish research farm Ojebyn, barn balances of
0.5 kg P yr' cow™ in organic as well as in conventional farm-
ing (Gustafson et al., 2007), and field balances of 1 and 5 kg P
ha' yr' respectively, were found (Bengtsson et al., 2003). The
farm includes a small amount of pasture, which is excluded
from specific calculations. The two latter types of analysis do
not offer possibilities to analyze and improve inner farm
nutrient flows like nutrient transfer between arable land and
grassland. Thus, limited knowledge is available on P flows in
organic farms with inclusion of grassland and livestock.
Therefore, the objective of the current study is
(1) to quantify P mobilization and the inner farm P transfer
at a mixed organic dairy farm in a case study under
detailed inclusion of grassland, grazing animals and
arable feedstock in North Germany and
(2) to discuss whether grassland can be a component
of sufficiency P management in organic farming
in the short run.

2 Material and Methods

2.1 Experimental site/ System under study

The dairy farm of the experimental station of the Thiinen
Institute of Organic Farming, Trenthorst (116 ha), was used as
geographical system boundary to determine P flows in the
time period between 2010 and 2012. The farm is located in
Northern Germany (53°46'N, 10°30'E; 10 to 43 m asl) and was
converted from conventional to organic farming in 2001.
Mean annual precipitation is 706 mm and mean annual
temperature is 8.8 °C (1978 to 2007). For the last decades the
grassland can be seen as mostly intact. Solely two plots were
subjected to sward cultivating but have not been ploughed
during the last five years, meaning the grassland can be
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defined as ‘permanent grassland’ The soils of grassland and
arable land are characterized as Cambisols and Luvisols with
sandy loamy texture. The mean humus content in the topsoil
was 2.2 % (n = 76) for arable land (0 to 30 cm) and 5.3 % in
grassland (n = 24, 0 to 10 cm) between 2010 and 2012. Soil
properties are listed in Table 1. The plant available P frac-
tion was determined as P (CAL) (100 ml CAL solution
(0.1 m Calcium acetate, 0.1 m Calcium lactate, and 0.3 m
acetic acid; pH 4.1) and 5 g soil are shaking for 2 h, photo-
metrical P determination) (Schiiller, 1969). According to offi-
cial fertilizing recommendations, the P content of the arable
land was categorized as sufficient and of permanent grassland
as high (Landwirtschaftskammer Niedersachsen, 2011). The
farm did not import organic or mineral P fertilizer since 2001.

The livestock units (1 LU = 650 kg live weight) of the dairy
cows and their followers changed during the first year, 2010,
from 164.4 LU to 155.7 LU.The year 2011 ended with 136.5 LU
andincreased to 145.5 LU in 2012.To provide forage and con-
centrates for the cattle, 62 ha arable land were cultivated with
a 6-year crop rotation which consisted of grass-clover (1) -
grass-clover (Lolium perenne, Phleum pratense Trifolium
pratense) (2) — maize (Zea mays) (3) — wheat (Triticum aesti-
vum) (4) - faba beans (Vicia faba) / oats (Avena sativa) (5) —
triticale (Triticosecale) (6).

The permanent grassland (54 ha) with a mixture of
grasses, legumes (mostly Trifolium repens) and herbaceous
plants was used for grazing and storage feed production
(silage, hay). A total of 33 ha of grassland, located next to the

Table 1
Soil properties of arable land (0 to 30 cm) and permanent grassland (0 to 10 cm) (Trenthorst, 2010 to 2012)
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stable, are divided into 13 plots. In the reference period 2012
they were managed by rotational grazing with duration of 2
to 10 days (7 hours a day from 24 Apr. to 7 Oct.). Three of the-
se plots were also used for a first cut for silage production on
May 13%. Another 21 ha remote grassland were used more
extensively with full time grazing of young stock, heifers and
dry cows (6.8 ha for 205 days) and for harvesting of storage
feed (14.2 ha). Additional feed was imported from farm areas
outside the dairy crop rotation. No changes in feed stock
were assessed in the mass balances for the examined period.
Cattle had free access to licking blocks and water. Straw was
used as bedding material. Calves were fed with whole milk in
the first thirteen weeks. Actual weight of feed supply for the
cattle in the stables was used for the calculations.

Due to joint storage facilities and farm management
decisions, livestock manure was partly exported from the
dairy section to other farm parts.

2.2 Mass flow calculation
Equations to calculate mass flows for the P farm balance are
shown in Table 2. Phosphorus contents of materials were
based on site specific analyses or reference values (Table 3).
Grazing intake and storage feed yields were analyzed in a
detailed field study in 2012 (Ohm et al., 2014). Plot-specific
pasture intake was quantified and results were also used as
representative for 2010 and 2011. For the few full-time
grazing cows in dry period (avg. 14 cows per year), at the

utilization P, [mg100g] K., [mg 100 g7'] Mg (CaCl,)) [mg 100 g™']
TV mean sD TV mean TV mean
arable 80 6.4 0.3 >6.3 6.7 1.6 >5 123 3.1 > 11 10.7 1.9 >6
grassland 24 53 0.2 >5.6 14.7 1.5 >5 1.2 4.0 > 11 20.7 3.1 >14
SD, Standard deviation; TV, threshold value for sufficient soil reserves (Landwirtschaftskammer Niedersachsen, 2011)
Table 2
Equations to calculate mass flows in the P farm balance

P flow = [1]
mass flow * specific P content
Pasture intake = 21
(DM biomass before grazing - DM biomass after grazing) + daily growth rate * days of grazing
Manure export = 3]
Total fodder + litter — milk — net production of live weight — manure output inside the boundaries
Net production of live weight =

. . . . [4]
weight of sold animals + change in herd size
Soil P balance grassland = 5]
excretion on pasture + slurry + atmospheric deposition - grazing - storage food - losses
Soil P balance arable land = 6]
stable manure + slurry + seeds + atmospheric deposition — crop yield - losses
P Farm balance = Input - Output = 71

mineral fodder + imported storage fodder + seeds + atmospheric deposition — milk - net production of live weight - manure export - losses
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Table 3

P content of different farm materials, atmospheric P deposition and soil losses.

Parameter Year P content Comment Source
Permanent grassland 2012 3.92gkg' DM +0.6,n=17 Farm specific, different cuts
Grass-clover 2010 3.10g kg’ DM +02,n=2 Farm specific, different silos

2011 3.20g kg’ DM +04,n=3

2012 3.00 g kg’ DM +03,n=5
Maize silage 2010 2.80g kg' DM +0.4,n=4:2011and 2012  Farm specific

2011 3.10 g kg DM MV of 2.9 and 3.3

2012 245gkg' DM MV of 2.4 and 2.5
Triticale 2010-2012 2.78 g kg DM +0.096, n = 4, 2005 Resident experimental

data’ of rye

Spring wheat grain 2011 3.34gkg’' DM +0.17,n=8:2004 and 2005  Resident experiment’
Winter wheat grain 2010, 2011 3.31gkg’' DM +0.14,n = 8:2004 and 2005  Resident experiment®
Faba bean grain 2010-2012 6.75g kg' DM 2002-2005 Resident experiment?
Oats grain 2010-2012 3.6 gkg'DM 2002-2005 Resident experiment?
Triticale straw 2010-2012 0.9 gkg'DM +0.11, n =4, 2005 :jiltfir;tjzperimental
Winter wheat straw 2010, 2011 0.65 g kg' DM +0.28, n =4, 2005 Resident experiment’
Spring wheat straw 2011 0.5 gkg'DM +0.09, n=8: 2004 and 2005  Resident experiment*
Faba bean straw 2010-2012 1.3 gkg'DM Characteristic values®
Oat straw 2010-2012 1.1 gkg'DM Characteristic values®
Milk 2010-2012 0.97 gkg' FM +0.09,n =24 Swedish study?®
Animal fresh mass 2010-2012 75 gkg'FM France Study*
Solid manure 2010- 2011 1.01 gkg'OS 2009: 1.004 and 2010: 1.017  Farm specific
Slurry 2010 0.154 g kg' OS +0.02;n=3 Farm specific

2011 0.151 g kg' OS +0.03,n=6:2010 and 2012

2012 0.148 g kg' OS +0.045,n=3
Wheat, oat and triticale seeds 2010-2012 35 gkg'FM Characteristic values used
Faba bean seeds 47 gkg'FM forimported seeds*
Maize seeds 33 gkg'FM
Grass seeds 3.0 gkg'FM
Clover seeds 6.4 gkg'FM
Atmospheric deposition 2010-2012 0.2 kg ha LLUR'
Soil losses 2010-2012 03kgha'a’ Swedish study*
Mineral feed 2010-2012 20 g kg™ OS Mineral feed Supplier specification
Lick minerals 2010-2012 40 g kg' OS Rindereimer, eco certified Supplier specification

*Paulsen and Schochow, 2007
*Bohm, 2007

$ Kape et al., 2008 (Organic characteristic values of Ministry of Agriculture in Mecklenburg-Vorpommern)

1 Gustafson et al., 2007
#*Nesme et al., 2012

 LLUR (Landesamt fiir Landwirtschaft, Umwelt und Landliche Rdume Schleswig Holstein), 2014

*# Modin-Edman et al., 2007

DM= Dry matter, FM= fresh matter, OS= Original substance, MV= mean value

remote plots dry matter (DM) intake was estimated at
10 kg d" cow™ (Jeroch et al., 1999). According to Knowlton
and Herbein (2002) livestock excretes 50 to 80 % of P intake.
In a study with Holstein dairy cows, a low P diet with 0.31 % P
was tested, leading to 45 % P digestibility (Wu et al., 2001).
Due to comparable feedstuff concentrations in Trenthorst
(mean of 0.33 % P in the ration) this value was used for

calculating the net P export from the grazed plots. Total sold
animals, sold farming products, actual forage, grain and
straw harvests and manure application were taken from the
farm database. Harvest yields were measured with a drive-on
scale and corrected to the actual dry matter contents in stor-
age (grains 85 to 88 %, straw 84 to 85 %, grass-clover silage
35 %, haylage 70 %, hay 86 %, maize 28.5 to 32.1 % DM each).



M. Ohm, M. Schiiler, G. Fystro, H. M. Paulsen - Landbauforsch - Appl Agric Forestry Res - 3/4 2015 (65)193-204

Phosphorus input from seeds was calculated according to
the concentrations in Table 3 and the following seed densi-
ties (fresh matter = FM, 86 % DM): 220 kg wheat, 180 kg triti-
cale, faba bean 70 kg in combination with 170 to 180 kg of
oats, 20 kg maize and for the grass-clover plots 15 kg in pro-
portion of 70 % grass seeds and 30 % clover seeds per ha.

The feed flow into the stable, also for mineral feed and
lick mineral, was taken from the actual feeding lists. Manure,
litter, feeding rests and storage residues were transferred to
the manure storage. No P losses were assumed between
stable and manure storage.

Herd management data of the farm based on regularly
scheduled weighing of each animal, as well as departure
dates and weights, provided data of net live weight produc-
tion. Milk exports were taken from yearly delivery accounts.
Also milk supply to the calves was specified by the actual fee-
ding lists for inclusion in the internal farm circle of P. Phos-
phorus flows entering the manure cycle were determined
based on P input in the stable and P output in animal pro-
ducts (milk, weight gains).

The atmospheric deposition of P given by official values
for the farm region is 0.2 kg ha yr' (LLUR, 2014). Only minor
losses of P from the soil by leaching had to be considered for
farm land (Cooke and Williams, 1973; White, 2006) and low P
losses through surface runoff and erosion were anticipated
on the site under study due to the plain nature of the area.
Therefore P losses from the soil by leaching and run-off were
estimated to be 0.3 kg P hayr'. This is in line with a Swedish
study (Modin-Edman et al., 2007) and with mean estimated
losses from German soils (Scheffer and Schachtschabel, 2010).

Soil P balances of grassland and arable land (Table 2, Eq.
[5, 6]) indicated the net change of P soil reserves. The farm
balance is calculated by inputs minus outputs (Table 2,
Eqg. [7]). Drinking water for the cows was not considered

7000
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because P contents were below the detection limit. If con-
centrations had been set to a threshold of 1 mg L’, 3,000 m?
drinking water per year for the cows would have accounted
for only for 3 kg P yr'. In the farm balance outputs crossing
the system boundary were: sold milk, net production of live
weight, manure export and run off. The software elsankey
3.2 (IFU Hamburg, Germany) was used to visualize results.

3 Results

In grassland, grazing management regimes on the plots
differed in intensity and frequency, resulting in high ranges
in dry matter (DM) yields (Figure 1) and in high differences in
P in plant material that is harvested or grazed between the
plots (mean intake by grazing 15.9 kg P ha yr' + 2.7; range
9.5 - 20.7 kg P ha™ yr'; mean export per cut by harvesting
6.9kgPha'yr'+2.9 range 3.5to0 12.5 kg P yr’; + values are
characterizing the standard deviations). Phosphorus mobili-
zation potential from the grassland soils (including applied P
from organic fertilizers and animal droppings) is charac-
terized by plant uptake of up to 23.4 kg P ha” yr'. In the study
this maximum value was reached on plot 1105 with herbage
taken up by grazing livestock and exported by additional
harvests (Figure 1). The total estimated grazing intake of
cows and young stock on the farm was 160,062 kg DM yr
(Table 4). From the total amount of grazed P (627 kg yr"),
282 kg P yr' (8.62 kg P ha' yr') were removed from the fields
with milk and meat, and 345 kg were excreted at pasture.
Considering also manure imports and harvest exports the
mean soil P balance for grassland was -429 kg yr' or -7.9 kg
ha'yr' (Table 4) which means a P stock reduction in soil.
The soil P balance of arable land resulted in -676 kg P yr
or-10.9 kg P ha” yr' (Table 5). Slurry was brought out every
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Plot No. are indicating separate grassland units, grazing days are the sum of days animals were present on each plot.

Figure 1

Herbage yields by grazing (Table 2, Eq. [2]) and cutting in pasture plots neighbouring the stable, Trenthorst 2012.
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Table 4
Data basis and calculation of the average soil P balance of grassland (Trenthorst, 54 ha, 2010 to 2012).
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Soil P balance |, Mass flow P flow
Total [kg yr'] SD [kg yr'] [kg ha” yr'] SD [kg ha'] Total [kg yr'] [kg ha-1 yr']
= Excretion o o o ° 345 6.4
+ manure application 501,427 FM +597,123 9,286 FM - 75 1.4
+ Atmospheric deposition - - - - 1 0.2
Grazing intake neighbouring plots (33ha) 131,362 DM - 3,980 FM +751 514.9 *15.6
Grazing intake remote plots (6.8 ha) 28,700 DM = 4,221 FM = 112.5 16.5
- Grazing? (total) (39.8 ha) 160,062 DM - 4,046 DM +724 627 11.6
- Storage food (23.3 ha) 55,408 DM - 2,422 DM +577 217 4
- Losses (runoff, leaching) - - - - 16 0.3
Balance (Table 2, Eq. [5]) -429 -7.9

* Italic numbers: based on actual grazed area

* grazing and storage food data: year 2012 as representative

year (mean 2,166,341 kg FM), solid manure was applied at
some of the plots only in 2010 (281,798 kg FM) and 2011
(254,936 kg FM). P exports varied between crops and years.
The mean P export of the different crops was in descending
order [kg P ha yr']: Maize (silage) 30.4 + 11.1,range 17.7 - 38.2,
grass-clover 23.7 + 6.3, range 17.3 - 32.4, faba bean and oats
in mixed cropping (grains) 19.4 + 8.5, range 10.3 - 27.1, wheat
and triticale (grains) 9.1 £ 3, range 5.5 - 14.3, and cereal straw
1.25+ 0.6, range 0.8 - 2.4. Straw of oats and faba beans as well
as cereal straw in the headlands remained on the plots. For
calculation of the P redistribution from soil-to-plant-back-
to-soil with mulched clover grass no yields were determined.
They were estimated to 4 kg P ha' according to the three

Table 5

lowest grass clover yields per cut found in the study. Due to
their uncertainty the values of on-site recycling of P via
mulching were not visualized. In total grassland and arable
land had a mean P balance of -1,105 kg yr.

The farm P flow is visualized in Figure 2 according to the
values from Table 3 to 6 and gives an impression of the
demand and transfer of P in and between the different farm
segments. The boundary around the cycle indicates the farm
gate for bought inputs (imported fodder, seeds) and outputs
(milk, net production of live weight, exported manure).
Fodder (imported and from farm own origin, from arable
land and grassland), grazed grass and milk for calves were
the sources for P input into the stable. In the stable the

Data basis and calculation of the average soil P balance of arable land (Trenthorst, 62 ha, 2010 to 2012).

Soil P balance arable land

Total [kg yr']
178911 FM

=  Stable manure

+  Slurry 2,166,341 FM

+  Seeds 710 FM
+  Atmospheric deposition -

Grass-clover silage (21 ha) 163,639 DM

Maize silage (10 ha) 113,324DM

Grain (total, seeds) (30.5 ha): 96,423 DM

Oats and beans (9.9 ha) 34,859 DM

Triticale (10.4 ha) 28,392 DM

Wheat (10.2 ha) 33,172DM

Straw (triticale, wheat) (19 ha) ¥ 28,413DM

- Crop yield (total) 401,800 DM

- Losses (run of, leaching) _
Balance (Table 2, Eq.[6])

* Based on total DM yields (based on avg. DM yields),
*without headlands,
FM, DM: Fresh matter, dry matter, SD: Standard deviation.

Mass flow P flow
SD [kg yr'] [kg ha'yr'] Total [kg yr'] [kg ha” yr']
+155,522 2,886 FM 181 29
+1,092,222 34,941 FM 329 53
+30 11.4FM 28 0.45
- 12 0.2
+46,852 7,705 DM 504.2 23.7
+ 54,550 10,998 DM 3132 304
+27,955 3,279 DM 365.7 12.5
+ 15779 3,798 DM 173.1(193.4)* 19.4
+8,170 2,731 DM 80.5(78.8)* 7.6
+6,047 3,309 DM 112.1(106.8) 10.7
+570 1,505 DM 24 1.25
- 1,207 19.5
- 19 0.3
-676 -10.9
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Mineral fodder: 69 kg s 455 K Export
Phosphorus Flow Grass silage: 1398 kg Mik: 33 kg Lted Milk
Mean: 2010-2012 Maize silage: 336 kg 166 k ]
Grain: 422 kg | 196%9 ,  Netproduction
Import Straw: 42 kg Stable of live weight
Mineral fodder: 69 kg : Manure Storage 1343 kg
Grass silage: 677 kg ——
Maize silage: 23 kg ? ? Manure export
sst::::f ?g Eg Fodder storage Slurry: 1886 kg
’ Straw: 42 kg
Grazed grass: 627 kg Stable manure
Excreﬁr:\n at Slurry: 404 kg application
Straw: 24 kg pasture: 345 kg Slurry application
Grain: 366 kg
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Mean yearly phosphorus imports and exports at the farm gate and internal flows between and within different farm parts of
the dairy farm Trenthorst between 2010 and 2012 based on practice data.

fodder was transferred into animal products and manure.
One part of the manure was redistributed to the arable land
and grassland. Another part was exported to farmland out-
side the dairy system. Biomass products from arable land and
grassland were fodder for cows. P flows via the soil are shown
in the middle of Figure 2: P from the soil buffered the gap
between P in biomass export and natural losses and P in
manure and atmospheric input at arable land and grassland.
The quantities of P that are flowing in the different farm parts
are described in the following.

Table 6
Data basis and calculation of the P farm balance (Trenthorst,
2010 to 2012).

P balance farm Mass flow P flow
Mean [kgyr']  SD [kg yr'] kg yr'
= Mineral fodder 2,617 FM +233 69
Imported storage fod-
+ 265,868 DM +76,224 774
der and straw
+ Seeds (62 ha) 710 FM +30 28
Atmospheric deposition
+ = = 23
(116 ha)
Milk 469,086 FM +19,655 455
N i fli
eF production of live 22,091 FM +1,015 166
weight
Manure export - - 1,343
Losses (run of, leaching) -
(116 ha)
Balance (Table 2, Eq. [7]) -1,105

FM, fresh matter; DM, dry matter; SD, standard deviation

Altogether, the farm balance (Table 6, Figure 2) showed total
P outputs of 1,964 kg yr'. The sum of total inputs from
imports and depletion of P soil reserves was 1,976 kg P yr'.
Net losses from atmospheric deposition and leaching were
12 kg P yr'. The export of meat was 75,722 kg live weight
during the three-year period. The change in herd size from
164.4 LU to 145.5 LU accounted for 9,450 kg. Therefore, the
net production of live weight was 66,272 kg in three years,
which corresponds to 166 kg P yr'. Another 455 kg P a™' were
exported in form of sold milk (Table 6). The P flows from the
fed biomass to manure in storage accumulated to
1,887 kg P yr'. Another 42 kg P yr' in the manure originated
from straw that was used as bedding material. Only 585 kg P
(30.3 %, Figure 2) from this amount were recycled within the
dairy crop rotation under the management regime of the
farm under study (87.2 % at arable land, 12.8 % at grassland).
Assuming no unaccounted losses the mean P output at the
stable gate was in sum 2,894 kg P per year with milk, meat
and manure for storage and excretion at pasture (Figure 2).
This P originated from stable inputs of 41.7 % with forage
and concentrates from farm own production in the arable
crop rotation (Table 5), of 21.7 % from grazing intake and
bound in animal products, of 7.5 % with roughage conserves
from permanent grassland (Table 4), and of 2.4 % with pur-
chased mineral feed additions. Another 26.7 % of the P was
imported with feedstuff and litter (Table 6) from plots out-
side of the defined system boundary. These were mainly clo-
ver-grass silage and small amounts of maize silage, grains
and straw (Figure 2). In the years 2010, 2011, and 2012 an
internal flow of 32.9 kg, 21.4 kg and 43.8 kg P with whole milk
was calculated to fed the calves, respectively. Imported
seeds, mineral feed additions and imported feed and litter
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totaled 871 kg P yr' as inputs at the system boundary.
Focused only on feedstuff (without calves’ milk), grassland
directly accounted for 29.2 % of the P supplied to the cattle,
on average (Figure 2). In quantifying the redistribution of P
from grassland to arable land by the material flows 217 kg P
yr' were transferred from grassland to the stable as con-
served feed. From this amount, 78 kg P yr' were converted
into animal products. A total of 139 kg P yr' ended up in
manure, from which 75 kg P yr" were reapplied on grassland.
The difference of 64 kg P yr' (which is 29.4 % of the P from
storage fodder from grassland) must have been covered by
soil reserves of grassland. It is transferred to arable land via
feed conserves and manure. On average this means that on
the farm under study grassland (54 ha) serves arable land
(62 ha) with ~1 kg P ha' yr'.

4 Discussion

4.1 Uncertainties in balance calculation

Any material balance of farm flows under practical condi-
tions must deal with uncertainties and assumptions. For this
study all sub-processes have a consistent P-balance leading
to a reliable balance on farm level. The P concentrations in
plant materials highly influence the calculated P flows, espe-
cially in high yielding crops. Uncertainties might be caused
by the settings for P concentrations, digestibly of feed, mass
determinations and temporal system boundaries for storage
of feed or manure. Due to the important effects of sampling
and nutrient concentration in plants and manure, P flows
should preferably be based on farm specific results. Also the
three years studied showed high variability in P flows along
with varying annual yields and differences in manure
management and exports (Table 5). Representative periods
should be used for calculations of long term trends in inner
farm P transfer. Even with uncertainties and variability, e. g.,
in P contents of materials, the analysis of nutrient farm flows
is an important step in order to address and balance out
spatial differences in P soil reserves on farms by cropping
management and manure redistribution

4.2 Grassland in farm P cycle

Grazing animals indirectly reduced the pressure of the forage
production on arable land by 627 kg P yr' (10.1 kg P ha yr')
due to feed stuff from grassland compared to hypothetic
scenarios solely producing forage crops in arable rotations.
Compared to Swedish organic dairy farms (Gustafson et al.,
2007) P concentration in grassland plants in this study is
high, likely caused by high P level in the soil. A depletion of P
in soil through continuous mining would probably lead to
lower P concentrations in plants in the near future. How long
grassland yields will be unaffected is completely unclear due
to missing knowledge on biochemical and activation forces
that might improve P availability with declining P reserves
(Antunes et al.,, 2012; Schick et al., 2012). Regular soil analyses
and/or plant tissue analyses on available P contents and also
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yield checks, should be used as a practical measure to avoid
critical situations and to track the dynamics.

To follow the idea of grassland providing nutrients to
arable land, nutrient transfer from areas with high soil P re-
serves and high activation potential to areas with lower soil P
reserves should be improved. In the current study, high
differences in the DM intake of grazing cows were obvious
(Figure 1). This indicates a potential for a future improvement
of swards, grazing management and storage feed yields on
grassland in targeting enhanced P flows and transfers. A forced
and controlled mining of soil P in grassland of the examined
site, seems to be acceptable at the current soil P levels. In ex-
perimental loamy soils with P contents well over the agricultu-
ral optimum, phytomining over 7 to 16 yr only decreased the P
content between 11 and 37 %, showing additional buffer capa-
cities of soils for longer time periods (Svanback et al., 2015).

4.3 Arable land in P farm cycle

According to the methodology used in this study, variations
in P mobilization for different crops were generally related to
biomass DM yields (Table 5) and its P content. Different P
acquisition strategies of plants were not considered in detail
to explain differences in uptake. Generally, high P uptake of
crops serves the biological P cycle on the farm. It can be
expected that long-term immobilization of P in soil can be
partly prevented by P remaining in biomass and thus be
made available more rapidly after decomposition for plant
and microbial uptake in general (Richardson et al., 2009;
Schnug et al. 2003). Therefore, mulching of clover grass and
even the direct backflow of straw after harvest and root bio-
mass might support the rapid P cycling in soils on the farm.
Inclusion of the high P yielding faba beans (in mixed crop-
ping) improved P uptake compared to the lower P yielding
cereals in monocultures (Simpson et al., 2011). Generally, the
varying P uptake of species can be caused by, e. g., root
growth patterns, root hairs, proton and organic acid release
of roots, acid and alkaline phosphatases excreted by roots
and microorganisms as well as mycorrhiza (Eichler-Léber-
mann et al., 2008; Jungk and Claassen, 1986; Scheffer and
Schachtschabel, 2010; White, 2006). Yet, the high P levels
found in the analyzed soils will interfere with mycorrhization
(Gosling et al.,, 2006). Any factors that alter the level of
primary production and inputs, as well as the transformation
of organic carbon, will additionally affect the dynamics of
organic P in soil (Condron and Tiessen, 2005).

While P concentrations in plant tissue in arable crops and
soils on the site under study are still sufficient (Table 1,
Kuchenbuch and Buczko, 2011) P exports were found to be
higher than from grassland. As with grassland, it is not pre-
dictable how long soil reserves will be sufficient, especially
under low yield conditions of organic farming and crop rota-
tions with high biological P transfer by feed crops. Further
analyses of buffering effects of soil P reserves for P supply to
plants in systems with restricted P input are of high interest
for an efficient use of P soil reserves in organic
farming and should be further addressed in research.
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4.4 Entire P farm cycle

In the study, P exports of livestock products and manure
were not balanced referred to the farming system. The farm
gate deficit of 1,105 kg P yr' needed to be mobilized from
soil under actual farm conditions (Figure 2). The manure P
export was 473 kg higher than P import with feed and seeds.
If this amount were to be spread within the system P, expor-
ted products and losses would be reduced to 632 kg P yr.
This deficit would be innate to the system. Kuchenbuch and
Busczko (2011) recommend external P fertilizers when P
(CAL) is lower than 4.4 mg 100 g P in the topsoil. Therefore
the level of P concentrations in soils under study can still be
decreased without endangering soil fertility. Stutter et al.
(2012) evaluated the soil P reserves for Germany and esti-
mated more than 3,000 kg P per ha™ in the upper 15 cm layer
for agricultural land irrespective of its plant accessibility.
However, the plot-specific P mining potential that can be
tolerated without endangering soil fertility is unknown. Fin-
ding a system specific optimal P level for the yield levels and
crop rotations of organic farming and defining suitable ferti-
lization strategies needs further scientific work. Especially
biological mechanisms should be addressed as they have an
important role for P cycling and activation (Dotaniya and
Meena, 2015; Talgre et al., 2014; Péret et al., 2014; Gerke and
Meyer, 1995). On the actual farm reducing the P export
through manure would prolong the period of acceptable soil
P mining.

4.5 Potential role of grassland for an improved P
supply
Beside the mentioned possibility to intensify the grassland
use on farm, grassland might act as transformer for sparingly
soluble phosphate rock to plant available forms. Due to the
higher intensity of biological processes and lower pH values
of grassland soils than arable soils, mineral P fertilizers might
be correctly placed here and their P might be transferred
from here in the arable farm cycle via feeding and resulting
manures (Mengel et al., 2001; Moéller, 2009). As the import of
mineral fertilizers in organic farming according to European
standards is restricted to low solubility products mainly
sparingly soluble rock phosphates are available for mineral P
supply (Council Regulation (EC) No 834/2007), this aspect
could be of special importance for this farming system (Mac-
Naeidhe and O’Sullivan, 1999; Sinclair et al., 1990).
Meanwhile, the nutrient supply of 34 % of the German
grassland is categorized as high or very high (Scheffer and
Schachtschabel, 2010) caused by former P balance surpluses.
Nowadays in Germany, 209,600 ha of permanent grassland is
unprofitable or abandoned (Federal Statistical Office, 2014).
Also biomass from nature conservation areas, e. g., from
neglected grassland where biomass needs to be removed to
achieve nature protection targets, could be valuable
(Diacon-Bolli et al., 2012; Isselstein et al., 2005; Sutherland
2002). Its potential to substitute other fodder sources for
ruminants could be exploited and thus it could act as a new
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P source for P redistribution. Due to the fact that the feed and
energy demand of dairy cows changes throughout lactation,
grassland of very different quality could be integrated more
actively in farm nutrient and P flows. For example, exten-
sively managed grassland can be a fitting fodder source in
the first phase of the dry period (Barth et al., 2012), thus
avoiding malnutrition-caused diseases. Its use relieves the
pressure for forage production on arable land or on high
quality pastures. This biomass is also discussed as substrate
for bio-energy generation in biogas plants (Ebeling et al,
2013; McKenzie, 2013) but the potential for nutrient transfer
is not yet in focus. With 56 % of grassland in German organic
farms, these aspects are worth looking into to address and
use P accumulations in soils by vegetative mining and re-
distribution as part of a sustainable use of worldwide P
resources.

5 Conclusions

The P balance of the 116 ha North German organic dairy farm
Trenthorst showed a net P export of 1,105 kg P yr” over three
reference years. The deficit is supplied from soil P reserves.
Visualizing farm specific P flows is helpful to develop P
management on farm. Due to high variations in yields and P
contents of the different materials, the use of farm specific
values and representative farm periods are suggested. In the
presented situation, grassland directly fed arable land with
64 kg P yr' (this was ca. 1 kg P ha™ yr') from soil reserves of
grassland via manure. Yield increase by sward improvement
and optimizing grazing and cutting management might
improve this positive loop. Despite several years without
external P supply the mining of soil P on grassland does not
yet endanger soil fertility on the site under study, since
available P (CAL) contents in the soil are still sufficient. But
especially for the extensive conditions and for the wide
range of crops used in organic farming it is unclear how long
soil P reserves can be addressed. If critical situations are
avoided based on evaluation of soil and plant analyses,
forced and controlled P mining on grassland sites with P con-
tents over the agricultural optimum and redistribution to
arable land could be a component of sufficiency P manage-
ment to preserve worldwide mineral P resources. The inclusi-
on and use of remote or marginal grassland sites with suffici-
ent soil P supply in nutrient cycling by ruminant and biogas
systems should be evaluated as source for redistribution of
nutrients in landscapes and farms.
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