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Abstract: Phosphorus (P) is essential for agriculture; however, local P surpluses can have adverse
environmental effects, such as eutrophication. Optimal P fertiliser use, therefore, means balancing
these effects. Although P fluxes from soil to plants are key research areas, little is known about
on-farm use of P fertilisers. As, typically, not all fields or crops are treated with P annually, the
transferability of measurements for other nutrients, such as nitrogen, appears limited. This study
aims to close this knowledge gap. On-farm P use was described using the farm records of 50 farms
in five regions of northern Germany for the period of 2010 to 2018. All sources for P fertilisation
were taken into account as either P mineral, P organic or P total. Two indicators for on-farm P
use were suggested: frequency, which gives the percentage of the treated area, and amount, which
gives the quantity used per ha of the treated area. The frequency for P total ranged from 55.9% to
93.1% of the total farm area being fertilised. Amounts between 24.8 and 41.6 kg ha~! P total were
applied on the treated area of the farm. The results supported the separation of the quantity and
frequency in on-farm P use. No decrease in P use was found during the period investigated. Using
mixed models, the results further show that explanatory variables, including the farm characteristics
and crop choice, explain the substantial variations in P use. It is recommended for the example of
Germany to establish an official digital database for P fertilisers that can be updated professionally
and is mandatory for all documentation on P use.

Keywords: on-farm records; arable farming; phosphorus fertiliser indicator; fertiliser use

1. Introduction

As an essential nutrient for plants, phosphorus (P) is an important ingredient in
fertilisers [1,2]. Farmers use P fertilisers in various forms. Typically, P fertilisers stem from
inorganic mineral or organic sources. Mineral P fertiliser consists of raw phosphate, which
is made available to plants by treatment with acids [3]. Organic P fertilisers predominantly
originate from animal husbandry. Most of the P in organic fertilisers is already present in
mineral form; however, some of it only becomes available through complex transformation
processes in soils [4]. In the interest of a circular economy, the use of fertilisers made from
recovered P has recently become a subject of growing interest [5].

While P availability often limits plant growth and biomass production in natural and
semi-natural areas [6,7], in landscapes used for agriculture in developed countries, P is
also found to pollute surface waters [8,9]. The main pathway of P losses is surface runoff
through erosion and the discharge of P through preferential flow during storm events [10].
In water bodies, P can lead to eutrophication, which is associated with the growth of toxic
algae, loss of biodiversity and poor water quality [11]. These trends have focused attention
on identifying the sources of P surpluses in agriculture from an environmental perspective.
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From an agricultural production perspective, the trait that P is mainly immobile in
the soil favours the application of multi-annual fertiliser budgets on arable land, also
known as stock fertilisation [12]. In this concept, the farmer only fertilises with P once in
several years. Fertilising the soil stock has long been considered a reasonable strategy with
respect to medium-term P availability for crops [12] and is, therefore, widely adopted and
recommended by advisory services in many regions, such as the EU [13]. However, such fer-
tilisation approaches have been questioned in view of the possible adverse environmental
effects of a higher P content in soils [14].

Arable farmers’ typical concept is to use P fertiliser to supply the soil with the nutrient
for up-take by the plants demand. That is, such fertilisation concepts include aspects
of nutrient supply and demand in nutrient budgets or balances [15]. However, sound
knowledge about P fertiliser use on farms, including documentation and measurement of
true P fertiliser use, is a prerequisite for budgeting the supply and demand of P. Yet, the
main sources of information about P uptake typically stem from field experiments.

Long-term field experiments have the advantage of depleting soil P stocks in the
untreated control, which would otherwise mask P use effects in the treatments [16,17]. We,
however, argue that on-farm supply of P fertiliser is more variable than field experiments
suggest. Thus far, only little is known about patterns of P use on farms [18]. This study
aims at closing this gap with two objectives.

Based on the knowledge about the multi-annual stock fertilisation, we hypothesised
that the overall average amount of P applied per ha is not satisfactory to indicate on-
farm use. Therefore, the first objective concerns how on-farm P use can be described
to indicate P fertiliser use intensity appropriately. Indicators should be suitable for de-
scribing and comparing actions as simply as possible [19]. At the EU level, for instance,
agri-environmental schemes targeting at mitigating adverse environmental effects from
agricultural intensification, have been discussed to be ineffective; however, at the same
time, data limitations concerning large-scale information about farms’ true fertiliser use
have been acknowledged [20].

Therefore, suitable indicators should help to induce and control required changes.
Regardless of whether a change is compulsory or voluntarily, it must link the practical
action and the desired effects. The relevance of these actions for the effects must be sci-
entifically evident, but not necessarily measurable in real-life data. Agri-environmental
indicators are particularly widespread [21]. One example of their use is to calculate a nutri-
ent balance using nutrient inputs and outputs [22], for example to monitor fertiliser policies.
These indicators are in contrast to use indicators, which do not capture productivity or
environment-related effects [19,23].

Heated societal debates about tightening the application ceilings for P use in regions
with strong environmental governance and highly regulated fertilisation, such as Europe
and Germany, the study region here, induced pressure on farmers to use less (P) fer-
tiliser [24-26]. In our study region and period, the legal fertilisation framework, e.g., the
German Fertiliser Ordinance, has been revised to respond to new findings, with a consid-
erable revision implemented in 2017 [27-29]. Although this framework concentrates to
reduce nutrient balances, in view of the debate, we hypothesised lower on-farm P fertiliser
use over time; however, in particular, in the years prior to the implementation of the
German Fertiliser Ordinance in 2017. Therefore, the second objective of this study concerns
investigation of time trends in on-farm P use in light of regulatory changes.

To explore the two objectives, we collected extensive P usage data based on farmers’
records in five regions in northern Germany covering different natural and structural
conditions. This region represents a regional spread under the same fertilisation regulation.
In each region, ten farms with complete documentation from 2010 until 2018 were surveyed.
Two distinct measures were proposed, yielding two independent indicators to describe on-
farm P use, and to analyse temporal trends. We identified the required steps to implement a
process to describe on-farm P use and explored it over time. This investigation documented
and offered understanding of the challenges in describing on-farm P use.
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On-farm data acquisition requires that farmers share their data. Nevertheless, both
consolidating the data from different farms and checking the credibility is time and resource
consuming. Therefore, we have made use of this experience to provide recommended
improvements for the case of Germany and for global applications.

2. Materials and Methods
2.1. Study Regions

Farm records were obtained from five regions in northern Germany: Diepholz and
Uelzen are located in the west of the region, Rostock is in the north near the Baltic Sea, and
Flaming and Oder-Spree are in the east of the region (Figure 1). In Diepholz and Uelzen,
farms operate less land (an average farm size of about 228 ha and 144 ha, respectively) and are
mainly organized as family farms. Rostock, Flaming and Oder-Spree are located in eastern
Germany, which has a history of land collectivisation and large-scale farming [30,31], and
the farms are still comparatively large (average farm sizes of about 857, 2069 and 1879 ha,
respectively; see Table 1). The regions are roughly located on a west-to-east transect with
decreasing precipitation as the climate becomes more continental (Table 1).

Baltic Sea

Baltic Sea

Germany

QOder-Spree

N

Figure 1. Locations of the five regions of Diepholz, Uelzen, Rostock, Flaming and Oder-Spree in
northern Germany.

Table 1. Characteristics of the study regions of Diepholz, Uelzen, Rostock, Flaming and Oder-Spree. Average soil and
climate parameters (1981-2010). The soil index (‘Ackerzahl” in German) takes into account the soil quality and other site
conditions relevant for cropping. Values range from for example 18 (very poor arable site) to 120 (highest value).

Attributes Diepholz Uelzen Rostock Fliming Oder-Spree

Size of region (km?) 1988 1454 3421 2163 2243

Total number of farms 2419 823 827 227 323

Average farm size (ha) 228 144 857 2069 1879

Average field size (ha) 3 4 12 9 8

Mean soil index (0-120) 45 31 42 34 36
Farms with livestock (%) 53 26 51 39 28
Annual total precipitation (mm) 699 733 618 554 571
Annual mean temperature (°C) 9.8 9.2 9.2 9.8 9.6
Maximum yield winter wheat (t ha=1) 8.2 8.1 8.5 6.5 5.0

Adapted from Refs. [31-33].



Agronomy 2021, 11, 2123

40f21

2.2. Data Collection

Ten farmers in each region who volunteered to take part in the study were surveyed,
producing a total of 50 farms. Contacts to farmers were made through regional agricultural
authorities in previous projects [34]. Additional farms were acquired from regional public
farm registers. Acquired farms were personally visited at least one time to collect data on a
farm and field scale. Direct contact with all farms was held via phoning and mailing, and,
if necessary, the farm was visited again. At farm scale, information such as the farms’ legal
form, size and livestock units was surveyed. At field scale, the farms’ field-specific records
were collected, including the name of the field, cultivation year, size and crop grown.

Regarding P use, the date, fertiliser name, amount, unit and treated area of the field
were surveyed. Documenting all field treatments in the period 2009 to 2018 was mandatory
for our study, although it was not officially required from the authorities. Methods of
documenting field activities ranged from handwritten notes to spreadsheets and digital
tield management systems. This study only considered arable land and excluded the farms’
grassland, fallow and flower strips. Forage production on arable land was included as part
of the crop rotation. The field-wise farm records documented activities, but not necessarily
other inputs, such as the soil nutrient content and outputs, like the yield quantities and
qualities. These are required for nutrient budgeting in a complete farm-gate or field-based
fertilisation balance.

2.3. Fertiliser Specification

In the study, P use in terms of organic and mineral fertiliser was recorded separately.
Taken together, this provided the total P. For branded mineral fertilisers, the manufacturer’s
data on the nutrient content was used wherever possible. Where local traders mixed
individual fertilisers for farmers from different standard compounds, and if the records
contained no further information, the nutrient contents, but not the chemical compounds,
were recorded.

The nutrient content of organic fertilisers should be available based on standardised
regular analyses of total-P by farms. However, analyses were not always performed in
every year. Therefore, in the majority of cases, an average nutrient content was calculated
for each farm on the basis of the available analyses for each organic fertiliser. The farm
specific average value for each organic fertiliser was then deployed for the whole period.
This means that, behind each organic fertiliser application, there is one or the average of
several farm-specific analyses to determine the P nutrient content. For 489 measurements,
the standard values from publicly available databases were applied [35,36]. Table 2 shows
the main fertilisers used and their range of nutrient contents across all farms.

Table 2. The main organic and mineral phosphorus (P) fertilisers used. n = number of applications in the full study sample.

Range of dry matter content (%) and total-P content (kg) in the fertiliser groups. The fermentation residues are the products

of anaerobic digestion.

.. . Range of Dry Matter Range of Total-P
Fertiliser Group Unit n %Zontenl;y(%) Conter%t (kg) per Unit
Fermentation residue solid kg 304 16.3-82.0 0.0011-0.0056
Fermentation residue liquid m?3 3456 1.7-13.0 0.1431-1.3092
Slurry-pig m?3 1859 1.0-16.0 0.2444-1.7456
Slurry-cattle m?3 3432 1.7-13.0 0.1484-1.2132
Manure-poultry kg 1085 25.9-63.3 0.0025-0.0131
Manure-other animals kg 1684 16.3-54.6 0.0004-0.0042
Sewage sludge kg 177 21.0-35.3 0.0010-0.0076
Compost kg 148 22.2-69.0 0.0010-0.0050
Mineral fertilisers solid kg 7813 0.0009-0.2269
Mineral fertilisers liquid 1 3197 0.0206-0.2618
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2.4. Data Processing

The full study sample comprised 20,258 fields. Fields are counted in every year of
cropping. Two indicators were used to describe P use. Since not all fields are treated with
P every year, the frequency use indicator described the percentage of the treated area and
included the full area of each farm. To calculate the farm-specific mean P amount, only the
treated fields were considered, i.e., 24,072 P fertiliser applications.

The P amount use indicator per field f, P{™, was calculated as follows: First, the
applied fertiliser F¢ per field was multiplied by the specific P nutrient content N. To
take partial area-specific fertilisation on some fields into account and to allow the precise
consideration of the treated area, it was necessary to weight the result. Therefore, the field
area treated A" was divided by the total field area A" and the result then multiplied
with the calculated P amount in kg ha~! (see formula 1). Mineral and organic P fertiliser
amounts were recorded separately, with the values summed to give the total amount
(Figure 2).

trea

PaM = (Fg x N) x ﬁ (1)

f

The P amount indicator P&™ per farm 1 and year y in kg ha~! was calculated as
follows: Field size varied within each sampled farm; to ensure small and large fields correct
proportional influence on Pla}f“, the individual area-specific weighted P amounts per field
P{™ from Formula (1) had to be re-weighted. Therefore, the P amount per field P§™ was
multiplied with the total field area A of the same field i and divided by the total treated
area Af;ea of the farm [ in the year y. The sum of all the P amounts weighted by their field
area in relation to the total treated area of the farm resulted in the weighted P amount for
one farm in one year Pf‘;n (see Formula (2)).

am tot

am __ i i X Afi (2)
ly — Alrea
ly

i=1,..n

Each farm contributed a maximum of one weighted value per year and nine values
for the whole period studied. This process resulted in a balanced study sample, in which
the standard deviations of the amount and frequency indicators could be reduced. If the
balanced study sample size was smaller than 90 in one region or less than 10 in one year in
one region, a farm did not use any P in a year. With the two use indicators of frequency and
amount, all 50 farms could be characterised without the influence of different farm sizes.

I

cereals I | untreated mineral [ mineral
maize /:/ 6,591 :

) mineral +
all fields root crops | . 1 total

20,258 . organic |
oilseed rape | \| P treated I

13,667 | | organic | +} organic

full study sample frequency (%) amount (kg ha™)

I
|
|
I
I
I balanced sample = one value per farm and year
Figure 2. Structure and terminology of P use data analysed in this study.

If non-normal distributed values were indicated, based on the Shapiro-Wilk test,
differences in use frequency and P amount used between regions and years were then
tested using the Kruskal-Wallis test (null hypothesis: there is no difference between groups).
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If values were normally distributed, the Tukey test was performed (null hypothesis: there
is no difference between groups). All tests were part of the R-package “agricolae” [37].

2.5. Analysis of Variance

The question of whether P use decreased over time, was investigated by using mixed
models and the factor year. Mixed models have the advantage to reveal the contribution
of explanatory variables on the variance of the two target variables, i.e., the indicator
frequency and amount.

Therefore, the first linear mixed model (see Formula (3)) was specified with nested
random effects to explain variance components for P use frequency Pf]rf in the balanced
study sample:

Pl = o+ Lji + Ry + Yic + &35 ©)

Where symbol p denotes the mean use frequency of farm Lj; in region R; and year Yj.
Random effects are allowed by farm L;;, region R; and year Y. Farm L;; is nested in region
j- The nesting takes into account that variance between farms in one region may behave
differently than between farms in different regions. Symbol ¢j denotes the error term.

To explain the variance of the P amount used per field, Pgﬁ‘mop, the second linear
mixed-effect model (see Formula (4)) with nested random effects was specified for treated
fields in the full study sample using the unweighted P amount:

iaﬁ?mnop =H + Fnoi + anj + Cok + Cm + I—Jon + R0 + Yp + 8ijkmnop (4)

Therein, symbol p is the mean amount used for the whole dataset. Random effects are
field F, crop C, farm L, region R and year Y. Lower case letters indicate that the field Fy; is
nested in farm n and region o. Field Fyy is nested in crop m and farm n. The crop Cex
and the farm Lon are nested in the region o. The symbol &;jxmnop denotes the error term.

A Chi? test of variance components tested the statistical significance of the random
effects in both models. The null hypothesis is HO: 02 = 0. Analyses were carried out with
R-package ‘ImerTest’ [38].

3. Results
3.1. Two Indicators: Frequency and Amount of P Used

The analysis of P fertiliser use in the five regions revealed significant differences
(Figure 3). Overall, the indicator frequency showed that the majority of the studied
area was treated with some P. The use frequency for total P was statistically significant,
decreasing from the highest value in Diepholz, to Rostock and Uelzen, while Flaming and
Oder-Spree both had a statistically significant lower level (Figure 3(Al)).

The total P amount used on the treated fields was statistically significantly higher
in Diepholz and Uelzen than in Rostock, Flaiming and Oder-Spree (Figure 3(B1)). As
the relative amounts per ha are referred to the treated area of the farm, to interpret the
results, note that frequency is related to the entire area of the farm. The P amount fertilised
organic and mineral refers to different treated areas of the farm, which means that mineral
and organic P amounts cannot be added directly to get the total P amount. Tests were
performed in accordance with Section 2.4.

With regard to P applied only with organic fertiliser, Diepholz had the highest fre-
quency at 91.3% (Figure 3(A2)). The eastern regions of Flaming and Oder-Spree treated
approximately half of the area, and Uelzen and Rostock only a third (Figure 3(A2)).

The indicator amount was statistically significantly higher in the west (Figure 3(B2)).
It is noteworthy that 31 values were zero from Rostock, indicating that some farms had not
used organic P fertilisers for several years (Figure 3(B2)).

The frequency of P used with mineral fertiliser was highest in Uelzen and Rostock, in
contrast to the frequency shown with organic fertilisers. The eastern regions of Flaming
and Oder-Spree had the lowest frequency at just over 20% (Figure 3(A3)).
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Farmers in the region Uelzen used the greatest amount of P on the treated fields. In
the region Flaming in 38 and in Oder-Spree in 26 cases, farms did not use any mineral P
fertilisers in one year during the investigated period (Figure 3(B3)).

(A1) Frequency whole area: P total (B1) Amount used on treated area
1001
e — !
~ 931 fertiliser il & b b I.)
= not used e
7 751 used i & !
i - ‘
™ o . * :
f 50 55.9 £ 50 : ! i
> a }_._ ——
(& ] —_—
§ 25 g 25 ‘
8 < E‘E
B a c b d d 1 |
01 01 n=90 90 90 iz 85
(A2) Frequency whole area: P organic (B2) Amount used on treated area
7 i :
% 91.3 - b b l:
el (0] 757 ° *
o = i
C [&] . .
g < 501 3 3
S 501 5
o 457 479 5
3 CX Y 3 201 | .
@ 251 c E
g £
i a ® c b b ! [
0 01 n=90 77 59 82 82
(A3) Frequency whole area: P mineral (B3) Amount used on treated area
1004
o (0]
S 751 < :
= 2 .
o =3
o T 504
c )
E 501 R <
a : E F;' .
3 n
= ™ 25
o 254 3 - -
3 e g [a ]
' b a a c c 3
01 01 n=85 D 89 52
Diepholz Uelzen Rostock Flaming OderSpree Diepholz Uelzen Rostock Flaming OderSpree
Region Region

Figure 3. (A) Indicator frequency of P used on the whole area: (A1) P total, (A2) organic and (A3) mineral P used.
(B) Indicator amount of P used on the treated area only. N < 90 indicates that in some years some farms did not use P. All
values are given per region (Diepholz, Uelzen, Rostock, Fliming and Oder-Spree) for the study period 2010-2018. The red
square shows the mean. Different letters display a statistically significant difference between the regions (Kruskal-Wallis
p < 0.05). Numbers are given in Appendix A (Table Al).

3.2. Temporal Trends in Frequency of P Fertiliser Use

To achieve the second objective, first, the calculated P use indicators were plotted
over the period studied (2010-2018) (Figure 4). The differences in the composition of the P
source between the regions were pronounced and were maintained throughout the period.
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Despite some fluctuations, the P treatment patterns were uniform for the analysed period.
For Diepholz, Uelzen and Oder-Spree, the frequency of untreated fields remained at the
same level. In Rostock, the trend of the frequency for untreated fields decreased, while it
increased in Flaming.

Second, referring to the linear mixed model (see formula 3) to explain the variance,
the P use frequency results for P total, P organic and P mineral, suggest no statistically
significant impact for the factor year (Table 3). The factor farm explained half of the variance
for total and organic applied P and 41.5% for mineral P, all statistically significant. The
factor region was the second major influence, explaining up to 39.7% of the variance.

Diepholz Uelzen Rostock Flaming QOderSpree
100
fertiliser
untreated
mineral
organic + mineral
- £ organic
x
s
>
o
c
g
o 50
0}
s
=
[0}
»
=
o
25 II I II
0
O~NOIFTNOMD O-NMIFTNORD O-NOFTWONRD O-NOFVONRD O-NM<FTWOND
T T T TTTTTT T TT T T T TTT T T TTTTTTT T T TT T T YT YT
000000000 COO0D0ODO0 000000000 000000000 0DOOO0O00OOO
NNNNNNNNN NNNNNNNNN TNNNNNNNN NN NNNNNN NN
Year

Figure 4. Indicator frequency of P fertiliser used on the whole area displayed for untreated, mineral only, organic and
mineral, and organic only treatment per region (Diepholz, Uelzen, Rostock, Fliming and Oder-Spree). Each farm contributes
one value per year per treatment group to the total of the region (see Section 2.4). Numbers are given in Appendix B

(Table A2).

Table 3. Explained variance (%) of the explanatory variables (farm, year and region) for the frequency
at which P is used. The nested factor given in brackets means the farms are nested in the region.
Analysis performed with a balanced study sample (n = 450). Totals above 100 are due to rounding
errors. Significance Chi? test: ** p < 0.01 and *** p < 0.001.

Explained Variance (%)

Year Region Farm (region) Residual
P total 0.0 26.4 ** 54.1 i 19.6
P organic 0.0 39.7 o 51.0 i 9.3
P mineral 0.0 36.5 i 415 i 21.9

3.3. Temporal Trends in the Amount of P Fertiliser Use

For the P amount used on the treated fields, plots showed no trend over the years.
Indicators for Uelzen and Rostock showed a wider distribution of values, except for the
total P in Rostock. No statistically significant differences between years were found based
on the tests described in Section 2.4, except for the P total in Flaming, where in 2018
(20.7 kg ha™1) statistically significant less P was used than in 2011 (26.9 kg ha~1) or 2017
(28.6 kg ha™1) (Figure 5).
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Figure 5. Amount of P used only on treated fields from 2010 until 2018 in the regions of Diepholz, Uelzen, Rostock, Flaming
and Oder-Spree. (A) The P total, (B) P organic and (C) P mineral. Each farm contributes one value every year. N is displayed
if <10 and means that some farms did not apply P in some years. The red square marks the mean value. Numbers are given
in Appendix C (Table A3).

Referring to the linear mixed model (see formula 4), the results suggest that between
55.9% and 79.1% of the variance of the P amount used can be explained (Table 4). The year
was a statistically significant factor but explained very little of the variance. The factor
crop and its nested forms accounted for most of the variance in the P total and mineral. It
was a statistically significant factor for all fertilisers except for applied P organic. For the
latter, the main factor was the farm. The field did not affect the amount used. The region
accounted for 8.4% of the variance for mineral fertilisers.
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Table 4. Explained variance (%) of the explanatory variables (field, farm, year, crop and region) for the P amount used.

Totals above 100 are due to rounding errors. n: fields considered for analysis. Significance codes: ** p < 0.01 and *** p < 0.001.

Explained Variance (%)

Field Field Crop Crop Farm Region Year Residual
(Farm, Region) (Crop, Farm) (Region) (Region)
P total 13,667 0.0 73 138 270 Eo 88 25 03 = 40.4
P organic 9407 0.0 45 148 % 44 3.7 ** 0.0 06 441
P mineral 7709 0.0 21 E69 540 wEo76 0 84 ** 0.1 ok 20.9

4. Discussion
4.1. Data Aquistion

This study used on-farm data from a unique dataset to explore the P fertiliser input.
On-farm data provide a realistic picture of when and how farmers use P fertilisers as the
data mirror the full variability in these applications. Exploring methods to survey and
evaluate the real P use on farms forms a prerequisite to monitor farms’ application of
P. This is especially relevant for regions with regulation and control policies but also for
farm benchmarking purposes and potential environmental risk assessment [39]. Policy
measures that target the mitigation of environmental harm from intense P fertiliser use
require sufficient data for assessing their effectiveness and to improve measures. From a
global perspective, agricultural P use has been receiving considerable attention given the
limited resource and disparities in soil-P stocks [40].

Hence, better descriptions of on-farm P use patterns is a reasonable scientific goal.
While knowing how P fertilisers are used on farms appears a trivial question at first glance,
we realised to the best of our knowledge that quantitative data were hardly available
and that little was known about on-farm P fertiliser use. With the exception of Yunju
et al. [18], who conducted household studies on P fertilisation in China, we found no
sources in the international scientific literature. While we may have missed applied data
collections, provided in national languages, for the case of Germany, this type of data was
not published in the sampling period.

Therefore, this self-collected data set is unique—this restricts direct comparisons
with similar datasets. Nevertheless, the collected data were not intended to deliver a
representative picture of the on-farm P fertiliser use in Germany. The regions were chosen
based on a former stakeholder-oriented research project [32], and the farms were not
randomly acquired. However, the five regions accounted for medium-scale regional
diversity in production conditions in Northern Germany (Table 1) under the same fertiliser
governance. For pesticide use, the intensity differed between the regions decreasing from
west to east [34].

Volunteer participation of farms probably produced a selectivity bias, as we expect
that farmers with entire recordkeeping and an interest in accurate fertilisation were more
likely to participate. Our mandatory demand for detailed field recordkeeping in the
surveyed time, excluded farms from the survey due to a lack of data records in all years.
This lack of data exists for more farms going back prior to the study period (2010-2018).
New documentation requirements for fertilisation on farms in Germany and some other
European countries could improve finding farms with sufficient data quality in the future
and, thus, mitigate such bias [41,42].

Consequently, we collected a sample of 50 farms over a time of nine years with a
regional spread but with unknown selectivity bias. However, we believe that it is unlikely
that the bias leads to an overestimation of on-farm P fertiliser use [43,44]. Moreover,
the variability in the results reveals that the sampled farms have fertilised anything but
uniformly (Figure 3, Tables 3 and 4).
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4.2. Insight into On-Farm P Fertiliser Use from the Two Indicators

Two indicators appeared to be essential for analysing farm P use. Phosphorus is
not necessarily used on all fields on the farm every year. Thus, the indicators frequency,
describing how often fields are treated with P fertilisers, and amount, capturing the
quantity of P applied to the treated area, were used to describe on-farm P use appropriately
(Figure 3). These were use indicators and did not capture productivity or environment-
related effects [19,23]. If farmers want or are required to change the P fertiliser supply, they
can modify it in two ways: by treating more/fewer fields or using more/less fertiliser.

Yet in both situations, fertilising with P less often or in smaller amounts, mitigation
of adverse environmental effects can be achieved [45,46]. While productivity, crop quality
and soil-P testing requirements have been the base of traditional P use recommendations, a
recent analysis of P fertilisation experiments in Central Europe showed no positive yield
effect of P use in arable production except for soils that are heavily depleted in soil-P. These
authors conclude that national P fertiliser recommendations are set too high for optimal
yield [47,48] and, therefore, should be redefined.

Differences between the indicators were apparent in the regional evaluations (Figure 3).
The patterns of frequency deviated from those of amount. The two types of indicators
are always relevant if farmers can apply a certain agronomic practice either more or less
often or in different amounts. An example is the use of the herbicide active ingredient
glyphosate [31]. For nutrients, such as nitrogen, that need to be given every year, the
indicator amount is sufficient for comparing farms, fields or years. For irregular P use due
to multi-year fertilisation, an adequate description of on-farm data requires the additional
indicator frequency.

Investigation of this indicator, however, requires on-farm data, such as the data
collected in this study. Field experiments in which P is used every year except for the
control plots, such as the data analysed by Buczko et al. [49], can reflect effects on the
amount, but not on the frequency of P fertiliser use on farms. The two indicators can apply
to setting methodological standards to assess on-farm P fertiliser use, comparing P fertiliser
use of farms and providing a simple traceability scheme for the on-farm distribution of
fertilisers.

The two values indicate P fertiliser use patterns in a way straightforward to achieve
and understand. A high frequency of treated fields together with a low annual amount
indicates a fertiliser use that should feed the plant rather than the soil stock. High fre-
quencies together with high amounts indicates a high farm internal supply with P that
must be distributed to the fields. Low frequencies combined with high amounts indicates a
consequent multi-annual stock fertilisation. The same counts for low frequencies and low
amounts with a higher risk to deplete the soil in the years without fertiliser applications.
The complex system of P mobilisation in the soil and uptake by crops certainly amplify
the agronomic consequences of these four combinations. However, all four will achieve to
replace the crop-P offtake.

4.3. Temporal Changes Were Negligible

The mixed model analyses revealed a statistically significant but small influence of
the year on the variation of the P amount used (Table 4). However, these were small annual
fluctuations. Nevertheless, no temporal trend was identified for either indicator in the
period studied (Figures 4 and 5). Thus, the hypothesis that on-farm P use declined during
the nine-year study period was rejected based on the data set. Despite the heated debate
about adverse environmental effects related to P use and the ensuing pressure increasingly
placed on farms, the sampled farms did not seem to respond to this during the period
studied.

Until 2017, hence, during most of the sampling period, a societal debate took place
to reduce fertiliser input and environmental pollution. In 2017, German legislation was
ratified [29] setting limits for budgeted P surpluses in a farm wide balance. In a six-year
sliding average 8.73 kg P ha~! a~! surplus is allowed. From 2023, the allowed limit will be
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halved [50]. Since then the legislation was updated, approved and finally came into force
in 2020 [27].

Farms in the eastern regions Flaming and Oder-Spree fertilise less P than in the other
studied regions (Figure 3). Due to a lower precipitation, the maximum yield levels are
lower in these regions (Table 1). The observed stable pattern of P fertiliser use over time in
the sample did not differ between regions, although the frequencies of organic and mineral
P fertilisers used differed. Lower frequencies of organic P go along with higher frequencies
for fields treated solely with mineral P in the regions Uelzen and Rostock (Figure 4).

One possible explanation is that organic P fertilisers are less available to the farms
analysed. In Uelzen, animal husbandry is generally less frequent (Table 1) and in Rostock,
organic P fertilisers are distributed over more area on large farms. Therefore, mineral P
fertilisers are especially used for the cultivation of P-sensitive crops, such as sugar beet and
oilseed rape. While organic P sources are often internally supplied on-farm, farms must
buy mineral P sources. Stable amounts applied on fields fertilised with mineral P means
that farmers did also not opt for reducing this external P source (Figure 5).

The stable temporal pattern of P fertiliser use in the presented data can be interpreted
in four ways: changes were (i) not perceived as necessary by farms, (ii) not possible, (iii)
consciously avoided or (iv) intended by farms but not implemented yet.

(i) Farms participated voluntarily in this survey, and it is possible that they already
practise more advanced fertilisation techniques than average farms. If the resulting fertiliser
use was traditionally moderate, no visible adaptions in fertiliser use could be perceived as
necessary to meet the new regulations.

(ii) In the short term, reductions in P fertiliser use are not possible if organic P fertilisers
are the main source of P fertilisation, and no additional land area other than the previously
available land can be used. Organic fertiliser in both frequency and amount mostly depends
on the farm rather than on any other explanatory variable. Reductions of farm-specific P
sources requires reducing livestock, distributing the organics to other farms or extracting P
from manure [51]. The same applies to residuals from biogas plants. These changes remain
challenging for most farms in Germany and other EU countries.

(iii) Reductions were consciously avoided. The risk of future on-farm P deficiencies
caused by an expected tightening of legislation could discourage advanced reduction in
fertilisation.

(iv) Intended changes of the P fertilisation regime sometimes can only be implemented
over a longer perspective. For instance, acquiring additional land for a better distribution
of organic fertilisers can mean purchasing land, which might not be short-term available or
due to existing lease contracts, this might be delayed. The observed “business as usual”
seems, thus, a reasonable result but also a reasonable farm strategy in view of anticipated
tighter regulations. Expected continuous or even increasing future P needs due to climate
change, associated risks and necessary costly adaptations in arable production can be
additional reasons for conservative strategies [52].

While temporal trends were negligible, the factors “farm” and “crop” contribute
to explain variability in P fertiliser use (Tables 3 and 4). “Farm” being most relevant
for frequency and amount of P organic means that the farm animal husbandry is most
important for organic P fertilisation and, thus, for the whole farm. The region is the second
important factor for the frequency of P organic sources, but the region only contributes
to explain variance for amount if considered together with the farm. The factor “crop”
explains a large part of the variation in the amount applied as P mineral. The practice
of multi-year stock fertilisation, hence, applying fertilisers only once for several years, is
likely amplified by the crops cultivated.

In the concept of multi-annual stock fertilisation, farmers receive advice to apply
fertilisers prior to the more P-sensitive or economically important crops and maintain
the others from the resulting P stock in the soil [53]. Hence, the large effect of the crop
for amount was expectable as it occurred. Disentangling the crop and year effect in the
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mixed model, however, revealed no clear effect of the years and led us to reject our second
hypothesis of lower on-farm P fertiliser use over time.

In summary, we cannot find a temporal decline of P fertiliser use for our study’s
farm sample. The lack of any baseline average on P fertiliser use hinders comparisons.
Regarding the sampling conditions (Section 4.1), we argue that it is, however, unlikely that
the average P fertiliser use on farms across Germany is lower and decreased considerably
during the investigated period.

4.4. Implications for Improving the Acquisition of Data on P Fertiliser Use

Data acquisition for this study revealed that on-farm documentation is crucial for any
implementation of fertiliser stewardship—irrespective of whether it is voluntary or manda-
tory. Digital on-farm documentation would allow us to collect more data records; yet, this
also implies larger efforts for data management. Regardless of the type of documentation,
ranging from fully digitalised to entirely hand-written field records, ambiguities, gaps and
implausibility in the recorded information challenged data analysis. Dealing with these
issues was time-consuming but achievable.

What was unexpected were the difficulties in clearly identifying the fertiliser type and
nutrient content of the documented fertilisers used over this nine-year period. The broad
range of P content in the fertilisers used on the study farms is illustrated in Table 2.

Phosphorus fertilisers relying on mineral or organic sources present various challenges
in documentation. Suppliers commonly trade mineral P fertilisers. A uniform product
name and content declaration of these traded fertilisers would simplify the documentation.
Moreover, this would make it easier and more transparent for farmers to maintain an
overview of all available fertilisers. Therefore, it is highly recommended that a comprehen-
sive digital national fertiliser database is established listing all fertilisers with their trade
names and nutrient contents. As well as saving a considerable amount of time, this is the
only way to guarantee reproducible use on all farms and in all approaches.

For other xenobiotics in farming to be documented on farms, e.g., pesticides or veteri-
nary medicines, farmers access official public databases following a registration procedure.
Although calls are not being made to have a fully administrated registration process for
fertilisers, steps to ensure more reliable data documentation that is reproducible by other
farms are urgently needed. Accurate documentation is fundamental for innovation through
data-driven, more efficient management [54]. In Germany, some federal states provide
digital documents with fertiliser lists [35]. It is recommended that these be replaced by an
official nationwide digital database that is professionally updated and mandatory for all
documentation on P fertilisers.

Many farms produce organic fertilisers themselves. The nutrient content of organic
fertilisers varies to large extent (Table 2). If traded, organic P fertilisers in Germany must
be analysed for their nutrient content. However, most organic P fertilisers circulate on the
farm; thus, no trade is involved. Analysis of the nutrient content was not mandatory for
every organic fertiliser used in the study period to 2018 [27]. However, all farms analysed
their organic fertilisers from time to time. The averages of these values were taken for the
calculations in all years. Another approach is to refer to standard values for the nutrient
content of on-farm organic P fertilisers given in commonly used information [35,36].

Based on the present data, the differences between these standards and the individual
farm values suggest that the latter are closer to reality. To overcome remaining uncertainties,
more nutrient analyses of organic on-farm P fertilisers should be performed. These analyses
should follow a standard procedure to ensure comparable sampling and handling by
certified laboratories. In the total sample of 50 farms, a great variety of special organic P
fertilisers was found to be used infrequently and in small quantities. With respect to these
minor uses, standard values seem essential. Therefore, it is recommended that standard
values for organic P fertilisers be included in the national digital database and quantity
thresholds implemented for compulsory case-specific nutrient analyses. Countries, such as
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Denmark, Sweden, Finland and the Netherlands, already have standard values for organic
fertilisers [42].

Comprehensive on-farm fertiliser use documentation forms the base for sustainable,
environment-friendly and sound nutrient management by farmers. Moreover, accurate
on-farm fertiliser use information forms a prerequisite for data collection to capture the
actual farm use of fertilisers for monitoring and policy impact evaluation purposes. Such
data are necessary as they capture how farms behave within regulatory boundaries and
how they react to market, climatic and other production risks. In dimensions, including
climate change mitigation, policy evaluations and improvements also urgently require
these data [55].

5. Conclusions

The unique on-farm data collected in this study show that P fertilisers are not applied
regularly every year on every farm field. Therefore, fertiliser use must be described with
the indicator amount and, as a second indicator, frequency, in order to identify differences.

No reduction in P use was observed on the studied farms during the period from 2010
to 2018. While discussing some possible reasons for this missing trend, new legislation to
reduce nutrient use only came into force at the end of the period studied and may take
longer to have an effect.

Addressing the governance of P use seems desirable to avoid adverse environmental
effects from P and other nutrient surpluses. Effective P-use governance, however, requires
a meaningful picture about on-farm P uses from different fertilisers, and this is especially
relevant for policy impact evaluation purposes.

Therefore, farmers should be assisted by officials in their recordkeeping about fertiliser
use to obtain the most realistic data that are comparable between farms and across regions.
Moreover, countries with varied regional production conditions, as in Germany, should
carefully consider the methods they choose for collecting P use data. The two presented
indicators amount and frequency can be applied to set methodological standards to assess
on-farm P fertiliser use.
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Appendix A

Table A1l. Indicator frequency displayed in Figure 3 + standard deviation (sd) of P used on the whole area: P total, organic and mineral P used. Indicator amount =+ standard deviation of

P used on the treated area only. All values are given per region (Diepholz, Uelzen, Rostock, Flaming and Oder-Spree) for the study period 2010-2018.

Frequency (%) Amount (kg ha—1)
Region Area (ha) P total sd P Organic sd P Mineral sd P Total sd P Organic sd P Mineral sd
Diepholz 10,672.8 93.1 13.1 91.3 15.5 48.5 24.3 37.8 11.7 27.4 8.9 21.0 10.6
Uelzen 16,156.2 77.0 19.2 33.9 23.9 62.0 26.7 41.6 13.5 27.7 13.7 35.6 12.8
Rostock 107,181.9 84.8 22.9 322 37.1 71.7 29.9 25.7 8.6 24.8 16.1 21.1 10.7
Flaming 143,141.2 60.2 29.2 45.7 252 21.8 30.4 24.8 8.2 23.1 8.7 17.7 8.1
Oder-Spree 98,604.7 55.9 28.1 47.9 27.3 23.2 24.0 25.0 12.6 23.7 13.8 12.3 7.3
Appendix B

Table A2. Indicator frequency displayed in Figure 4 for untreated, mineral-only, organic (Org) and mineral (Min) and organic-only treatment + standard deviation (sd). Different letters in

a column represent significant differences between the years within a region (Kruskal-Wallis p < 0.05). Diepholz min+org and Diepholz only organic were distributed normally and tested
with the Tukey test (p < 0.05). Indicator amount used on the treated area + standard deviation (kg ha™!) is also displayed. DH: Diepholz, UE: Uelzen, RO: Rostock, FL: Flaming and OS:
Oder-Spree. Area: total area (ha). Each farm contributes one value every year for frequency; for amount in some years some farms did not use P at all and, therefore, contributed no value.

Region Year Area  Untreated sd 1\2[)1;1g+ sd Mll\r/ll;grg sd (())r;;y sd O;za?lrg sd (13;1111? sd OII::I};aMnm sd
(ha) (%) (%) (kg ha™1) (%) (kg ha™1) (kg ha—1)
DH 2010  1019.1 7.9 125 a 295 18.3 a 48.7 18.7 61.7 233 a 25.2 9.9 1.0 3.0 ab 28.1 NA
DH 2011 1189.8 10.1 157 a 349 252 a 58.4 21.8 54.4 216 a 28.0 6.7 0.6 15 ab 46.0 20.1
DH 2012 1166.4 7.3 121 a 488 18.7 a 51.7 17.9 35.7 236 a 25.1 7.8 8.2 14.6 a 16.4 14.4
DH 2013 1120.9 6.4 111 a 540 22.6 a 51.9 11.8 35.3 280 a 27.3 12.0 43 12.8 ab 8.9 10.8
DH 2014 12108 2.9 6.5 a 567 252 a 56.6 21.8 40.2 231 a 20.4 5.2 0.2 0.6 ab 11.3 NA
DH 2015  1230.8 8.7 194 a 499 20.5 a 54.9 17.6 41.4 171 a 24.7 10.0 0.0 0.0 ab 11.3 NA
DH 2016 1222.7 6.9 125 a 417 30.2 a 58.5 17.0 49.7 251 a 22.5 10.3 1.7 5.3 ab 54 7.2
DH 2017 12499 8.0 182 a 489 222 a 50.5 20.1 43.1 182 a 19.6 4.6 0.0 0.0 b 13.4 NA
DH 2018  1262.5 3.9 8.8 a 559 20.7 a 50.1 11.0 40.2 244 a 22.2 7.0 0.0 0.0 b 11.9 NA
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Region Year  Area Untreated sd l\gfg+ sd Ml;};grg sd C())r;lgy sd Orlt/l[};a?lrg sd CK/EIX sd OI;\?;aMnm sd
(ha) (%) (%) (kg ha=1) (%) (kgha™1) (%) (kgha™1)
UE 2010  1708.9 19.1 163 a 202 29.6 a 69.9 21.1 12.5 198 a 214 3.1 48.3 314 a 31.1 16.0
UE 2011 1730.1 223 157 a 146 13.3 a 69.8 37.6 14.9 222 a 19.6 4.3 48.2 322 a 43.1 111
UE 2012 1766.9 27.2 184 a 119 111 a 70.0 19.0 16.8 206 a 33.0 165 441 249 a 35.4 15.0
UE 2013 1756.5 233 209 a 246 23.8 a 59.5 214 14.0 179 a 28.0 194 381 26.5 a 37.7 121
UE 2014  1826.1 20.8 187 a 201 11.9 a 67.1 23.6 16.6 250 a 27.3 8.6 425 24.8 a 46.2 22.8
UE 2015 18279 24.0 178 a 173 11.7 a 65.0 18.0 19.0 219 a 24.6 129 397 27.0 a 33.3 9.0
UE 2016 1822.6 28.4 282 a 260 20.4 a 59.1 17.1 11.0 168 a 29.8 226 346 28.3 a 33.0 17.3
UE 2017  1806.8 244 246 a 1738 13.7 a 58.8 26.2 11.3 156 a 253 7.8 46.4 30.8 a 31.7 8.2
UE 2018 19104 17.3 133 a 175 16.0 a 54.0 32.8 19.4 236 a 31.8 131 458 28.8 a 30.6 14.0
RO 2010 12,0982  30.5 320 a 93 9.2 a 47.8 20.4 21.8 351 a 33.5 21.0 384 35.3 a 22.6 9.0
RO 2011 11,9577 9.7 219 a 204 22.8 a 40.5 11.1 12.0 261 a 28.6 253 579 39.6 a 20.0 9.3
RO 2012 12,2819 187 245 a 125 16.9 a 47.9 9.0 212 366 a 27.7 214 475 35.2 a 20.1 9.8
RO 2013 11,9341 163 235 a 157 20.6 a 40.0 17.5 14.0 262 a 229 169 539 36.1 a 18.4 12.9
RO 2014 11,8306 6.8 11.7 a 212 27.7 a 44.4 18.6 8.3 216 a 28.3 208 636 36.3 a 20.1 10.3
RO 2015  11,853.8 132 220 a 218 23.1 a 46.1 20.7 12.8 270 a 28.7 116 522 34.0 a 19.2 12.8
RO 2016 11,8099 13.1 21.7 a 211 20.0 a 434 19.3 11.9 25.2 a 37.7 27.3 54.0 35.1 a 179 8.3
RO 2017 11,6124 154 231 a 258 30.5 a 39.9 18.4 6.5 9.7 a 289 194 524 34.1 a 21.6 8.3
RO 2018  11,803.3 13.1 222 a 246 26.3 a 422 219 9.4 196 a 239 223 529 34.7 a 222 11.5
FL 2010 13,6927  39.7 34.5 a 7.8 11.6 a 334 9.6 33.1 28.5 a 259 13.5 19.4 25.0 a 209 11.0
FL 2011 153046 392 324 a 72 10.1 a 375 13.7 36.5 309 a 28.0 8.7 17.1 23.5 a 16.8 5.2
FL 2012 15999.6  36.3 328 a 72 11.7 a 38.9 10.9 424 320 a 23.8 8.5 14.2 224 a 17.8 9.0
FL 2013 16,113.1 425 29.2 a 54 9.0 a 39.9 13.7 415 30.3 a 234 7.4 10.6 22.3 a 20.5 12.2
FL 2014  16,237.8 379 306 a 66 10.2 a 38.3 9.5 42.7 293 a 22.0 7.3 12.8 21.1 a 18.5 7.5
FL 2015  16,507.7 37.8 274 a 65 9.8 a 46.0 7.9 38.3 280 a 24.0 8.6 17.4 229 a 15.1 10.7
FL 2016 16,6971  38.9 29.9 a 109 11.4 a 38.5 3.5 36.5 30.2 a 227 8.3 13.7 21.7 a 14.3 8.7
FL 2017 16,5862  40.7 279 a 95 11.8 a 48.8 16.2 369 296 a 24.5 9.2 12.9 212 a 20.0 5.2
FL 2018 16,0024 453 294 a 51 8.6 a 374 11.1 37.5 273 a 19.0 6.0 12.1 22.8 a 13.5 9.3
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Table A2. Cont.

Region Year Area  Untreated sd s l\gfg+ sd s Ml;};grg sd C())r;lgy sd s OI;}[};aal‘g sd CK/EIX sd s OI;\?;aMnm sd
(ha) (%) (%) (kg ha=1) (%) (kgha™1) (%) (kgha™1)
oS 2010  9541.2 47.1 23.5 a 167 21.8 a 35.1 17.9 22.8 16.0 a 17.7 9.9 13.3 17.4 a 14.5 10.5
(OF) 2011 11,2227 42.6 30.6 a 171 18.0 a 26.8 15.2 30.8 20.0 a 25.6 14.2 9.5 13.6 a 79 6.1
(O8] 2012 11,1786 385 30.9 a 155 17.3 a 43.7 28.1 35.7 19.0 a 28.7 26.1 10.3 15.6 a 12.1 7.1
oS 2013 11,0504 40.7 29.8 a 175 18.9 a 33.5 171 33.9 19.4 a 24.6 22.5 79 12.3 a 13.0 5.5
(OF) 2014 11,1931 449 321 a 140 16.2 a 52.0 18.6 33.7 20.2 a 15.8 7.7 7.5 10.7 a 8.5 52
oS 2015 11,2282 453 28.8 a 126 16.3 a 37.7 15.6 34.2 32.6 a 17.1 6.9 79 10.1 a 9.5 57
oS 2016 11,0914 483 31.7 a 137 18.2 a 37.6 11.3 344 31.5 a 18.9 6.4 3.5 8.8 a 7.3 6.3
oS 2017 11,0777 428 28.9 a 130 15.6 a 344 16.3 37.0 31.3 a 19.9 8.3 7.1 14.8 a 6.4 5.3
oS 2018 11,0214 46.8 26.5 a 173 16.3 a 34.5 12.7 31.5 25.2 a 18.0 14.1 4.5 8.6 a 94 6.5

Appendix C

Table A3. Indicator frequency displayed in Figure 5 for untreated, total, mineral and organic treatment + standard deviation (%). Indicator amount used on treated area + standard
deviation (kg ha~1) is also displayed. DH: Diepholz, UE: Uelzen, RO: Rostock, FL: Flaming and OS: Oder-Spree. Area: total area (ha). Each farm contributes one value every year for
frequency; for amount in some years some farms did not use P at all and, therefore, contributed no value.

Organic Mineral

. Area  Untreated Total Total Mean Organic Mineral
Region  Year o sd o sd = sd S sd Mean (k, sd o sd Mean (k sd
8 (ha) (%) (%) (kg ha ) (%) bty (%) bt
DH 2010 10191 79 12.5 92.1 12.5 33.7 115 91.2 14.5 27.4 10.2 30.5 18.8 19.2 8.0
DH 2011 1189.8 10.1 15.7 89.9 15.7 39.0 13.0 89.3 15.6 30.0 9.1 35.5 255 24.3 11.8
DH 2012 1166.4 7.3 12.1 92.7 12.1 38.2 12.1 84.5 17.7 27.1 7.5 57.0 24.7 21.7 9.5
DH 2013 1120.9 6.4 11.1 93.6 111 40.8 134 89.3 19.1 28.5 9.6 58.3 24.0 21.4 8.6
DH 2014 1210.8 29 6.5 97.1 6.5 38.4 8.6 96.9 6.5 253 7.1 56.9 25.0 23.6 13.6
DH 2015 1230.8 8.7 194 91.3 194 40.7 14.0 91.3 194 28.4 10.8 499 20.5 21.6 7.2
DH 2016 1222.7 6.9 12.5 93.1 12.5 35.1 13.8 91.4 17.0 26.3 11.6 43.4 28.0 19.8 13.0
DH 2017 1249.9 8.0 18.2 92.0 18.2 36.1 124 92.0 18.2 25.7 8.6 489 22.2 19.7 121
DH 2018 1262.5 3.9 8.8 96.1 8.8 38.1 8.1 96.1 8.8 27.9 7.1 55.9 20.7 17.3 12.5
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Table A3. Cont.

Regi Y. Area  Untreated _, Total d Total Mean d Organic d 1\(,[) é‘gsrhi(c g Mineral 1\1/\[/5;1: fia(l d
egion ear (ha) (%) s (%) s (kg ha~1) s (%) s - 4 s (%) s o) g s
UE 2010  1708.9 19.1 16.3 80.9 16.3 40.2 10.5 32.6 33.7 32.3 19.6 68.5 27.3 33.1 14.6
UE 2011 1730.1 22.3 15.7 77.7 15.7 421 14.2 29.5 26.4 31.3 23.9 62.8 26.3 38.8 15.8
UE 2012 1766.9 27.2 18.4 72.8 18.4 419 13.3 28.7 23.6 30.4 15.7 56.0 23.5 37.3 14.0
UE 2013 1756.5 23.3 20.9 76.7 20.9 41.4 6.9 38.6 27.3 31.9 14.8 62.7 29.1 34.2 7.8
UE 2014  1826.1 20.8 18.7 79.2 18.7 47.4 21.1 36.7 229 24.0 10.5 62.6 26.7 423 15.7
UE 2015 18279 240 17.8 76.0 17.8 39.9 10.1 36.3 20.7 27.1 8.6 57.0 243 354 9.2
UE 2016  1822.6 28.4 28.2 71.6 28.2 452 16.4 37.0 27.2 24.7 9.2 60.6 27.0 36.2 11.2
UE 2017 1806.8 24.4 24.6 75.6 24.6 39.5 15.0 29.2 16.5 23.8 74 64.3 32.0 32.4 10.3
UE 2018 19104 17.3 13.3 82.7 13.3 37.3 12.4 36.9 20.4 26.1 11.7 63.3 322 30.8 14.9
RO 2010  12,098.2 30.5 32.0 69.5 32.0 29.1 12.2 311 39.0 25.6 19.8 47.7 35.3 24.2 11.9
RO 2011 11,957.7 9.7 21.9 90.3 21.9 249 4.4 32.4 39.8 22.3 13.9 78.3 30.2 21.2 10.9
RO 2012 12,2819 18.7 24.5 81.3 245 25.5 8.2 33.7 40.1 244 17.3 60.1 344 21.9 9.9
RO 2013 11,934.1 16.3 235 83.7 23.5 24.8 7.4 29.8 39.0 247 19.1 69.7 29.8 20.5 13.8
RO 2014  11,830.6 6.8 11.7 93.2 11.7 25.3 7.8 29.6 39.4 30.5 19.9 84.8 21.9 20.3 10.4
RO 2015  11,853.8 13.2 22.0 86.8 22.0 27.5 10.5 34.5 39.8 27.8 14.1 74.0 29.0 21.0 12.5
RO 2016  11,809.9 13.1 21.7 86.9 21.7 239 8.1 33.0 37.1 239 16.7 75.0 28.8 19.8 9.4
RO 2017 11,612.4 154 23.1 84.6 23.1 25.2 7.7 32.2 37.7 229 16.2 78.2 23.9 20.1 9.7
RO 2018  11,803.3 13.1 222 86.9 222 252 11.0 34.0 37.8 23.1 16.7 77.5 26.8 20.9 11.1
FL 2010 13,6927  39.7 345 60.3 34.5 28.6 11.6 40.9 27.3 244 13.6 27.2 32.7 20.3 10.6
FL 2011 15,304.6 39.2 32.4 60.8 32.4 26.9 8.0 43.7 26.7 25.3 10.7 24.3 32.3 16.3 6.6
FL 2012 15,999.6 36.3 32.8 63.7 32.8 25.1 5.7 49.6 29.1 224 9.7 21.4 32.6 20.0 6.4
FL 2013 16,113.1 42.5 29.2 57.5 29.2 24.5 7.3 46.9 26.5 21.4 9.1 16.0 31.0 20.2 11.2
FL 2014  16,237.8 37.9 30.6 62.1 30.6 23.5 6.5 49.3 25.8 21.7 6.8 19.3 31.2 18.3 6.6
FL 2015 16,5077  37.8 27.4 62.2 27.4 23.1 10.5 44.8 247 241 7.9 23.9 322 16.5 11.0
FL 2016  16,697.1 38.9 29.9 61.1 29.9 233 9.9 474 27.4 23.3 7.0 24.6 30.5 15.5 8.5
FL 2017  16,586.2 40.7 27.9 59.3 27.9 28.6 5.7 46.4 249 25.6 7.3 22.4 30.9 19.8 3.0
FL 2018 16,0024 453 294 54.7 294 20.7 6.1 42.6 23.8 19.7 5.7 17.2 30.9 14.6 8.9
oS 2010  9541.2 47.1 235 52.9 23.5 21.1 8.8 39.5 19.9 20.8 8.2 30.1 325 14.6 9.9
0S 2011 11,2227 426 30.6 57.4 30.6 23.3 10.9 47.9 26.0 23.6 11.5 26.6 28.8 8.4 5.8
O] 2012 11,178.6 38.5 30.9 61.5 30.9 27.7 11.7 51.2 26.8 30.4 23.0 25.9 28.5 13.3 6.1
oS 2013 11,0504  40.7 29.8 59.3 29.8 29.5 20.8 51.4 26.8 26.9 21.6 25.3 27.6 124 6.2
0S 2014 11,1931 449 321 55.1 321 23.5 11.6 47.7 28.9 21.3 9.9 21.5 20.6 12.6 6.6
(O] 2015 11,2282 45.3 28.8 54.7 28.8 21.4 14.1 46.8 31.6 19.4 9.1 20.5 20.7 12.2 6.4
oS 2016 11,0914 483 31.7 51.7 31.7 26.8 10.8 48.2 29.9 22.7 49 17.3 22.9 12.8 7.5
oS 2017 11,077.7 428 28.9 57.2 28.9 235 7.4 50.0 34.5 259 11.3 20.2 21.0 9.7 6.2
O] 2018 11,0214  46.8 26.5 53.2 26.5 28.3 14.5 48.7 28.5 21.2 12.7 21.8 16.1 14.4 10.6
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