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Global phosphorus shortage will be aggravated
by soil erosion
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Soil phosphorus (P) loss from agricultural systems will limit food and feed production in the
future. Here, we combine spatially distributed global soil erosion estimates (only considering
sheet and rill erosion by water) with spatially distributed global P content for cropland soils to
assess global soil P loss. The world's soils are currently being depleted in P in spite of high
chemical fertilizer input. Africa (not being able to afford the high costs of chemical fertilizer)
as well as South America (due to non-efficient organic P management) and Eastern Europe
(for a combination of the two previous reasons) have the highest P depletion rates. In a future
world, with an assumed absolute shortage of mineral P fertilizer, agricultural soils worldwide
will be depleted by between 4-19 kg ha=! yr~T, with average losses of P due to erosion by
water contributing over 50% of total P losses.
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hosphorus (P) being a key element in DNA, RNA as well as

ATP and phospholipids is essential for the growth, func-

tioning and reproduction of all life on earth. In natural
ecosystems the P that is lost from the soil-plant cycling system
has to be replaced by the slow process of rock weathering! or
added via fertilizer in human managed systems (there is no
equivalent to the biological N, fixation which is only kinetically
limited but potentially not resource limited). However, if fertili-
zation with animal waste or human excreta is not available or not
organized, P fertilizers stem from non-renewable geological
P deposits, which are an increasingly limited resource (this is
again in contrast to N, as N fertilizer can be produced as an
endless resource via the Haber Bosch process as along as energy
and natural gas is available). The one-way flow of P from mineral
reserves to farms (e.g., soils), to freshwaters and finally into
oceans, are already considered to be beyond the safe operating
space for sustainable human development?. The potential threats
of global P limitation due to peak phosphorus have been dis-
cussed intensively in the recent past>~7. The imminent threat of
such a P limitation has been restrained somewhat as obviously
some P deposits had been overlooked or misclassified in the past
which will theoretically last for the next 600 years of global
P supply®. However, the socio economic as well as political
consequences are still dramatic with the newly discovered
P reserves being restricted to a small region of the Western Sahara
and Morocco. Recent literature is controversial as to whether or
not P supply from rock reserves in the next decades will be a real
physical scarcity® or will be limited by economic and technical
constraints®”». Ulrich and Frossard!? argue that the main pro-
blem is not the geological P availability, but rather socio-
economic (e.g., fertilizer access) or environmental (e.g., water
pollution) vulnerabilities, resulting from current and future
P production and consumption patterns. In parallel to the 2007-
2008 global food crisis, phosphate rock and fertilizer demand
exceeded supply, and prices increased by 400% within a 14-
month period!! demonstrating the sensitivity of this market. The
following consequences have been instances of farmers riots and
death due to severe national shortage of fertilizers in countries
such as India, which are totally dependent on phosphate
imports>!2. The growing demand for P fertilizer globally has
caused an increase in the cost of rock phosphate from about $80
per U.S. ton in 1961 to $700 per ton in 2015 (with large year-to-
year fluctuations)!314,

The most crucial potential P loss (Py,ss) from ecosystems is loss
from the soil due to soil erosion by water?, and this often happens
in sudden events!®. As the major part of soil P is tightly sorbed to
mineral particles, bound within organic matter or precipitated as
poorly soluble salts, it is mainly exported from soils to water
bodies via erosion by water. Only a very small fraction of P in
soils and bedrocks is available to plants or might leach as dis-
solved soluble phosphate!®-18 with the exception of excessively
fertilized soils with increasing P availability!%20.

Recently, global modeling approaches demonstrated that
agricultural management aiming at closing nutrient cycles such as
increasing P use efficiency and/or recycling of animal manure and
human excreta, might have a major impact on P balances!?!. In
considering principal agronomic P inputs and outputs but
neglecting soil erosion MacDonald et al.2? calculated that 29% of
the global cropland area had P deficits and 71% had surpluses
(data of the year 2000). Opportunities for recovering phosphorus
and reducing demand have been discussed extensively312:23,
However, most global, continental or regional evaluations of the
P cycle have not calculated P loss due to soil erosion, even though
erosion is acknowledged as clearly contributing to potential
P loss>21:22.24-26 or s0il erosion is very simplistically addressed
without spatially discrete data analysis?1027-30 (e.g,, by either

extrapolating erosion rates of Pimentel3! or Smill® to a global
scale or using FAO average statistics (FAOSTAT http://faostat3.
fao.org)). Nevertheless, there is general agreement, that P losses
due to soil erosion are a crucial parameter in the global P cycle,
but that at the same time estimation of those rates are connected
to a high uncertainty!>1627:28, owing to the uncertainty in spa-
tially distributed soil erosion rates and/or the limited availability
of global soil phosphorus datal®. The neglect, or the only rough
estimates of soil erosion in evaluating P cycling in the past were
simply due to a lack of available spatially discrete data. Here, we
overcome these limitations by specifying the P loss due to soil
erosion by water in matching the global spatially discrete soil
erosion maps of Borrelli et al.>? with spatially distributed global P
content of soils for croplands from Ringeval et al.33 to develop
and assess global soil P loss maps and balances from arable land
(Fig. 1). Our main finding is that the loss of P in agricultural
systems, especially in areas with low or no future P fertilizer
input, depends on soil erosion and poses an imminent threat to
system functioning.

Results and discussion
Global P losses from soils and soil P balances. All continents
result in negative P balances (e.g., net P losses from agricultural
systems, Table 1; Fig. 2) except Asia, Oceania and Australia, with
Asia having a slightly positive but near zero P balance. This is in
spite of high to very high chemical fertilizer inputs (with a range of
1.7 to 13kgha=lyr~! between the different continents, with
national values reaching up to 14 and 19kgha=lyr~! for the
European Union 15 old Member States (EU15, member states
joining before 2004 mainly in western and northern Europe)
and China, respectively). Most negative P balances are
indicated for Africa due to very low chemical fertilizer input of 1.7
kgha=—!yr~! paired with high losses due to soil erosion of 9.6 kg
ha—lyr~L. South America as well as Central and Eastern Europe
(NEU11; which are the new member states joining the EU after
2004 with the exception of Cyprus and Malta) also exhibit high P
losses but for different reasons. South America has a very high
chemical fertilizer input but also high losses due to soil erosion
paired with high P exports due to organic P management (cal-
culated as the sum of manure and residue input minus plant
uptake). In contrast, the eastern European Union New Member
States (NEU11) have rather low erosional losses but also very low
chemical fertilizer input. With the hypothetical assumption of no
replenishment due to chemical fertilizer (e.g., due to economic or
technical constraints), calculation of soil P balances results in
negative balances globally, as well as for all the continents and
regions considered (depletion between 4 and 20 kg P ha=lyr—1;
Figs. 3 and 4; Table 1). The latter demonstrates the vulnerability of
today’s global land management system and its strong dependency
on chemical P fertilizers from non-renewable mineable P deposits.
Our area related calculations result in an average P loss
for arable soils, due to erosion by water, of approximately

597017 kgha 1 yr—! globally (Fig. 3, Table 1). This is around
60% of the rates given by Smill® who estimated 10 kg P ha=! yr~!
from arable fields due to soil erosion by water. Our total P losses
due to soil erosion by water from arable soils globally result in
63 Tgyr—! with 1.5Tgyr~! for organic and 4.8 Tg yr—! for
inorganic P. With these values the results are at the lower end of
the range discussed in the literature (between 1-19 Tgyr—l,
Table 2).

Liu** in estimating net input to, and output from, cropland
systems indicated a net loss of P from the world’s croplands of
about 12.8 Tg yr—! (calculating input from atmosphere, weath-
ering and chemical fertilizer versus output from organic

P management, soil erosion and runoff), which would be,
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Fig. 1 Modeled area and global distribution of cropland. The chromatic scale represents the cropland ratio fraction of cropland from total land per pixel of
the modeled land. The gray color indicates the cropland areas that were excluded from the modeling due to data unavailability. The insert panel illustrates
the simulated versus total cropland area according to the harmonization of land-use LUHa.v1 database’3.

according to their calculations, the same order of magnitude as
synthetic fertilizer input (13.8 Tgyr—! for statistical year 2003/
2004). Our calculations result in an approximate net soil loss due
to erosion of 6.3 Tgyr~! with a global average chemical fertilizer
input of 9.2Tgyr~!. The fluxes clearly show the critical
dependence on chemical fertilizer globally, with a hypothetical
net-average-area related depletion of 10.7 kgha=!yr~! globally
without the compensation due to chemical fertilizer, from which
a loss of 52kgha=lyr~! stems from organic P management
(sum of manure and residue input minus plant uptake) and 5.9
kgha=lyr~! from soil erosion (Table 1). Continental and
national erosional P losses are between 40 and 85% of total P
losses from agricultural systems with the exception of Europe and
Australia (16 and 19%, respectively). Globally, as well as for
Africa, South America and Asia, P soil losses due to erosion are
higher than losses due to organic P management.

A recent quantification of atmospheric P dust input, based on
dust measurements in the Sierra Nevada, concluded that measured
dust fluxes are greater than, or equal to, modern erosional outputs
and a large fractional contribution relative to bedrock3>. However,
even though their measured and modeled maximum atmospheric
P fluxes were in the same order of magnitude as the atmospheric
flux data of Wang et al.3® used in this study (0.1 kgha=!yr~! for
North America), erosion rates from sediment trap measurements
in their investigated forest ecosystems were considerably lower
(maximum of 0.06 kgha=!yr=13°) than might be expected in
arable lands worldwide. As such, we can clearly not agree with the
above conclusion.

Mitigation of the soils P status in the long term by decreasing
the deficits of the current organic P management seems difficult
and rather unlikely in many regions of the world (see discussion
of continental balances below). As such, and considering the
expected shortage of P supply from industrial fertilizers in the
future, the evaluation of P fluxes clearly shows that soil erosion
has to be limited to the feasible absolute minimum in the future.

Only a small fraction of the total soil P is plant available,
because a large fraction is either bound in, adsorbed to, or made
unavailable by occlusion in minerals (apatite and occluded P)37.
Our modeling approach follows the approach of Yang et al.3” that
builds on existing knowledge of soil P processes and data bases to
provide spatially explicit estimates of different forms of naturally
occurring soil P on the global scale. Yang et al.3” uses data
acquired with the Hedley fractionation method38 which splits soil
P into different fractions that are extracted sequentially with
successively stronger reagents and which are merged into various
inorganic and organic pools. There is great uncertainty to
associate these fractions with functional plant uptake3®40 but
some recent work aims at quantifying residence times of the
different fractions!”#!, We present the total P loss as well as the
plant-available pool (Figs. 3 and 4, Table 1) as the most labile P
which can participate to plant nutrition in a time scale up to
months!7 (i.e., the so-called labile inorganic P, inorganic P bound
to secondary minerals, labile and stable organic P3337). We
contrast these more labile, short lived fractions with fractions
considered very stable which would not be plant available at short
time scales (i.e., inorganic P associated with minerals such as
apatite or occluded P17, corresponding to 52% of total soil P in
our estimates at the global scale).

Verification of soil P loss with a comparison to riverine P
exports. Verification of our proposed P soil losses might be done
indirectly via a comparison to riverine P loads. However, to verify
our on-site P soil loss approach with off-site P river export data
requires two prerequisites: (i) an estimation of the agricultural
erosion and runoff contribution to total P loads in the rivers (as
the latter will be the total sum of agricultural, urban and indus-
trial runoff) and (ii) an assumption on sediment delivery rates
(e.g., the percent of sediments reaching the rivers from the total
eroded sediments) to estimate P loads to rivers from on-site P soil
loss. Regarding the first prerequisite, we searched for published
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Table 1 Main phosphorus (P) statistics in kg P ha—lyr— for all continents and selected countries.

China Oceania Australia

Asia

Geographic EU152 NEUT1P

Europe
0.1

South America

North America

Africa

Global

0.2 0.5 0.5 0.1 0.2

0.1

0.1

0.5 0.1

0.3

Atmospheric input

12.7 104

19.0

52 1.9

13.7

1n4 5.9

-87

1.7 10.0

8.8

Chemical fertilizer

-7.6 —-25 -4

-39

8.5

—12.2

—6.3

2.2 —7.1

—-52

Organic P management

Erosion from:

-05
-0.2
-0.2
-09
5.6

-0.9
-0.6
-03
-1.8

8.5

—6.4
-2.8
—-3.2

—4.1
-1.8
-1.8
-7.8

0.6

-0.7
-0.2
-03
-1.2

-0.9
-05
-0.7
=21

-0.6
-0.2
-03
-1.2
-13

-7.3

—5.1
-1.8

24

-0.8
-13

—54
-1.9
—-23

—-32
-13
-1.4
-59
-19

Non-plant avail. P¢

Plant avail. inorganic P¢
Plant avail. organic P¢

Total soil P

-2.0
-89
—6.1

—12.3
-04

—19.5

—4.6
-1.6

—-9.6
—-9.7

-43

-04

Balanced

9.5 -1.3 —4.2 —4.8
43781

12.724

—14.1
15.0%8

-17.4

-1.6

—1.4
84.5%

-10.7

Balance - Chem. Fert®

Erosion loss (%)

19.13¢

63313

69.32¢

50.8%¢ 15.839

30525

54,60

Organic P management = sum of manure and residue input minus plant uptake. Total soil P = total P depletion of soils due to soil erosion by water globally. Erosion loss (%) = Ratio of erosion losses to soil P balance excluding chemical fertilizer (balance—chemical fertilizer)

with non-symmetric to the mean uncertainty estimates in %. Positive numbers give net retention in soils, negative depletion of soils. Geographic Europe includes European parts of the former Soviet Union.

3EU15 (Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, ltaly, Luxembourg, Netherlands, Portugal, Spain, Sweden, United Kingdom)

BNEUT: Central and eastern European countries joining the EU after 2004: Bulgaria, Croatia, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland, Romania, Slovak Republic, and Slovenia

Csee the definition of plant available and non-plant available soil pools in the methods section following Hedley et al.38 and Helfenstein et al.4!

dBalance

zer + organic P management + total soil P losses due to soil erosion

atmospheric input + chemical fer

€Balance—Chem. Fert. = hypothetical Balance without chemical P fertilizer input

river P export data with a separation of the agricultural erosion
and runoff contribution from total P loads in the rivers.
Regarding the second prerequisite, there is a lack of models
describing integrated sediment-delivery to rivers on a continental
or global scale, but it has been discussed that sediment delivery
ratios generally decrease as drainage area increases, ranging from
roughly 30-100% in small catchments (<0.1 km?) to 2-20% at
large spatial scales (e.g., 21000 km?)#2. For our comparison, we
used a range of average sediment delivery rates between 11-30%
as used in recent large scale studies from continental to global
scale®3*4. In doing so, we would like to point out, that even if
70-89% of the P lost from agricultural soils might be re-deposited
within catchments, potential threats of P loss from soils are not
reduced. Erosion (and thus P loss) occurs predominantly on
agricultural soils while re-deposition will mostly occur in
depositional hollows, wetlands, riparian zones or buffer strips.
Thus, P is lost as a nutrient on food and feed production sites but
re-deposited as a potential ecological threat to biodiversity and
ecosystem health due to its eutrophication effect in less inten-
sively or unmanaged ecosystems. Last but not least we would like
to point out that RUSLE only considers soil displacement due to
rill and inter-rill erosion neither considering tillage and gully
erosion nor land sliding.

A comparison of calculated potential P export to rivers from
our on-site soil P losses is well within the range of published
riverine P exports (Table 3). Beusen et al.*> used total suspended
sediment measurements from the GEMS-GLORI database to
extrapolate spatially distributed sediment rates for the world’s
largest rivers with land use, topography, lithology and precipita-
tion as factors in a multiple linear regression approach accounting
for soil erosion as well as sediment trapping. The associated
nutrient exports for all continents, as well as global assessment
were made by calibrating nutrient export to sediment rates with
the model Global News*> using established correlations between
sediment and nutrient concentrations. In comparing their P
export with suspended sediments in rivers*> to our assessments,
we underestimated P export globally as well as for all continents,
with the exception of Africa (Table 3), which is, however, (i)
strongly related to assumed sediment delivery rates and (ii) our
RUSLE application only considering rill and inter-rill erosional
processes with an unknown contribution of gullies, landslides and
tillage erosion.

An analysis of 17 large scale European catchments
(250-11,000 km?) quantifying the loss of P to surface waters
from an off-site perspective (P flux measurement in waters)
resulted in 0.05-1.5 kgha=1 yr—1 of P loss due to soil erosion and
runoff from agricultural lands into streams and rivers (excluding
a Greek catchment with a very high P export of 6 kgha=1yr—1)%,
Recalculating our on-site soil P losses with sediment delivery
ratios between 11-30% results in rates for geographic Europe
between 0.1-0.4 kgha=!yr—! which are at the lower end of the
range of Kronvang, et al.#® (Table 3). Potential P losses as riverine
export due to agricultural runoff and erosion of 143 watersheds
across the U.S.#” are in the same range as the calculated P loss
assessment of our study, while P loads to Lake Erie assessed in a
regional study?® seem slightly higher (Table 3). However, no
partitioning between agricultural, urban or industrial fluxes was
possible from the latter study. An assessment of the Yangtze River
Basin (with 1.8 Million km? near 20% of the whole Chinese
territory) gives modeled soil P losses (on-site perspective)
between 0-196kgha—!yr~! demonstrating the huge spatial
heterogeneity of on-site soil erosion rates*’. The model output
was calibrated with total measured nutrient loads in rivers, while
the partitioning differed between dissolved point and non-point
as well as adsorbed non-point pollution which can be mostly
attributed to soil erosion of agricultural fields. The average
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Fig. 2 Global average phosphorus (P) losses due to soil erosion in kg ha—1yr—1. The chromatic scale represents the P losses estimates, while the gray
color indicates the cropland areas that were excluded from the modeling due to data unavailability. Note that classes are not regularly scale ranked but are
divided into six classes using the quantile classification method. Only plant available fractions were considered. For the more residual P fractions please

refer to Table 1 or Figs. 3 and 4).

) Atmospheric input Chemical fertilizer Organic p manag.*
>
2 &
+0.3
(2]
X
[8]
e]
®
%
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8
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Fig. 3 Global P soil pools and depletion due to erosion. Arrows indicate
fluxes (positive: net input to soils, negative: depletion of soils). *Organic P
management = sum of manure and residue input minus plant uptake. Non-
plant P = non-plant available P. Inorganic and organic P give plant available
fractions. Total soil P: sum of P fractions lost from soil via erosion with
relative errors. No/with chemical =P balance with and without chemical
fertilizer.

P loads due to soil erosion from agricultural fields in the Yangtze
River Basin compares well with the range assessed in our study
for China (2.7 versus a range of 1.4 to 3.7kgha=lyr~l
respectively). The same holds true for assessment comparisons
of Africa®” and South America®! (Table 3), even though it should
be considered that especially for these latter studies scale differs
considerably from our approach.

Regional P losses and balances. Parallel to the distribution
pattern and dynamics of global soil erosion by water32, P losses
from soils due to water erosion are most dramatic in countries
and regions with intensive agriculture and/or extreme climates
(e.g., droughts followed by significant rain events or high fre-
quencies of heavy rain storms) due to high erosivity effects®?. As
such, our calculations result in extremely high P losses due to
erosion (>20kgha=lyr~!) in regions such as eastern China,
many regions in Indonesia, parts of east and south-eastern Africa
(Ethiopia, Eritrea, Mozambique), Central America and parts of
South America (South-Eastern Brazil; Southern Chile, Peru
(Fig. 2)). A very high P loss (10 to 20 kgha=!yr~1) is estimated
for parts of Southern Africa (South Africa, Madagascar, Tanzania)
and South America (Bolivia) and a high loss (5-10 kgha=!yr—1)
for most of India, as well as regions in Southern Africa (Angola,
Zambia) and South America (Uruguay) (Fig. 2). Even though the
underlying erosion model algorithm does not calculate the net
catchment output but rather the on-site displacement of soil
sediments which might then be re-located to other parts of the
fields or even buried at depositional places, the considered on-site
field management will clearly be confronted with substantial P
losses due to soil erosion by water. Only considering agronomic P
inputs and outputs without including P losses due to erosion by
MacDonald et al.?2 resulted in a very different global P pattern:
most widespread large deficits were in South America (North-
Eastern countries, e.g., Argentina and Paraguay), the northern
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Fig. 4 Soil P pools and depletion due to erosion in Africa, Europe and
North America. AD = Atmospheric Deposition. CF = Chemical Fertilizer.
OM = Organic P management = sum of manure and residue input minus
plant uptake. Arrows indicate fluxes (positive: net input to soils, negative:
depletion of soils). Non-plant P = non-plant available P. Inorganic and
organic P give plant available fractions. Soil P,osi: sum of P fractions lost
from soil via erosion with relative errors. No/with chemical = P balance
with and without chemical fertilizer.

United States and Eastern Europe while the largest surpluses
covered most of East Asia, Western and Southern Europe, the
coastal United States, South-Eastern Brazil and Uruguay.

With average soil depletion due to erosion of 9.6 kgha=!yr—!
in Africa, the overall P balance is already negative by 9.7 kg ha—!
yr~! today (Table 1, Fig. 4). As the average P depletion in Africa
due to negative fluxes in organic P management equals the input
fluxes from the atmosphere plus chemical fertilizer, African farmers
could decrease P losses to near zero with effective soil erosion
mitigation. Even though the system’s P depletion due to organic
P management is relatively low in Africa (—2.2kgha=lyr—1)
compared to a global average (—5.2kgha=lyr~!), the high
overall P losses are unlikely to be covered neither from a
mitigated and more sustainable organic P management nor from
increased chemical fertilizer input. P fluxes due to organic P
management are calculated here as the sum of manure and
residue input minus plant uptake (which results in biomass
export in arable systems with the exception of residues left on the
field). The overall sum of plant uptake is likely to increase with
increased need for food and feed parallel to a predicted
population and livestock growth in Africa in the future. Many
soils in sub-Saharan Africa have already been characterized as
deficient for levels of plant-available P for the last decades®3.
Manure and residue input is simultaneously in demand in Africa
today (shortage of biomass in general, low animal production and
even if there is manure available, there are no means to transport

it to where it is needed), which results in the recommendations of
an integrated farm management with combinations of organic
and inorganic fertilizers>*->°. With the inorganic P fertilizers
becoming increasingly scarce, the depletion due to organic P
management can be expected to increase in Africa in the future.
Simultaneously, today’s prices for chemical fertilizer can already
be 2-6 times more expensive for a farmer in Africa than in
Europe due to higher transport and storage costs?, even though
Africa itself has the highest geological P deposits in the world
(according to today’s estimates 80% of the global geological P
deposits are located in Morocco and the Western Sarah®). As
such, and if the political situation does not change dramatically
(e.g., that the P supplies are marketed within Africa instead of
being exported to US, Europe and China), the only realistic
means of reducing P depletion of African soils today, and in the
future, is to drastically reduce soil erosion.

We recognize that the values calculated in Table 1 and Fig. 4
are gross estimates over large scales and that spatial context and
scale, especially on the African continent is important. P
deficiency is a country, district, farm and soil specific issue in
Africa, for example parts of east Africa and the Sahel have
substantial deficiencies’. In sub Saharan Africa ~40% of soils are
considered to have low nutrient reserves (<10% weatherable
minerals) and soil degradation is enhancing the deficiencies®s.
Erosion control is important, but is only part of the solution,
which needs to be multifaceted. Omuto and Vargas®?
assessed total soil erosion based on field measurements in Malawi
to have increased ~10% between 2010 (26 tha~—!yr—!) and 2017
(30tha~lyr—1, note that erosion rates from rill and interill
erosion only in our modeled assessments for Malawi based on
Borrelli et al.32 are 19 tha=—!yr~1). Surveys of farmers indicated
that 45% were not investing in soil erosion control and many of
these were in areas where there was a high level of need.
Moreover, farmers recognized that the lack of implementation of
sustainable land management practices was a main reason for
high erosion rates, over and above the fact that the soils are often
vulnerable and fragile. Hence, erosion control offers part of the
solution.

Attempts at increasing nutrient status in Malawi since 2010
have, through blanket mineral fertilizer recommendations, not
only yielded significantly higher production transforming the
country into a food-exporting nation, but also led to soil
acidification in many districts®®. As such, in addition to soil
erosion control integrated soil fertility management (ISFM) is
required that combines using mineral fertiliser and organics as
well as growing legumes (leguminous trees and/or cover crops)”’.
Even though leguminous trees offer the potential to access
nutrients deep in the subsoil and deposit them to the surface via
litter fall, the time delay required to implement such a system
acted as a barrier to adoption, with farmers having to forgo one
crop®’. In addition, the low P status of soils in many African
regions®’ means that recycling of organic materials is insufficient
to boost yields, hence the need for mineral fertiliser. Even though
leguminous plants will primarily improve N and not P status of
soils, a recent review on leguminous crops found that grain
legumes can access less accessible forms of P under P-deficient
conditions (through the release of root exudates; access to more
of the labile P through a finer root architecture, and enhanced
associations with mycorrhiza)®0. Hence integrated, region and
soil specific management options are required and these
complexities have to be held in mind when interpreting our
continental scale figures, which might help provide global context
for action. While the complexities of P management are well
documented and discussed®’-% we would like to draw the
attention to mitigating soil erosion as one important part towards
decreasing malnutrition in Africa.
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Area considered

Table 2 Global fluxes from soils/arable systems to waters as discussed in recent literature. For comparability, all values were
normalized to 1 billion ha of arable land (with original values given in brackets).

Tg yr ! normalized to 1

Method to calculate soil erosion

Inorganic: 4.6

billion ha
Meybeck et al.”8  All terrestrial land 14 (20) Based on global particulate P river export to coastal seas calculated
from global ratios of particulate carbon to phosphorus
Smil'e World's croplands in the mid-  9-10.5 Global erosion rates from Smil’®, no further details
1990s (13-15)
Mackenzie et al.89  All terrestrial land 15.4 (22) Terrestrial Ocean Atmosphere Ecosystem Model
Liu34 The world's croplands (1.5 12.8 (19.3) Extrapolating erosion rates from Pimentel3! to global levels
billion ha)
Bouwman et al.! Cropland area (1.54 0.7-1.3 (1-2) Global NEWS Model based on FAO statistics
billion ha)
Cordell et al3 Arable soils 5.6 (8) No information on methods or exact area given but P flux due to
erosion illustrated in figure
Quinton et al.1® Agricultural land 10.2-18.5 Based on erosion rates by Van Oost et al.”! considering water and
(14.6-26.4) tillage erosion; no information given, how organic versus inorganic
Organic: was specified
(21-3.9)
Inorganic:
(12.5-22.5)
Chen and Agricultural land 1.1 billion ha  8.2-12 Erosion rates based on Liu34
Graedel?8 (9-13.2)
This study 1.04 billion ha of arable land 6.3 (6.3) Erosion rates based on Borrelli et al.32, organic (sum of labile and
Organic: stable organic) and inorganic P (as sum of labile and inorganic P
15 bound to secondary minerals plus occluded and apatite P) species

according to Hedley fractionation33

With high soil depletion rates due to erosion of 8.9 kg ha=1 yr—1
in South America and losses due to organic P management of 8.7
kgha=!yr—! the P balance of land under arable use results in a
negative balance of —6.1 kgha=!yr~! in spite of the current high
chemical fertilizer input of 11.4 kgha=!yr—! (Table 1). As South
America has no notable geological P deposits, continuing high or
even increasing fertilizer application to balance high soil P losses
seems unrealistic in the future (and would also be unacceptable
from an ecological perspective as long as soil erosion rates and
thus P output to fresh and ocean waters is not substantially
reduced). However, with a much higher continental biomass
production capacity compared to Africa, many regions in South
America might be able to decrease P losses due to improved
organic P management (e.g., by generally applying conservation
agriculture, organic and/or other sustainable farming practices®!)
and/or increasing use of animal waste or human excretal, or
applying management systems with increased use of residue input.
Nevertheless, in the long-term a reduction of P losses due to
mitigating soil erosion (e.g., conservation agriculture, mulching,
increased vegetation cover, intercropping, topography adapted
land management) will be the most efficient way and will
simultaneously increase soil health, the general nutrient status of
soils and water retention capacity as well as decreasing the
ecologically negative impact on fresh and ocean waters due to high
P input and accompanied eutrophication and hypoxia.

Average P loss due to soil erosion from European croplands is,
together with Australia, the smallest of all continents (1.2 and 0.9
kgha=lyr~! for Europe and Australia, respectively; Table 1).
Nevertheless, the overall P losses from agricultural systems in
Europe equal losses due to soil erosion (Table 1), and especially
Central and Eastern European countries (NEU11) clearly have a
negative P balance.

Csatho and Radimszky®? in discussing land use and manage-
ment within the EU argue that the negative P balance and
worsening P status in Central- and Eastern European countries is
in sharp contrast to past practices in the former EU15 countries,
where strong positive P balances and oversupply of P led to

environmental and ecological threats. While there is evidence that
the level of oversupply in the previous EU15 countries had been
falling in the early 1990s due to declining trends in mineral
fertilizer use®3, worsening levels of P undersupply (partly due to
the post 1990s rapid decline in fertilizer application) may result in
increasingly low yields and in economic and agronomic problems
in central and eastern European countries®?. Even though
the central and eastern European countries (NEUI11) have
lower P loss due to soil erosion compared to the former EU15
(1.2kgha=lyr—! versus 2.1kgha=lyr~! for the NEU1l com-
pared to EUL5, respectively), the overall P balance is nearly
balanced in the former EU15 (0.4 kgha=!yr—1) due to consider-
ably higher chemical fertilizer input in the western countries
compared to the eastern NEU11 (negative balance thus overall
soil depletion of —4.3 kgha=1yr~1). As such, there might be a
concern of P deficiency and nutrient depletion in the NEUI11 in
the future, in spite of comparably lower erosional P losses from
soils to waters. With no major geological P deposits in Europe8,
eastern and western European countries will both be confronted
with a harsh political and economic struggle for P fertilizers in the
future, with both regions being at the higher end of negative P
balances without the addition of chemical fertilizer (—14 and
—9.5kgha=lyr~! for EU15 and NEU11, respectively; Table 1).

For Asia, China certainly stands out in having extensive
programs to save and re-cycle P (e.g., separating human excreta
and urine, recovery from sewage sludge, sludge ash and the
fertilizer industry®4). Simultaneously Chinese soils experience the
highest chemical fertilizer consumption resulting in a nearly
balanced P budget (—0.4 kgha=! yr~1). With having the highest
losses of P due to soil erosion by water (12.3 kgha=!yr—! with
only considering rill and interrill erosion, Table 1), a significant
reduction in soil erosion rates would contribute tremendously to
the national struggle to save P.

Even though P demand is stagnating in some regions (mostly
Europe, North America and Australia), today overall demand is
nevertheless increasing globally due to population growth,
intensification of agriculture and a shift from vegetarian to meat
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based diet®!2. It has been suggested, that a 50% reduction in food
and feed waste combined with a 50% reduction in production and
consumption of animal products, will allow a 100% conversion to
organic agriculture, thus fostering sustainable agriculture and
minimizing agricultural production related problems such as
greenhouse gas production, biodiversity loss, eutrophication of
waters and eco-toxicological related issues®®. However, the switch
to 100% organic production globally would only be possible if
rock phosphate was used as a mineral P-fertilizer in organic
agriculture with a similar magnitude as it is used today in
conventional agriculture®.

To conclude, because P supply from geological deposits cannot
be increased but phosphorus resources will be increasingly
limited in the future globally, reducing soil erosion might be a
crucial if not the most important management option to (i) allow
decreased fertilizer application and thus save some of the precious
P resources today, (ii) stop continuous depletion of eastern
European and African soil P storages and (iii) reduce impact to
fresh and ocean waters to counteract eutrophication and hypoxia.
We would like to point out that RUSLE based erosion rates as the
basis to calculate P loss due to erosion only consider rill and
inter-rill erosion processes by water, and do not consider erosion
processes due to tillage, gullies or landslides. As such, our P loss
assessments can be expected to be conservative estimates.
Measures to reduce soil erosion will be dependent on region
specific characteristics of climate, topography, soils and harvest-
ing aims and will be dependent on economic and topographic
feasibility of management options. Adequate and adapted erosion
control might be one, or a combination of measures such as (i) no
tillage or low tillage, (ii) maintenance of a permanent soil cover
achieved by increased vegetation especially cover crops, diversi-
fication of plant species, mulching, and/or intercropping, as well
as (iii) topography adapted land management (e.g., terracing,
strip cropping and contour farming)®667, Especially a combina-
tion of sustainable practices could make a serious impact on
reducing erosion and the associated P losses in the most
vulnerable countries, leading to positive agricultural and
environmental outcomes.

Methods
RUSLE soil loss. Global soil loss estimates were taken from Borrelli et al.3? using
the RUSLE-based Global Soil Erosion Modeling platform (GloSEM), a modified
large-scale Geographic Information System (GIS) version (RUSLE2015%7) of the
Revised Universal Soil Loss Equation (RUSLE®®) model. RUSLE belongs to the so
called detachment-limited model types where the soil loss (here synonym to
RUSLE soil loss®®) is due to inter-rill and rill erosion processes. The long-term
annual soil loss rates (Mg ha~! yr~1) refers to the amount of sediment that reaches
the end of a specified area (cell) on a hillslope that experiences loss of soil by water
erosion. The modeled area does not, in any way, include areas of the slope that
experience net deposition over the long term. This is because the displaced soil
amount is not routed downslope across each cell from hillslopes to the sink area or
the riverine systems through a transport/deposition capacity module. Borrelli
et al.32 estimated soil loss from croplands as 177} , Pgyr—! (referring to 1.43 billion
ha cropland). For a detailed description of soil loss data used in this study please
refer to Borrelli, et al.32.

To calculate the loss in soil stock of the topmost 30 cm, bulk density (BD) was
taken from the Soilgrids database at 250 m spatial resolution’® as an average of the
four top soil layers:

RUSLE soil loss (kg/ha)
Soil Stock (kg/ha)

Soil stock lost (%) = %100

Soil P contents and P loss. Soil P contents were taken from Ringeval, et al.33> who
combined global data sets from?21:2436:37.71-74 (see Supplementary Table 1) in a soil
P dynamics model to assess the contributions of the different drivers (P inherited
from natural soils, land use and land cover change, soil P input/output due to
farming practices, climatic forces, atmospheric deposition, losses though erosion,
and soil P buffering capacities, Supplementary Table 1) at the global scale and to
simulate the distribution of different P fractions in agricultural soils. The model
was run over the period 1900-2005 at a time scale of 1 year. Soil input/output due
to farming practices are based on data from Bouwman et al.?l.

Phosphorus loss from soils (Pjs) can be induced by (i) erosion/ soil loss or (ii)
leaching. We neglected leaching as this can be expected to be of only very minor
importance regarding P loss from soils. As such, P, was defined for each fraction
as:

Ploss = Pfraction * Soil stock lost (%)

with Ppactions in kg ha~lyr~! defined according to Ringeval et al.>> based on the
global distribution of P fractions according to Yang et al.37, which summed Hedley
fractions3337: labile organic P (organic P extracted with resin and with
bicarbonate), stable organic P (extracted with hydroxide), labile inorganic P
(inorganic P extracted with resin and bicarbonate), inorganic P bound on
secondary minerals (inorganic P extracted with hydroxide), apatite (P extracted
with hydrochloric acid), occluded inorganic P (residual P) and total P (as sum of all
fractions). Yang et al.>” built up a global database of P fractions considering the
major USDA soil taxonomy soil orders grouped in three soil weathering categories
as slightly, intermediately and highly weathered soils. However, as there is great
uncertainty to associate these fractions with functional plant uptake3?4° we present
(Figs. 3 and 4, Table 1) the total P loss, the plant-available pool as the most labile P
which can participate to plant nutrition in a time scale up to months!” (ie., the
sum of labile inorganic P, inorganic P bound to secondary minerals, labile and
stable organic P) and the very stable pools which would not be plant available at
short time scales (i.e., inorganic P associated with minerals such as apatite or
occluded P'7, corresponding to 52% of total soil P in our estimates at the global
scale). Losses of plant-available fractions are presented in Fig. 2.

Modeled area. As the study is based on phosphorus soil content data from
Ringeval et al. we cover the same 1.04 billion ha of global cropland from a total of
1.43 billion ha with a resolution of 0.5° x 0.5° based on the land-use harmonization
data of Hurtt et al.”3. The coverage of the modeled area in Ringeval et al.33 was the
result of the combination of different datasets with the respective coverages.

Yearly P fluxes and balance. For atmospheric input data we followed the
approach of Ringeval et al.>3 who based their data set on Wang et al.¢. Atmo-
spheric P input via dust has also been estimated recently by Aciego et al.3®
assuming only a tenth (a maximum of 0.1 kgha=!yr~!) of the fluxes estimated by
Wang et al.30. However, atmospheric fluxes are negligible relative to input from
chemical fertilizer or output via erosional fluxes. Nevertheless, we wanted to be sure
not to underestimate atmospheric input and thus used the global data set of Wang
et al.30,

Data for chemical fertilizer, manure, residue input (e.g., plant biomass that
remains on/within the soil after the harvest and include root biomass) and plant
uptake stems from Ringeval et al.3*> who originally based their calculations on data
from Bouwman et al.217>. Bouwman et al.?!7> used data of the International
Assessment of Agricultural Knowledge, Science, and Technology for
Development’® as input for an implementation of the IMAGE model to calculate
soil input/output fluxes for the year 2000 corresponding to farming practices (i.e.,
chemical fertilizer, manure, P in harvest). Residue input and plant uptake used in
our study were derived from P in harvest provided by Bouwman et al.217>
following basic assumptions as described in Ringeval et al.3. Please note that P de-
occlusion (e.g., the flux from occluded to secondary minerals) as a small but
continuous replenishment of the soluble P pools was not considered in the
approach of Ringeval et al.3? but the soil buffering capacity driver was only
following sorption and desorption kinetics according to the Langmuir equation
with specific parameters taken from Wang et al.24. For all input layers to the model
of Ringeval et al.33 as well as technical information please see Supplementary
Table 1 and https://esdac.jrc.ec.europa.eu/themes/global-phosphorus.

We defined the term organic P management as the sum of manure and residue
input minus plant uptake following the idea that the sum of these fluxes underlies
different regulating mechanisms as atmospheric deposition (diffuse input without
regulating management options) or chemical fertilizer (bound to financial,
technical and eventually geological availability of minable P).

organic P management = manure + residue input — plant uptake

P balance of our systems was calculated with or without chemical fertilizer input
as:

Pbalance = atmospheric input + organic P management (+chemical fertilizer)

—total soil loss due to soil erosion

Error estimation. For all calculated fluxes and balances errors were estimated as
relative, non-symmetric errors to the means in % (e.g., as xféi‘f/:z’)with error
propagation using the standard deviation of all P pool data from Ringeval et al.>3
and the uncertainty of fluxes given for the soil loss data in Borrelli et al.3> (Sup-
plementary Fig. 1).

RUSLE is a purely deterministic model in which the product of physical
measures is used to derive the amount of soil loss. In such a model, uncertainty in
the model output stem from the uncertainty of input factors which then propagate
through the model. As such, a sensu stricto assessment of uncertainties of large or
global scale modeling is not feasible’”, because of the unknown uncertainty of all
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input layers. More specifically, in our approach we do have an estimate of the
uncertainty of the layer R (rainfall erosivity) and of the topography related factors
(LS factors), but we miss the uncertainty estimates due to the misclassification of
land cover (C factor) or the uncertainty associated to the erodibility of soils (K
factor). Here, we replicated the approach followed by Borrelli et al.3> which
estimates uncertainty as a probability distribution using a Bayesian modeling
technique. For this application only the cropland areas are considered. The idea is
to use the data distribution to estimate the uncertainty of the prediction. The
approach used is to approximate the magnitude of the error from the distribution
of the values in the layers. Given that RUSLE is based on a product, to simplify, all
layers were log-transformed. In other words, each of the input layers was treated as
a spatial random field. A random field is a stochastic process defined in terms of
expectation and covariance. Once these two parameters are estimated, different
simulations for each field can be created. Each simulation has the same parameters,
but differs due to the stochasticity of the process. By combining a large number of
simulations, the uncertainty is estimated and how it propagates to the model
output (soil loss).

For the practical implementation, and as a spatially continuous simulation for
each of the layers is impractical, a simulation approach based on Gibbs sampling
and an additive model was used. The model is expressed as:

z (8y) = z(R) + z(LS) + z(K) + z(C) + e(s)

where the z() values are realizations from each of the log-transformed model input
layers and e(s) is the spatial component of the model. The additive model uses
simulated data derived from the observed instances following a feature distance
kernel. For a given observation i, corresponding to the vector of variabes j (j = (S;,
R;, Ls;, K;, C))), estimates of the mean (p();) and variance (02()1) of all the variables
are derived from the k (k= 100) closest observations in feature space. The
simulated vector of j is then drawn from a Gaussian distribution with mean p();
and variance 02()1. The idea is that by selecting similar environmental conditions it
is possible to estimate the range variability of the outcome while remaining in the
domain of what is physically feasible. The main limitation of this approach is that
for numerical stability, several realizations for each simulated point must be used,
thus inflating the number of data points. In order to limit the computational
burden, the simulated values are then used to fit a Markov Chain Monte Carlo
(MCMC) additive model to derive the posterior distribution of each parameter plus
the outcome from a random sample of 2x10° observation covering the spatial
extent of the layers. The MCMC additive regression model was then used to derive
realizations of z(S,) (soil loss) from which confidence intervals were calculated. The
MCMC model was applied using the JAGS software through the R interface.

Regarding the uncertainty of the P soil pool data, the total soil P (Pror)
simulated by Ringeval et al.’? is derived from a combination of different datasets
describing the main drivers of cycle P in cropland with the soil P dynamic model
(see above). The procedure adopted by Ringeval et al.3 to estimate how the
uncertainty related to each driver propagated to the simulated Pror can be
synthesized as follow. Within a first step, a range of uncertainty for each driver
(Supplementary Table 1), defined by bottom and top boundaries, was defined
following available information. Since no information about the uncertainty of
some drivers (farming practices and soil buffering capacity) were available, an
uncertainty of +30% was arbitrarily assumed. The simulation of Pror was
replicated 30 times. For a given replication, the value of each driver was chosen
randomly within the range between the two estimates by assuming a uniform
distribution (i.e., assuming that all values between estimates 1 and 2 were equally
likely). This was done independently for each grid cell. The 30 replications were
used to compute for each grid-cell an average and standard deviation. For more
details please see Ringeval et al.3.

Data availability

The data presented in this study (Figs. 1 and 2) as well as all input layers to our modeling
approach are directly available at the European Soil Data Centre (ESDAC) of the
European Commission - Joint Research Centre: https://esdac.jrc.ec.europa.eu/themes/
global-phosphorus. Access to the data is free for all public users.
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