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Abstract. Phosphorus (P) plays a vital role in global crop
production and food security. In this study, we investigate
the changes in soil P pool inventories calibrated from histor-
ical countrywide crop P uptake, using a 0.5-by-0.5° spatially
explicit model for the period 1900-2010. Globally, the total
P pool per hectare increased rapidly between 1900 and 2010
in soils of Europe (431 %), South America (+2 %), North
America (415 %), Asia (+17 %), and Oceania (+17 %),
while it has been stable in Africa. Simulated crop P uptake
is influenced by both soil properties (available P and the P
retention potential) and crop characteristics (maximum up-
take). Until 1950, P fertilizer application had a negligible in-
fluence on crop uptake, but recently it has become a driving
factor for food production in industrialized countries and a
number of transition countries like Brazil, Korea, and China.
This comprehensive and spatially explicit model can be used
to assess how long surplus P fertilization is needed or how
long depletions of built-up surplus P can continue without
affecting crop yield.

1 Introduction

The current world population of 7.3 billion is expected to
reach 9.7 billion in 2050 (UN, 2016), likely triggering a
greater demand for food and resources. Moreover, increasing
prosperity will lead to further shifts in human diets towards
more meat and milk consumption, particularly in develop-

ing countries (Alexandratos and Bruinsma, 2012). Livestock
products require more nutrients for production compared
to crops and thus may induce additional nutrient demands
(Bouwman et al., 2013).

Phosphorus (P) is one of the major limiting nutrients in
agriculture (Koning et al., 2008), which, unlike nitrogen,
cannot be fixed from the atmosphere by living organisms
or industrial processes. In early agricultural systems, P was
supplied to soils by recycling animal manure, crushed an-
imal bones, human excreta, city waste, and ash (Beaton,
2006). Since the industrial revolution, however, soil P en-
richment has been increasingly dominated by non-renewable
P resources such as guano (accumulated seabird droppings)
and phosphate rock. Presently, phosphate rock provides the
P for producing 90 % of global P fertilizer use, which was
18.8 TgP (Tg: teragram; 1Tg=10'>g=1 million metric
tons) in 2010 (PotashCorp, 2016). Yet this resource is rapidly
dwindling, with estimates for phosphate rock availability
ranging from peak P production in 2033 with subsequent
rapid decline (Cordell et al., 2009) to half of the resources be-
ing used by 2100 (Van Vuuren et al., 2010), or complete ex-
haustion within the next 300-400 years (Van Kauwenbergh,
2010).

The availability of P for plant roots is determined by the
concentration of phosphate ions in the soil solution and the
ability of the soil to replenish them after plant uptake (Syers
et al., 2008). The replenishing of phosphate ions depends on
soil characteristics such as mineralogy, soil reaction, and de-
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Table 1. Comparison between non-spatial DPPS (Sattari et al., 2012) and the spatially explicit DPPS model.

Spatially explicit model

Property Non-spatial DPPS model
(Sattari et al., 2012)

Spatial resolution Continental

Land use changes No

Variable budget of soil P Fixed

Initialization of soil pools No

Crop P uptake Fixed fraction

Fixed number
Fixed number

P flow («LS and uSL)
Erosion and runoff
Soil properties

One class in continental level

0.5°

Considering arable land expansion

Recalculated every year

Initialized the soil pools for the pre-industrial period
Michaelis—Menten kinetics

Calculated for every grid cell

Changed with the pool size

Grid-based resolution

gree of weathering (Fairhurst et al., 1999). Soil materials rich
in soluble alumina or iron, a high-calcium activity, or clay
minerals like kaolinite react with P to form insoluble com-
pounds inaccessible to plant roots (Brady, 1990). Any sur-
plus P application over crop uptake and losses by runoff and
erosion accumulates in the soil as “residual P”’, which can be
available for crop uptake for many years depending on the
soil characteristics and management (Syers et al., 2008; Bat-
jes, 2011). As long as adequate P is present in the readily
available pools to maintain a critical threshold P concentra-
tion in the soil solution, good crop yields can be maintained
(Syers et al., 2008). Annual P inputs from fertilizer should
compensate plant P uptake and erosion loss. However, when
the amount of readily available P is below this critical thresh-
old level, the rate of P release from residual P is insufficient to
sustain optimal crop yields. Improving our mechanistic un-
derstanding of soil P dynamics locally and globally is impor-
tant for evaluating broad-scale food security and improving
sustainable P management.

This paper presents a global, spatially explicit analysis of
soil P dynamics in global crop production systems using a
soil model with two P pools (Wolf et al., 1987; Janssen et
al., 1987), which was later presented as the “Dynamic Phos-
phorus Pool Simulator” (DPPS) (Sattari et al., 2012). DPPS
describes the impact of long-term P application on the trans-
fers between a stable and a labile soil P pool as well as crop
P uptake, accounting for weathering, deposition, and erosion
(Fig. 1). The original model was developed for the field scale
(Wolf et al., 1987; Janssen et al., 1987) and has recently been
applied to simulate the impact of soil residual P on crop up-
take and future demand for fertilizer P on the continental
scale (Sattari et al., 2012). Compared with previous stud-
ies, our model has been improved to include spatially explicit
calculations, land use change, dynamic transfer between dif-
ferent soil P pools, initialization of the P pools with global
observations, dynamic P loss by runoff, dynamic calculation
of crop P uptake, and time-variant maximum uptake param-
eter (Table 1). Since build-up of residual P is a local process
but with global consequences, the aim of this paper is to ulti-
mately simulate the soil P dynamics, soil P fertility, and crop
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P uptake for global cropland from the beginning of the 20th
century up until the year 2010 at a 0.5 x 0.5° spatial scale.

2 Material and methods
2.1 Model description

The spatially explicit DDPS model presented here describes
the P dynamics in croplands as a function of two soil P pools,
a labile soil P pool (LP, kgPha™!), and a stable soil P pool
(SP, kgPha~!) with an annual temporal scale and a spatial
resolution of 0.5 by 0.5° (Fig. 1). LP represents all forms of P
that can directly be taken up by plant roots, comprising both
organic and inorganic P; SP represents forms of P bound to
soil minerals and organic matter that are not directly avail-
able to plants (Table 2). P is transferred in both directions
between the two pools.

Our model considers natural P inputs to the soil —
i.e. weathering (weathering, kgPha™! year™!), litter (lit-
ter, kgPha~!year™!), and atmospheric deposition (de-
position, kgPha~!year™!) — and anthropogenic P in-
puts, including application of mineral P fertilizer (fer-
tilizer, kgPha~!year™!) and animal manure (manure,
kgPha~!year™!). P outflows from the soil system in-
clude the withdrawal of P in harvested crops (uptake,
kgPha~!year™!) and runoff (runoff, kgPha~!year™!)
(Fig. 1; Table 2).

The thickness of the topsoil is assumed constant at 30 cm;
soil loss by runoff is replaced at the bottom of the top-
soil by fresh subsoil material from below 30 cm (fresh_soil,
kg Pha~! year™!). The proportion of LP and SP in fresh_soil
is based on the pools according to the soil P inventory
depicted in Yang et al. (2013). The P input from litter
(kg Pha~! year™!) remaining after crop harvest is returned to
the soil and becomes part of the LP pool. For natural ecosys-
tems, assuming there is no anthropogenic fertilizer applica-
tion, the uptake equals the inputs from litter, deposition, and
weathering. In contrast, P uptake in agricultural soils is cal-
culated explicitly (see below).
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Figure 1. Scheme of the DPPS model. The model includes two dynamic P pools, i.e. the labile pool (LP) and the stable pool (SP), comprising
both organic and inorganic P. Five inputs of P to the system are defined: mineral fertilizer and manure, weathering, deposition, fresh soil, and
litter. ;s and psy, (years) denote the transfer time of P from LP to SP and from SP to LP, respectively. Modified from Sattari et al. (2012).

P from atmospheric deposition obtained from the Model
of Atmospheric Transport and Chemistry (MATCH) is as-
sumed to be a direct input for the SP pool only, since min-
eral aerosols (dust) are the dominant source of atmospheric
P (~ 82 %) (Mahowald et al., 2008) and are not readily avail-
able for plant uptake. P from weathering in global cropland is
assumed to amount to 1.6 Tgyear~! (Liu et al., 2008). This
value is used to calculate the weathering fraction of the soil
P in apatite (fr_weathering = 0.001747) from the global nat-
ural soil P inventory by Yang et al. (2013), and it is assumed
to be available directly for plant uptake.

The global spatially explicit P runoff is calculated follow-
ing the approach of Beusen et al. (2015), who distinguished
losses from recent nutrient applications in the form of fer-
tilizer, manure, or organic matter (Hart et al., 2004), and
a “memory” effect related to long-term historical changes
in soil nutrient inventories (McDowell and Sharpley, 2001;
Tarkalson and Mikkelsen, 2004). The memory effect is based
on Cerdan et al. (2010) using slope, soil texture, and land
cover type to estimate country-aggregated soil-loss rates for
arable land, grassland, and natural vegetation. The P content
of the soil loss (runoff_LP and runoff_SP) is based on the LP
and SP of the soil in the grid cell considered at that moment
in time.

The yearly changes of the LP and SP pools
(kgPha~! year™!) are calculated as follows:

www.biogeosciences.net/14/2055/2017/
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8Ltp = Fypoip — Fip2sp + weathering + fertilizer + manure

+ freshsoil_LP + litter — runoff_LP — uptake, (D
s

E)_P = Fipasp — Fsp21p + deposition + freshsoil_SP
3

— runoff_SP, ()

where Fipsp and Fopopp (kgPha_1 year_l) are the fluxes
from LP to SP and SP to LP, respectively:

LP

FlpZSp = ms 3
SP

Fsp2lp = E’ “4)

where the variables pps and sy are transfer times (years)
from LP to SP and SP to LP, respectively. The transfer time
usL from LP to SP is set to 5 years based on the original
DPPS (Janssen et al., 1987). The transfer time from SP to LP
(usp) is calculated for every grid cell based on the mass bal-
ance of LP for natural ecosystems using Eq. (1) and assuming
steady state:

SP

= 1 o . *
LP x 7=+ deposition

®)

HsL

We selected the mass balance of LP to calculate wgy, (instead
of that for SP) because it yields a value that matches the value
obtained by Wolf et al. (1987) based on experimental data.

Biogeosciences, 14, 2055-2068, 2017
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Table 2. Model parameters of DPPS.

Parameter

Description (unit)

Method/value/source

fr_weathering

Fraction of apatite in soils that is released dur-
ing weathering (no dimension)

weathering The annual amount of P that becomes available
from the parent material (kg Pha—! year—1)

deposition The annual amount of P from atmospheric de-
position (kg P ha=! year™ )

fertilizer Fertilizer P input (kg P ha~! year— D)

manure Manure P input (kg P ha~! yearf1 )

LP The LP pool, calculated for every grid every
year (kgPha™ D)

SP The SP pool, calculated for every grid every
year (kg Pha™ )

LP_yang The initial labile pool size

SP_yang The initial stable pool size

max_uptake The maximum amount of uptake by plants from

init_recovery

availableP (kg P ha~! year_l)

The initial recovery fraction, which is the slope
of the P response curve at zero availableP, spe-
cific per soil type (no dimension)

fr_mobile The calibration coefficient, which mimics the
direct P availability within the labile pool

availableP The amount of P available to plant roots
(kgP ha~! year_1 )

litter The P content in crop litter that returns to the

0.001747

fr_weathering multiplied by the soil P present as apatite
according to Yang et al. (2013)

Modelled gridded P deposition from Mahowald et
al. (2008)

Beusen et al. (2016)

Beusen et al. (2016)

Eq. (1)

Eq. (2)

Yang et al. (2013)

Yang et al. (2013)

Changes with time. The upper limit of max_uptake is

100
Batjes (2011)

Eq. (7
fr_mobile x LP

Soils under natural vegetation: see text

soil (kgPha~! year—1)
ULS Transfer time for LP to SP (years)
USL Transfer time for SP to LP (years)
uptake Crop P uptake (kg P ha~! year™ D)

agri_2_natural_years
ral conditions

Arable soil: 0

Eq. (5) (Sattari et al., 2012)

Eq. (5)

Soils under natural vegetation: the inputs from litter, de-
position, and weathering

Arable soil: Eq. (6)

The years for abandoned land to revert to natu- 30

The amount of P that can be accessed by plant roots
(availableP, kgPha~! year™!) is calculated as a fraction of
LP (fr_mobile x LP). The P uptake by crops was calculated
using Michaelis—Menten kinetics (Michaelis and Menten,
1913; for elaboration for nutrient uptake see Nijland et al.,
2008) as follows:

max_uptake x availableP
( cxmax_uptake ) ’

uptake = (6)

init_recovery+-availableP

where max_uptake (kg Pha~! year™!) is the maximum P up-
take; init_recovery is the initial recovery fraction (no dimen-
sion), which is the initial slope of the P response curve pre-
sented (Batjes, 2011) for all soil types distinguished in the
legend of the FAO-Unesco soil map of the world (FAO-
Unesco, 1974); and ¢ is a constant to obtain the avail-
ableP for which uptake is 0.5 times max_uptake (no dimen-
sion; ¢ = 0.5). The calculation of the area-weighted value of
init_recovery for each grid cell is based on the sub-grid dis-
tribution of soil classes.
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Max_uptake is a time-dependent variable, considering the
development of technology in crop production. There are two
rules: the first is that max_uptake is not allowed to decrease.
A second condition is that max_uptake have a maximum
value of 100kgPha~! year™!, which exceeds the present-
day highest value for all countries of the world based on
our data (Sect. 2.2). We make a split in 1961, the year in
which the FAO data series start (FAO, 2016a, b). Prior to
1961 max_uptake is the minimum of twice the uptake cal-
culated from crop production data for 1960, and the sum of
P inputs from fertilizers and manure; from 1961 onwards, it
is the uptake calculated from crop production data times a
factor of 2, or the previous max_uptake if that is larger.

In grid cells where cropland expansion takes place, the ini-
tial conditions of virgin soil (without fertilizer history) are as-
signed to the new, additional area in the year considered. For
land abandonment (arable land to natural land) we assume
that it takes 30 years for abandoned land to revert to natu-
ral conditions, and in this period the P in litter increases and

www.biogeosciences.net/14/2055/2017/



J. Zhang et al.: Spatiotemporal dynamics of soil phosphorus and crop uptake

uptake decreases linearly with time from zero to the natural
flux.

2.2 Data used

We use the spatially explicit data on P fertilizer use and ani-
mal manure spreading, land use, crop production, and crop-
land areas from the database used in the IMAGE-Global Nu-
trient Model (GNM) (Beusen et al., 2016). In this database,
for the period 1900-1960, the gridded inventories of P inputs
from a recent study (Bouwman et al., 2013) were used for the
calculation of the soil P pools and crop uptake. This dataset
was based on various sources for land use (Klein Goldewijk
et al., 2011, 2010), livestock for 1900-1960 (Mitchell, 1998,
1993a, b), animal and crop production and fertilizer use for
1930-1950 (FAO, 1951), and fertilizer use prior to 1930
(Cressy Morrison, 1937), which were spatially distributed
with IMAGE-GNM as described by Bouwman et al. (2013).
Due to the lack of data during this time period, uptake esti-
mates are more uncertain than those for the years from 1961
to 2010 based on FAO statistics (see below).

Crop P uptake and fertilizer inputs per hectare are spa-
tially homogeneous for all grid cells with cropland within
each country. The total production of P from animal manure
was estimated from country livestock data for non-dairy and
dairy cattle, pigs, poultry, sheep, and goats, and the P content
in the manure (Table S2 in the Supplement). The amount of
manure available for spreading in agricultural land excludes
droppings in grassland, manure used as fuel or building ma-
terial, or manure otherwise ending outside the agricultural
system (e.g. in lagoons) (Beusen et al., 2016).

IMAGE-GNM distinguishes two crop systems, i.e.
(1) crops in mixed systems, in which there is a linkage be-
tween crop and livestock production through manure (from
animals to crops) and feed (from crops to animals) ex-
changes, and (2) crops in pastoral systems, in which crop and
livestock production are separate systems. While P fertilizers
are the same in all cropland within a country, P inputs from
animal manure are different in mixed and pastoral systems.

For the period 1960 to 2010, simulated crop P uptake is
validated against P in harvested crop production data cover-
ing all (> 120) annual and perennial food, feed, and fodder
crops and fruits from FAO statistics (FAO, 2016a, b) and are
aggregated into 34 crop groups distinguished in recent FAO
studies (Alexandratos and Bruinsma, 2012). The historical P
uptake per hectare is calculated from the crop yields from
the above-mentioned FAO statistics for 34 crop groups and P
content for each crop group, as listed in Table S3.

We present the data and results for a number of individual
countries (China, United States, South Africa, and France)
and world regions. The definition of the regions is provided
in Table S1.

www.biogeosciences.net/14/2055/2017/

2059

2.3 Initialization and calibration

To initialize the model in 1900, we assume that the P pools
are in equilibrium. We furthermore assume that and the sum
of LP and SP equals the total P (7P) in natural systems pro-
posed by Yang et al. (2013), representing the pre-industrial
conditions. Model simulations are run until 2010 for the en-
tire globe using the data stipulated in Sect. 2.2. The model
is then calibrated by varying fr_mobile to achieve a good
fit with the crop uptake data for each country using an iter-
ative procedure to minimize the difference between model
result and the uptake based on crop production data (see
Sect. 2.2) by modifying fr_mobile (see Eq. 6). First, the
country-specific error (kgPha~!year™!) in the modelled P
uptake is calculated:

n
le (uptakemodel - uptakedata)

error = , @)
n

where n is the number of data points between 1960 and
2010. We compare every second year, so n = 26. fr_mobile
is limited to the range [0.01, 0.7]. The calibration is consid-
ered successful when the absolute value of the error is less
than 0.4. For countries where the calibration is not success-
ful, we apply the regional (Table S1) average area-weighted
fr_mobile. Once the optimal fr_mobile has been estimated,
we use the normalized root mean square error (NRMSE) to
compare simulated and measured P uptake (see Sect. S1).

2.4 Sensitivity analysis

The model sensitivity is investigated using Latin hypercube
sampling (LHS), with uncertainty ranges for 12 model pa-
rameters (Table 3) and expressed as the standardized regres-
sion coefficient (SRC), to show the influence of model pa-
rameters to model output. We focused on the sensitivity of
model parameters to modelled LP and SP size, and crop P
uptake for 2 years (1950 and 2000). A detailed description of
the approach for the sensitivity analysis and the results is in
Sect. S2 in the Supplement.

3 Results
3.1 P inputs and uptake

The global P inputs (including mineral fertilizer and ma-
nure) increased from 2.0 TgP in 1900 to 23.0TgP in 2010
with large variations across different regions and coun-
tries of the world. Between 1900 and 2010, the global
use of mineral fertilizer in croplands increased from 0.4 Tg
to 15.8 Tgyear~! and the use of manure from 1.6Tg to
7.2 Tgyear™'. At the global scale, about half of the ap-
plied P in 2010 was taken up by harvested crops (modelled:
12TgPyear—!, 7.3kgPha~'year—!; data: 13.8 TgPyear™!,
8kgPha~!year™!). All world regions and countries show

Biogeosciences, 14, 2055-2068, 2017



2060

Table 3. The parameters included in the sensitivity analysis.

Symbol Min Default Max  Type

ULS 3 5 7 Range
fr_weathering 0.0014 0.001747 0.0021 Range
agri_2_natural_years 10 30 50 Range
max_uptake 0.75 1 1.25 Multiplier
fr_mobile 0.75 1 1.25  Multiplier
LP_yang 0.75 1 1.25  Multiplier
TP_yang 0.75 1 1.25 Multiplier
deposition 0.75 1 1.25  Multiplier
init_recovery 0.75 1 1.25  Multiplier
runoff 0.75 1 1.25  Multiplier
fertilizer 0.75 1 1.25  Multiplier
manure 0.75 1 1.25 Multiplier

similar patterns before 1950, i.e. very low P input levels and
crop P uptakes that do not differ much from the inputs.

The annual P inputs in western Europe increased
from 0.4TgP in 1900 to 2TgP in 1980 and then de-
creased to 0.9 TgP in 2010, which translates into rates
of 24kgPha~!year™! in 1980, followed by a gradual de-
crease to 11kgPha~!year™' in 2010 (Fig. 2a). Crop up-
take started to rapidly increase in western Europe from
4kgPha~!year~! in 1950 to 13kgPha~!year! in 2010;
in 2010, the crop P uptake exceeded the P fertilizer and ma-
nure application (Fig. 2a), and two levels of crop uptake have
been achieved in different years at the same application rate
(Fig. 4a and j, western Europe and France). This indicates
that since the 1980s P application has been reduced, while
uptake continues to increase due to the supply of residual soil
P (Fig. 5a). The model results also show this hysteresis, al-
though DPPS underestimates the P uptake in the most recent
years (Fig. 2a).

Agriculture in western Europe is much more intensive than
in the United States (Van Grinsven et al., 2015). P inputs in
North America peaked in 1980 with a total of 2.9 Tg year™!.
Application rates increased from 1kgPha~! in 1900 to
12kgPha~!year™' in 1980 and 10kgPha~!year™! in
2010, and crop P uptake lagged behind P inputs for around
20 years, but inputs and uptake are now at a similar level
(Fig. 5b). The trend is visible in United States data, and DPPS
results agree well with the uptake based on production data
in both cases (Fig. 2h and b).

In contrast to the other continents, the input level in Africa
is much lower, with annual application rates ranging from
1kgPha=!year~! in 1900 to 5kgPha~!year~! in 2010.
Along with the slowly increasing application rates, African
crop uptake is also increasing at a low rate with no accumu-
lation of soil P (Fig. 5c). DPPS results are in good agreement
with the production-based uptake for Africa (Figs. 2c and
3¢).

The annual P application in Asia increased more than 12-
fold from 0.9 Tgyear~! in 1900 to 12.4 Tgyear~! in 2010,

Biogeosciences, 14, 2055-2068, 2017
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Figure 2. Trends of annual P application (including P from manure
and fertilizer), historical P uptake and simulated P uptake in crop-
land for the period 1900-2010 in the continents and world regions
of western Europe (a), North America (b), Africa (¢), Asia (d),
South America (e), and Oceania (f), and the countries of China (g),
the United States (h), South Africa (i), and France (j). Open and
closed dots refer to P application, and observed P uptake rates from
FAO validation data. Solid lines refer to simulated P uptake rates.
Western Europe includes Andorra, Austria, Belgium, Denmark, the
Faroe Islands, Finland, France, Germany, Gibraltar, Greece, Holy
See (Vatican City State), Iceland, Ireland, Italy, Liechtenstein, Lux-
embourg, Monaco, the Netherlands, Norway, Portugal, San Marino,
Spain, Svalbard and Jan Mayen, Sweden, Switzerland, and the
United Kingdom. We can produce the results of every year; how-
ever, due to the space limitation, we only show the results of every
10 years from 1900 to 2010.
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Figure 3. Relationship between simulated and historical P uptake
for individual regions, countries, and the world, presenting results
for every 2 years from 1961 to 2010. Dashed line is 1: 1.

and manure P more than doubled from 0.8 to 3.5 Tg year™!
from 1960 to 2010. The P application rates of Asia rose dra-
matically from low values in 1900 to 22kgPha~! year—! in
2010. Asia is currently in the phase of rapidly increasing in-
puts, with crop P uptake also increasing but at a slower rate
(Fig. 2d). DPPS results are in good agreement with the up-
take data for this continent (Figs. 2d and 3d).

In South America, the annual P inputs increased from 5
to 23kgPha~! year™! between 1900 and 2010, and the an-
nual P uptake also increased from 4 to 13kgPha~! year™!
for the same period of time. Although DPPS underestimates
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Figure 4. P uptake vs. P application between 1900 and 2010. The
contribution of residual P to P uptake can be observed in western
Europe (a) and France (j) as P uptake has steadily increased with
time, yet P application has decreased since the 1980s.

the P uptake in recent years, the simulations agree with crop
production data for most years (Figs. 2e and 3e).

In Oceania, annual P application varied between 10 and
13kgPha~!year™! in recent decades. Oceania shows low
uptake rates relative to inputs over the whole period 1900-
2010, and the simulated results are in good agreement with
the data (Figs. 2f and 3f). This indicates that the cumulative
inputs of P fertilizer and manure exceed the crop P uptake.

The DPPS model adequately simulates P uptake by crops
in different regions and countries (Fig. 2). The modelled
P uptake values match well the historical records (Fig. 3)
as shown by the NRMSE of 19% (26 regions, 26 year,
676 points). At the country scale, simulations and obser-
vations of annual P uptake for every second year (1960-
2010) agree well (NRMSE =45 %; 201 countries, 26 years,
5226 points). The NRMSE of the country-level simulation
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Figure 5. The total soil P inputs (fertilizer, manure, and deposition), soil P outputs (crop uptake and runoff), and biogeochemical soil P
budget (soil P input — soil P output) of different regions and countries. Soil P inputs are positive and outputs are negative.

exceeds that of the aggregated results for world regions,
which is caused by the underestimation of peak values by
DPPS. However, for the global and regional scale we con-
sider the DPPS results acceptable (< 50 % for global scale).

3.2 Soil P budgets

The soil P budget is defined as the biogeochemical soil P
budget, which is the difference between soil P inputs (min-
eral fertilizer, manure, and deposition) and outputs (uptake
and runoff) (Figs. 5 and 6a).

Biogeosciences, 14, 2055-2068, 2017

The soil budgets (Fig. 5) show the difference between the
industrialized countries that are currently in an equilibrium or
depletion phase with regard to soil P, transition countries that
are in an accumulation phase (e.g. China, India, and Brazil),
and countries with a low input and productivity crop produc-
tion system (e.g. Africa). The soil budgets also show how
important runoff losses are for the budgets and for determin-
ing whether P is accumulating (Fig. 6a).

We also calculated the agronomic soil P budget, which is
the difference between crop P uptake and inputs (the sum of
fertilizer and manure) (Fig. S1c in the Supplement). The crop
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(c) total P in global agricultural land soils in 2010. Yearly grid maps for the period 1900-2010 can be viewed in movie S5 in the Supplement.

P uptake and soil P budget have a large spatial heterogene-
ity. China, India, and Brazil are among the countries with the
highest P input rates in 2010 (Fig. S1a). China, USA, east-
ern Africa, and western Europe are the areas with the high-
est P uptake (Fig. S1b). However, South Africa (like Brazil),
China, India, and Central America are regions with large

www.biogeosciences.net/14/2055/2017/

P surpluses. Western Europe, western Russia, and western
Africa currently show P deficits (Fig. 6a).

3.3 Soil P pools

The spatial distribution of the changes in the LP, SP, and TP
(TP =LP + SP) pools was generated yearly from 1900 un-
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Table 4. Standardized regression coefficient (SRC)? representing the relative sensitivity of the soil LP, SP pools, and crop P uptake to the
variation of 12 model parameters. Columns values represent the global model results for the year 1950s and 2000.

Parameter LP

\ SP | Uptake

1950 2000 | 1950

2000 | 1950 2000

LS 0.04 0.09
fr_weathering 0.04 0.04
agri_2_natural_years

max_uptake —0.07
fr_mobile —0.03

LP_yang 1.00 0.96
TP_yang —0.02
deposition

init_recovery —0.02

runoff

fertilizer 0.06 0.24
manure 0.06 0.10

—0.12
—0.11

—0.08

—0.10

0.00 —-0.01 0.05
0.01 0.02 0.04
—-0.03 —-0.05 | 0.85 0.47
—-0.01 —-0.03 | 0.29 0.50
-0.09 -0.11 | 0.23 0.37
1.00 0.97 - —0.03
-0.01 -0.03 | 0.29 0.51

0.00
0.02 0.10 | 0.03 0.18
0.03 0.06 | 0.02 0.06

a Cells with no value represent insignificant SRC values; all cells with values have significant SRC;
numbers with normal font indicate values —0.2 < SRC < 0.2; and numbers with bold font indicate
values < —0.2 and > 0.2. The absolute value of an SRC value of 0.2 indicates that the parameter
concerned has an influence of 0.22 = 0.04 (4 %) on the model variable considered. We refer to this as an
important effect on the model output variable considered. Positive SRC values imply that a higher
parameter value yields a higher model output, while negative SRC values indicate an inverse relation
between model output and parameter value. The blank cells are not significant. The full results with data
for world regions and selected countries are in Table S4.

til 2010. In the initial condition (1900), soils in wet tropi-
cal climates generally had low P levels as a result of pro-
longed weathering (Yang and Post, 2011) (Fig. S2). Nev-
ertheless, with the advent of intensive agricultural activities
during the 20th century and up until 2010, TP has drastically
increased along the western coast of the Americas, in central
and western India, in the southwest part of Saudi Arabia, and
in Ethiopia (Fig. 6¢).

The total P content per hectare increased rapidly between
1900 and 2010 in soils of Europe (31 % relative to 1900),
North America (15 %), Asia (17 %), and Oceania (17 %),
with a small increase in South America (2 %), while total
P content has been stable in Africa (Fig. 7¢). This increase
primarily occurred in the decades after 1950.

The labile P content per hectare of western Europe was
relatively stable from 1900 to 1930 (260 to 272kgPha™")
and then increased from 1940 to 1970 (314 to 370 kg Pha™!)
and decreased from 1980 to 2010 (387 to 350 kg P ha='), due
to the decreasing P fertilizer application rates in recent years.
LP in Asia and South America has been increasing, espe-
cially since 1980. In Africa, LP has remained consistently
stable, while more recently it has become stable in Oceania
and North America (Fig. 7a).

It is apparent that some regions had a more favourable
starting position in terms of soil P fertility in 1900. For ex-
ample, soil P levels (both total and labile P) in western Eu-
rope were much higher than in all the other world regions.
With the large surpluses in the period 1960-1980 the soil
P reserves in western Europe even increased and started to
decrease in the last decades to a level almost equal to that in
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Figure 7. Changes of soil LP (a) in different world regions and
(b) in different countries, and TP pools (c) for different world re-
gions and (d) countries in arable land for the period 1900-2010.

China. However, China started from much lower soil P levels
and has been accumulating rapidly in a relatively short time
period. Other regions like North America started at lower val-
ues than western Europe, surpluses have not been as large as
in western Europe, and the soil labile and total P has slowly
increased. This may explain why, in North America, P input
rates have decreased but to levels that are higher than those
in western Europe.
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Table 5. Comparison with other studies for global cropland.

Reference Year P fertilizer Manure P CropP  Agronomic soil
application*  application®  uptake* P budget*
TgP year_1

Sattari et al. (2012) 2007 23.2 11.5 11.7
MacDonald et al. (2011) 2000 14.2 9.6 12.3 11.5
Chen and Graedel (2016) 2013 20.2 6.5 12.4 14.3
Bouwman et al. (2009) 2000 > 13 7.0 10.0 11.0
This study 2000 13.6 6.1 10.7 9.0
2010 15.8 7.2 12.0 11.0

* P fertilizer application is the application of mineral fertilizer; agronomic soil P budget is the difference between the sum of P
mineral fertilizer and manure and crop P uptake (agronomic soil P budget = P fertilizer application + manure P

application — crop P uptake).

4 Discussion

Sattari et al. (2012) applied the DPPS model to reproduce
historical continental crop P uptake (1965-2007) and esti-
mate P requirements for crop production in 2050 using fixed
purs and pgp. Our longer simulation time (1900-2010), as
well as spatially explicit calculations (0.5-by-0.5° resolu-
tion), allows assessing long-term changes in soil P pools,
taking into account local heterogeneity (Table 1). Further
improvements include the consideration of yearly land use
changes, spatially explicit soil properties and P contents, ero-
sion and runoff, the dynamic calculation of transfer time be-
tween the soil P pools, and initialization of different soil
P pools with global data. A final improvement is the cal-
culation of crop uptake using Michaelis—Menten Kkinetics,
whereby the maximum uptake development reflects techno-
logical changes such as improved crop varieties (Table 1).
The reason for P uptake underestimation in regions like
western Europe in recent years is that the model is calibrated
using fr_mobile over the whole period 1961-2010. Hence,
the results for the middle of this period are very close to ob-
served uptake values, but in the early and late part of the
period 1961-2010 the model may deviate from the observa-
tions. We have deliberately chosen a fixed value of fr_mobile.
In theory, fr_mobile could be estimated by using the char-
acteristics of the different fertilizers used, but such data are
unavailable at our gridded scale. Furthermore, estimating a
time-varying parameter describing P availability would be
extremely complex and falls outside the scope of this study.
The global and country-specific results for P cycling in
croplands of our study agree well with estimates from the
the recent literature (Table 5). Large P surpluses in China,
India, and western Europe in our study agree with MacDon-
ald et al. (2011), as well as P deficits in Argentina, the cen-
tral parts of the United States, and eastern Europe (as well as
central Asia). For most provinces in China, especially in east-
ern China, estimated P surpluses of > 10kgPha~! year™!
are similar to both Shen et al. (2011) and MacDonald et
al. (2011), who reported > 10 and > 13kgPha~! year™!, re-
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spectively (Table 5). Unfortunately, it is not possible to com-
pare our results for the changes in soil P pools, since all the
studies presented in Table 5 have no inventories of changes
in soil P reserves.

In the early 20th century, the P uptake rates are only
marginally smaller than the low P input rates, implying that
P was balanced in crop production systems, albeit producing
low yields. P inputs have steadily increased globally since
the 1950s, allowing for an increase in crop production but
ultimately leading to a decrease in the efficiency of P appli-
cation and an increase in the soil P reserves. Both our study
and those of Sattari et al. (2012, 2016) show that, since the
1980s, P application rates have been reduced in much of Eu-
rope, while uptake continued to increase due to the supply of
residual soil P.

Over the last couple of decades, P management practices
have varied widely throughout the globe, leading to different
P input rates, P pool sizes, and crop uptake rates (Figs. 6, 7).
For example, agricultural lands in Africa have increased by
more than 40 % in the past 4 decades, while both the labile
and stable P pools have slightly decreased due to negative
budgets. This indicates that in Africa there has been a net soil
P depletion in cropland, which may be caused, in spite of the
expansion of arable land, by the low P application rates.

In contrast, P surpluses in industrialized countries have
been decreasing steadily from high values in the 1970s and
1980s towards a small deficit in recent years; a hysteresis ef-
fect of uptake is observed, with equal inputs resulting in low
(1970s) and high (2010) P uptake, due to a gradual increase
of the labile pool over the whole period.

The large P surpluses in the industrialized countries in the
1970s and 1980s represent a legacy for future productive ca-
pacity. The present situation in many industrialized countries
shows that the P fertilizer inputs and P surpluses can be re-
duced considerably and the phosphorus use efficiency can be
increased to high levels without a yield penalty. This phe-
nomenon of the legacy of residual soil P due to large P sur-
pluses — such as during the 1970s and 1980s in western and
eastern Europe, the former Soviet Union, and the USA — has
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also been recognized before (Sattari et al., 2012). The data
for the industrialized countries show that this soil P depletion
can continue for many years without yield declines. How-
ever, the inputs have been reduced to low levels and surpluses
turned into deficits, and the current model can eventually be
used to investigate how long this depletion can continue with-
out a yield penalty by P limitation.

China and India have shown large surpluses of P in partic-
ular since the 1990s and are currently building up large soil
P reserves, albeit heterogeneously distributed with negative
budgets in some parts. In 2010, the residual soil P in China
and India was 18 and 17 kg Pha™! year™!, respectively, com-
pared to 1kgPha~! year~! in the USA. The total accumu-
lated residual P per hectare of cropland in China and India
exceeds that in western Europe, the Russian Federation, and
the USA, suggesting that it may be possible to reduce P ap-
plication rates without affecting crop uptake.

There are many factors that drive the spatiotemporal dis-
tribution of soil phosphorus in global cropland, including
the natural soil biogeochemical background, soil properties,
farming practices (mainly the increasing input of anthro-
pogenic P fertilizer application), land use and land cover
change (arable land expansion or abandonment and changes
in crop species composition), P losses through soil ero-
sion, soil temperature and soil water content, soil micro-
bial ecosystem, and crop production. Ringeval et al. (2017)
qualified the contribution of these different factors to the
global soil P distribution and found that soil biogeochemi-
cal background and farming practices are the most impor-
tant drivers for P uptake. This agrees with our focus on these
factors as the biggest controllers for P distribution in crop-
land soils. The P content of soils under natural vegetation
and the CaCO3 content, pH, clay, moisture, and water con-
tent determine the capacity for P sorption, retention, and soil
weathering. For example, in arid and semi-arid regions the
low level of soil water content hinders P diffusion and plant
root growth, ultimately limiting crop P uptake. While this
chemical background is highly heterogeneous, our gridded
approach and model initialization capture some of these dif-
ferences in global soils by distributing LP and SP according
to natural soils of Yang et al. (2013). Farming practices, espe-
cially dramatically increasing P fertilizer and manure appli-
cation rates, have an important impact on the spatiotemporal
changes of soil P and crop uptake (Figs. 2 and 7).

The contribution of expanding cropland areas and crop
yields (P uptake per hectare) to the production increase since
1960 is about 18 % for the former and 82 % for the latter.
Nevertheless, there are likely regional differences, with de-
veloping countries having a greater proportion of agricultural
areal expansion and industrialized countries more improve-
ments in nutrient use efficiency (Fig. 4). This explains why
for example in Africa the labile and total P pools per hectare
have been relatively constant, while uptake has exceeded in-
puts during the whole period 1900-2010.
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5 Concluding remarks

This study presents a spatially explicit model-based inven-
tory of global soil P stocks and crop uptake for the period of
1900-2010, which represents the years in the Anthropocene
when human activities accelerated the global agricultural P
cycle by more than a factor of 10. The spatially explicit DPPS
model enables matching local soil P pools with crop P up-
take for the past century with a high resolution (0.5 by 0.5°)
while accounting for finer-scale heterogeneity by including
land use change within grid cells. Compared with previous
non-spatial DPPS application by Sattari et al. (2012), our re-
search has improved DPPS in calculating the spatial variabil-
ity of the soil P pool changes within countries by accounting
for soil characteristics and dynamic parameters, calculating
the process-based uptake rather than fixed value, considering
the yearly land use change, initializing different soil P pools
with global data, and modelling P losses by runoff instead of
fixed numbers.

Global P inputs (including mineral fertilizer and ma-
nure) have increased from 2.0TgPyear™' in 1900 to
23.0 TgPyear~! in 2010 with large variation across different
regions and countries of the world. At the global scale, about
half of the applied P in 2010 was taken up by harvested crops
(modelled annual rates of 12 TgPyear—!, 7.3kgPha~!; data
of 13.8 TgPyear™!, 8kgPha~!). All world regions and
countries show similar patterns before 1950, i.e. very low P
input levels and crop P uptake that are not very different from
inputs. However, after 1950, regions and countries show dif-
ferent soil P inputs, crop P uptake, soil P budgets, and pool
changes, which indicate the spatial and temporal variability
of soil P condition.

According to the model sensitivity analysis (Table 4), the
maximum uptake level (max_uptake, reflecting the level of
technology), the initial labile pool size (LP_yang), the cal-
ibration coefficient which mimics the direct P availability
within the labile pool (fr_mobile), and the slope of the P in-
put response curve at the origin (init_recovery) have an im-
portant influence on crop P uptake. This means that the sim-
ulated crop P uptake is influenced by both soil properties and
crop characteristics.

The DPPS model can be used to assess the long-term
changes in the soil P status, an important indicator of soil
fertility, future soil productivity, and food security. Via its
gridded approach, DPPS can ultimately help to improve our
mechanistic understanding of the P cycle in global cropland
at the local and global scale and our ability to evaluate broad-
scale food security and make sustainable P management poli-
cies.

Data availability. The results of the sensitivity analyses and all
data underlying figures and maps are available in the Supplement.
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