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Phosphorus (P) is a ﬁnite and dwindling resource. Debate focuses
on current production and use of phosphate rock rather than on
the amounts of P required in the future to feed the world. We
applied a two-pool soil P model to reproduce historical continental
crop P uptake as a function of P inputs from fertilizer and manure
and to estimate P requirements for crop production in 2050. The
key feature is the consideration of the role of residual soil P in crop
production. Model simulations closely ﬁt historical P uptake for all
continents. Cumulative inputs of P fertilizer and manure for the
period 1965–2007 in Europe (1,115 kg·ha−1 of cropland) grossly
exceeded the cumulative P uptake by crops (360 kg·ha−1). Since
the 1980s in much of Europe, P application rates have been reduced, and uptake continues to increase due to the supply of
plant-available P from residual soil P pool. We estimate that between 2008 and 2050 a global cumulative P application of 700–790
kg·ha−1 of cropland (in total 1,070–1,200 teragrams P) is required
to achieve crop production according to the various Millennium
Ecosystem Assessment scenarios [Alcamo J, Van Vuuren D, Cramer
W (2006) Ecosystems and Human Well-Being: Scenarios, Vol 2, pp
279–354]. We estimate that average global P fertilizer use must
change from the current 17.8 to 16.8–20.8 teragrams per year in
2050, which is up to 50% less than other estimates in the literature
that ignore the role of residual soil P.
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igniﬁcant improvements in agricultural productivity and efﬁciency of resource use are required to secure food production for the projected world population in 2050 (1). Food
production needs to grow faster than the global population due
to changing human diets (i.e., increasing per-capita consumption
of meat) and production of biofuels. This challenge can be
managed through signiﬁcant improvements in agricultural productivity and phosphorus (P) fertilizer use efﬁciency.
P is essential for plant growth and often a major limiting nutrient in agriculture (1–3). Many studies have raised concern
about rapid depletion of the world’s P reserves (4, 5). Recently, it
was suggested that global P production will peak by 2033 (5). In
contrast, other studies conclude that almost half of the currently
available P resources will be depleted by 2100 (6), or that P rock
reserves will be available for the next 300–400 y (7).
Resource use efﬁciency, including strategies such as recycling
of human P sewage sludge and other waste materials containing
P, and reducing runoff and erosion, will be important to improve
the sustainability of human P cycle (6).
Readily available P in the soil solution provides most of the plantavailable P. The two main factors that control the availability of P to
plant roots are the concentration of phosphate ions in the soil solution and the P-buffer capacity, i.e., the ability of the soil to replenish these ions when plant roots remove them (3). Soils differ
in their buffering capacity and in the extent to which they ﬁx P in
insoluble compounds that are unavailable for uptake. P ﬁxation
depends on the amount of iron and aluminum oxides (properties
that are particularly relevant in strongly weathered tropical soils) or
high calcium activity (8, 9). Following a traditional misconception
that P ﬁxation is dominant and irreversible, P has been used
www.pnas.org/cgi/doi/10.1073/pnas.1113675109

excessively in agricultural systems for decades in many industrialized countries (10).
A critical concentration of readily available P must be maintained to obtain good crop yields (3). Crop uptake is generally
only 10–20% of the P fertilizer applied in the ﬁrst year, but
a substantial part of applied P accumulates in the soil as residual
P (3, 11). The residual P is the difference between P inputs
(mineral fertilizer, manure, weathering, and deposition) and P
outputs (withdrawal of P in harvested products, and P loss by
runoff or erosion) (12). The residual value of P refers to P that
can be taken up by crops for many years (3, 13), depending on
soil P ﬁxation capacity, soil pH, crop species, and P application
time (9). In an ideal situation, when adequate P is present in the
readily available pools, annual P inputs from fertilizer equal to
the plant P uptake may be adequate to maintain good crop yields
(3). Where the amount of readily available P is below a critical
level, the rate of P release from residual P is insufﬁcient to
sustain optimal crop yields.
Here, an analysis is presented of the historical and future
demand of P in global crop production systems. The key feature
of this study is the contribution of residual P to the available P
for crop uptake at the continental and global scale. A dynamic
phosphorus pool simulator (DPPS)—a simple two-pool P model
(11), including labile and stable pools and long-term P input and
output data, is applied in this analysis to simulate the P transformations in soil, the build-up of residual soil P pool, and crop P
uptake (Fig. 1).
Results
Historical P Application Through Fertilizer and Manure (1965–2007).

Past trends of fertilizer P use vary markedly across the different
regions of the world. Annual P application in Western Europe
was 24 kg·ha−1 in 1965, peaked at 34 kg·ha−1 in the 1980s, and
then gradually decreased to 17 kg·ha−1 in 2007 (Fig. 2A). Oceania’s annual P fertilizer use ﬂuctuated between 8 and 18 kg·ha−1,
with rates in the early 2000s returning to those of 1965 (Fig. 2F).
Annual application rates in North America remained fairly
constant around 9–12 kg·ha−1 from 1965 to 2007 (Fig. 2B),
whereas the rates of P used rose rapidly from 4 to 21 kg·ha−1 in
Latin America (including Central and South America) and from
6 to 28 kg·ha−1 in Asia (with almost 70% of the global croplands;
Fig. 2 E and D). In Africa, annual P application rates remained
low (<4.5 kg·ha−1) throughout the entire period (Fig. 2C). North
America, Western Europe, and East and South Asia accounted
for >80% of global P fertilizer use in 1979–1999 (14), despite
comprising <55% of global cropland.
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Fig. 1. Scheme of the DPPS model. The model includes two dynamic pools of P: the labile (PL) and the stable (PS) pools, comprising both organic and inorganic P. Four inputs of P to the system are deﬁned: fertilizer, manure, weathering, and deposition. The coefﬁcient ρ refers to the total P input (mineral
fertilizer and manure) after subtracting runoff loss. The coefﬁcients f and 1 − f refer to the fraction of ρ that transfers to the PL and PS, respectively. Coefﬁcient α represents the crop P uptake fraction from PL. Parameters ω and δ are weathering and deposition inputs to the PL and PS, respectively. μLS and μSL
denote to the transfer rate of P from the PL to the PS and from PS to the PL, respectively (redrawn from ref. 11).

Aggregated global P application in croplands in the form of
fertilizer and manure from 1965 to 2007 show a sharp increase in
global fertilizer application between 1965 and 1990, whereas
global manure P application in croplands was more stable in that
period and increased gradually after 1990 (Fig. 3A). At the
continental and regional scale, these trends are completely different. In Africa, annual applications of inorganic P fertilizer and
manure P in 1965 are the same [0.2 teragrams (Tg)·y−1 for each].
Though annual inorganic P fertilizer use doubled (up to 0.4 Tg),
manure P showed a threefold increase (reaching to 0.6 Tg) between 1965 and 2007. In Asia, annual fertilizer P application
increased 12.5-fold (from 0.8 Tg in 1965 to 10 Tg in 2007), and
manure P more than doubled from 2 Tg to 4.5 Tg in the
same period.
Cumulative P Application and Uptake Between 1965 and 2007. Cumulative inputs of P fertilizer and manure (12, 15) in Oceania (560
kg P) and Western Europe (1,115 kg P) per hectare of cropland
for the period 1965–2007 were much greater than the cumulative
crop P uptake (100 and 350 kg·ha−1 for Oceania and Western
Europe, respectively). Over the same period, cumulative P input
in Asia was close to 700 kg·ha−1 and 500 kg·ha−1 in North
America, Eastern Europe, and Latin America, but only 160
kg·ha−1 in Africa. The cumulative P uptake was much smaller in
Africa (105 kg·ha−1 P uptake) than in Asia, North America, and
Latin America (250 kg·ha−1 P uptake). At the global scale, less
than half of the applied P between 1965 and 2007 (550 kg·ha−1)
was taken up by harvested crops (225 kg·ha−1).
P Demand Between 2008 and 2050. We used the DPPS model to
calculate P application rates (fertilizer and manure) based on
target crop production from the Global Orchestration (GO)
scenario of the Millennium Ecosystem Assessment (MEA) (16)
(Table 1). The GO scenario projects a rapid increase in annual
crop production and P uptake in Africa (from 3.1 to 8.3 kg·ha−1)
and Oceania (from 2.5 to 6.5 kg·ha−1) between 2008 and 2050,
whereas in Western Europe annual P uptake will increase by
only 5% (from 9.9 in 2007 to 10.4 kg·ha−1 per year by 2050).
With a faster increase in crop production (13%) in Eastern
Europe, P target uptake rate will reach 4.4 kg·ha−1 in 2050 (Fig.
S1). In North America, Latin America, and Asia, P uptake needs
to increase by 40–60% between 2007 and 2050.
The DPPS model simulates the historical patterns of uptake
as a response to the application rates remarkably well in all
continents (Fig. 2). R2 values for calculated vs. observed P uptake
(1965–2007) for all continents and the world range between
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1113675109

0.81 and 0.98, and 0.62 for Oceania. During the past decades,
Oceania experienced prolonged drought periods resulting in
important ﬂuctuations in crop production (Fig. 2F), which is
probably the reason for the poorer ﬁt in Oceania than in other
continents. Based on the DPPS model, we estimate that to
achieve the 2050 target production, the cumulative P application
between 2008 and 2050 amounts to 1,130 kg·ha−1 in Asia (Fig.
2D), 840 kg·ha−1 in Latin America, 690 kg·ha−1 in Oceania, and
630 kg·ha−1 in North America. Compared with these continents,
the cumulative P inputs are smaller in Western Europe (600
kg·ha−1) and Africa (580 kg·ha−1; Fig. 2). The GO scenario
shows a 55% increase in target P uptake rate in global agricultural systems from 2007 to 2050, from 7.6 to 11.8 kg·ha−1·y−1,
resulting in a global cumulative P input ∼790 kg·ha−1 between
2008 and 2050. The calculated global cumulative P input between 2008 and 2050 for the other MEA scenarios is as follows:
700 Adapting Mosaic (AM) scenario, 720 Order from Strength
(OS), and 760 Technogarden (TG) kg·ha−1 for a target P uptake
of 10.7, 10.9, and 11.4 kg·ha−1·y−1, respectively (Fig. 3B).
Sensitivity Analysis. When assuming P runoff to be 20% or 30%
of P input (instead of 10% as a default value), cumulative P
application between 2008 and 2050 was, respectively, 2–9% and
4–18% higher in different continents and the entire globe.
The full range from the sensitivity analyses (including transfer
times, runoff loss, and fraction of input entering the labile pool)
for the required P input (2008–2050) in global croplands under
the GO scenario is 1,000–1,440 Tg. In this case, the total mineral P
fertilizer required in the year 2050 will range between 14.6 and 28
Tg (near the standard 20.8). Even the highest projections are still
20% less than future estimates found in the literature (12, 17).
Phosphorus Recovery. Accounting for the contribution of residual
P in future P demand, the average of P recovery—deﬁned as P in
the crop yield over the P input—between 2008 and 2050 shows
an increase relative to P recoveries calculated for 1965–2007 in
all world regions (except for Africa; Fig. 4A). Global P recovery
shows a steady increase from 30% in 1965 to close to 40–50% in
the period 2000–2007, and close to 60% in 2050 (Fig. 4B).

Discussion
Residual P and Hysteretic Crop Uptake. Our analysis shows that
including residual P in the estimation of the fertilizer required
to achieve the target crop yields leads to a reduced fertilizer
requirement compared with other studies that did not account
for residual P. In most world regions, soil P status has been
Sattari et al.
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Fig. 2. Trends of annual P application and P uptake in cropland for the period 1965–2050 according to GO scenario in (A) Western Europe, (B) North
America, (C ) Africa, (D) Asia, (E) Latin America and (F ) Oceania. Long-term FAO data (15) and simulation results are illustrated by circles and lines, respectively. Shaded and open circles refer to P application and P uptake rates, respectively. Dashed and solid lines refer to P application and P uptake rates,
respectively. The regions are based on those deﬁned by the FAO (15). The R2 values for calculated vs. observed P uptake (1965–2007) range from 0.62 for
Oceania, 0.81 for Western Europe, 0.83 for North America, 0.84 for Africa, 0.93 for Latin America, and 0.98 for Asia.

improved over the past decades by applying P fertilizer and
manure. For instance, since the 1980s, P application rates have
declined in many European countries, and uptake continued to
increase. This ﬁnding is possibly due to the continued supply of
plant-available P from the residual soil P pool (13). Obviously
the residual P pool must be maintained, so the current decreasing trend simulated for Europe (Fig. 2A) needs to be balanced by P input equal to crop removal (Fig. S2). By contrast, in
many developing countries in Africa, Asia, and Latin America,
soils have been continually depleted over the years due to the
low rate of P input. A global P balance study recently reported
Sattari et al.

that almost 30% of global cropland area showed P deﬁciency in
2000 (18).
Our results show a hysteretic behavior in crop P uptake vs.
fertilizer application. This behavior is well pronounced in regions with large P applications (e.g., in Western Europe; Fig. 5),
where for the same P application rate, two different P uptake
rates are observed at different points in time. The high uptake
rate is the result of the residual P that has accumulated in
the soil. Build-up of soil P fertility as a result of substantial past
inputs of organic and mineral P fertilizer in several world regions
has reduced the P inputs required, although P uptake by crops
has stabilized or increased. This ﬁnding has also been observed
PNAS Early Edition | 3 of 6
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Fig. 3. (A) Global annual applications of inorganic P fertilizer and manure P between 1965 and 2007. (B) Trends of annual P application and P uptake in
cropland for the period 1965 to 2050 in the entire globe according to the four MEA scenarios. Long-term FAO data (15) and simulation results are illustrated
by circles and lines, respectively. Shaded and open circles refer to P application and P uptake rates, respectively. Dashed and solid lines refer to P application
and P uptake rates, respectively. The R2 value for calculated versus observed P uptake (1965–2007) is 0.96.

at smaller scales. Experimental data at ﬁeld, farm, and country
scales (19–22) support our ﬁndings that when soil-available P
is adequate, crop yields can increase with decreasing or even
halting P application. For example a farm-scale study showed
that long-term (1989–2006) equilibrium P fertilization did not
lead to reduced crop yields in Dutch sandy soils (22). A recent
national-level study on P fertilizer in Japan indicated that crop
yields remained constant or even increased, despite a decline in
use of P fertilizer and manure between 1985 and 2005 (20). Even
in high P-ﬁxing soils, a large initial application of P (∼600 kg·ha−1)
can be adequate for cultivating maize for 7–9 y because of the
effect of residual P (19).
Projection of Future P Requirement. There are only a few global
studies that estimate the amount of P input/output in croplands
in 2050 (12, 17, 23). Steen (23) estimated a 2.5% annual growth in
P consumption over the long term due to the 2–2.5% increase
in crop yield per year. With this rapid growth, global annual
consumption would be 26–31 Tg P in 2050. Total P use in 2050
calculated by Bouwman et al. (12, 17) ranges between 23 and 33
Tg·y−1, depending on the scenario for crop production and P use
efﬁciency. These projections ignored the effect of residual soil P.
Our results show that accounting for the role of residual soil P
leads to lower projections of P demand for the period 2008–2050.
Global P application rates per hectare will increase, but less than
proportional to the required increases in production and yield
(Table 1). However, the situation differs among continents. In

Europe, Asia, Latin America, and Oceania, crop production can
beneﬁt from the residual P accumulated due to past P fertilizer
and manure use (Table 1), and P uptake can increase even with
a reduction in P application rates between 2008 and 2050. In
contrast, target P uptake rates can be achieved in North America
with a slight increase in P application rates. Due to the minimal P
application rates in the past decades, in Africa more than a ﬁvefold increase from 4 kg·ha−1 in 2007 to ∼23 kg·ha−1 in 2050 is
needed to achieve the target P uptake. This result is consistent
with conclusions of Steen (23) who suggested that 30–50% more
P fertilizer than crop requirements must be applied for almost
30–50 y to restore soil P in depleted soils.
Our estimate of the global P input required in global cropland
of 1,200 million tons P for the 2008–2050 period includes P from
both mineral fertilizer and animal manure. The total amount of
P use in 2050 is smaller than recent projections in all regions
except Africa (17). Accounting for the relative contribution of P
from animal manure in global croplands under the GO scenario
(32%) (12), global inorganic P fertilizer use must be 20.8 Tg in
2050. This is 10–40% less than estimated in other studies (12, 17,
23). The demand is even less for the other scenarios (Fig. 3B).
However, a large part of the P in animal manure that is recycled
in cropland originates in grasslands. This transfer of P from
grasslands to cropland is particularly important in developing
countries (12), and contributes to the build-up of residual soil P
in cropland. Given the increasing future demand for grass (24),

Table 1. Cropland area, phosphorus application, target P uptake, and cumulative P input in different world regions and the entire
globe
Cropland,
106 ha

P application rate, fertilizer
and manure, kg·ha−1·y−1

Region

1965

2007

1965

Western Europe
Eastern Europe
North America
Latin America
Asia
Africa
Oceania
World

107
231
230
112
446
173
41
1,390

94
199
225
170
541
247
46
1,520

23.8
6.1
8.7
4.4
6.4
1.9
14.8
7.6

Max (y)
33.8
18.7
12.4
20.8
27.5
4.4
17.3
16.6

(1979)
(1998)
(1976)
(2007)
(2006)
(2004)
(1996)
(2007)

P uptake
rate,
kg·ha−1·y−1

2007

1965

2007

Target P uptake
rate, kg·ha−1*
2050

17.2
4.7
11.4
20.8
27.3
4.1
16
16.6

4.9
2.6
3.9
3.1
3.5
1.8
1.1
3.2

9.9
3.9
8.8
8.9
10
3.1
2.5
7.6

10.4
4.4
12.7
13.2
15.8
8.3
6.5
11.8

Cumulative P
input, kg·ha−1
1965–2007

2008–2050

1,115
430
465
480
690
160
560
550

600
225
630
840
1,130
580
690
790

*Based on the GO scenario of the MEA (16) in a recent implementation to assess nutrient cycling (12).
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Fig. 4. (A) P recovery from actual historical data (1965–2007) and future simulated data (2008–2050). AF, Africa; N-A, North America; L-A, Latin America; AS,
Asia; E-E, Eastern Europe; W-E, Western Europe; and OC, Oceania. (B) Global P recovery from 1965 to 2050.

Materials and Methods
Model Structure. In soil P models, generally different pools are distinguished.
In our continental and global analysis, we used the DPPS model, which distinguishes two soil P pools (labile and stable). We chose the DPPS model
because increasing the number of pools from two (labile and stable) to three
(active, labile, and ﬁxed) was shown not to improve model predictions, and
can make calibration more difﬁcult (25).
The DPPS model was used to simulate the long-term historical P uptake by
crops for time series of P inputs, and to estimate the future P inputs for
a speciﬁc future target P uptake. Different sources of P input to the system
have been deﬁned in the model, i.e., fertilizer, manure, weathering, and
atmospheric depositions (Fig. 1). Withdrawal of P in harvested crops (uptake)
and runoff (erosion) are two outﬂows from the system.
P inputs (excluding the runoff loss) are allocated to two dynamic P pools—
namely, the stable (PS; 20%) and the labile P pools (PL; 80%). The model
simulates the P transfers between the pools, the uptake of P by the crop, and
the size of both pools (Fig. 1). To calculate the dynamics of P in these two
pools, two differential equations are used:
dPL
¼ f ρ þ μSL PS − μLS PL − αPL þ ω
dt

[1]

dPS
¼ ð1 − f Þρ þ μLS PL − μSL PS þ δ
dt

[2]

The rates of P transfer from PL to PS and vice versa are denoted by μLS and μSL,
respectively (y−1). The coefﬁcient ρ refers to the total P input (mineral fertilizer and manure) after subtracting runoff loss of P. The coefﬁcients f and
1 − f refer to the fraction of ρ that transfers to PL and PS, respectively. Coefﬁcient α represents the crop P uptake fraction from PL. Parameters ω and δ
are weathering and deposition inputs to PL and PS, respectively. A large μLS
makes PL less available for plant uptake, and a large μSL indicates that the
stable pool acts as a buffer that replenishes the labile pool.
The model can also be formulated in a target-oriented approach (26) in
which the (future) P uptake is a model input and the P application a result,
assuming no change in cropland area.
In Western Europe, Asia, and Latin America, the rapidly increasing P inputs
did not lead to a similar increase of P uptake (Fig. 2 A, D, and E). Therefore,
with increasing rate of P application and growing size of the PL, a coefﬁcient
to limit the uptake fraction was imposed (27).
We accounted for the dynamics of cultivated land as follows. Each year, the
initial conditions (with no fertilizer history) are assigned to the new, additional area, and the crop P uptake in each segment is calculated based on the

Sattari et al.

Data Used. Long-term crop yield, annual P fertilizer consumption, and areas of
arable crops (1965–2007) were obtained from the Food and Agricultural
Organization of the United Nations (FAO) (15), including different world
regions.
We distinguished globally 161 different crops. P contents for each crop
were obtained from different sources (28–30). Harvested P was calculated as
production × P content of the harvested product.
Total P in manure production within pastoral, mixed, and industrial
livestock production systems was computed from the animal stocks within
these systems and their P excretion rates, based on various sources (31–35).
Animal manure available for application to crops and grassland includes all
stored or collected manure and excludes excretion in grazing land and animal manure used for other purposes (fuel, building material) or manure not
used at all (such as manure from conﬁned animal feeding operations collected in lagoons).
We used global values from Liu et al. (36) for P supply from weathering
(1.6 Tg·y−1) and atmospheric deposition (0.4 Tg·y−1). These values were more
conservative compared with 2 Tg·y−1 (weathering) and 1–2 Tg·y−1 (atmospheric deposition) estimated by Smil (2). From the global values we calculated the average P inputs per hectare (1 and 0.25 kg·ha−1·y−1 for
weathering and deposition, respectively).
For runoff we used data from Bouwman et al. (12), who estimated that
10% of the total P input (fertilizer and manure) is lost from croplands, assuming that most of fertilizer P inputs are on ﬂat terrains, such as river
ﬂoodplains. Close to 80% of global arable land is on ﬂat to gently undulating (<8% slopes) terrain, and close to 50% has slopes <2% (37, 38).
Because in DPPS, fertilizer and manure directly enter the labile and stable
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Fig. 5. Hysteresis in P uptake vs. P application between 1965 and 2007
(Western Europe). With the same amount of P application, there are two rates
of P uptake that show the contribution of the residual P to the crop production.
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history of that segment and ﬁnally weighted by its corresponding fractional
area. This method allows us to have differentiated productivity and soil
contents of residual P for different parts of the total area.

P uptake (kg ha−1 yr−1)

additional fertilizer P will be required to maintain soil fertility in
the world’s soils under grassland.
Our results suggest that residual soil P can contribute to crop
production with a considerable lag time. The model results
provide important information on where and how much P is
needed to achieve food security in 2050. Because >80% of global
P reserves is used in agricultural products (2), our results provide
a ﬁrm basis to analyze depletion of global P reserves.

pools, the calculated P loss by runoff is taken from the labile and stable pools
in a ratio of 4:1.
Scenario Analysis. Future needs of P fertilizer are calculated based on the target
crop yields, given by four different MEA scenarios for 2050: GO, OS, TG, and AM
(Table S3). Here we use the total P uptake for 2050 for the reactive GO scenario
in different world regions. This scenario predicts the highest increase in global
crop production among the four MEA scenarios, and the largest P uptake, i.e.,
11.8 kg·ha−1·y−1 vs. 10.7 in AM, 10.9 in OS, and 11.4 in TG scenarios.

We assessed the uncertainty of runoff loss of P by assuming larger fractions
of the P inputs being lost. Though the standard case is based on a global
average loss rate, in many countries, runoff and erosion loss may be more
important. We therefore increased runoff P loss by a factor of 2 and 3 (20%
and 30% of total inputs instead of the standard 10%).
The uncertainty in the fraction of total P input (mineral and manure) that
transfers to labile (f) and stable pools (1 − f) was assessed by assuming 90%
and 70% instead of the standard 80% for f and, consequently, 10% and
30% for 1 − f instead of the standard 20%.

Sensitivity Analysis. We analyzed the sensitivity of DPPS to variation of ﬁxed
model parameters μLS, μSL, f, and the percentage of the total P input lost due
to runoff (for more information, see SI Materials and Methods). The implications of the uncertainty of the transfer time from the labile to the stable
pool and from the stable to the labile pool are examined by increasing or
decreasing the standard values by 50%.
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