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Abstract

The application of phosphorus (P) fertilizer to agricultural soils increased by 3.2%
annually from 2002 to 2010. We quantified in detail the P inputs and outputs of
cropland and pasture, and the P fluxes through human and livestock consumers of
agricultural products, at global, regional, and national scales from 2002 to 2010.
Globally, half of the total P input (21.3 Tg P yr?) into agricultural systems accumulated
in agricultural soils during this period, with the rest lost to bodies of water through
complex flows. Global P accumulation in agricultural soil increased from 2002 to 2010,
despite decreases in 2008 and 2009, and the P accumulation occurred primarily in
cropland. Despite the global increase of soil P, 32% of the world’s cropland and 43%
of the pasture had soil P deficits. Increasing soil P deficits were found for African
cropland, versus increasing P accumulation in Eastern Asia. European and North
American pasture had a soil P deficit because continuous removal of biomass P by
grazing exceeded P inputs. International trade played a significant role in P
redistribution among countries through the flows of P in fertilizer and food among
countries. Based on country-scale budgets and trends we propose policy options to
potentially mitigate regional P imbalances in agricultural soils, particularly by
optimizing the use of phosphate fertilizer and recycling of waste P. The trend of
increasing consumption of livestock products will require more P inputs to the
agricultural system, implying a low P-use efficiency aggravating the P stocks scarcity
in the future. The global and regional phosphorus budgets and their PUES in agricultural

systems is publicly available at https://doi.pangaea.de/10.1594/PANGAEA.875296.
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1. Introduction

Population increases and dietary changes require higher food production, which
increases global demand for fertilizers (Grote et al., 2005; Foley et al., 2011).
Phosphorus (P) is an essential element for all organisms, and a lack of P limits growth.
Fertilizer P enhances agricultural production, but P is also fixed in soils and can
accumulate. In countries with high fertilizer use, much P is lost to leaching and runoff,
leading to eutrophication of both inland and coastal waters (Carpenter et al., 1998;
MacDonald et al., 2011).

To supply the growing need for P in fertilizer, mining of phosphate rock has
quadrupled in the past half century, increasing from 46 Mt in 1961 to 198 Mt in 2011
(Scholz et al., 2013). Despite some short-term fluctuations in the price of phosphate
rock, the global production of fertilizer P has been steadily increasing, at a rate of 3%
to 4% annually during the half century before 2011, and is projected to increase by 50
to 100% by 2050 (Cordell et al., 2009, 2012). Extractable phosphate rock is a non-
renewable resource, and significant depletion of the resource is projected by the end of
this century if the current intensive use continues, possibly leading to resource shortages
(Cordell et al., 2009; van Vuuren et al., 2010; Pefuelas et al., 2013).

The mining of P and its application as fertilizer in cultivated land is a major
anthropogenic perturbation of the natural biogeochemical P cycle (Carpenter and
Bennett, 2011; Elser and Bennett, 2011; Steffen et al., 2015). The negative impacts of
this perturbation on the natural environment depend on how much P is lost from regions
with intensive fertilizer use (Smil, 2000; Bennett et al., 2001).

P application differs significantly between countries and crop types (Grote et al.,
2005), and previous researchers have attempted to estimate the P flows in agricultural

systems in Europe (Ott & Rechberger, 2012), the United States (Suh & Yee, 2011),
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China (Ma et al., 2011), France (Senthilkumar et al., 2012), Australia (Cordell et al.,
2013), and the world (Smil, 2000; Liu et al., 2008; MacDonald et al., 2011; Schipanski
& Bennett, 2012). International trade and regional agricultural policies affect P budgets
by increasing or decreasing the gap between P inputs and P outputs in agricultural land
(Grote et al., 2005). Previous research mainly focused on cropland while P fluxes in
pasture and livestock production systems received less attention (McDowell and
Condron, 2004) hampering the differences in methodologies, system boundaries, and
data sources have made it difficult to assess the differences in the phosphorus use
efficiencies among agricultural sectors and to extrapolate regional findings to the global
scale.

To mitigate these problems, we (1) compiled a detailed and harmonized dataset of
P fluxes in agriculture for countries around the world, including detailed analysis of
input and output fluxes for cropland, managed grassland (hereafter, pasture), livestock,
and human consumers of agricultural products; (2) characterized P budgets and P-use
efficiencies in those different sub-systems; and (3) examined how international trade of
phosphate fertilizer and agricultural commodities influences regional P fluxes. We
performed this analysis at the scale of countries, regions, and the world; wherever
possible, we distinguished different crop types. The study period was from 2002 to
2010, allowing us to study temporal trends.
2. Materials and methods

In this study, we obtained data for 224 countries (Table SI-1 in the supporting
information). We defined the agriculture system as cropland and pasture ecosystems,
plus human and livestock consumers of agricultural production and of other products
containing P (Fig. 1). External P inputs to the agriculture system came from mined

phosphate rock and atmospheric deposition. Several processes cause P losses from the
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system into the external environment (here, defined as non-agricultural land and bodies
of water). Figure 1 presents the fluxes of P into and out of the agriculture system at a
global scale, including internal fluxes between ecosystems and consumers. We
guantified these fluxes in the present study based on a mass-balance approach (Cordell
et al., 2012). We defined the phosphorus-use efficiency (PUE) of the agricultural
system and of its subsystems as the ratio of the total P harvested in economic outputs
(e.g., crops, meat, milk and eggs) to the total P input. International trade in fertilizer
and food is discussed separately in section 2.3. The data sources and an overview of the
mass-balance equations are presented in the rest of this section; details and equations
are presented in the Supporting Information (SI).
2.1 P flows into and out of the agricultural system

Inputs into the agricultural system, which is within the gray box in Fig. 1, are from
mined phosphate rocks and atmospheric deposition. We did not include P from in situ
weathering of soil particles because the rate of this process is insignificant compared
with the magnitude of other inputs (Liu et al., 2008). Outputs included P emission into
the atmosphere from fires and P loss to uncultivated land or bodies of water.

2.1.1 P inputs

Data on agricultural inputs of phosphate P in fertilizers were collected from the

International Fertilizer Industry Association (http://www.fertilizer.org) and divided
between cropland and pasture uses based on information from FAO (2002) and the
FAOSTAT database (http://www.fao.org/faostat/en/#data). A small fraction (8%) of P
from mined phosphate rock is used to produce animal feed additives. Apart from
fertilizer and animal feed additives, the rest of the mined P is used to produce detergents
and other products directly consumed by humans (Ringeval et al., 2014). Atmospheric

P deposition in cropland and pasture areas was calculated separately in each country
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using gridded global P-deposition maps obtained using the LMDz-INCA aerosol

chemistry transport model of Wang et al. (2014, 2015) and agricultural land-use maps.

Details are provided in the Supporting Information (Table SI-2).
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Figure 1: Scheme of the P pools and fluxes used to diagnose global P budgets for the

agricultural sector. The agricultural sector (or system) in the grey box includes cropland

and pasture soils, livestock, human consumers of livestock and crop products and users

of phosphate derived products. National and regional P budgets are calculated using the

same scheme, but including in addition exports and imports of P embedded in traded

crop and livestock products, and fertilizers.
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2.1.2 P outputs

P emission from agricultural fires was obtained from the gridded dataset of Wang
et al. (2015), and cover the burning of crop residues in the field, by households, and for
the production of bioenergy from crop biomass. Leaching from cropland and pasture
soils was assumed to be a constant fraction (12.5%) of P inputs for each agricultural
land use type (Bouwman et al. 2013). P outputs from non-recycled livestock and human
manure were calculated based on the mass balance. Note that erosion-induced losses of
P are important in many agricultural regions (Quinton et al., 2010), but were not
considered in this study because we lack data on the re-deposition of P in eroded soil
material from agricultural soils. In future research, it will be important to quantify this
source of P, particularly in agricultural areas that receive large annual inputs of
sediment (e.g., in river floodplains and sites on steep terrain that experience significant
erosion farther up the slope followed by deposition).

2.2 P flows within the agricultural system

2.2.1 P in harvested crop biomass and crop residues

The flux of P in harvested crop biomass was estimated from yield data (FAOSTAT)
using crop-specific P concentrations, after grouping 178 different crops into 13 crop
types (COMIFER, 2007; USDA-NRCS, 2009; Waller, 2010; Table SI-2). P in
harvested crop biomass was partitioned into crops (for human and livestock
consumption) and crop residues (Fig. 1). We estimated the P fluxes of crop residues
from FAOSTAT data and from Liu et al. (2008) to account for residue that is recycled
in the field (50%), transformed into livestock feed (25%), and burned or used by other
human activities (25%).

2.2.2 P in grazed biomass

The P removed from pasture by livestock grazing was estimated by combining
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forage grass consumption data with the P concentrations in grass biomass (Antikainen
et al., 2005; COMIFER, 2007; USDA-NRCS, 2009; Waller, 2010). Gridded data on
grass biomass consumption by livestock were obtained by combining the global
livestock production systems dataset of Herrero et al. (2013) with pasture net primary
productivity simulated by the ORCHIDEE-GM global pasture model (Chang et al.,
2013, 2015). We chose the ORCHIDEE-GM model for this analysis because it is able
to separate the intake of grazed vs. cut forage grass.

2.2.3 P in animal feed products

Animal feed products used as complementary diet (“feed additives™) represent
direct inputs to the livestock sub-system (Fig. 1). This flux was deduced from the mass
balance of the known input and output fluxes for the livestock P pool, but did not
account for long-term changes in P storage in that pool. See the Supporting Information
for more details.

2.2.4 P embedded in livestock products

This flux of P leaving the livestock subsystem and entering the human subsystem
(Fig. 1) through the harvesting of products was calculated by multiplying the
FAOSTAT production data for meat, eggs, and milk by the product-specific P
concentrations reported by Grote et al. (2005).

2.2.5 P in livestock manure

We calculated the manure P production based on FAOSTAT data about N in
livestock manure and P:N values for each types of livestock manure (MWPS-18, 1985;
OECD Secretariat, 1991; Levington Agriculture, 1997; Sheldrick et al., 2003; ASAE,
2005) (see in the Table SI-3). Once produced, manure P is either applied to cropland,
left in the pasture, or lost to the environment as waste (Fig. 1), following the same

partitioning as that for N in the manure from FAOSTAT.
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2.2.6 P in human sewage sludge

We assumed that the P output from humans equaled the inputs from non-fertilizer
P ore products and the consumed crop and livestock products (Fig. 1), and used this to
calculate the total P production in human excreta. P in human sewage sludge was
estimated using population data and values of per capita production of P in excreta
(Smil, 2000; Cordell et al., 2009). Following the method of Liu et al. (2008), we
assumed that 30% of the excreta P from urban populations and 70% of P from rural
populations were returned to cropland, either directly or after treatment of sewage
sludge, with the remaining P assumed to be lost to the environment (e.g., in landfills or
bodies of water).

2.3 P flows from international trade

We compiled the flows of P in international trade both from the P embodied in
crops and livestock products and in P embodied in fertilizers exchanged between
countries. For agricultural commodities, we used FAOSTAT data that provided a
matrix of commaodities exchanged between countries, and converted this data into P
fluxes using commodity-specific P content data. For P fertilizers, we used the
International Fertilizer Industry Association trade statistics. By convention, a positive
trade balance for a country means that it is a net P importer. In addition, P fluxes
associated with the international trade of fertilizers, food, feed, and fiber commaodities
can be associated with local cropland PUE and pasture PUE. We defined the
dependency on fertilizer imports (Frer) as the ratio of the P in imported fertilizers (Pser-
imp) to the P in all fertilizers consumed by a country (Pfer-con). Similarly, we defined the
dependency on food imports (Frood) as the ratio of P in food imports (Pfood-imp) to the P
in all food consumed by a country. Furthermore, we defined Fioa as the ratio of the

total P imported (food and fertilizers) to the total P consumed as fertilizers and food in
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a country. The equations for these calculations are presented in sections 2 to 6 of the
Supporting Information.

2.4 Annual P budgets of cropland and pasture soils

Annual changes in P stocks in cropland and pasture soils (AP) were estimated as
the difference between inputs and outputs (i.e., the budget); AP > 0 indicates net P
accumulation in the soil, AP < 0 indicates a net deficit, and AP = 0 represents no net
change. AP calculated in this manner does not reflect the legacy effects from previous
management and fertilization practices (Ringeval et al., 2014), but it is a useful metric
to identify regions with a P surplus or deficit at any point in time and to compare
countries.

Annual soil AP values were calculated as the differences between annual inputs
and outputs. Details and the equations are presented in section 2 of the Supporting
Information.

2.5 Cumulative P budgets of cropland and pasture soils

Following the method of Sattari et al. (2012), we separated the P inputs to soils
(except inputs in seeds) into two pools: (1) a stable P pool, which represents P that is
unavailable to plants on an annual basis, such as the P absorbed onto iron and aluminum

oxides (20% of total P inputs, including fertilizers, manure, sludge and deposition); and

(2) a labile P pool that is assumed to be available for plant uptake (80% of total P inputs).

P can be exchanged between the two pools. If inputs of labile P are larger than P
removal in crop biomass, we assumed that the surplus labile P gets transferred into the
stable P pool at the end of the year. In the opposite case, in which inputs of labile P are
lower than P removal, plants can take up P from the stable pool (Sattari et al., 2012).
This approach assumes that the P loss by runoff and leaching into bodies of water is

from the labile P pool only, and that P stored in seeds does not belong to either the
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stable pool or the labile pool. This approach is simplistic, as more research will be
required to allow a more realistic modeling of these two pools and of the flows they are
involved in.

2.6 Phosphorus-use efficiency

We defined PUE as the ratio of P in the harvested economic outputs to P in the

inputs for the entire agricultural system (the gray area in Fig. 1) or for a given subsystem.

PUE indicates how much of the input P is transferred into value-added products. If
PUE > 1, the input of P is insufficient to sustain the output (harvested P), suggesting a
net reduction of the system’s P reservoir. For cropland PUE, we defined P in harvested
crops as the economic P output of the crops, and the sum of phosphate fertilizer,
livestock manure, human sewage sludge, and P from atmospheric deposition as the P
input. For pasture PUE, harvested P refers to the P consumed by grazing animals, and
the sum of phosphate fertilizer, livestock manure going to the pasture, and P from
atmospheric deposition as the total inputs. For the livestock subsystem, the harvested P
output represents the P in livestock products (meat, eggs, and milk), whereas the inputs
represent the input into livestock. We also defined the PUE of human food (gfood) as the
ratio of the P content in human excreta to the total P input in human food; this represents
an inconsistency with our previous definitions, since human excreta have currently no
economic value. The equations for all the PUE terms are provided in section 5 of the
Supporting Information.

2.7 Uncertainty estimates

Uncertainties in each flux originate both from the material flux data and from data
on the P concentration in each material considered by our analysis, including crop
products, crop residues, livestock, meat, eggs, milk, livestock, and human excreta.

Many of the global statistical datasets used in our analysis are not replicated, and no
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alternative dataset is available for establishing a range of uncertainty values for the
different P fluxes. National datasets have usually not been formally analyzed to
determine their uncertainty, and many of the sources of uncertainty are difficult to trace
(e.g., clerical errors, differences between countries in product definitions). Thus, we
have only addressed the effect of uncertainties in the P concentration by means of
Monte Carlo simulations (3000 iterations) using the range of P concentrations reported
in the literature (Table SI-5).
3. Results

3.1 Global agricultural P flows and their trends

3.1.1 Global P fluxes in and out of the agricultural system

Figure 2 summarizes the annual average of global P flows for the period from 2002
to 2010. P from phosphate fertilizers was the largest single input flux, representing 93%
of the 21.3 Tg P yr! of the global input, and most of it (82.4%) goes to cropland and
pasture. Outputs from the agriculture system amounted to 12.5 Tg P yr, which
combines outputs from leaching and runoff into bodies of water (5.4), non-recycled
manure waste (4.3) and sewage (2.2), bio-energy (0.4), and burned crop residues (0.2).
The global annual P balance of agricultural systems was therefore positive during the
entire study period, with 8.8 Tg P yr'! accumulating in soil, of which 6.6 Tg P yr?!
accumulated in cropland and 2.2 Tg P yrin pasture. On average, 41% of the P input

accumulated in soils from 2002 to 2010.
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Figure 2: Annual P flows in the global agriculture system from 2002 to 2010. Values
are Tg P yrl. The notation A denotes the average change of P in pasture and cropland
soils, respectively. By convention, a positive value means accumulation. Note that
livestock and humans changes of P are assumed to be zero.

3.1.2 Temporal trends

Figure 3 shows the trends for the four largest P fluxes in the agriculture system.
Application of phosphate fertilizer increased at an average annual rate of 3.2% from
2002 to 2010, despite a decrease in 2008 that reflected reduced fertilizer application at
a time when the price of phosphate fertilizers increased (Cordell et al., 2009, 2012).
The trend for P in harvested crop biomass was also a steady increase, but at a lower

annual rate (2.4%) and with no decrease in 2008, probably because of the availability
13
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of P that accumulated in the soil from previous years (as described in section 2.5).
Overall, P in agricultural soils increased by 1.3% annually, whereas P losses to the

environment increased faster (6.4% yrt) than fertilizer inputs.
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Figure 3: Time series in the four largest global annual P flows, within, in and out of the
agriculture system from 2002 to 2010.

3.1.3 Global P fluxes in cropland

Cropland received both the largest fraction (82%) of phosphate fertilizer and 29%
of the manure produced by livestock, as well as all of the recycled human sewage sludge
(Fig. 2). Atmospheric deposition contributed an additional 0.6 Tg P yr of inputs to
cropland. Harvesting of cropland removed 11.7 Tg P yrt, which can be divided into
crop products used for human nutrition (9.3 Tg P yr?, including 5.3 for food, 2.7 for
processing, 0.4 for waste and 0.9 for other use) and for livestock feed (2.1 Tg P yrl),
with a small pool in seeds returned to the cropland (0.3 Tg P yr't). On average, 50% of
the P contained in crop residues was recycled to cropland during the study period, with
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0.2 Tg P yr lost to the atmosphere from burning of crop residues. The remaining 3.6
Tg P yr? contained in harvested crop residues is removed from cropland and
redistributed to livestock and humans. Globally, 3.7 Tg P yr* was lost from cropland
soils through leaching and runoff. The sum of all these fluxes results in an annual soil
P accumulation of 6.6 Tg P yr (Fig. 2).

The global cropland PUE averaged 0.46, with a maximum of 0.51 in 2008 and a
minimum of 0.44 in 2006. The annual cropland P accumulation ratio (cropland soil P
accumulation / total P input to cropland) was 23%, which is lower than the
accumulation ratio of 48% found for the overall agriculture system. In countries where
labile P inputs were lower than P removal in crops, the soil’s labile P pool was depleted
by 1.9 Tg P yr'! by harvesting of crop biomass. In countries where labile P inputs are
higher than P removal by crops, the accumulation of soil labile P was 6.0 Tg P yr™.
Thus, there is an asymmetry between these two groups of countries, with accumulation
being larger than depletion at a global scale. In addition, the global stable P pool in
cropland increased by an average of 5.6 Tg P yr'* from 2002 to 2010.

3.1.4 Global P fluxes in pasture

Figure 2 shows that most P inputs to pasture were from livestock manure (12.7 Tg
P yr'1), with small additional contributions from atmospheric deposition (0.8 Tg P yr?)
and phosphate fertilizers (0.4 Tg P yr't). The primary production of pasture incorporates
10.0 Tg P yr'! of P into grass biomass that is digested by animals, and the leaching and
runoff loss averages 1.7 Tg P yrt. From all these fluxes, we estimated a global pasture
PUE of 0.72, and a net accumulation of 2.2 Tg P yr! in the soil. In the countries where
grass P removal exceeded the labile P inputs, the labile soil P pool was depleted by 1.4
Tg P yr. In the countries where the labile P input exceeded grass P removal, an average

of 5.3 Tg P yr* was transferred from the labile to the stable soil P pool from 2002 to
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2010.

3.1.5 Global P fluxes in livestock

The annual P input to livestock was 25.6 Tg P yr, with most of contributions from
grazed grass (10.0 Tg P yr) and processed feed (10.0 Tg P yr't). The economic P output
in the form of livestock products averaged 1.5 Tg P yr?, which gives a PUE of 0.06.
Averages of 29% and 56% of the P produced in livestock manure were recycled into
cropland and pasture, respectively; the rest of this manure (4.3 Tg P yr'!) was lost to the
environment.

3.1.6 Global P fluxes in human use

Humans receive an annual input of 14.0 Tg P yr? from harvested crop products,
livestock products, and the use of detergents and other products manufactured from
phosphate rock. Although P inputs as food (crop food and livestock products) amounted
t0 6.8 Tg P yr, humans only absorbed 3.0 Tg P yr (44%), the remainder being either
wasted before consumption (e.g., in food processing) or transferred back to livestock
as processed feed. Thus, only 14.3% of the total P inputs into the agriculture system
end up as food being actually consumed by humans. P lost to the environment by human
use amounts to 2.6 Tg P yr?, which is divided among 2.2 Tg P yr? lost through
inefficient processing and excreta and 0.4 Tg P yr! through bioenergy-related
emissions. The fate of non-recycled P in human waste was not separated between
bodies of water (untreated sewage) and landfill.

3.2 Regional P budgets

Cropland and pasture soils accumulated 59.6 and 19.4 Tg P from 2002 to 2010,
respectively. For croplands, the net P accumulation in the stable P pools amounted to
52.7 Tg P, and the remaining 6.9 Tg P accumulated in soil labile pools. For pasture, the

accumulation in the stable P pool was 25.0 Tg P, but 5.6 Tg P was transferred from the
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Figure 4: Map of global net soil P budgets (positive values, increase; negative values,
decrease) for (A) cropland and (B) pasture.

Those global numbers mask large regional differences (Table 1, Fig. 4A). About
32% of the global cropland area (in 75 countries) had annual soil P deficits from 2002
to 2007. This fraction increased to 50% in 2008 and 2009, at the time of the global
financial crisis, as a result of high P prices and the resulting reduction in fertilizer
application (Cordell et al. 2009, 2012), but returned close to the decadal mean value in
2010. On average, 48% of cropland P uptake was supplied by stable P that accumulated
in previous years according to the equations in section 3 of the Supporting Information.
Including the United States, France, Russia, Argentina, and Paraguay, 89 countries had
labile P inputs into cropland that were lower than crop P removal from 2002 to 2010.
However, if we consider stable P inputs, cropland soil still presented a net soil P surplus
in the United States during the same period. For pasture, a slightly smaller proportion
of the total global pasture area (43%) had a net annual soil P deficit from 2002 to 2010,
mostly in Europe and North America. However, only 48 countries had labile P inputs

into pasture that were lower than the P removal in grass.
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3.2.1 Regional cropland budgets

Examining Figure 4A reveals that cropland in all African countries experienced an
annual soil P deficit, especially in western and central Africa, with soil P loss rates per
unit area ranging from 2.5 kg P ha yr in 2002 to 2.7 kg P ha* yr in 2010. In contrast,
cropland in Eastern Asia accumulated 23.4 kg P ha yr during the period from 2002
to 2010, a cumulative storage equivalent to more than four years of P fertilizer
application. Cropland in Oceania, Europe, and the Caribbean and Central America also
annually accumulated P in their soils. Cropland soils in North America and South
America accumulated P from 2002 to 2007, but experienced temporary P deficits from
2008 to 2010. Yet despite this, crop yields did not decrease from 2008 to 2010 in those
two regions, probably because of the re-mobilization of P that accumulated in stable
pools. Cropland soils in western and central Asia were nearly balanced, with a mean
areal flux of 0.2 kg P hatyr,

Considering the different countries (Fig. 4A), the largest cumulative soil P increase
was found in China (34.6 Tg P) for the 9 years from 2002 to 2010, followed by India
(11.4 Tg P) and Brazil (3.6 Tg P). Pakistan (1.8 Tg P), the United States (1.8 Tg P),
and New Zealand (1.8 Tg P) also had net soil P accumulation, yet of a smaller
magnitude. These six countries accounted for 77% of the global accumulation of P in
countries where cropland had a positive soil P balance. Furthermore, a large amount of
P accumulated in the soil labile P pools of cropland in China and India, at about 20.0
and 4.5 Tg P, respectively; however, in the United States, about 6.0 Tg P accumulated
in the cropland stable P pool from 2002 to 2010; thus, 4.2 Tg P was absorbed from the
previous cropland soil P. In contrast, most African countries experienced persistent
cropland soil P deficits from 2002 to 2010. This was especially true in Nigeria, which

had a cumulative deficit of 1.7 Tg P (Fig. 4A). We also found cumulative soil P deficits
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in Russia, the Ukraine, and Kazakhstan, but with a smaller magnitude (1.1, 0.9, and 0.7
Tg P, respectively) for the 9 years. Comparing the rates of change of crop soil P per
unit area, New Zealand had the fastest rate of increase (>100 kg P ha* yr1), whereas
Argentina had the fastest rate of decrease (-7.9 kg P ha't yr%). In terms of the difference
between inputs and outputs, loss rates in Argentina were about five times input rates.

3.2.2 Regional pasture budgets

We found mainly net losses of P in pasture soils (Fig. 4B), most likely because of
the net removal of P through animal grazing followed by the export of manure P to
enrich cropland soils. Pasture soil P loss rates per unit area in Europe averaged 0.4 kg
P hal yr! and reached high values in countries (Denmark, Luxembourg, Germany, and
Belgium) with intensive livestock production systems (Chang et al., 2015) and large
grass consumption by livestock, with loss rates >10 kg P ha™* yr). North American
pastures had a smaller average loss rate of about 0.1 kg P ha™* yrt. The United States,
India, and Russia had the largest cumulative P deficits, at 2.1, 1.5, and 0.7 Tg P,
respectively, from 2002 to 2010. In contrast, pasture in the Caribbean and Central
America had greater P inputs than P removals. Consequently, these regions had the
largest soil P accumulation rates. Pasture in Northern and Eastern Africa also had net
soil P accumulation. For instance, Mauritania, Tunisia, and Morocco had net soil P
accumulation rates of 9.8, 9.4, and 5.5 kg P ha* yr?, respectively. The reason for this
excess is not clear, but one possibility is that these countries apply P fertilizer to some

of their pasture.

19

Open Access

Earth System
Science

Data

suolssnasig



Discussions
59 M
35
2.9 (O
g0
S$s900y uadQ

//doi.org/10.5194/essd-2017-41

Earth Syst. Sci. Data Discuss., https

Manuscript under review for journal Earth Syst. Sci. Data

Discussion started

6 June 2017

(© Author(s) 2017. CC BY 3.0 License.

"s1a110dx® d 18U Juasaidal sanjeA anlrefau seassym ‘sispodwi d 18u Jussaidal sanjea samisod ayl , oy
"JO3P d [10S € Jussaidal sanjen anljebau seataym ‘snjdins d [10s e Juasaidal sanfea aanisod ayJ ; 61V

oT'T 900 00°'T- LE0- 120 S0°0- Sr'T 000 €00 190~ S0°0 -

T00°0- 1000 €000 ¢10'0-  ST0°0- ¥00°0 5000 #00°0 1000 €000 0000 -

1000°0- 00000 2000°0- 00000 00000 10000 #000°0- 10000 00000 00000 10000 -

0T00- T000 G000~ 2000~ ¥00°0- 2000 00070 €700 0000 T00°0 0000 -

vZ'0- €00 1v°0- 20°0- 100~ [4%0] €00 S€0 €00 [440] 200 -

2 (-4 4 B1) sanIpowiwod ul d Jo apeJ} [euoijeulaiu]
o 890 €0 820 920 0 90 or'o 790 0S50 09'0 140] poo4
€00 €00 800 600 700 700 S0°0 800 T00 00 200 900 A001S8AIT
SL'0 LE0 860 ST [4740] 19°0 080 850 9’0 190 100 2.0 ainised
€90 €90 190 750 €0 79°0 €v'o 120 18T 80 080 90 puejdoid
and
500 100 600 810 100 700 €10 ¥0°0 000 €00 100 090 AN
100 000 200 €00 000 100 200 100 000 000 000 91’0 sbb3
S0°0 000 0T'0 LT0 T00 T00 S0°0 620 T00 100 T0°0 1.0 13N
€0 00 ¥'0 80 00 €0 €T 7T 20 €0 4] €6 sdosD
(;-14 4 61) uondwnsuod poo4
0 7'e T0- '0- 80 90 70 0T 60 97T [4) 70 alnjsed
€¢ 8'¢ ST 8¢ A 20 Ty v'ee A S'T- 0'T- L'y puejdoid
1 (714 ey d B3) ease 1un Jad 196pnq d puej [eannouby
€0 10 10" €0- v'0 z0 z0 G0 €0 g0 10 FAYA aimsed
€0 00 €0 L0 €0 00 7T Ty 20 T0- T0- 99 puejdosd
1 (-8 4 61) 196pnq d pue| [einynaLby
BOLIBWY BISY eISyY eIV ey
BILBWY [enua)  ealBWY [eJUaD  UIBISEBUINOS  BISY [enua)d BOLYY ’
nos pue o adoing  eluesdo oue oue uselses oue WLION ulByINOS  pOM walsAsgns
pue uislseq
ueaqqLe) UIBISIN uIayINoS UIBISIN

(3Nd) Aauaidiyys asn-d pue s186pnq d [eanyjnaribe fenuue feuoibay T 9jgqel

2474



Earth Syst. Sci. Data Discuss., https://doi.org/10.5194/essd-2017-41
Manuscript under review for journal Earth Syst. Sci. Data
Discussion started: 6 June 2017

(© Author(s) 2017. CC BY 3.0 License.

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

3.3 Phosphorus-use efficiencies in different regions

Table 1 gives the values of PUE for cropland, pasture, livestock, and food (human
use) in the world’s different regions. Globally, 116 countries have cropland PUE values
above the global mean value of 0.46, mostly in Africa, and these countries account for
64% of the global cropland area. In addition, 16% of the countries had a PUE of around
0.6 (0.55 to 0.65). In particular, African countries had the highest overall cropland PUE
(>0.80) because of their low P input. On the other hand, Eastern Asia and Oceania have
cropland PUE below the global average. Conversely, pasture had high PUE in Europe
(1.25) and North America (0.98) but low values in Africa (<0.77) and particularly low
values in the Caribbean and Central America (0.37). P removal from pasture exceeded
P inputs in Europe, resulting in pasture PUE > 1, largely because of P inputs from feed
given to animals.

The livestock subsystem generally had a low PUE (<0.1), with the highest values
in Europe, North America, and Eastern Asia (Table 1). Regarding human food PUE,
our data indicate that only 25% to 40% of the P in food products in Eastern Asia,
Oceania, Europe, and North America is actually consumed by humans (Table 1). The
resulting low PUE of human use in these regions results from both large P inputs and
high food waste. Eastern and Southern Africa, Western and Central Africa, Southern
and Southeastern Asia, and the Caribbean and Central America had the highest PUE
for human use, with more than 60% of P in food being consumed by humans. Globally,
most of the P consumed by humans (78%) originates from crops, and the fraction of P
from livestock differs among regions; it ranges from 35% of the total human food P
consumption in Oceania, Europe, and North America to 10% in less developed regions
(Africa and the Caribbean and Central America) and to 4% in Western and Central

Africa.
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446 3.4 P Flows through international trade
447 Approximately 2.1 Tg P yrentered into international trade in 2010, amounting to
448  about 17% of the total harvested crop P (Figure 5). The remainder (10.6 Tg P yrl) is
449  consumed domestically. Differences in crop types as a result of their specific P content
450  (Table SI-1) strongly determine the magnitude of the traded P fluxes. For example, 37%
451  of the P in soybean and 27% of the P in wheat produced each year were traded
452  internationally in 2010. Also significant fractions of the P in maize, other cereals, and
453  fruit were traded internationally, but almost all of the P in sugar crops and fiber were
454  consumed or processed in the countries where they were grown.
Vegetables L I [ Entering in international Trade
Fruit :I Domestic Consumption
Roots T I
Fiber
Sugar crops |
Other oil crops .
Oil palm ]
Other cereals -
Maize -
Rice l
st [
T T T T T T T T T T T T -—I—l—'—|—|—|—|—
0.0 0.5 1.0 1.5 2.0 2.5
P in harvested crops (Tg P yr")
455
456  Figure 5: P flows embedded in different crop products, including the fraction of these
457  flows entering into international trade circuits vs. being used for domestic consumption
458  for the year 2010.
459

460

22

Earth System
Science

Data

suoissnasiq



Earth Syst. Sci. Data Discuss., https://doi.org/10.5194/essd-2017-41
Manuscript under review for journal Earth Syst. Sci. Data
Discussion started: 6 June 2017

(© Author(s) 2017. CC BY 3.0 License.

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

Considering the P fluxes in phosphate fertilizers and food products, we examined
how international trade influences regional P budgets and redistributes P between
regions. We found that Southern and Southeastern Asia have the largest net P imports
(Table 1), with imports of phosphate fertilizer amounting to 1.4 Tg P yr! and P exports
as food products being much smaller, mainly to China and South Korea. South America
is the second-largest exporter of P in food, but imports 56% of its P fertilizer. North
America is a large exporter of P in both crop products and fertilizer, yet it also imports
P-rich milk products. Most European countries imported nearly all their phosphate
fertilizers, but Europe as a whole is a net exporter because of large exports (0.9 Tg P
yr1) from Russia (Figure 6). Western European countries were the main exporters of
P-rich livestock products. Some Northern African countries (especially Morocco and
Tunisia, which have the largest mines of P-rich ores), exported a total of 0.7 Tg P yr*
in fertilizer. The remaining regions (Eastern and Southern Africa, Northern Africa, and
the Caribbean and Central America) imported P in both food and fertilizer, although
much less than other regions (Table 1).

Figure 6 illustrates the disparities among countries with respect to the role of
international trade in crops, livestock, and fertilizer for the main exporters and
importers. Based on data for all 224 countries, a country can be categorized into one of

the following four groups (Figure 7):
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Figure 6: Annual P flows embedded in traded crop products (A), livestock products (B),
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and fertilizers (C) in 2010. By convention, a positive flow is P received (imported) by
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a country.
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Figure 7: Groupings of the countries based on whether they import or export P through
their international trade in food and fertilizer.

Food and fertilizer P exporters: P storage in these countries has been decreasing
due to their international exports of both fertilizer and food. Examples include the
United States and Russia.

Food P importers and fertilizer P exporters: This group mainly comprises countries
that export phosphate fertilizers and import food to meet domestic consumption.
Examples includes Tunisia, Morocco, and China.

Food P exporters and fertilizer P importers: These countries have high food and
livestock production, but this depends strongly on phosphate fertilizer imported from
other countries. Examples include Brazil, Argentina, Canada, France, Australia, and
India.

Food and fertilizer P importers: These countries depend on imports for both food
and fertilizers; they are thus vulnerable to economic shocks that result from changing

food prices. Examples include Japan and Indonesia.
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International trade affects the global P cycle by physically moving the P contained
in traded crops, livestock products, and phosphate fertilizers (Grote et al., 2005).
Imports of P fertilizers accounted for 55% and 79%, respectively, of the total

application of P fertilizer for countries that are food P exporters and fertilizer P

importers or food and fertilizer P importers. The P trade in food followed a similar trend.

Countries that are food P importers and fertilizer P exporters or food and fertilizer P
importers depended more on food imports than countries that are food and fertilizer P
exporters or food P exporters and fertilizer P importers. International trade also
increased the connections among countries (Table 2). For example, although the United
States and China are clearly major P fertilizer exporters, they also import fertilizer from
each other; 2.6% of the P fertilizer applied in the United States originated in China, and
3.6% of the phosphate fertilizer applied in China originated in the United States. In
addition, 11.4% of the phosphate fertilizer consumption in the United States originated
from Russia, Morocco, Tunisia, and other countries. About 1.5% of Chinese domestic
P consumption originates from the United States, which is higher than the fraction of
domestic P consumption in the United States from China. Countries with no or small
reserves of P-containing minerals imported large amounts of phosphate fertilizer; for
example, imports accounted for 61 and 46% of total P consumed in France and Brazil

(food P exporters and fertilizer P importers), and 76% of total P consumed in Japan.
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Table 2: Proportions of total consumption and total international trade accounted for

by P in fertilizer and food imports and exports.

Open Access

Proportion (%)

Group P fertilizer P fertilizer exports P in food imports P in food exports as a
imports as a as a proportion of as a proportion of proportion of the total
proportion of total the total total consumption international P in the
consumption international P food trade
fertilizer trade
Group Level
Food and fertilizer 22 43 7 31
exporter
Food importer and 5 48 22 5
fertilizer exporter
Food exporter and 55 5 5 48
fertilizer importer
Food and fertilizer 79 4 28 15
importer
Country level
United States (food 13 18 6 26
and fertilizer
exporter)
China (food 2 20 14 2
importer and
fertilizer exporter)
France (food 52 0 19 8
exporter and
fertilizer importer)
Brazil (food 44 1 4 10
exporter and
fertilizer importer)
Japan (food and 40 0 60 0

fertilizer importer)

3.5 Uncertainties in soil P changes result from uncertain P concentrations

We estimated the net cropland soil P balance in 2000 by means of Monte Carlo

simulations, as described in section 2.7. We found a net accumulation of 5.8 0.6 Tg

P yr. More detailed calculations suggest that uncertainty in the crop P concentrations

contributed #0.2 Tg P yr? of the uncertainty in the net cropland soil P balance; this is

because of dominance of the calculations by cereals, which have low uncertainty due
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to the narrow range of reported P concentrations (Antikainen et al., 2005; COMIFER,
2007; USDA-NRCS, 2009; Waller, 2010). Uncertainty in P concentrations in crop
residues contributed an additional #0.2 Tg P yr™ to the total uncertainty, and uncertainty
in P concentrations in the livestock manure applied to cropland added #0.4 Tg P yr™.
In addition, the uncertainty in the pasture soil P balance attributed to uncertainty in the
P concentrations in grass biomass and manure was #1.3 Tg P yr. This relative
uncertainty is higher than that for the cropland soil P balance, and this results from the
large range of grass P concentrations found in our review of the available data. See
Table SI-5 for more details.

4. Discussion

4.1 Cropland PUE and P in harvested crops as a function of cropland P inputs

Figure 8A shows the relationship between the cropland PUE and cropland P inputs
for 35 countries that are large crop producers. PUE decreased exponentially with
increasing input; that is, P was used most efficiently at low application rates. PUE
decreased rapidly as P inputs increased to 10 kg P ha® yr?, and then decreased more
slowly. High PUE values were associated with countries that had a low P input and a
soil P deficit. This suggests that there is a trade-off between efficient use of P in
cropland and the avoidance of soil P deficits that limit crop yields (Obersteiner et al.,
2013). Figure 8A also indicates that cropland soils have a net soil P deficit if their inputs
are lower than 10 kg P ha* yr, which is a threshold value that corresponds to PUE =
0.67. Argentina, South Africa, Indonesia, Mexico, and Paraguay are below this

threshold (Figure 9).
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Figure 8: The relationships between P input per unit area of cropland and (A)
phosphorus-use efficiency (PUE) The horizontal line at PUE = 0.67 represents the
global average. (B) P in harvested crops for the 35 largest crop producers representing

90% of global crop. The equations give the fit to the data represented by black curves.
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Figure 9: Phosphorus-use efficiency (PUE) and P in harvested crops for the 35 large
countries shown in Fig 8. Cropland soil P surplus or deficit is separated by the vertical
dashed line

P in harvested crops increased exponentially with increasing P inputs, but the
response slowed at high P inputs (Fig. 8B). The P in harvested crops in countries with
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cropland PUE > 0.67 (except Argentina) is only half of that in countries with high P in
the harvested crops, such as the United States and China. P in the harvested crops was
very low in Australia due to low cropland P input, which was less than 25% of the
inputs in the United States and China. P already present in the soil may be sufficient to
sustain high crop yields for some time without additional inputs in some countries (e.qg.,
France) that formerly had large P fertilization rates, despite currently having a negative
annual P balance. Comparing Figures 8A and 8B suggests that total cropland P inputs
of 20 to 25 kg P ha yr* may be a good compromise that will achieve high yields while
creating a near-equilibrium soil P balance. Both excessive P inputs (e.g., China and
Japan) and low PUE (e.g., India) can lead to high P accumulation in cropland soil,
leading to high losses into the environment.

The data in Figure 8 indicate that different countries face different challenges for
P resource management, implying a need for country-specific policy options and
solutions. Countries like Kazakhstan and Argentina may have to increase P inputs to
their cropland in order to prevent long-term depletion of soil P, which could be realized
by increasing the application of phosphate fertilizer or reducing losses to leaching and
erosion. Countries like France that are currently experiencing a net negative soil P
balance (Fig. 9) following a period of sustained accumulation (Senthilkumar et al. 2012;
van Dijk et al. 2016) may need to progressively adjust fertilizer inputs in coming years
to balance inputs with removals and avoid the risk of a long-term soil fertility decline
due to inadequate levels of P. In contrast, countries such as Japan and China are rapidly
accumulating P in cropland soils due high and sustained P inputs, and will urgently
need to consider how to improve their cropland PUE. This could be initiated by
identifying crop types that are being over-fertilized and regions with excessive

application of phosphate fertilizer; they can then consider a range of options such as
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precision agriculture (i.e., applying only as much P as the crop requires). We estimate
that if Chinese cropland PUE could be increased to the global average of 0.46 (Fig. 9),
China would save 3.8 Tg P yr'! of phosphate fertilizer, which is equivalent to 60% of
its phosphate fertilizer consumption in 2010. Last, in countries like India where crop P
harvests are lower than average despite high average P inputs and positive soil AP,
improvements in agricultural management (such as the use of precision fertilization)
appear necessary. We did not have access to sub-national data for this study, but it is
likely that in a country as large as India, some regions, crop types, or region—crop type
combinations may have excessive or insufficient P input.

4.2 Pasture P budget, livestock consumption, and international trade

Figure 10 shows that the soil P balance is negatively related to the flux of P in
livestock products per unit area of pasture. Several western European countries
(Germany, the Netherlands, Denmark, and Belgium) achieve high P yields in livestock
products (defined by the amount of P in livestock products per unit area of pasture),
and all of these countries export livestock products. In these countries, only a small
fraction of livestock manure is recycled to pasture, so there is currently a soil P deficit;
in the long term, this may result in a loss of soil fertility. Therefore, these countries
should increase P fertilization in pasture or import forage or feed to supply the P
required to sustain high livestock production. New Zealand, Australia, and Canada are
also large exporters of P in livestock products. However, given their low-input
production systems and large areas of pasture (Fig. 4B), P removals per unit area
through grazing are much lower than in Western Europe, and the soil P balance of

pasture ranges from slightly negative to slightly positive.
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611

612  Figure 10: The relationship between the P yield of livestock products, defined by the

613  amount of P in livestock products per unit area of pasture and the P balance of pasture

614  soils.
615 4.3 Livestock and human food PUE, and trends in P consumption
616 Increasing consumption of livestock products by humans is an essential factor that

617  is responsible for increasing P mining and increasing P inputs to agricultural systems
618  (Metson et al., 2012; van Dijk et al., 2016). Where socioeconomic development is
619  improving the income of residents, especially in Africa and the Caribbean and Central
620  America region, residents are consuming more P from livestock products (Fig. SI-3).
621  Unfortunately, the livestock PUE in countries in these two regions is much smaller
622  (0.01 to 0.03) than the global average of 0.06 (Table 1), indicating that only a small
623  proportion of livestock P inputs is used by humans. This may be because countries in
624  these regions are primarily importers of livestock products. Therefore, animal

625  husbandry has important implications for global P security and special attention will be
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required to improve livestock PUE (Wu et al., 2014). If livestock PUE reaches the
global level of 0.06 in these two regions, both regions could more than double their
livestock production, by about 0.16 Tg P yr™.

In addition, the management of manure differs greatly among regions due to their
different livestock production systems. The yield of livestock products is very low in
African countries, resulting in low livestock PUE. Almost all livestock manure is
applied to cropland, where this resource is an important P input. In contrast, with
application of phosphate fertilizer to pasture in Europe and Eastern Asia, only a small
fraction of livestock manure is recycled for pasture (36 and 17%, respectively); a larger
fraction of the manure is applied to cropland in Eastern Asia (40%) and Europe (60%).
Consequently, improving the manure utilization efficiency and applying more livestock
manure to pasture will be important strategies in Eastern Asia and Europe (Wu et al.,
2014).

As shown in Section 3.3, only 45% of the P that enters the food production
subsystem was absorbed by humans; thus, large amounts of food (and the P it contains)
are wasted, although some parts of the wastes were consumed by livestock. Despite this
recycling, 2.2 Tg P yr! flowed into the environment as wastes either before or after
food consumption, and only 14.3% of the total P inputs to the agriculture system ended
up in food consumed by humans. In Eastern Asia, Oceania, Europe, and North America,
the PUE of human food was very low, reflecting the high proportion of livestock
products in the diet and a high degree of waste. Therefore, decreasing food waste before
consumption, recycling P in food waste, and better treatment of organic wastes could
significantly decrease the amount of P required to support humans (Metson et al., 2012;
van Dijk et al., 2016). In Eastern Asia, Oceania, Europe, and North America, fully

absorbing the 45% of the P that enters food produced for humans could reduce
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agricultural inputs of P by 0.7 Tg P yr'! globally. Thus, decreasing food waste and
improving the PUE of human food represent key challenges that must be solved to
achieve sustainable P management.

Population increases and dietary changes are requiring higher P inputs in cultivated
land and increased mining of P ores (Grote et al., 2005; Foley et al., 2011). From 2002
to 2010, this mining increased by 33% in our estimate, during a period when the global
population and per capita food P consumption increased by 10 and 5%, respectively. In
2010, humans consumed 8.0% and 3.8% more P in livestock products and crops,
respectively. Since livestock PUE was much lower than cropland PUE, consumption of
more livestock products resulted in lower external P inputs in food that flowed into the
human subsystem; this proportion decreased from 36% in 2002 to 31% in 2010.
Therefore, consuming more livestock products will require increasing P inputs. Thus,
human dietary shifts may have been responsible for half of the increase of P ore mining.

4.4 International trade and global P flows

International trade also increased the connections among countries. Whether
international trade is good or bad for humans and the environment in terms of its impact
on the management of P resources is a complex question. International trade can
increase cropland P deficits if countries that export large amounts of P in crop and
livestock products do not counteract these exports by increasing inputs of phosphate
fertilizer to soils. For example, Argentina exported lots of food to other countries (about
0.15 Tg P yrY), and has developed a serious cropland soil P deficit of 0.38 Tg P yr?
(10.3 kg P ha yr'l). Massive P imports through trade can result in an excess supply of
P to cropland soils as manure (Schipanski and Bennett, 2012), with potentially
significant negative environmental effects. On the one hand, trade can hamper the

proper recycling of P resources from wastes and manure to agricultural soils through
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local food webs (Schipanski and Bennett, 2012). On the other hand, trade may
contribute to more efficient use of P resources if traded products flow from countries
with lower PUE to countries with higher PUE, as is generally observed for water
resources (Dalin et al., 2014). This confirms that more integrated studies are required
to fully assess the effects of trade on P resource recycling, efficiency, and conservation.
Our study identified world regions and countries with lower PUE and others with high
PUE, and regions and countries with net loss of P in soils and others with net gain. This
provides valuable information to policymakers on how to improve the trade
relationships for a global optimization of PUE and therefore global food security.

4.5 Comparison with previous studies

Previous studies have estimated P flows in agriculture at a global scale (Smil, 2000;
Sheldrick et al., 2003; Liu et al., 2008; Cordell et al., 2009; Bouwman et al., 2009,
2013; Potter et al., 2010; MacDonald et al., 2011). However, to the best of our
knowledge, the present analysis provides the first consistent multi-year overview of the
P flows in agriculture. In addition, it provides national and regional P budgets,
calculates agricultural PUE, and quantifies P fluxes in international trade based on a
combination of datasets for cropland and pasture inputs (fertilizers, manure,
atmospheric deposition, and recycling of crop residues) and outputs (crop harvests,
residue removal, and P loss by burning and leaching or surface runoff into bodies of
water). For data from 2000, our results are consistent with the abovementioned studies
for most P flows (Table 3). For data from 2000, our results are generally consistent with
those in the previous studies for cropland soil P inputs, harvested crop P, cropland soil
P lost by erosion or surface runoff into bodies of water, pasture soil P inputs, and
harvested grass P (Table 3). However, methods, data sources, and system boundaries

differed among the studies, making an accurate comparison difficult. Our estimate of a
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net accumulation of 5.8 0.6 Tg P yris in line with the reported net accumulation in

soils, which ranged between 0 and 11.5 Tg P yr (Smil, 2000; Bennett et al., 2001;

Bouwman et al., 2009; MacDonald et al., 2011), but disagrees with the estimate of Liu

et al. (2008), who calculated a net loss of 9.6 Tg P yrt. The difference from the present

results can be explained by accounting for large P losses (19.3 Tg P yr) due to soil

erosion caused by land use change and over-grazing. The quantification of erosional

losses of P from arable land is prone to high uncertainties due to the unknown amount

of redeposited soil material, and other studies have reported much lower losses (e.g.,

2.5 Tg P yr; Quinton et al., 2010).

Table 3: Comparison of the present results for P flows and budgets in 2000 with results

of other studies at a global level (TgP yr).

Reasons for

Global P flux Previous studies Our study .
differences
Fertilizer input 141513 13.7 -
Animal manure to cropland 6-82° 6.7 +0.4 Method
Human sewage sludge to cropland 1.5 %3 1.3 Method
Crop production 8.2-12.315 10.2 +0.4 Boundary/Data
Cropland  Crops (human food) 353 4.8 +£0.2 Method/Data
Crops (animal feed) 263 1.9+0.1 Data
Crop residues 3.75-4512 6.7 £0.2 Method/Data
Recycling of residues 12213 35+0.1 Method/Data
Leaching and runoff from cropland 4 ¢ 3.2 Method
Livestock manure 17.1-24.3578 223+13 Method/Data
Manure wasted (released into the
. 2-813 41402 Method/Data
environment)
Pasture
rass 6-12.134 8.9+13 Method/Data
Animal feed additives 093 14 Data
Leaching and runoff from pasture 1.0% 16 Method
Humans  Excreta 3-3318 2.8 Method

Sources: 1. Liu et al., 2008; 2. Smil, 2000; 3. Cordell et al., 2009; 4. MacDonald et al., 2011; 5. Bouwman et
al., 2009; 6. Bouwman et al., 2011; 7. Sheldrick et al., 2003; 8. Potter et al., 2010.

The main cropland P fluxes estimated in our study agreed with previous results,

except for the production and recycling of crop residues (Table 3). Smil (2000) and Liu

et al. (2008) used harvest index data (defined as the ratio of total aboveground biomass
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to crop residues) for estimating the P in crop residues, whereas we estimated P in crop
residues by combining data from Liu et al. (2008) and FAO. MacDonald et al. (2011)
estimated that 29% of the global cropland area was subject to soil P deficits in 2000,
which is similar to our estimate (32%) based on data from 2002 to 2010. In addition,
our estimate of 22.3 Tg P yr? in animal manure for the livestock subsystem in 2000 is
within the reported range of 17.1 to 24.3 Tg P yr from Potter et al. (2010). We defined
global cropland PUE as the ratio of P in harvested crops to total P inputs, without
accounting for recycling of crop residues. Under this definition, global PUE was
estimated to be 0.43 by Liu et al. (2008) and 0.40 by Smil (2000), both of which are
comparable to our estimate of 0.46 from 2002 to 2010. Since we applied the same
methods across the globe to calculate agricultural P fluxes, we were able to compare
the P fluxes and budgets for different regions and countries on a consistent basis. This
information is of critical importance for the development of more appropriate
agricultural policy and to support the development of technological and other solutions
for different types of countries, which better integrate cultivated ecosystems, livestock
production, and the human food supply.

4.6 Limitations and novelty of our study

Due to limited data sources for some parameters, our study and most previous
studies focused on P in livestock products and manure as the outputs of the livestock
system, and did not consider the fate of P in non-edible livestock products (e.g., bones,
blood, leather products). Xu et al. (2005) pointed out that from 12 to 23% and 72% of
P were contained in livestock meat and bones, respectively. If these percentages are
applied to our data, this gives an annual flux of 2.5 Tg P yr* in the bones of slaughtered
animals. Although most livestock bones are currently wasted or landfilled, some

countries have begun to use them as fertilizers, protein sources, and condiments (Wu
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and Ma, 2005; Li, 2008). In addition, as we focused on the annual P budgets for
livestock and human beings, we did not account for P accumulation in humans. From
2002 to 2010, the global population increased by 635106 persons. If we assume that a
typical adult body contains 600 g of P, then about 0.38 Tg more P would have
accumulated in humans. Therefore, the annual human P accumulation would be 0.04
Tg P yrl, accounting for only 0.3% of the P inputs into humans.

Despite the abovementioned limitations in our study, we were able to achieve some
interesting and novel results. First, we have provided a detailed and harmonized
summary of the P fluxes as inputs and outputs for the agricultural system and the
internal P flows within the agricultural system at national, regional, and global scales.
In addition, we have characterized the P budgets and P-use efficiencies in the
subsystems of the overall agricultural system, and have discussed their influences and
impacts. Finally, we have discussed how changes in population, diets, and food
consumption have influenced global mining of P ore and how international trade has
influenced P fluxes. These insights will support the development of policies to use P
more sustainably at national, regional, and global levels.

Data availability

The global and regional phosphorus budgets and their PUEs in agricultural systems
is publicly available at https://doi.pangaea.de/10.1594/PANGAEA.875296.
Conclusion

The estimation of global and regional phosphorus budgets in agricultural systems,
as well as their PUE, is a major effort by anthropogenic nutrient cycle research
community that requires lots of work. We quantified in detail the P inputs and outputs
of cropland and pasture, and the P fluxes through human and livestock consumers of

agricultural products, at global, regional, and national scales from 2002 to 2010. The
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results reveal the significant and imbalanced P budgets in cropland and pasture. The
hot spots of cropland P budgets shifted from increasing P accumulation in Eastern Asia
countries to increasing soil P deficits in African countries, while European and North
American pasture had a soil P deficit. There presents great differences among the values
of PUE for or cropland, pasture, livestock, and food at global, regional, and national
scales. PUE decreased exponentially with increasing input; that is, P was used most
efficiently at low application rates; meanwhile, P in harvested crops increased
exponentially with increasing P inputs, but the response slowed at high P inputs.
International trade played a significant role in P redistribution among countries through
the flows of P in fertilizer and food among countries. It can mitigate regional P
imbalances in agricultural soils, by optimizing phosphate fertilizer application and

recycling P.
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