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ABSTRACT: The phosphorus (P) cycle is an important Earth system R |
process. While natural P mobilization is slow, humans have been altering
P cycle by intensifying P releases from lithosphere to ecosystems. Here,
we examined magnitudes of which humans have altered the P cycles by
integrating the estimates from recent literatures, and furthermore
illustrated the consequences. Based on our synthesis, human alterations
have tripled the global P mobilization in land-water continuum and
increased P accumulation in soil with 6.9 + 3.3 Tg-P yr_l. Around 30%
of atmospheric P transfer is caused by human activities, which plays a
significant role than previously thought. Pathways involving with human
alterations include phosphate extraction, fertilizers application, wastes
generation, and P losses from cropland. This study highlights the
importance of sustainable P supply as a control on future food security

because of regional P scarcity, food demand increase and continuously P intensive food production. Besides, accelerated P loads
are responsible for enhanced eutrophication worldwide, resulting in water quality impairment and aquatic biodiversity losses.
Moreover, the P enrichment can definitely stimulate the cycling of carbon and nitrogen, implying the great need for
incorporating P in models predicting the response of carbon and nitrogen cycles to global changes.

1. INTRODUCTION

Phosphorus (P) is a structural and functional component of all
lives, and therefore is vital for the existence of humanity."” In
unmanaged and pristine ecosystems, P cycling is considered to
be “tight” - P transfers between biota and soil within the system
are much larger than those gains or losses across the system
boundary.” Humans have been altering the global P cycle by
mining phosphate rock, applying commercial fertilizers, and
changing the pathways of P losses. Rising P availability
increases P inputs into terrestrial ecosystems, as well as P
losses from land to freshwaters and costal zones, consequently,
turning the “tight cycle” into a much more open cycle.” In the
short term, P losses can cause eutrophication in waterbodies,
which leads to algal blooms and many other adverse effects,
such as water quality impairment and fish kills.”® Long-lived P
in soil and sediments can also have long-term environmental
“legacy” impacts by chronic P release from these accumulation
pools.”® Given the present trends in population growth and
diet preference, the demand for inorganic P fertilizers would
increase accordingly in the coming decades, which has also
raised concerns about future P security and shortages.””""
Changes in global carbon (C) and nitrogen (N) cycle have
been well understood,'>'* but human impact on the global P
cycle has received relatively little attention (see however
Compton et al,, 2000; Smil, 2000; Bennett et al, 2001).1471¢
However, more recently, there has been an expansion in
studies, using global observed data and spatial-based models to
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calculate P flows or stocks. For example, atmospheric P
emissions, deposition and transportation have been estimated
using observed data and chemical transport models."” ™" A
stepwise-enhanced model was developed to analyze the spatial
variability in global P release from the lithosphere due to
chemical weathering.”® Global P transfers within terrestrial
ecosystems were calculated with a grid-based global geo-
chemical model.”" The P transportation within the aquatic
continuum was estimated with grid-based and spatially
distributed models.””** P flows in agricultural systems and
human society have also been estimated from mass balance
approaches.”* >° However, these estimates focus on parts of
the global P cycles and cannot provide a complete perspective.

In this study, we conducted a synthesis to provide the
magnitude of the extent to which humans have altered the P
cycle based on estimates from some recent studies using
observed data and spatial-based model. We paid special
attention to how human activities influence P cycle by
including mineral P uses in socio-ecosystem. Further, we
examined the consequences of human perturbation of P cycle
on food security, eutrophication and ecosystem damage, and
connection to the cycling of other major elements. This study
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Figure 1. A schematic diagram of (a) background state of global P cycle and (b) human altered global P cycle. The blue arrow indicates phosphorus
flows linking land and ocean. Red arrows indicate P flows linking human and natural ecosystems. The bold black figures in Figure la show the
magnitude of P stocks. It should be noted that the P transfers by riverine runoff are net result of natural erosion, soil loss, wastes and retention. The
unit of P flux is Tg P yr™' and the unit of P stock is Tg P. The definitions of the symbols in the figure can be found in SI Table S3.

closed with a discussion on several key issues that remain to be
solving and intervention strategies for reducing human impacts

on global P cycle.

2. THE GLOBAL P CYCLE AND HUMAN ALTERATION

The cycling of P is unique in that it consists of a massive and
wholly unavailable pool of apatite minerals in the lithosphere; a
relatively small atmospheric transfer; a relatively simple
transfers of P that cycles among terrestrial ecosystems, and
between land and ocean through riverine runoff. The most
important anthropogenic change to the global P cycle is a
massive transfer from the vast and unavailable reserve pool to
biologically available forms on land. To get a comprehensive
estimate of the human alteration on P cycle, we analyzed the
peer-reviewed primary articles searched using Google Scholar
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Engine with a combinations of the following terms in title:
(global OR world OR earth OR globe OR planet) and
(phosphorus OR nutrient OR P OR apatite OR phosphate)
and (terrestrial OR land OR soil OR water OR river OR lake
OR aquatic OR ocean OR marine OR sea OR atmosphere OR
biota OR plant OR animal OR sediment OR reserve OR stock
OR pool OR deposit OR mineral) and (flow OR cycle OR
cycling OR budget OR release OR transport OR model OR
retention OR deposition OR weathering OR emission).
Besides, we also conducted a search in google engine to yield
potential reports using general terms including (UN OR USGS
OR IFA OR FAO) and (phosphorus) and (mineral OR reserve
OR sediment OR stock). At last, a total of 63 publications that
contain quantitive information on global P pools and flows
were compiled in Table S2 in Supporting Information (SI).
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Figure 2. Global P production and consumption. (a) Historical trends of production of phosphate rocks and consumption of fertilizer P. (b) Share

of P production and consumption in 2014. Data are from online database provided by Kelly and Matos (2014) and FAO (2016
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From these publications, we identified eight P pools (sedi-
ments, land, mineral reserves, terrestrial biota, oceanic biota,
freshwater biota, freshwater, and seawater), and complied 23 P
flows between these pools (SI Table S3). In this study, we
followed the expression format of results from Wang et al.
(2015), which provided a most likely estimate and a 90%
confidence interval."” There are substantial discrepancies in the
estimates from different existing studies because of the different
methods and assumptions used, as well as differences in
considering local nuances caused by human activities, like farm
operations and conservation strategies.”” Here, we conducted a
uniform synthesis based on a semiquantitative method to
obtain the most likely estimate and 90% confidence interval
from existing results. In general, we first assessed the reliability
of the results from existing studies using on an indicator-based
method. Then, based on the reliability, we decided the most
likely estimate and the 90% confidence interval as the estimates
of P pools and flows in this study. Finally, we assessed the
reliability of the estimates based on the reliability of estimates
we used. The detailed method can be found in SI Text S1—S3
and Table S1, and the results can be found in SI Table S4—S5.
The Figure 1 shows the final estimates of changes of P cycle,
which are also described in following sections.

2.1. Background State of P Cycling. /nitial Source. The
largest P pool on the Earth is the apatite minerals in the
lithosphere, which is dominated by the oceanic and freshwater
sediments. However, almost all the apatite minerals in the pool,
with an amount of 0.8 X 10° to 4.0 X 10° Tg P, lies beyond the
reach of plants (R;, Figure 1a).”**’ The initial biota available P
to the Earth system is from the P releasing from apatite
minerals via chemical weathering in soil formation process,
which varies greatly with rates between S0 and 720 g P m™>
yr~! across the world® The recently estimate of global
chemical weathering rate was 1.5 + 0.4 Tg P yr™' by spatially
explicit model simulation (SI Text $3.2).°”*' In contrast,
physical weathering produces fine materials that are typically
unavailable to biota, but prepares raw material for chemical
weathering, which was estimated at a rate of 10.0—15.0 Tg P
yr ! roughly based on continental denudation and crust P
content (F,)."’

Transport from Land to Ocean. Transfer of eroded soil by
riverine runoff delivers P from land to ocean. This process starts
from the soil-derived P inputs to freshwater by erosion and
runoff. In nature state, P input to freshwater were estimated at
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6.5 + 1.5 Tg P yr™! (F;).">** The higher value (8.0 Tg P yr™")
was estimated at by multiplying an extrapolation of global
erosion rate and global averaged soil P content.'” The lower
bound value of 5.0 Tg P yr™! was provided by a more recent
estimate based on a biogeochemical model (named IMAGE-
GNM) that considered spatial variability of climate, hydrology
and human activities.””> P transfer to the ocean via riverine
runoff was estimated at 4.5 + 15 Tg P yr' (Fg).>%
Subtracting this amount from P inputs to freshwater, the P
retention rate in freshwater is estimated at 2.0 + 1.5 Tg P yr™!
(F,). Once entering ocean, most of P exists in sediments in
estuaries and coastal areas with a rate of 2.0—3.0 Tg P yr~!
(F10)- In contrast to P transport via riverine runoff, only 0.5 +
0.5 Tg P yr~' is transported to ocean through atmospheric
transfer (F;), as most part of 1.7 + 0.3 Tg P yr ! (F,) tends to
redeposit near its origin due to the short residence time of dust
in the atmosphere,'>'*?"3>

Transfers in Organic Cycles. The land- and water-based
organic cycles transfers P between environment and living
organisms, and through living organisms via food web. The
land-based organic P cycle consists of P moving from soils to
plants and animals, and then returning back to soil, where it
becomes available again for plant uptake through mineraliza-
tion. P stock in global soil pool has been estimated to between
0.23 X 10° and 2.0 X 10° Tg P. The nine factor between the
lower and higher bound estimates was sourced from the
methods used in these study, while the higher values (0.96 X
10° to 2.0 X 10° Tg P) were obtained based on global averaged
approach neglecting spatial heterogeneity of soil P con-
tent,””**** and the lower values (0.23 X 10° to 0.59 X 10°
Tg P) considered spatial distribution of soil order and different
P content in each order.”*> P stock in terrestrial biota was
estimated at (4.7 + 0.8) X 10> Tg P (R,). In the early year, this
sock was estimated based on a combination of global C stock in
standing biomass (4.5 X 10° to 8.3 X 10° Tg C) and molar C/P
ratio of 500—882:1.”**”*%** However, Smil (2000) pointed out
that these estimates (varying from 1.8 X 10° to 3.0 X 10° Tg P
yr_l) were too high molar C/P ratio used in these studies
represents C/P ratio in leaves, which has significant higher P
content than that in the whole above-ground biomass.'> He
provided an estimate of 5.5 X 10> Tg P using a much higher
molar C:P ratios of 3745—5244:1. This estimate has been
supported by a more recent estimate of 3.9 X 10*> Tg P, using a
0.5° by 0.5° global biome database and detailed P/C mass ratio
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in leaf, wood and root of 13 plant types.”' As the P flow
between soil and terrestrial biota was estimated at (0.8 + 0.2) X
10> Tg P yr ' (F,, Figure 1a),">*! the residence time of P in
land-based organic cycle is estimated at 5—6 years on average
by dividing the estimated P stock in terrestrial biota and P flux.

Estimates of P transfers in organic P cycle within the ocean
are better constrained. P stocks in seawater and oceanic biota
are estimated at (1.0 + 0.2) X 10° Tg P and (1.0 + 0.3) X 10*
Tg P (Rg and R;), and P transfer rate between the two pools
was (1.0 + 02) X 10° Tg P yr™! (E,).'>**%% 30 Similarly, the
residence time of P in oceanic-based organic P cycle is ~0.1
year, which is more efficient than land-based organic cycle.
Estimates of organic P transfers in freshwater are not very
common. The only estimate of P stock in freshwater biomass
and P uptake by freshwater biota was 0.34 Tg P (R,) and 10 Tg
P yr=' (F,) by Pierrou (1976).>> The residence time of
freshwater based organic P cycle is of the order of ~0.3 year.

2.2. Anthropogenic P Cycles. Human alterations of the P
cycle involve with a number of pathways, including phosphate
rock extraction, crops cultivation with fertilizer application,
livestock production with manure generation, and food
consumption with wastes production.

Phosphate Rock Extraction. The extraction of phosphate
rock from mineral pools is the primary source of human
alterations on the global P cycle. By now, a total of 1.1 X 10> Tg
P in phosphate rocks has been extracted from mineral reserves
since the 1840s when calcium phosphate production
technology was first applied to produce ordinary super-
phosphate in the UK (Figure 2a).””*® The extraction of
phosphate rocks slowly increased over 2 Tg P yr™' by the year
1940, and experienced a 10-fold increase because of P mining

2411

for fertilizers from the 1940s to the 1980s. Thereafter,
extraction declined slightly for several years due to the collapse
of the Soviet Union and the decreased fertilizer demand in
developed countries in Western Europe and North America.*
From 2000 onward, the rapidly growing fertilizer demand in
developing areas has seen another surge of phosphate rock
extraction, with an annual growth rate of 4.2%.

Phosphate rock is first refined into phosphoric acid, either by
wet process or the thermal process.”” Almost all the wet
process-based phosphoric acid are used to produce fertilizer.
Global fertilizer production is skewed in a handful of countries,
with China and the United States at the top, accounting for
more than one-half of the world production (Figure 2b).*
However, most thermal process-based phosphoric acid is for
fine chemicals, which are further processed into food/feed
additives, detergents, pesticides, surfactants lubricants, flame
retardants, and metal treating products (Villalba et al., 2008).
Despite the widespread use in many industries, P-containing
fine chemicals only presented around 20% of extraction.”

Crops Cultivation with P Fertilizer Application. The
traditional crop farming relied on P in soil and local from
recycled organic wastes, which consisted the main part of
agricultural pattern for thousands of years.*"** However, an
exponential increase of inorganic fertilizer application was
witnessed in crop farming from 2.0 Tg P yr™" in the 1940s to
13.8 Tg P yr' in the 1980s driven by the consumption
expansions in developed countries (Figure 2a).** Since the
2000s, the expansion of fertilizer consumption in developing
countries contributed to another rapid increase of inorganic P
fertilizer application with an annual growth rate of 2.5%, and
now 17.1 + 2.3 Tg P yr~ ' was applied to agricultural land (F 3,
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Figure 1b). Meanwhile, P uptake in harvested crops have
reached to 12.3 + 0.3 Tg P yr™! (F14).26’43_46 However, the
growth rate of P uptake in harvested crops (1.0% annually) was
much lower than that of P fertilizer application, indicating a
remarkable decrease of P use efficiency (PUE) in crop farming
(Figure 3a). This is highly related to the increasing dependence
on chemical P fertilizers (DCP), which accounted for
approximately 60% of the total P applied in crop farming in
2013 (Figure 3a). The decrease of PUE is more significant in
some developing countries, like China, who consumed 28% of
global P fertilizer consumption (Figure 2b). In China, P
application rate increased from 5.4 to 77.5 kg ha™' between
1949 and 2012, accompanied by a continuous increase of the
DCP and a continuous decrease of PUE (Figure 3b)."
However, decreasing PUE has begun to reverse in some
developed countries. At the global scale, countries with higher
gross domestic product (GDP) per capita tend to have higher
PUE as well as less DCP, as PUE is positively correlated with
economic development level (R* = 0.53, P < 0.001, Figure 3c),
while DCP is negatively correlated with GDP per capita (R* =
0.55, P < 0.001, Figure 3d).*7°° The only exception is Uganda,
an African country with low DCP and high GDP per capita,
which represents many African countries where farmers cannot
afford inorganic P fertilizers.

Livestock Production and Manure Generation. Globally, P
inputs in feeds increased 2-fold in the past five decades, while P
in livestock products (e.g, meat, milk, egg) tripled from 0.5 to
1.6 Tg P yr’, illustrating a slight improvement in PUE of
livestock farming,26 with 8% of P being converted to livestock
products now. The main carrier of the rest P is animal excreta,
with an amount of 15.0—24.0 Tg P yr’, equaling to inorganic P
tertilizer application in crop farming.zs’m’67 However, some
regions with high livestock densities are facing an excess of
manure since the livestock farming tends to shift from
distributed smallholders to intensive operations.’” For example,
in China, the world’s leading pig producer, the intensive
breeding systems contributed to 64% of the national total pi§
production in 2010, while it was 5% in the early 1980s.°
Globally, about 70% of poultry and 58% of pig products came
from intensive systems.”” With livestock being clustered in
specific areas, over 50% of the global manure P was produced in
13% of crop farming areas, mainly in China, India, the
Northeastern America, EU27, and Brazil.®” In many cases, it is
economically impractical to recycle livestock manure beyond a
certain radius because of high transport costs and the
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availability of inorganic P fertilizers.'" Averaged globally, only
102 + 4.8 Tg P yr™' in manure (Fy;), about 50—60% of the
total amount, was returned to cropland.”*** Note that the
manure P recycling rate has great spatial differentiation because
of various local factors such as breeding patterns, cultivation
technologies, agricultural management practices and environ-
mental awareness.”” In West European and North America,
73—82% of P in livestock are recycled, whereas it is 30—50% in
other regions, like Africa, Asia, and South America.*>”°
However, the fate of P contained in manure that have not
been recycled (8.3 + 4.3 Tg P yr™', F,,), has not been well-
understood. This huge amount is an important “missing piece”
related to animal breeding in global P cycle, which could act as
an important source of nonpoint P pollution.”’

Human Consumption and Wastes Generation. P con-
sumption by human directly has tripled since the 1960s (Figure
4a), and now reached to 9.9 Tg P yr ' (F ¢ and F},), with about
60% of the increase coming from the use of mineral P
products.”® Processed food (6.2 Tg P yr™!) was the major
source, but the detailed P inventory of chemical products is still
unclear because of the trace amounts of P in them and the
widespread use. Globally, the annual average of P in per capita
food consumption was 0.86 kg P capita™, of which 0.40 kg P
capita! ended up as municipal wastes averaged globally.”® The
amount of P ending up in waters in some developed countries
was relatively higher compared to global average, such as 0.63
kg P capita™' yr™! in France.”® The annual average P intake
(0.48 kg P capita™') was much higher than recommended
dietary allowance (RDA) of 0.26 kg P capita™ for adult aged
over 18, but was equivalent to that for teenagers aged 9—18,
who have higher P demands to build their bodies.”

As 98% of the daily ingested P is excreted, 7.2 billion people
across the world would generated 3.3 Tg P yr™' of excreta in
total."*”* Currently, only around 20% of human wastes are
recycled, with a magnitude of 1.3 + 0.2 Tg P yr™! (F,,).”%*>*
In premodern East Asia, it was a common practice for at least
5000 years to collect and recycle human excrement.”* Especially
in China, more than 90% of human excrement was recycled to
grow crops until the 1980s.”> But now, only 60% of P in human
excretment is returned to cropland in rural areas, and it is only
10% in city areas.”® Possible reasons include but not limit to the
widerspead use of flush toilets and municipal seweage systems.
Spatially, the average recycling rate of P-containing human
wastes in East Asian countries, about 24% (20—27%), is about
twice of that in European countries, estimated at 12% (5—20%)
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Table 1. Estimates of Longevity of the World’S Phosphate Reserves

longevity depletion
reference (years) (year)”
Smil (2000)"* 80 2080
Fixen (2009)° 93 2102
Smit (2009)°” 70—100 2079-2109
Vaccari (2009)% 90 2099
Van Vuuren (2010)°° 90 2100
expansion
Van Kauwenbergh 300—400 2310—2410
(2010)'**
Koppelaar (2013)""" 300—400 2300—3400

price

“Estimated from the lifetimes and date of publications.

assumption

based on “current extraction rates”

based on a constant extraction rate in 2007—2008

assumed a range of 0.7—2% increase in production until 2050 and 0% thereafter
based on “current extraction rates”

based on scenario analysis considering population size, economy condition and agriculture
based on “current extraction rates”

based on scenario analysis considering population size, food demand, waste recycle and fertilizer

(Figure 4b).7ABSOSLIOSEOLO26S Ag for the P contained in
domestic wastes, a small amount, was discharged to freshwater
(1.1 £ 0.5 Tg P yr™", Fj5) and recycled to agriculture (1.3 + 0.2
Tg P yr !, Fo). The remaining was estimated to be 7.6 + 0.2
Tg P yr ' (F,,), by balancing inputs (F,s+F;,) and quantified
outputs (Fig+F,o). This important “missing piece” in global P
cycle could ended in landfill or abandoned without disposal,
and may have broader environmental influence once P in
abandoned wastes leaks.

2.3. Alteration of Global P Cycling. Accelerated P
Transfers in Land-Water Continuum. The anthropogenic
changes in the P cycle drive regional and global changes in the
aquatic P transfers. P losses from cropland through erosion and
runoff; also known as nonpoint sources, have been recognized
as the dominant contributor.”””””® Globally, around 56% of
aquatic P inputs are induced by surface runoff from cropland,
an increase of 21% since the early 1900s.”* Global P losses from
cropland to freshwater has been estimated to be between 5.0
and 26.4 Tg P yr™,">**"”% with particularly large uncertainties
because of variable soil erosion rates and soil P content.*'~*’
Global P losses via erosion and runoff was first estimated at
15.0 Tg P yr™' by multiplying global averaged soil erosion rate
(20 t ha™ yr™") and soil P concentration (0.05%)."> Quinton et
al. (2010) provided a large range of of 14.9-26.4 Tg P yr™*
using a similar method but using soil erosion rate from a
spatially explicit evaluation.”” Beusen et al. (2016) developed a
spatially explicit model that considers the spatial heterogeneity
of the soil erosion rates and soil P concentrations based on a
series of global spatial database, including distribution of
precipitation, temperature, surface runoff, land cover, fertilizer
application, and soil P content.”® This study provided a much
smaller estimate of 5.0 Tg P yr~'. More recently, Lwin et al.
(2017) provided a similar estimate of 5.7—6.1 Tg P yr~' using a
numerical model.*° Based on our synthesis, the estimate of P
losses from cropland to freshwater is 10.4 + 5.7 Tg P yr™" (F,,
Figure 1b). By subtracting it from the total P inputs to
freshwater (18.0 + 9.0 Tg P yr!),">*’ P losses from natural
erosion is estimated to 7.6 + 3.3 Tg P yr™' (Fs, Figure 1b).
With the increase of P inputs to freshwater, P entering ocean
via riverine runoff also had an increase, which was estimated to
be 12.6 + 56 Tg P yr ' (Fg Figure 1b).'>?%3¥%7% gy
balancing this value with total P inputs to freshwater, the P
retention in freshwater is estimated to be 5.4 + 3.2 Tg P yr™!
(F,, Figure 1b). However, the fate of P retained in freshwater
has not been well understood, making it a “missing piece” in
global P cycle.

Enhanced Soil P Accumulation. As P compounds are lowly
mobile and tend to confine, the large agricultural P inputs
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contribute to the buildup of P pools in agricultural soils. By
aggregating all the estimates of P fluxes through croplands, we
estimated P accumulation in cropland to be 6.9 + 3.3 Tg P yr™*
(SI Table S6, F,;), which consists with a previous estimate of 9
Tg P yr~'.** Globally, more than 70% of the global cropland
area faces P surplus issues.* In China, P stock in arable land
underwent a long-term depletion up to the 1960s and then
reversed into net P accumulation thereafter, with an annual
accumulation rate of 41 kg P ha™! now.*” In certain agricultural
watersheds, P surplus situation is more severe (74 kg P ha™'
yr).%7 It is estimated that global P accumulation in cropland
has a magnitude of 420 Tg during 1965—2007, and was
anticipated to increase by 600 Tg in the next 50 years.**
However, a lack of our knowledge of the fate of cropland P
accumulation makes such a large P stock “a missing piece” in P
cycle related to crop farming. One of the potential fate of this
“missing piece” is that they are reactivated and absorbed by
crops as nutrient, which has been proved at field, farm and
country scale.””" For example, a field-scale study found that P
accumulation in a 28-year build-up soil was sufficient for crop
cultivation for 15 years without compromising production.®’
Increased Atmospheric P Transfers. Atmospheric P trans-
fers were previously thought to be less affected by human
activities, which were estimated to emit ~0.0S Tg P yr~' based
on global black carbon emission and P/black carbon ratio.'””*
However, the total atmospheric P emission (1.39 Tg P yr™")
based on this value is less than 50% of global atmospheric P
deposition (3.7—4.6 Tg P yr™') extrapolated from in situ
observations.'™”" A recent global fuel-combustion inventory
estimated that P emission from combustion sources was 1.8 Tg
P yr,"” which helps to explain the gaps between previous
estimates of global atmospheric budget. In this study, global
atmospheric P emission was estimated to be 3.9 + 0.7 Tg P
yr_l, 30+03and 0.9 + 0.5 Tg P yr_1 of which was estimated
to deposit over land and ocean, respectively (F;, F,, and F;,
Figure 1b).''>*' Some studies pointed out that human
activities, including P fertilizer addition, reclamation, livestock
grazing, and deforestation, may also increase atmospheric P
mobilization by increasing soil P content and wind erosion.”>”*
Zhang et al. (2017) estimated that global averaged P content in
cropland soil increased by 15% in the last hundred years,*
which could cause a ~15% increase in P transfers to the
atmosphere from cropland via wind erosion if other factors are
not considered. Multiplying 15% with the proportion of
cropland on total land area (11%),” we estimated that the
increase in cropland soil P content could only increase 1.7%
global atmospheric P transfers via wind erosion. Thus, the
underestimate of wind erosion from improved cropland soil P

DOI: 10.1021/acs.est.7b03910
Environ. Sci. Technol. 2018, 52, 2438—2450


http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03910/suppl_file/es7b03910_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b03910

Environmental Science & Technology

Critical Review

3 100 3 oy - 100
4 - Fertilizer —e— Cumulative share b - Fertilizer —e— Cumulative share
I Phosphate rock Phosphate rock
——* 180 480
~ — o)
cEy " _ &t -
= {60 £ 2 J60 &
E; o 2 . o
.g _‘C%) ':% /._,__-—o/ — =
3 723 7
2 440" 2 440
SRS =t
[ 420 420
| AN e mm
0 1 o I 1 0 0 1 1 L L 0
MA CH RU Us JO SA RE IN BR CA 1D AU AR Pakistan
Country Country

Figure S. Top exporters (a) and importers (b) countries of mineral P and their cumulative share of the global total amount trade. Data are from the
online database provided by IFA (2016).'%* Morocco: MA; China: CH; Russian: RU; The United States: US; Jordan: JO; Saudi Arabia: SA; Peru:
PE IN: India; BR: Brazil; Canada: CA; Indonesia: ID; Australia: AU; Argentina: AR; Pakistan: PK.

a 4500
4000

R*=0.51
P<0.001

35004
30004
2500 4
2000 4
1500

TP load (kg P km?)

1000

500

b

DIP load (kg P km™)

500
Population (inds./km’)

T T T T T 1
1000 1500 2000 2500 3000 3500

4500 -
R™=0.88

4000 P<0.001
3500
3000+

2500

2000+
1500 4
1000
500

0 T T T T T 1
1000 1500 2000 2500 3000 3500

Population (inds./km®)

500

0

Figure 6. Loads of TP (a) and DP (b) to waterbodies as a function of human population density in this watershed. TP and DIP loads are from
Mayorga et al. (2010),% and the selected watersheds accounted for the top 55% of global total loads. Population data are from CIESIN (2015) and

reprocessed in ArgGIS.'"*

content (0.017 Tg P yr™', by multiplying 1.7% with current
estimate of wind erosion of ~1 Tg P yr™' from ref 19) may not
have a significant effect on global atmospheric transfers.

3. CONSEQUENCES OF HUMAN ALTERATION

3.1. Phosphorus Scarcity and Food Security. The rapid
increase in phosphate rock extraction makes global P scarcity
worth paying attention, as it takes millions of years to reform
phosphate rocks, making P a finite resource in the civilization
time scale. Global P scarcity is often measured from the
longevity of phosphate reserves by dividing the world’s total
phosphate reserves by the annual P consumption and has been
estimated by a number of studies (Table 1)."°™"% After the
United States Geological Survey (USGS) updated the estimate
of global phosphate reserves from 16 000 Tg to 65000 Tg in
2011,”7'% the longevity of phosphate reserves was recently
estimated 300—400 years,'°"'° which indicated that the world
as a whole would not face global P scarcity for the next couple
centuries.

Even though the global phosphate reserves are not about to
be depleted in a short-term, the regional P scarcity would
probably become more severe and cause pressure on future
food security. Regional P scarcity presents P demand in many
regions, especially some populous countries like India and
Brazil, depends on a small number of P-rich rock producers, as
more than 85% of global phosphate reserves are located in five
countries, namely Morocco, China, Algeria, Syria, and South
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Africa with Morocco alone holding 73% of the global share.'*

International trade has been playing an important role in
redressing regional P scarcity. One third of the global
phosphate rock production was spread to the rest of the
world from these top seven suppliers, accounting for 82% of the
total traded P, and 58% of P trade went to top seven importers
(Figure 5a, 5b).'"* However, with the depletion of phosphate
reserves in suppliers, like China and America, P supply would
become more spatially concentrated with Morocco providing
provide 80% of global phosphate rock by 2100.'%

As there is no substitute for P in food production, P scarcity
is directly linked to future food security determined by several
factors. First, as the world’s population is projected to increase
by 32% during 2015—2050,"%° there is definitely an increase in
food demand. Tilman et al. (2011) anticipated a growth rate of
100—110%.” Second, global diets are changing toward more
meat and dairy products. Animal derived food requires 7—10
times more P in the form of phosphate rock than that crop
requires from a life-cycle perspective.”” Therefore, the changing
diets imply an growing P demand in meeting per capita food
demand, which has been observed to increase by 38% (from 1.9
to 2.6 kg P capita™ yr™') over the past five decades, and would
rise up to 3.7 kg P capita™' yr~' by 2050."°” Third, food
production system is becoming more P intensive, as modern
agriculture is more dependent on phosphate rock and is
becoming less P efficient, especially in regions with excess
fertilizing, like China.'®® Based on scenario analysis, Van
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Vuuren et al. (2010) estimated that the global P demand for
food production would continuously increase to 37—48 Tg P
yr~! around the year 2100, nearly twice of that in 2015 (20.0 Tg
P).”® Using the Millennium Ecosystem Assessment cereal yield
storyline and current P application rates, Pefiuelas et al. (2013)
estimated that over 50% of global mineral P pool will be
depleted by midlate twenty-first century.'”” Accordingly, the
threat of P on food security still warrants special attention.

3.2. Phosphorus Loss and Eutrophication. Human-
induced P losses contribute to eutrophication in two major
ways—immediate P exports from human activities does so
directly, and chronic release from enhanced P pools can be a
further source of eutrophication. Given human-induced
acceleration of P losses, it is no surprise that P loads and
concentration in surface waters have increased over time. An
estimate of total P (TP) loads to the world’s 100 largest lakes
indicates that the average loading was 7% higher during 2005—
2010 than that during 1900—199S and this ratio reached up to
79% in South America.''® Moreover, both TP load and
dissolved inorganic P (DIP) loads to waterbodies are correlated
with population densities in the watershed (R* = 0.50 and 0.88,
P < 0.001, Figure 6a and b).86’1]1 However, the correction level
of DIP is larger than TP, illustrating that human activities have
a great impact on DIP load than TP load. The enhanced P
loads from watersheds led to increasing P concentration in
water bodies. Continuous monitoring data in three large
shallow lakes in the Yangtze River basin, China has shown that
TP concentration, China have increased by 3- to 7-fold since
the 1950s."'> The chronic release of P from legacy pools, also
named legacy P effect, is another contributor to eutrophica-
tion.'" Sharpley et al. (2013) reviewed some case studies about
the time scales of P recovery after remediation in terrestrial,
river, and standing water environments.” In the extreme case of
Loch Leven Lake in the UK, they found that it took this shallow
lake 30 years to recover from P pollution after 60% of the
external P inputs were prevented during the late 1970s. The
resurgence of eutrophication in Lake Erie have led to several
studies that examined the role of legacy P effect on
eutrophication.”''* These studies showed that the legacy P
effect led to a step-change increase in P of surface waters in
Lake Erie basin after the nutrient mitigation target had been
achieved for decades. Even if the strictest conservation practice
like ceasing fertilizer application is conducted, it may take years
to see decreases in P concentration in Lake Erie. In some
regions, such as the Yangtze River basin, as P accumulation in
landscape pools still experienced dramatic increase,'” the
implications of legacy P effect is particularly important for the
local eutrophication management strategies.

As the most immediate and well-understood environmental
consequence of P enrichment, significant eutrophication
happened in the Great Lakes of North America in the 1950s,
and now has been a widespread issue in many lakes, estuaries
and coastal areas around the world."'®""” While in most
estuaries and coastal sea, N is the key element controlling the
net primary production (NPP), P is the key limiting factor for
eutrophication of many fresh waters.”"'®'" In addition to
nutrient enrichment, the occurrence and the influence of
eutrophication is also influenced by many site-specific factors,
like hydrodznamics, and freshwater type and species
groups.'>*~"** A study found that it would underestimate the
global eutrophication risk of agricultural P emissions by up to 1
order of magnitude if the above spatially related factors were
not considered.'*’
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Eutrophication has substantial impacts on ecosystem
function in fresh waters. A most instant effect of eutrophication
is the rapid growth of phytoplankton species. In extreme cases,
it can turn into blooms of harmful algae (HABs), killing fishes
and producing harmful metabolites that threat drinking water
security. HABs were responsible for the drinking water crisis of
nearby city in Lake Tai in 2008 and in 2014 in Lake Erie.'**'*
Eutrophication is also associated with the hypoxia in the
hypolimnia of waters. A studies of 11 eutrophic lakes suggests
that this is associated with the decomposition of settled organic
material at the sediment surface and oxidation of substance
diffusing from the sediment.'*® Using the records of hypoxia in
365 lakes worldwide, Jenny et al. (2016) found that ~20% of
the total lakes have shifted to hypoxic condition since the
middle of the 19th century, and the number was well correlated
to total P release (R*=0.99, P < 0.001)."*” In the long term,
eutrophication can cause the loss of biodiversity, both in the
composition and richness of plankton and macroinvertebrate.
Vonlanthen et al. (2012) reported that the species loss of
whitefish in 17 European can be explained by the magnitude of
eutrophication measured by P concentration (R* = 0.50, P <
0.001)."**

3.3. Phosphorus Coupling with Other Biogeochemical
Cycles. The dynamics of P cycling is associated with the
biogeochemical cycles of carbon (C) and N,'*’ through its
determining role on primary production and N fixation.'**~"**
The coupling characteristics have also been found by a number
of experimental observations in forests,*> wetlands'** and
aquatic ecosystems.*>'*® To examine the universality of the
response, Peng et al. (2017) conducted a meta-analysis of
available experimental observations, and found a systematical
increase of terrestrial C and N pools at 10—23% followed by P
and N&P additions."*” Using a similar method, Li et al. (2016)
also found that P addition increased aboveground and
belowground biomass production by 34% and 13%, implying
that C and N fluxes in terrestrial ecosystems are also stimulated
by enrichment of P."*® Global model study found that P
deposition contributed to 2% of change in C storage in global
forests during 1997—2013."*”

The faster increases of P inputs than N inputs in agronomic
fertilizer application resulted in the decrease in N:P ratio of the
total inputs in agriculture areas. In China, a decrease of ~30%
in molar N:P ratio of input flows, from 20.3:1 to 14.5:1 during
1980—2003, has been found in the croplands.'*® This alteration
also decreases the C:P and N:P ratios with lower C:P and N:P
ratios being observed in soils and freshwaters in agricultural
areas.'*'~'*> While C and N are highly mobile through gaseous
forms, P compounds are inactive and much less mobile. These
differences confer on human-induced P inputs confining near
its origin and C and N inputs globally widespread, causing an
overall increase of C:P and N:P ratios in the vast terrestrial and
aquatic ecosystem, 7”1 causing long-term P limitation on C
and N cycles.”® This has important implications to models
incorporate P in simulating the responses of biogeochemical
cycles of C, N and P to global changes.'** For example, taking
P cycling into consideration, land C uptake during 1860—2100
was estimated to 16% lower based on a C—N—P model,'** and
the P demand (924—2110 Tg P) to meet the projected
increases in NPP was significant higher than the result (—89 to
262 Tg P) simulated without P cycling.'*
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4. CONCLUSION AND OUTLOOK

The compelling evidence shows that human beings are altering
the P cycle with tripling the P mobilization in global land-water
continuum and substantially increasing soil P accumulation, and
the perturbed P cycle is affecting the sustainability of human
through ecological and environmental risks in the short term,
and food security challenges in the long term.'' In the
foreseeable future, both the extent and consequences of human
alteration of the P cycle is set to increase, considering the need
of expanding agriculture to fulfill food demand for population
growth and diet improvement. Thus, interventions are
necessary for minimizing the negative consequences while
optimizing the use of P. Potential options include (1)
increasing P efficiency in food production systems by
improving agricultural techniques; (2) reducing overuse of P
fertilizer through policy measures; (3) promoting practical
recovering technologies to recycle P from manure, sludge and
kitchen residues; and (4) guiding diet preference with
reasonable animal derived food consumption.

The results reviewed in this study benefit from and help
advance the estimation of the magnitude of the global P cycle.
However, there are still several key issues that remain to be
solved.

Improve the Fundamental Science of P Cycling and
Methodology for Quantifying them. First, there are still a
number of “missing piece” in global P cycle, referring to the
unquantified P pools and flows, and those have been quantified,
but the fates have not been well understood, like P in livestock
manure and human wastes that have not been recycled, and P
retained in freshwater and cropland soil (28.3 + 11.0 Tg P yr™!
in total, Section 2.2 and 2.3). To illustrate the role of those
“missing piece”, it is necessary to explore the knowledges about
the transformation and migration mechanisms of them. For
example, to understand the “missing piece” of P accumulation
in soil, long-term field experiments should be conducted to
illustrate the pathways of the P after being applied to cropland.
Besides, estimation of P cycle at such a large scales at the globe
requires an extreme volume of data from exploring and
integrating multidisciplinary approaches. For example, to
reduce the uncertainty in modeling global P losses from
cropland, observation data about soil erosion rate using
agronomic approach is needed to test the factors influencing
erosion rates; high-resolution global land-use map and digital
elevation model from remote sensing is needed to provide data
related natural factors; information about local agricultural
management practice is also necessary to simulate influence
from human activities, which requires knowledge from
empiricists who focus on human activities. At last, teamwork
and networking at global scale are also necessary to improve the
accessibility of those data by constructing global data sets of P
concentrations, which can reduce the large uncertainties in the
existing estimates from uneven distribution of P in sediment,
soil, waterbodies, atmosphere, biota, etc. For instance, Global
River Chemistry database (GLORICH) provides data for
testing global aquatic P dynamics, and offers a good example of
the role of the data sets in simulating P retention in river by
dam construction."*”'**

lllustrate the Consequence of the P Cycle Changes in
More Aspects. The first one is assessing the influences of
international trade on P cycles. In contrast to transport under
the force of nature, the effects of international trade are more
direct and complicated, as it typically results in injection of P to
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ecosystems in more concentrated does, causing so-called
international pollution transfer, but it can also help to replenish
soil fertility in regions that do not have sufficient P to sustain
the population. As the international trade are growing in
importance, assessing the consequences of international trade
on global P cycle becomes more urgent. Another is identifying
and illustrating the key processes controlling interactions of P
with the biogeochemical cycles of C and N. As the interactions
of P with C and N are involved with many aspects,
understanding the key process can help for incorporating P
into the coupled C—N—P models in a terse and graceful way.

Explore the Methods to Improve Sustainable P Use.
Although there are many techniques to improve PUE in crop
and animal farming, including conservation tillage, precision
fertilization, gypsum application, rotation, phase feeding, and
genomic selection technology,'*”"*" the problem is how to
promote them effectively in many developing areas, like China,
India, and many countries in Africa, where PUE in agriculture is
still low. Exploring low-cost P recycling techniques is also a
solution, as current P recycling techniques like large-scale
cocompositing, sewage sludge and incineration ash recovery
techniques are economically costly, which impedes the
widespread application of P recycling.
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