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Urbanization has significant impacts on local, regional, and global biogeochemical cycles, including

through nutrient enrichment by food consumption, and especially in rapidly urbanizing countries. This

article presents a time-series estimation of phosphorus (P) metabolism through food consumption in

Chinese cities and examines its relationship to income level during the period 1985–2006. Our results

show that approximately 39% of the total dietary P inflow is exported through direct sewage discharge

without treatment, 35% is exported via the output of solid human excreta, 7% is exported through sewage

sludge landfill, and 19% is left within urban areas. The total inflow of dietary P to urban systems increases

with per capita disposable income level. Furthermore, the ratio of dietary P remaining in urban systems to

total dietary P inflow, the dietary P remaining in urban systems per capita, and the dietary P remaining per

unit urban built-up area respond in an inverted U shape to increases in per capita disposable income; the

per capita outflow of dietary P shows a U-shaped response. These relationships may indicate that the

impact of urban dietary P on urban environmental systems follows the traditional environmental Kuznets

curve, while the environmental impact of urban dietary P on surrounding nonurban ecosystems initially

decreases but then increases with the rising income of urban residents.

Urbanization is one of the major social changes in human society, and the world's urban population has

increased at especially high rates over the past few decades. It is projected that urban populations will
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increase most rapidly in developing countries, with an annual growth rate of 2.3% between 2000 and 2030

(UN-DESA 2008).

Rapid urbanization has changed nutrient metabolism. In the preurbanization period, biogeochemical cycles

were closed or approximately closed loops dominated by natural processes with only slight disturbance

from agricultural activities (Chen et al. 2008). Ecosystems did not rely much on external inputs and

biomass was utilized conservatively. During the growth of urbanization, however, these closed

biogeochemical cycles were gradually impacted by the unprecedented intensification of human

disturbance through individual, collective, and institutional behaviors (Pickett et al. 2001; Bai 2007), such

as population densification, increased production and consumption activities, impervious surface

proliferation, and engineered water flow paths (Kaye et al. 2006). In addition, nutrient cycling in urban

areas was influenced by changing food consumption patterns, investment in environmental infrastructures,

and so on. These urban factors are far different from those in agricultural ecosystems and make nutrient

metabolism in urban ecosystems increasingly dominant in biogeochemical cycling (Kaye et al. 2006).

Urban metabolism is a concept that likens a city to an organism, by which it depends on external inputs of

water, energy, and food to sustain itself while discharging waste and pollutants (Wolman 1965; Bai 2007;

Kennedy et al. 2007). The environmental impacts of this metabolism can remain within the city or extend

to regional and global scales (Bai 2003, 2007). Urban nutrient metabolism is the nutrient flow into and out

of the urban environment during the urban metabolism process. Nutrient metabolism, through food and

other raw material flows, can result in the irregular accumulation of nutrients in urban areas and

negatively influence their sustainability (Kennedy et al. 2007; Grimm et al. 2008). Therefore, it is

important to understand the storage processes and fluxes of nutrients in urban metabolisms. Many studies

on urban nutrient metabolism have been undertaken based on the mass balance within a defined urban

boundary (Newcombe 1977; Nilson 1995; Bjorklund et al. 1999; Farge et al. 2001; Forkes, 2007; Neset et

al. 2008). For example, Farge and colleagues (2001) estimated the urban nutrient flow in the whole

Bangkok province based on food consumption data, and monitored concentrations of nitrogen (N) and

phosphorus (P) in the inlets and outlets of main rivers in the region. Neset and colleagues (2008)

quantified the P metabolism for food production and consumption in Linkoping, Sweden, for the years

1870–2000, as well as its influences on the regional ecosystem. However, few studies have described both

the process of nutrient accumulation in cities through various pathways and the relationship of urban

nutrient metabolism with urbanization and income growth. Such a study is particularly relevant in China,

where urbanization is occurring very rapidly.

In urban nutrient metabolism, P is of particular importance due to its global scarcity, its close relationship

to food security (Cordell et al. 2009), and its potential environmental impacts on urban and periurban

ecosystems. The migration of large populations into cities suggests food consumption is increasingly

concentrated in urban areas. As a result, more nutrients, including P, are being imported into urban areas

through food consumption. While the absolute amount of P inflow to urban areas is small compared to P

storage in agricultural soil and outflow into oceans (Liu et al. 2008), the environmental consequences can

be significant, considering that urban areas occupy less than 3% of the global terrestrial area (Grimm et al.

2008). The increase in P inflow to urban areas is a significant factor contributing to eutrophication in

urban soil and aquatic systems in both developing and developed countries or regions, such as China
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Figure 1. Trends in urbanization and population rates in

China.

Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f1.gif)

(Zhang et al. 2007), Sweden (Decker et al. 2000), and Bangkok (Farge et al. 2001).

The metabolism of P through food consumption has particular relevance for China considering its rapid

urbanization, economic development and associated dietary structure changes, and the environmental

issues in urban and periurban areas over the last three decades. The urban population (urbanization level)

in China rose from 24% in 1985 to 45% in 2007 (figure 1). Urban dietary consumption accounted for 61%

of the national total in 2007. While there are some national-level analyses on the P cycle through

agricultural systems in China (Liu and Chen 2006; Liu et al. 2007; Chen et al. 2008), little is known about

P flow through Chinese urban areas via food consumption.

In this study, urban P metabolism in China is analyzed from the perspective of food consumption at a

national scale between 1985 and 2006 (excluding Hong Kong, Macao, and Taiwan due to data

limitations). Urban dietary P metabolism is defined here as the P flow into and out of urban systems

through food consumption by urban residents. The boundary of the “urban system” in this study is defined

as the urban built-up area published by either the China Statistical Yearbook (NBSC, various years

[1985–2008]). The study covers all prefecture-level cities published in the China Statistical Yearbook, and

does not include county-level cities in China. The purpose of the study is threefold: (1) to estimate the

amounts of and trends in the input and output of P through food consumption in Chinese cities; (2) to

identify the amounts and accumulation of dietary P that remains within urban systems; and (3) to analyze

through panel analysis how these various components of urban P metabolism relate to urban development

and economic growth. Insights gained from this study have implications for urban development and

planning as well as resource and environmental management. They also contribute toward an

understanding of the changing metabolic behavior of cities over time for China and other developing

countries experiencing rapid urbanization.

The flow of dietary P into and out of urban areas was analyzed based on mass balance. Figure 2 shows the

conceptual model and system boundaries of our analysis, including dietary P inflow to urban systems

through urban household consumption and outflow from urban systems through waste disposal. As stated

above, the boundary of the “urban system” in this study is defined as the urban built-up area. We have

only included the P flow from edible parts of food consumed in urban areas, because (1) the inedible parts

of food (such as decayed vegetable leaves, inedible roots, and fish and meat bones) are discarded and
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Figure 2. Conceptual model of urban dietary phosphorus

(P) flow into and out of urban areas. For the mass balance

calculation and definitions of variables, see the Method

section of this article.

Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f2.gif)

transported out of the city as solid waste, and thus the P in these parts only forms a throughput; (2) the

food consumption data used in this study are based on net daily intake; and (3) neither the quantities of

inedible food solid waste nor the P concentration in food solid waste was available during our study

period. This does not affect our estimate of the P accumulation in urban areas through household food

consumption at the macro scale or its dynamic trend over time.

According to figure 2, the following equations were established to determine the amount of urban dietary

P flow into and out of the urban system:

where TP inflow is the dietary P consumed by urban households, TP sewageout is the dietary P directly

discharged and TP sludgeout is the dietary P export via municipal sludge, f is the fraction of the dietary P

from household sewage in municipal sewage drainage systems, TP excretaout is the dietary P export via solid

human excreta collected by environment and hygiene services, and TP remained is the dietary P eventually

remaining in the urban system. A constant fraction of 50% was used (Yang et al. 2006) for f.

where N up is the total urban population and P cd is the per capita daily dietary P consumed by urban

households, which is calculated as

Here, Q cd is the per capita daily consumption of a certain food group by urban households, and C Pfood is

the P concentration in edible parts of a certain food group.

where D is the discharge volume of urban household sewage per annum, R is the urban household sewage

treatment rate per annum, and C untreated is the P concentration in the directly discharged urban household

sewage without treatment.

(1)

(2)

(3)

(4)
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where C allowed is the maximal P concentration allowed in discharged reclaimed water after treatment and

C untreated is the P concentration in untreated discharge.

where M is the annual export of solid human excreta out of urban systems via non-sewage pathways and

C Pexcreta is the concentration of P in solid human excreta.

In urban China, household sewage and industrial wastewater share the same municipal sewer drainage

system. About 50% of the P contained in municipal sewage in China is from household sources and 50%

is from industrial sources (Yang et al. 2006). Part of the municipal sewage is piped for treatment, and the

treated water is either reclaimed to irrigate urban green areas and flush streets or it is piped into urban

water bodies. Thus this part of P in reclaimed sewage reenters and largely remains within our defined

urban system boundary. Sludge from the sewage treatment leaves the urban system and is usually

landfilled outside of the city, with a very small part composted and applied to agriculture. Untreated

sewage is piped directly into natural systems outside of cities. Part of the human excreta (solids) is

collected separately and transported out of urban systems by environment and hygiene services.

A global sensitivity analysis was conducted based on the Extended Fourier Amplitude Sensitivity Test

(EFAST) to determine the sensitivity of the total P remaining in urban systems (TP remained) to changes in

the parameters (see equation (1) in figure 2). The main idea of EFAST-based sensitivity analysis is to

evaluate how the variance of an input variable (Var(x i)) contributes to the variance of model outputs

(Var(Y)). This ratio is the total sensitivity index, and lies within a range of 0 to 1. Var(x i) can be

decomposed into two parts: the contribution to variance of the variable itself (main effect), and the

interaction of this variable and other variables involved in the model with the total variance of model

output (Var(Y)) (joint effect). The main effect defines the first-order sensitivity index, reflecting the

contribution of this variable. The correlation between input variables was considered closely in the

sensitivity analysis (Xu and Gertner 2008, 2011) using the toolbox UASA (v.1.1) (downloadable from

https://sites.google.com/site/xuchongang/uasatoolbox (https://sites.google.com/site/xuchongang

/uasatoolbox)). We adopted the data from 2006 to conduct the sensitivity analysis for all parameters, with

two assumptions: (1) all input parameters follow uniform distributions with ±20% data disturbance; (2)

parameters are correlated with each other.

The data on urban dietary P flow were obtained from various sources (table 1) and subjected to rigorous

crosschecking before analysis. The key datasets are described in table 1.

Table 1.  Detailed description of key datasets

 Data Unit Source Note

(5)

(6)
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 Data Unit Source Note

N up Urban
population

10,000 persons NBSC
1985–2008

 

Q cd Per capita daily
consumption of
a certain food
group by urban
household in
China A

g edible part
food/capita/day

Zhai et al.
2005

Until 1992, Q cd
was calculated as
the arithmetic mean
of daily urban
consumption per
capita of each kind
of food separately in
1982 and 1992.
After 1992, Q cd
was represented by
the value of urban
consumption per
capita of each kind
of food in 2002.

C Pfood P concentration
in the edible
part of a certain
food group
commonly
consumed by
Chinese urban
households

g P/100 g
edible part

Wang 1991 Arithmetic mean of
P concentration in
edible part of each
kind of food in each
group from 1986 to
1992

   INFS, China
CDC 2005

Arithmetic mean of
P concentration in
edible part of each
kind of food in each
group from 1993 to
2006

Note: g edible part food/capita/day = grams of edible food parts per capita

per day; g P/100 g edible part = grams of P per 100 grams of edible food

parts; mg/L = milligrams per liter; kg = kilograms; km 2= square

kilometers.
AThe data are from 21,103 persons from 10,027 households in urban

areas of 31 provinces in China. Percent of population with age > 18 years

old is more than 77%.
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 Data Unit Source Note

Note: g edible part food/capita/day = grams of edible food parts per capita

per day; g P/100 g edible part = grams of P per 100 grams of edible food

parts; mg/L = milligrams per liter; kg = kilograms; km 2= square

kilometers.
AThe data are from 21,103 persons from 10,027 households in urban

areas of 31 provinces in China. Percent of population with age > 18 years

old is more than 77%.

D Annual
discharge
volume of
urban
household
sewage

million tonnes NBSC
1985–2008

 

R Urban
household
sewage
treatment rate

percentage CMEP
(1995–2008)

The R values from
1985 to 1994 were
calculated according
to the China
Statistical Yearbook
on Environment

C untreated P concentration
in untreated
urban
household
sewage
(calculated as
P)

mg/L BMEDI
2006

 

C allowed Maximal P
concentration
allowed in
reclaimed
discharge water
after treatment
(calculated as
P)

mg/L CMEP 2002  

M Amount of
solid human
excreta

million tonnes MOC 2007  
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 Data Unit Source Note

Note: g edible part food/capita/day = grams of edible food parts per capita

per day; g P/100 g edible part = grams of P per 100 grams of edible food

parts; mg/L = milligrams per liter; kg = kilograms; km 2= square

kilometers.
AThe data are from 21,103 persons from 10,027 households in urban

areas of 31 provinces in China. Percent of population with age > 18 years

old is more than 77%.

C Pexcreta Average P
concentration in
solid human
excreta

percentage Lv 2004;
Mnkeni and
Austin 2009

 

f The fraction of
the dietary P
amount from
household
sewage in the
municipal
sewage
drainage system

percentage Yang et al.
2006

 

 Fertilizer
application
(P 2O 5)

kg NBSC
1985–2008

 

 Urban built-up
area

km 2 NBSC
1985–2008

 

 Arable land
area

km 2 NBSC
1985–1996

Data from 1997 to
2006 were from
Communiqué on
Land and Resources
of China by the
Ministry of Land
and Resources,
China

In this study, a total of 201 types of food commonly consumed by urban households in China were

analyzed. These 201 types were classified into nine groups. The food groups and corresponding number of

food types in each group are cereals (14 types), potato tubers (7), vegetables (40), fruits (26), animal
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Figure 3. Changes of urban household sewage discharge

and treatment rates, 1985–2006.

Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f3.gif)

meats (17), poultry meats (47), milk products (9), poultry eggs (7), and aquatic products (34).

The data on dietary consumption by urban households (Q cd) were obtained from two sources: the

National Bureau of Statistics of China (NBSC) and the national nutrition survey. The mean annual dietary

consumption (grain equivalents) by urban households is 323 kilograms per capita per year (kg/capita/yr)

calculated from the former source (NBSC 2003), and 404 kg/capita/yr from the latter (Zhai et al. 2005). 1

Grain consumption in the former source is defined by the mass of processed grains (0.85 × mass of

unprocessed grains) consumed (Feng and Shi 2006). Thus the two results are actually similar. The data

from the national nutrition survey were selected because they are collected in a more systematic manner

at the national scale than the data from the NBSC (Liu et al. 2007). Nationwide nutrition surveys were

conducted in 1959, 1982, 1992, and 2002, organized by the Ministry of Health and Ministry of Science

and Technology with help from the NBSC. The results on daily dietary consumption for urban households

in 1982, 1992, and 2002 were published in an article by Zhai and colleagues (2005) and used in this study.

P concentration (C Pfood) in the edible parts of plant-based food has changed over the 1985–2006 period

as fertilizer application has shifted from chiefly livestock manure to mainly chemical fertilizer. This

modified fertilization practice affects the availability of P in the soil for crop uptake, and hence produces

different P concentrations in the edible parts of food (Mohanty et al. 2006; Zhou et al. 2009). The mean P

concentration in the edible parts of food is therefore represented for the 1985–1992 period by the

measured value in 1991, and for the 1993–2006 period by the measured value in 2004. These values were

obtained from the Institute of Nutrition and Food Safety, Chinese Center for Disease Control and

Prevention (Wang 1991; INFS, China CDC 2005). The data on chemical P fertilizer application, cultivated

land area, and urban built-up area at the national level were obtained from the China Statistical Yearbook

in various years.

Data for urban household sewage discharge (D) and sewage treatment rate (R) are from the China

Statistical Yearbook (NBSC, various years [1985–2008]) or Statistic Communique on Environment in

China (CMEP, various years [1985–2008]) (figure 3). The period from 1986 to 2006 was investigated

because no data were recorded on urban household sewage before 1985. The year 1992 is set as a

threshold based on the facts that (1) 1992 is usually regarded as a dividing line when analyzing China's

economy and socioeconomic development (Wong 1998; Xie et al. 2005), and (2) data on per capita daily

food consumption were only available in the years 1982, 1992, and 2002. The mean value of daily urban

dietary consumption per capita in 1982 and 1992 was used to represent the period 1985–1992. The survey

data in 2002 were used to represent the mean value during the period 1993–2006 (table 1).

The P concentration in China's urban household sewage (calculated as P) varies significantly, from a low
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of 4 milligrams per liter (mg/L) to a high of 16 mg/L, with a mean value of 8 mg/L (BMEDI 2006). 2 The

mean value of 8 mg/L was selected to represent the mean P concentration in China's urban household

sewage (C untreated). The highest P concentration permitted in discharged sewage after treatment (C allowed)

is 1 mg/L according to China's Standard on Sewage Treatment and Discharge (CMEP 2002).

Part of the human excreta (solids) is collected and transported out of cities by municipal environment

services. The remaining excreta enters the municipal sewer piping system. The data on annual export of

human excreta are from the China Urban Construction Statistical Yearbook (MOC 2007). The P

concentration in solid human excreta is set, according to the literature, at 0.4% (Lv 1994; Mnkeni et al.

2009).

The data on P concentration in the 201 types of food commonly consumed by urban households in China

were analyzed. On average, 3.7 grams diphosphorus pentoxide per capita per day (g P 2O 5/capita/day)

was imported into urban areas through food consumption between 1985 and 1992. 3 The number

decreased slightly to 3.5 g P 2O 5/capita/day between 1993 and 2006 (table 2), which is mainly due to

changes in the food consumption structure according to the variance analysis of ΔC Pfood and ΔQ cd.

Plant-derived dietary P per capita per day decreased from 2.8 g P 2O 5 (1985–1992) to 1.5 g P 2O 5

(1993–2006). In contrast, animal-derived dietary P per capita per day increased from 0.9 g P 2O 5 to 1.9 g

P 2O 5 (table 2). Our results are comparable to the import of 3.9 g P 2O 5/capita/day through food

consumption in Hong Kong in 1971, but far lower than that in 1997, which was 8.6 g P 2O 5/capita/day

(Warren-Rhodes and Koenig 2001). Food consumption per capita per day in Hong Kong in 1997 (2,092 g)

is nearly twofold higher than the mean value in China from 1993 to 2006 (1,107 g) (table 2), which may

explain why the P import in Hong Kong in 1997 is much higher than that in China between 1993 and

2006. The dietary P consumption by urban households and subsequent total inflow of P into cities in

China may be at a relatively low level, and may increase significantly in the future along with rising living

standards and associated changes in dietary structure. This hypothesis can be supported to a degree by the

following analysis of the relationship between the behavior of urban dietary P metabolism and per capita

disposable income of urban residents (figure 6A).

Table 2.  Phosphorus (P) concentration and consumption of each food group

Food
groups

C Pfood (g P 2O 5/100 g
edible part) Q cd (g/capita/day) P cd (g P 2O 5/cap
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Figure 6. Relationship between per capita disposable

income of urban residents and indicators related to dietary

phosphorus (P) flow in provincial capital cities of China

(example in 2006). P 2O 5= diphosphorus pentoxide; ton =

metric tons; km -2= square kilometers; Yuan = Chinese

yuan (1 Chinese yuan [RMB]≈ 0.127 USD in 2006).

1985–1992 1993–2006 1985–1992 1993–2006 1985–1992 19

Cereals 0.48 0.33 432 357 2.07

Potato
tubers

0.08 0.14  56  31 0.04

Vegetables 0.22 0.10 311 260 0.68

Fruits 0.05 0.05  74  74 0.04

Animal
meat

0.47 0.40  61  62 0.29

Poultry
meat

0.37 0.35  20  24 0.08

Milk
products

0.55 0.82  23  74 0.13

Poultry
eggs

0.47 0.41  23 193 0.11

Fishery
products

0.74 0.59 330  36 0.24

Sum     3.7 

Note: C Pfood= the P concentration in edible parts of a certain food group; Q

consumption of a certain food group by urban households; P cd= the per capi

by urban households; g P 2O 5/100 g edible part = grams diphosphorus pento

edible food parts; g/capita/day = grams per capita per day; g P 2O 5/capita/da

pentoxide per capita per day; n.a. = not available.
ACalculated according to the food consumption in Hong Kong in 1997 (kg/

and Koenig 2001). The total of other consumed food items, including oils an

sweeteners, stimulants and spices, is 545 g/capita/day, which is not shown in
BIncludes animal and poultry meat.
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Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f6.gif)

Figure 4. (A) Annual dietary phosphorus (P) imported into

and exported out of urban areas. (B) Annual export of

dietary P through wastewater discharge without treatment,

solid human excreta, and sewage sludge. For definitions of

variables, see the Method section of this article. P 2O 5=

diphosphorus pentoxide.

Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f4.gif)

The yearly change of dietary P inflow to and outflow from urban areas of China is presented in figure 4.

The annual inflow of dietary P (calculated as P 2O 5 hereafter) increased from 218 × 10 3 tonnes in 1985 to

491 × 10 3 tonnes in 2006 (figure 4A). Total inflow of dietary P to urban areas between 1985 and 2006

was 7,225 × 10 3 tonnes. The reasons for the increase in the P inflow include increases in food

consumption, changes in dietary structure, and urban population growth. Another influence may be the

growth in the number of cities in China, which increased from 162 in 1985 to 283 in 2006. The outflow of

dietary P is through three pathways: (1) export through wastewater discharge without treatment

(TP sewageout), (2) through sewage sludge (TP sludgeout), and (3) through solid human excreta (TP excretaout)

(figure 4B). As a whole, the cumulative export of urban dietary P was 5,867 × 10 3 tonnes (1985–2006),

suggesting that 19% of total dietary P inflow remained in urban areas during this period. Thus the

consumption of 1 kilogram (kg) of dietary P in an urban area implies that there will be 0.2 kg dietary P

remaining in the urban area, with 0.8 kg dietary P transported out of the urban system.

The dietary P eventually remaining in urban areas was 72 × 10 3 tonnes in 1985 and 149 × 10 3 tonnes in

2006. In total, about 1,358 × 10 3 tonnes of dietary P from urban household consumption accumulated in

urban areas over the 1985–2006 period. This considerable accumulation of dietary P in urban areas is

partly due to poor environmental management policies and practices and a focus on rapid local economic

growth. The biogeochemistry of elements in urban areas is strongly influenced by human activities and is

more complex than the biogeochemistry in agricultural contexts. The partitioning models for elements in

agricultural ecosystems are not suitable for urban environments (Kaye et al. 2006), therefore it is hard to

quantify the accumulation of dietary P into various urban environmental media such as urban soil, urban

water bodies, and so on.

Figure 5 shows trends in the load of urban dietary P inflow, the load of urban dietary P remaining in cities,

and the total load of chemical P fertilizer application. The inflow intensity (load of imported P per unit

urban area) of urban dietary P is two to three times higher than that of chemical P fertilizer application on

agricultural land between 1985 and 2006, suggesting that the urban ecosystem is heavily burdened with a
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Figure 5. Per unit area load of urban dietary phosphorus

(P) on urban areas compared to chemical P fertilizer

applied on agricultural land. kg hm -2 P 2O 5= the weight

(kg) of P 2O 5 distributed on unit area of urban/agricultural

land

Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f5.gif)

considerable inflow of dietary P. For instance, in 2006, the total dietary P inflow into cities (491 × 10 3

tonnes) was 6% of the P from fertilizer consumption (7,695 × 10 3 tonnes); in contrast, urban built-up area

constituted only 2% of the area of agricultural land. These data reinforce the previous findings that urban

ecosystems have a much higher intensity of P assimilation than natural (agricultural) ecosystems (Pickett

et al. 2001; Klee and Graedel 2004; Kaye et al. 2006).

Nevertheless, the inflow intensity of urban dietary P tended to decline over the 1985–2006 period (figure

5). The explanation for this is that the urban area expanded faster than the increase in urban population

over the past 20 years (Liu et al. 2005; Li et al. 2007).

Figure 6A indicates that the total inflow of dietary P into urban systems increases with per capita

disposable income level. Furthermore, the following figures respond in an inverted U-shape as per capita

disposable income of urban residents rises: the ratio of dietary P remaining in urban systems to total P

inflow, the dietary P remaining per unit of urban built-up area, and the P remaining in urban systems per

capita (figure 6B–D). The per capita outflow of dietary P instead shows a U-shaped response (figure 6E).

The relationships suggest nonlinearity in the behavior of urban dietary P metabolism and economic

growth, following theories of the environmental Kuznets curve. Bai and Imura (2000) discuss in detail the

changing patterns of major urban environmental issues as they relate to economic growth, and suggest that

urban environmental quality often follows an inverted U shape during industrialization and economic

evolution from poverty to greater wealth. For the urban P metabolism, the underlying mechanism could be

increased investment in sewage treatment facilities as per capita disposable income increases. Our analysis

reveals that the environmental impact of urban dietary P on urban ecosystems follows the traditional

environmental Kuznets curve (figure 6B–D), while the environmental impact of urban dietary P on

surrounding nonurban ecosystems initially decreases, but increases with rising per capita income of the

urban residents (figure 6E). This echoes earlier literature that finds that as cities get richer, their

environmental burdens tend to shift to outside their boundaries (Bai 2002; Satterthwaite 2003).
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Figure 7. Sensitivity indices of the parameters (A) and

their relative contribution to the total sensitivity of model

output (B). For definitions of variables, see the Method

section of this article. Q Pcd= the amount of P consumed

per day.

Download figure to PowerPoint (/doi/10.1111

/j.1530-9290.2011.00402.x

/figure.pptx?figureAssetHref=image_n/JIEC_402_f7.gif)

The global sensitivity analysis was conducted on all variables (N up, D, R, M, f, C allowed, C untreated,

C Pexcreta, and the variable Q Pcd(Q cd×C Pfood)). Figure 7A gives the total and the first-order sensitivity

indices of input variables to the model output. Figure 7B shows the relative contribution of each input

variable to the total sensitivity of model results. It can be seen that the urban population number (N up),

wastewater discharge (D), and wastewater treatment rate (R) are the most sensitive to total dietary P

remaining in urban systems (TP remained), with a contribution of 25% each. Solid human excreta (M), f, and

C allowed are moderately sensitive. C untreated, C Pexcreta and Q Pcd(Q cd×C Pfood) are least sensitive to the

model output. For example, daily urban per capita dietary P consumption (Q Pcd(Q cd×C Pfood)) is

considered constant (although respectively different) in the periods 1986–1992 and 1993–2006. This

result is supported by the fact that the daily per capita dietary P consumption has been relatively constant

during past 50 years in both the United States (National Research Council 1989) and Sweden (Neset et al.

2008), therefore treatment of daily per capita dietary P consumption as a constant in our calculations does

not drastically affect the results.

Besides the uncertainties produced by the above variables, uncertainty in the model output may be caused

by other factors that are difficult or even impossible to measure. For example, food consumed away from

home (FAFH), such as from restaurants, has been omitted in our calculation. According to the nationwide

nutrition survey in China, 91.5% of urban households tend to consume three meals per day at home (Ma

et al. 2006). On the other hand, FAFH is difficult to investigate on a national scale. Thus only food

consumed at home was considered in this study. However, future research is needed to estimate this

proportion and to reduce the resultant error.

In our calculations we assumed that total P in reclaimed water remained in urban systems. In fact, some of

the reclaimed water from treated urban household sewage is used for toilet flushing, and thus the P

reenters the sewage system. Likewise, the portion of P in reclaimed water used for irrigating urban areas

may reenter the municipal water treatment works. However, given that this subcycle does not involve

dietary P input and that reclaimed water can be reused for sanitation after treatment, we assume that this

P will reenter the urban system.

Based on mass balance calculations, the pathways and temporal variations of dietary P consumed by
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urban populations in China from 1986 to 2006 were analyzed. The relationships between these pathways

and income level were also examined. Our results indicate that the load of total dietary P inflow on per

unit urban area is two to three times higher than that of chemical P fertilizer application on per unit

agricultural land area in China. For each 1 kg of dietary P consumed, 0.2 kg remain in urban areas, with

0.8 kg exported out of urban areas. The accelerating rate of urbanization in the coming decades means

that more dietary P will be imported into urban areas because of both growing urban populations and

increases in per capita P consumption. These changes will exacerbate a series of environmental problems.

The following figures respond in an inverted U-shape to increases in per capita disposable income of urban

residents: the ratio of dietary P remaining in urban systems to total dietary P inflow, P remaining in urban

systems per capita, and dietary P remaining per unit urban built-up area. However, the per capita outflow

of dietary P shows a U-shaped response. These results may indicate that the environmental impacts of

urban dietary P on urban ecosystems follow the traditional environmental Kuznets curve, while the

environmental impacts of urban dietary P on surrounding nonurban ecosystems initially decrease but then

increase with rising income.

Our results suggest several policy implications. The growing concentration of P in cities suggests the

importance of looking at cities as potential sources for recovering P, which will in turn address the

environmental pollution issues caused by the dietary P outflow from cities. Our results show that as cities

become richer, the inner-city environmental quality tends to improve, but environmental burdens tend to

shift outside the urban boundaries. This suggests a need to adopt a holistic systems approach to urban and

regional environmental management.
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Notes
One kilogram (kg, SI) ≈ 2.204 pounds (lb).

One milligram (mg, SI) = 10 -3 grams (g) ≈ 3.53 × 10 -5 ounces (oz); one liter (L) = 0.001

cubic meters (m 3, SI) ≈ 0.264 gallons (gal).

One gram (g) = 10 -3 kilograms (kg, SI) ≈ 0.035 ounces (oz).
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