~N o o1 B~

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Network resilience of phosphorus cycling in China has shifted by
natural flows, fertilizer use and dietary transitions between 1600 and
2012
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Abstract

The resilience of the phosphorus (P) cycling network is critical to ecosystem functioning
and human activities. Although P cycling pathways have been previously mapped, a
knowledge gap remains in evaluating the P network’s ability to withstand shocks or
disturbances. Applying principles of mass balance and ecological network analysis, we
examine the network resilience of P cycling in China from 1600 to 2012. Results show
that changes in network resilience have shifted from being driven by natural P flows for
food production to industrial P flows for chemical fertilizer production. Urbanization has
intensified the one-way journey of P, further deteriorating network resilience. Over
2000-2012, the network resilience of P cycling has decreased by 11% due to dietary
changes towards more animal-based foods. A trade-off between network resilience
improvement and increasing food trade is also observed. These findings can support

policy decisions for enhanced P cycling network resilience in China.

Main

The element phosphorus (P) is central to food security. Approximately 90% of

global phosphate rock demand is for food productiont. Access to P is pressured by
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population growtht2, limited P recycling and reuse?, and finite P mining resources. In
addition to access, the network resilience of P cycling (i.e., a system attribute? that
ensures continuous access of P within the network and is critical for sustainable P
management) is vulnerable to socio-environmental shocks and disturbances®¢. To
eradicate hunger and achieve food security, it is essential to better understand the

metabolic network of P flows.

Existing studies mainly focus on P flow pathways™® and the planetary boundary of
P resourcess, and lack a system-level perspective of network resilience of P cycling. This
would lead to the risk of ignoring opportunities or costs from indirect-network effects
arising from the metabolic flows of P. A network approach can better enable our societies
in taking a collective, holistic, and long-term responsibility of the governance of P flows
— especially in light of significant changes that anthropogenic activities have posed to the

P cycling patterns within socio-ecological systemsoLL,

During 1600-2012, the population of China has grown approximately 10-fold and P
supplies of arable land have increased by approximately 13-fold213, Despite having the
second-largest P mining resources in the world214, at the current rates of extraction,
China would face P scarcity in the next three generations®. As a cautionary policy against
peak P, the government of China imposed a 135% export tariff on P products in 2008%.
Existing studies have revealed primary P flow pathways at China’s regional*®2 and
national levels228L They have led to the identification of key processes for the

consumption and loss of this critical element.

Here we provide a network perspective of P metabolism in China and examine the

configurations of this network for the resilience of its flows. We constructed the 149-
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node P cycling networks (the nodes can be found in Supplementary Table 1) in China for
each year during 1600-2012, using the methods of Liu et al.2 and the principle of mass
balance (see Methods). We apply ecological network analysis (ENA) to evaluate the
network resilience of P cycling in China and reveal its underlying determinants. Besides
exploring how major determinant factors have changed over time, our analysis allows the
quantification of the effects of China’s rapid urbanization and dietary changes on

decreasing network resilience.

Results

Evolution of P cycling network resilience

Resilience measures were based on the proposed alpha indicator, which considers
two sides of the system-level properties of a network — namely efficiency and
redundancy (see Methods). Network efficiency reflects the constraints among resource
flow pathways, i.e., higher efficiency describes flow pathways with higher intensity and
specialization®. In contrast, network redundancy indicates the diversity of resource flow
pathways, which is necessary for mitigating the impacts of shocks and disruptions to a
system. Based on the model proposed by Goerner et al.2¢, we assume that an alpha higher
than the optimal value indicates an overly efficient network (high specialization but also
highly brittle and vulnerable to shocks), while an alpha lower than the optimal value
indicates an overly redundant network (low specialization but also less vulnerable to
shocks). According to Ulanowicz?, we assume the optimal value of alpha to be 1/e =

0.3679 (see Supplementary Notes).
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Our results reveal that the P cycling network in China was in an overly efficient
state during the study period of 16002012 (see Figure 1 and Extended Data Figure 1),
being most efficient and therefore most vulnerable to shocks or disruptions to P flows at
the very end (2000-2012). The resilience of the P cycling network in China was below
the optimal value throughout the entire study period; it has decreased by 18%, reaching
its maximum value in 1950 and its minimum value in 2012. Given that the resilience
indicator tends to be insensitive to large internal structural changes within the network,

such a decrease is significant (see Supplementary Notes).

The evolution of the resilience of the P cycling network in China (Figure 1) can be
generally divided into three stages: the 1600-1911, 1911-1950, and 1950-2012 periods. In
the first and second stages, there was no chemical P fertilizer use in China and the
resilience of the P cycling only had a slight increase of 0.9%. It is noteworthy that during
the second stage, the value of resilience exhibited high volatility. This high volatility can
be arguably attributed to the socio-political turmoil and wars in China and its effects on
agriculture and P usage, e.g., the Chinese Revolution of 1911, the Anti-Japanese War
during 1937-1945, and the People’s Liberation War of 1945-1949. In the third stage,
China begins to increasingly rely on chemical P fertilizers in its agricultural production.
This increasing dependence on chemical P fertilizers has subsequently decreased the
resilience of the P cycling network by 18%. The third stage can be viewed through three
phases corresponding with major socio-economic milestones in China: (1) during 1950-
1978 (before the Reform and Opening-up policy), resilience decreased by 9.8%; (2)
during 1978-2000 (before China’s accession to the World Trade Organization), resilience

increased slightly by 1.9%; and (3) during 2000-2012 (the acceleration of urbanization



93  and P intensive food demand in China), resilience sharply decreased by 11.1%. The

94  future continuation of a declining trend would indicate that the P cycling network would
95  be increasingly vulnerable to random or targeted socio-economic shocks. This would

96  mean that the access of P flows to the network’s nodes may be disrupted. Subsequently, P
97  shortages would ensue, therefore putting the sustainability and security of China’s food

98  and agricultural system at risk.
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Figure 1. The evolution of resilience, alpha, and efficiency & redundancy of the P
cycling network in China during 1600-2012. Graphs a, b, ¢ show the evolution of
resilience, alpha, and efficiency & redundancy, respectively. Efficiency and redundancy
are measured in Nat — a unit of information. The optimal values of alpha and resilience
are both 0.3679 (see Supplementary Notes).

Socio-economic and network transitions

Network resilience has been dominated by redundancy changes throughout the
entire period of 1600-2012 (Figure 2). For example, during 1600-1950, network
resilience slightly increased by 0.003 (from 0.3378 to 0.3408). This is because changes in
network efficiency decreased the resilience by 0.0089 (-297%), while changes in network
redundancy increased the resilience by 0.1119 (397%). Before the year 2000, changes in
efficiency decreased network resilience, while changes in redundancy mostly increased
network resilience. However, during 2000-2012, the impacts of changes in efficiency and
redundancy have reversed. Changes in efficiency increased resilience by 3%, while

changes in redundancy decreased resilience by 103%.

Socio-economic factors considered in this study include: (1) the demand-side socio-
economic factors, including human P demand, food structure (indicated by the sum of P
content in all foods, except for grain, divided by P content in grain), and the urbanization
ratio; and (2) the supply-side structural factors, including fertilizer P use proportion
(indicated by the amount of chemical fertilizer P used in arable land divided by the total
amount of P used in arable land) and the P recycling rate (indicated by the proportion of
renewable P, such as human and animal excreta, flowing to arable land divided by the

total amount of P flowing to arable land).
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To investigate how these socio-economic factors affect the network resilience, we
(1) proposed a hypothesis on the mechanism of resilience changes; (2) conducted
correlation analysis among the socio-economic factors (to eliminate the co-varying
effects) and selected relevant indicators in the regression model; and (3) constructed
multilinear regression models to evaluate this hypothesis during different time periods.
Detailed information is provided in Supplementary Methods. Results confirm our
hypothesis that the resilience of P cycling network in China is influenced by human food
demand (scale and structure) through structural changes (e.qg., P fertilizer proportion) of
the P cycling network. In particular, during 1950-2012, the resilience of P cycling
network in China was negatively correlated with human P demand (or fertilizer P use
proportion) and food structure. This is because, accompanying population growth and per
capita food demand, food consumption continued to increase, which consequently
increased the scale of human P demand. To meet this demand, the P cycling network
changed its structure through more efficient transfers of P via pathways with higher
intensities and specializations (e.g., industrial P production and fertilizer P use).

Subsequently, the network resilience decreased.

During 2000-2012, the resilience of P cycling network in China was mainly
determined by dietary changes. This is because, after the year 2000, urbanization
accelerated in China and higher living standards were adopted. Although the scale of
food P demand slightly decreased (see Extended Data Figure 2), food consumption went
from a modest, mostly vegetarian-based diet to a more complex diet (i.e., more animal-
based foods with higher P content) (see Extended Data Figure 3). To meet this demand,

the animal husbandry and aquaculture sectors expanded their production, subsequently
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increasing the demand for agricultural products such as grains and beans and P fertilizer
use in the cultivation sector. All of these activities changed the network structure (e.g.,
increasing the fertilizer P use proportion and decreasing the P recycling rate) and reduced
the flow diversity of the P cycling network. Furthermore, unlike in rural areas, P-rich
waste from urban households (e.g., human excreta) are much harder to be re-used as
organic fertilizers for food production. This is primarily due to insufficient technologies
in recycling P from wastewater and solid wastes®. Therefore, urbanization, as opposed to
traditional agrarian living, reduced the proportion of recycled P for food production and

intensified P utilization — ultimately decreasing network resilience.
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Figure 2. Relative contributions of changes in efficiency and redundancy to changes in
the resilience of the phosphorus cycling network in China. Graph a shows results for
1600-2012, and graph b shows results for specific time periods.

To investigate critical internal structural factors influencing changes in the
efficiency, redundancy, and resilience of China’s P cycling network, we decomposed
resilience changes into the contributions of three internal factors (see Methods). These
comprised: (1) the concentration degree of P flows (i.e., the proportion of a given P flow
relative to the total system throughflow, where a higher value indicates a higher P flow

9
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intensity); (2) node inter-dependency (i.e., the degree of dependence between any two
nodes, where higher values indicate a higher probability of a flow between two given
nodes); and (3) node inter-independency (i.e., the degree of freedom between any two
nodes, where higher values indicate higher diversity for the destination and origin of
flows between two nodes). Using these factors, it is also possible to describe changes in
network efficiency and redundancy. Specifically, efficiency changes can be decomposed
into the contribution of the concentration degree of P flows and that of the node inter-
dependency, while redundancy changes can be decomposed into the contribution of the
concentration degree of P flows and that of node inter-independency. In essence, the
system-level variables of efficiency, redundancy, and resilience are composed of
individual node-to-node relationships, including the dependency degree, freedom degree,

and the concentration of these relationships in the entire network.

Changes in the concentration degree of P flows have dominated the changes in
network resilience, efficiency, and redundancy during 1600-2012 (Figure 3). Changes in
the concentration degree of P flows increased network efficiency during 1600-2012, but
their effects on changes in network redundancy and resilience have been diverse. It is
worth noting that during 2000-2012 changes in concentration degree of P flows have
decreased network efficiency, redundancy, and resilience by 144%, 102%, and 102%,
respectively. This is consistent with our above findings with regard to influencing socio-
economic factors; to satisfy the increasing human P demand, the economic metabolic
system would increase its concentration degree of P flow pathways to enhance its
efficiency. However, with the increase in the concentration degree of P flows, more and

more P flows are concentrated in the node of P extraction and the P cycling network

10
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becomes less redundant. Accelerated by the urbanization process, the increase in
concentration degree of P flows hampers the network redundancy and thus decreases
network resilience. As a result, to maintain a relatively high-level resilience of the P
cycling network, we need to optimize the concentration degree of P flows in particular
nodes. Specifically, nodes of P recycling should have higher concentration levels of P
flows, such as nodes related to the recycling of excreta, wastewater, and solid wastes.
These nodes present significant opportunities for increasing P recycling, which can in

turn increase network resilience.
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Figure 3. Relative contributions of changes in concentration degree of P flows, node
inter-dependency, and node inter-independency to changes in efficiency, redundancy, and
resilience of the P cycling network in China during 1600-2012. Graphs a and b are for
efficiency; graphs ¢ and d are for redundancy; and graphs e and f are for resilience.
Efficiency and redundancy indicators are measured in Nat — a unit of information3.

Critical

links and nodes

12



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

This study further explored how changes in individual links and nodes have affected
the resilience of the P cycling network in China (see Figure 4 and Supplementary Tables
2-6). For better illustration, we aggregated the 149-node results to 16-node results (see
Supplementary Table 1). During 1600-1950, the increase of network resilience was
mainly influenced by changes in P flow from Stock to Cultivation (i.e., P fixation by
plants from soil), which contributed 125% of the changes in network resilience. This P
flow reflects the natural pathway of P from soil (without fertilizer P) used for food
production. This finding indicates that network resilience changes are driven by the
changes of natural P flows (without fertilizer P) for food production, as has been the case
in China’s agrarian society. However, in the modern era, resilience changes are primarily
dominated by P flows from Stock to Non-arable land (i.e., the extraction of P rocks). This
flow represents P mining for the production of chemical fertilizers. It contributed 18%,
84%, and 15% of network resilience changes during 1950-1978, 1978-2000, and 2000-

2012, respectively.

The long term dataset employed here suggests that changes in network resilience of
P cycling in China shifted from being driven by natural P flows (without fertilizer P) for
food production in the historical agrarian age, to being driven by industrial P flows for
chemical fertilizer production in the modern era. This phenomenon became more
prominent during 2000-2012, when the decline of network resilience was dominated by

the P flow pathway of Stock—Non-arable land—P rocks from mining—Fertilizers. Such
a shift is strongly correlated with population growth and urbanization.

We also investigated the critical nodes influencing changes in the resilience of the P

cycling network in China during 2000-2012 (see Figure 4 and Supplementary Tables 7-

13
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11). From the viewpoint of P inflows to nodes (i.e., P use perspective), network resilience
changes are primarily due to node clusters of mining (34%), non-arable land (20%),
cultivation (17%, including nodes of beans, wheat, rice, etc.), agricultural product
processing (15%, including nodes of grains, feed processing, etc.), and chemical
production (10%). From the viewpoint of P outflows from nodes (i.e., P supply
perspective), network resilience changes are mainly due to node clusters of non-arable
land (21%), stock (19%), cultivation (16%, including nodes of crop straws, maize, beans,
rice, etc.), animal husbandry (14%, including nodes of excreta from cattle, excreta from
pig, etc.), and mining (14%). These nodes are mostly located in the upstream stages of
food supply chains. However, nodes located in the downstream stages of food supply
chains (e.g., wastewater treatment and solid waste disposal) play minimal roles in

network resilience changes.

Currently, due to the insufficient development and diffusion of P recovering
technologiest, P outflows from the downstream nodes are not closely connected with P
inflows from the upstream nodes of food supply chains. Thus, P recovery and reuse from
downstream nodes to upstream nodes of food supply chains are crucial for improving the

resilience of the P cycling network in China.
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249  Figure 4. Critical links and nodes influencing the resilience of the P cycling network in
250  China during 2000-2012. Graph a is for links, and graph b is for nodes. The absolute
251 values of network resilience changes in graph a are indicated by the areas of circles. For
252 Dbetter illustration, we aggregated the 149-node results to 16-node results (see

253 Supplementary Table 1).
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Discussion

This study evaluates the evolution of the resilience of the P cycling network in
China over four centuries (1600-2012), as well as its underlying determinants. Our
results reveal that, in the most recent decades, the network resilience of the P cycling in
China has declined. This trend is reinforced as the traditional pathway of P from soil to
food production shifted to an anthropogenic intensive pathway of P mining to food
production. The key factors underlying this trend include the growth of food demand and
the changes of the food structure from a modest, mostly vegetarian-based diet to a more
complex diet (i.e., more animal-based foods with higher P content), made possible
through rising societal affluence®. Should this trend persist, China’s food security shall
be increasingly vulnerable to P availability under socio-environmental shocks and

disturbances to its P cycling network.

An ecocentric viewpoint may prescribe the replacement of P rocks and chemical
fertilizers by organic fertilizers and the embrace of an agrarian-based society. However,
this vision may face strong resistance from socio-economic driving forces. Furthermore,
while a network perspective considers the resource distribution, the eco-centric viewpoint
would be effective only with a lower scale of overall P demand. To satisfy the increasing
food demand and guarantee sustainable development, we should not only rely on P rocks
to maintain the high efficiency of P cycling, but also improve the network resilience

through P recycling and P productivity improvement in food supply chains.

During 2000-2012, network resilience is mainly determined by dietary changes. It is
worth noting that urbanization significantly influenced food consumption patterns. In

2012, the urbanization ratio in China was only 53%, which the United Nations projects

16
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will reach 80% by 2050%. Future predictions also indicate that urbanization will continue
to increase the proportion of animal-based products in human diets. This will
consequently decrease the resilience of the P cycling network and make it more

vulnerable to socio-environmental shocks and disturbances.

The fact that only 14% of P extraction was found to be used for China’s food
consumption indicates that the current P cycling network is actually a ‘one-way journey’,
where most of P is directly deposited in the soil or discharged into water bodies or solid
wastes. In addition to increasing the risk of P rock scarcity, this trend undermines the

health of water bodies through e.g., eutrophication.

Increasing the resilience of the P cycling network will enhance the system’s ability
to deal with disturbances, which benefits the maintenance of food security. As previously
stated, network resilience declined due to changes in the quantity and quality of human
diets. To simultaneously increase the network resilience and satisfy food demand, we

provide the following suggestions.

The first suggestion is to reduce food loss and food wastes. Roughly one-third of
global food is lost in the supply side or wasted in the demand side every years. Our study
reveals that households in China consumed 1.8 Mt of P in 2012. If food loss and waste
can be completely avoided, then household P consumption will be only 1.2 Mt of P. In
this avenue, based on the correlation between resilience and its socio-economic drivers
(i.e., human P demand and food structure changes), the resilience of the P cycling

network in China would increase by 9.3% if food consumption patterns remain stable.

The second suggestion is to improve the “farm to fork efficiency” (i.e., P

productivity) in food supply chains. The concentration degree of P flows is the primary

17
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structural factor influencing network resilience. A promising solution to optimize the
concentration of P flows is to reduce the intensity of P flow pathways through improving
P productivity in food supply chains. There are significant potentials for China to
improve P productivity in fertilizer production, crop production, food processing, food
consumption, and composting®4, Given the importance of the P cycling networks to
ecological and human systems, P productivity in food supply chains should be a priority.
Possible measures in this avenue include setting guidance limits and standards for P
fertilizer use, promoting advanced technologies to reduce food loss during food
processing, and reducing food wastage during food consumption through education and

public awareness campaigns.

The third suggestion is to reduce fertilizer use. We found that the proportion of P
mineral fertilizer used in China relative to the total amount of P used in arable land has
increased from 0.2% in 1950 to 76% in 2012, indicating the country’s high dependence
on P mineral fertilizers. The average proportion of P mineral fertilizer use in the world
was about 54% in 2013”. According to the correlation between the resilience of P cycling
network and the proportion of P mineral fertilizer, the resilience of China’s P cycling
network would increase by 8.1%, if the fertilizer P use proportion could be reduced to the
global average level with the food structure remaining stable. A potential measure to
achieve this is developing technologies to enhance fertilizer use efficiency. Currently,
only 15-30% of applied P fertilizer is utilized through the harvest of crops®. Approaches
to increase fertilizer use efficiency range from high-tech solutions (e.g., precision

agriculture) to organic farming techniques aimed at optimizing soil conditions to increase
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P availability of soil. Other approaches focus on the addition of microbial inoculants to

increase the P availability of soil.

An alternative for decreasing the proportion of mineral P fertilizer use is to increase
the P recycling rate. The current recycling of P mainly comes from animal excreta and
human excreta in rural areas. In addition, there are lots of other measures to recover and
reuse P, such as ploughing crop residues back into the soil; composting food wastes*4;
and P recovery from sewage sludge*, steelmaking slags®, and wastewater:. Our results
reveal that actions for improving the resilience of the P cycling network in China should
also focus on nodes in the downstream stages of food supply chains, such as nodes
related to wastewater treatment and solid waste disposal. Two socio-technical pathways
to increase P recycling would thus be the recovery of P from wastewater and the reuse of
food wastes and sludge to produce organic fertilizers for cultivation. It should be noted
that changes in diets also affect how much P can be recycled and could be viewed as

another potential avenue for increasing the network resilience.

In 2015, the Ministry of Agriculture (MOA) in China launched a plan to promote
zero increase in fertilizer use by enhancing fertilizer use efficiency, and to promote the
usage of renewable P (e.g., animal excreta and crop straws) by 20204, It is forecasted that
the proportion of P mineral fertilizer use in China will decrease in the near future, thereby

increasing the network resilience of P cycling in China.

The measures proposed above for improving the network resilience are also
solutions for P resource conservation. As a result, improving the resilience of the P
cycling network by these measures have co-benefits with P resource conservation. Yet, it

should be noted that increases in network resilience may have trade-offs with other goals.
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An example involves increasing production of agricultural products domestically. In
2012, China imported a significant quantity of beans for food production. According to
our calculations, the P contents of imported beans and domestically produced beans are
348 thousand tonnes (kt) and 104 kt, respectively. If all of the demand for beans were
satisfied by China’s domestic production, the relevant flows of the P cycling network
(e.g., P extraction and waste discharge) would be increased and the network resilience
would decrease by 0.8% from the 2012 level. Contrary to beans, in 2012, the demand for
maize was met by domestic production in China. If the total demand for maize was met
through imports, the network resilience would increase by 3.0% from the 2012 level.
Such findings also apply to other food commodities internationally traded, such as meat,
dairy, and fish, reinforcing the need to balance network resilience improvements and food

supply independence (i.e. less trade).

Our results also show that reducing China’s excessive production of P fertilizers will
improve the network resilience. In 2012, China produced 8.5 Mt of fertilizer P, while
only 7.5 Mt were used by the cultivation and the rest 1 Mt were exported to other nations.
If the production of P fertilizers could perfectly match the domestic demand, then
network resilience would improve by 0.3% from the 2012 level. Similar findings may

apply in the case of P rock extraction.

The framework and metrics presented here are widely applicable to resource
management at various spatial scales. For example, the International Resource Panel*
could apply them to evaluate the network resilience of global resource cycling and
identify its underlying determinants — both key to the implementation of global

sustainability goals.
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Methods

This study constructs the P cycling network in China during 1600-2012, using the
methods of Liu et al.22 and the principle of mass balance. We analyze the resilience of the
network in China, based on the network configurations of efficiency and redundancy. We
also identify potential external socio-economic factors, internal structural factors, and
critical links and nodes influencing the functioning of the network. Theoretical resilience
is assessed using the ecological network analysis (ENA). The potential impact of external
socio-economic factors on network resilience are analyzed through a set of regression
analyses. The contributions of structural factor changes to network resilience changes are
calculated through index decomposition analysis. Critical links and nodes are identified

based on the results of structural factors.

The P cycling network

A network consists of nodes and links. The P cycling network in China comprises
149 nodes, including 43 sectors and 106 products (see Figure 5 and Supplementary Table
1). We obtained raw data for P flows from the study of Liu et al.:2. Using the principle of

mass balance, we constructed the 149-node networks in this study.
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Figure 5. The phosphorus cycling network of China in 2012.

The resilience of a network

The concept of resilience indicates the ability of a network to maintain continuous
operations in case of shocks, and has been used in assessing the performances of various
human-natural systems#-, The resilience of a system is composed of two opposing

properties of a network system: system efficiency and redundancy=.

System efficiency reflects the development of constraining resource flow pathways,
i.e., flow pathways with higher intensity and specialization®. Efficiency indicates the
degree of concentration of resource flow pathways and the ability to efficiently transmit
information/resources within the system. For example, nations tend to pursue preferential
interactions in international trade, which would increase productivity but probably reduce

the diversity of trade partners and commodity flow pathways.
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In contrast, system redundancy indicates the diversity of resource flow pathways,
which is beneficial to mitigate the impacts of shocks and faults within a system. Diversity
reflects a system’s capacity to adapt to changing environmental conditions*%. For
example, sectors with more diverse pathways have been found to grow again after a

global financial crisis (i.e., have higher growth resilience)=.

Whereas higher efficiency may indicate higher growth, it may also indicate higher
vulnerability within a system. On the other hand, while greater redundancy may indicate

slower growth, it may benefit network resilience.

f@.)) FENXTC)
ef ficiency = Xi=1 Y=y T(l 5 X In T(-,]J')XT(i,-) 1)
redundancy = ¥, ¥ LGS) oo gy TODXTE) 2

A ®) £G)?
In the above equations, £(i,j) indicates flows from node i to node j; T(i,") =
—1 f(i,)) indicates total outflows of node i; T(-,j) = Xi=, f(i,)) indicates total inflows
of node j; T(:,") = iz, Xj=1 f (i, ) indicates the total system throughflow; n indicates

the number of nodes in the network; and the notation In indicates the natural logarithm.

The alpha metric a is proposed to reflect the trade-off between efficiency and
redundancy, as shown in equation (3)%. It is a more comprehensive metric to measure the
order of a network. We can define the resilience of a network based on the alpha metric,

as shown in equation (4)%2,

o = efficiency (0 <a< 1) (3)

efficiency + redundancy

resilience = —a In () 4)
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The optimal value of a is 0.3679, where the maximum value of resilience is
0.3679%. If o is smaller than 0.3679, the network is overly redundant, whereas o larger
than 0.3679 indicates the network is overly efficient. An overly redundant network has
low productivity and low vulnerability, while an overly efficient network has high
productivity and high vulnerability. Comparatively, the overly efficient network can more
efficiently transmit information/resources within the network but is usually more
vulnerable to shocks. Since network resilience incorporates two opposing properties of a
network, i.e., efficiency and redundancy, it is not always beneficial for enhancing
network resilience to simply increase redundancy or reduce efficiency. If a is too high (a

~1) due to the increase of redundancy, the system will become brittle and the inflexible

pathways can become vulnerable to perturbations. More detailed information on the
theoretical foundations of ENA, mathematical formulas, interpretations of these

indicators, and optimal value of a are provided in the Supplementary Notes.

Relative contributions of efficiency and redundancy changes

Assuming y = theoretical resilience, e = ef ficiency and r = redundancy, we

can write equations (3)-(4) as

y=——In(->) (5)

e+r e+r

The resilience changes with time t can be expressed as

dy _ 1-log(e+r)+log (e)( ar _ E)
a (e+7)? ac " ac X
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During a certain time period from 0 to t, one can substitute %’ %, and % with Ay,
Ar, and Ae. The equation (6) can be re-written as

Ay = 1-log(e+r)+log (e) (eAr —rhe) = Ay + Ay "

(e+1)?

where A,y and A,y indicate the relative contributions of redundancy changes and
efficiency changes to network resilience changes, respectively.

Ary _ 1-log(e+r)+log(e) eAr (8)

(e+1)?

__1-log(e+r)+log(e)
Aey - (e+1)?

(=r)Ae (9)

We define a ratio as

ratio = 222 = 2 = AT - ot @0
As aresult, A,y and A,y can be written as

B,y = Ot = Y0) o= = 0 = Yo) Trvers (11)

Bey = Ot = ¥0) == 0t = ¥0) Trrers (12)

Based on the above formulas, one can calculate the relative contributions of efficiency
and redundancy changes to the changes in network resilience during a certain time

period.

The influence of structural factors

According to equation (1), we can decompose network efficiency into two structural

factors: the concentration degree of flows (W) and node inter-dependency (a.k.a. Point-
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wise Mutual Information, PMI%). The element wij of matrix W, shown in equation (13),
means the portion of the flow from node i to node j in the total system throughflow. The
element pmiij of matrix PMI, shown in equation (14), indicates the degree of dependence
between nodes i and j. A high value of pmiij can indicate a high probability of a flow from
node i to node j. For example, oil flows from Saudi Arabia to the U.S. reveal one of the
highest PMIs within all oil trade partners®. Subsequently, the network efficiency can be

expressed as equation (15).

N i(5))
. g fAHXTE)
e = ef ficiency = X1 Xjq Wij X pmi;; (15)

We apply the index decomposition analysis® to reveal the contributions of changes

in W and PMI to the changes in network efficiency, as shown in equation (16).

Ae;; = Aw;j X pmiy; + wy; X Apmi;; (16)
The notation Aeij means network efficiency changes caused by changes in the link

from node i to node j; A wij means the changes in concentration degree of P flow from

node i to node j; Apmiij means the changes in node inter-dependency between node i and

node j. The first item in the right-hand side of equation (16) indicates the contribution of
the changes in the concentration degree of P flows from node i to node j to network
efficiency changes, and the second item stands for the contribution of the changes in node

inter-dependency between node i and node j to network efficiency changes.
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There are two decomposition forms that are equally valid for equation (16) during

the period of 0 to t27. The superscripts 0 and t in equations (17) and (18) indicates the time

points.
Ae;j 4 = Aw;j X pmif; + wi; X Apmiy; (17)
Ae;j , = Aw;j X pmif; + wij X Apmiy; (18)

Subsequently, the equation (16) can be re-written in the following form.
Ae;; = %(AWU X pmif; + Awy; X pmif;) + %(Wf] X Apmi; + wj; X Apmi;;) =
Aw;; X % (pmif; + pmif;) + % (wf; + w) X Apmi;; (19)
Consequently, at the system level, the contribution of the changes in concentration
degree of all P flows to network efficiency changes (Awe) and the contribution of the
changes in node inter-dependency to network efficiency changes (Apmie) can be

quantified by equations (21) and (22), respectively. The notation Ae indicates network

efficiency changes.

Ae = Aye + Ay e (20)
1 . .
Aye = Xicy Xjoq Aweij = Xizg Y=g Awyj X 2 (pmif; + pmif;) (21)
1 .
Apmie = izt Z?:1 Apmieij = Yis1 Z?:1§ (Witj + Wioj) X Apmi;; (22)

Similar to network efficiency, we can also decompose network redundancy into two
structural factors according to equation (2): the concentration degree of flows (W) and
node inter-independency (i.e., the point-wise mutual redundancy (PMR), which indicates
the degree of freedom between any two nodes). A higher value of PMR between node i

and j (pmr;;) can indicate a more diversity of destinations of a flow from node i to other
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502  nodes excluding node j. For example, nations embroiled in a trade war (most notably
503 China and the U.S.) would seek to increase their PMR, that is, their flexibility in avoiding

504  the other warring side.

— fG)D
505 Wij = TG (23)
_ . TGHXT()
506 pmr; =n IhE (24)
507 1 =redundancy = }i_; Xj-q Wi; X pmry; (25)
508 Similarly, network redundancy changes caused by changes in the flow from node i

509  to node j (Ar;;) can be decomposed into the contributions of the changes in the
510  concentration degree of the flow from node i to node j (A,,7;;) and changes in node inter-

511 independency between node i and node j (A, 1i))

512 Ar; = Ayt + Apmrrij (26)
513 A,1ij = Aw;j X %(pmri(} + pmrf; (27)
514 Apmelyj = %(wfj +wp) X Apmr;; (28)
515 Consequently, at the system level, the contribution of the changes in concentration

516  degree of all P flows to network redundancy changes (A,,r) and the contribution of the
517  changes in node inter-independency to network redundancy changes (A,,,,r) can be
518  quantified by equations (30) and (31), respectively. The notation Ar indicates network

519  redundancy changes.
520 Ar =A,r + Ay, (29)

1
521 Ay = X, Xy Ayryy = Sy Sy Awyy X 2 (pmr) + pmrf, (30)
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1
522 ApmyT = Xitq Lj=1 DpmeTij = Xiz1 Xj=1; (wij +w)) x Apmry; (31)

523 To quantify how W, PMI, and PMR affects network resilience, we define two new

524  variables.

— Ar_y __Yt=Yo ratio
525 pry = Ar 1T X 1+ratio (32)
— ey _ ¥t=Yo 1
526 pey = Ae ~ ei—eg X 1+ratio (33)
527 The notation pry indicates network resilience changes due to unitary redundancy

528  changes, and pey represents network resilience changes due to unitary efficiency changes.

529  Asaresult, we can derive the following equations.

530 A,y =pry XAr =pry X (Awr + Apmrr) (34)
531 A,y = pey X Ae = pey X (A, e + A, e) (35)
532 Ay =Ay+Ay = (pry X A,r +pey X Aye) + pry X Ay, v+ pey X A,e (36)
533 Ay = A,y + Dpmry + Bpmiy (37)
534 The notations Ay, A,mry, and Ay, y indicate the contributions of changes to

535  network resilience respectively by W, PMR, and PMI. They are expressed by equations

536 (38) to (40), respectively.

537 A,y =pryXA,r+pey XA,e (38)
538  Apmry = DTy X App (39)
539 Apmiy = pey X A,pe (40)
540 In essence, the three system-level variables (i.e., efficiency, redundancy, and

541  resilience) are composed by individual node-to-node relationships: the degree of
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dependencies (PMI), the degree of freedom (PMR), and the concentration of these
relationships (W) over the entire network. The PMI, PMR, and W are independent from
each other. Thus, it is valid to conduct the index decomposition analysis to quantify the
relative contributions of the changes in W, PMI, and PMR to the changes in network

efficiency, redundancy, and resilience.

Effects of link and node changes
According to the above calculations, the effects of changes in the flow from node i
to node j (Af;;) to changes in network efficiency, redundancy, and resilience can be

quantified by equations (41) to (43).

1 . . 1 :

ey = Aw;; X - (pmif; + pmif;) + > (wi; + w)) x Apmi; (41)
1 1

Ary; = Aw;j X 3 (pmr) + pmrf) + > (wi; + w))) x Apmry; (42)

Ay;j = (pry X Awrij + pey X Aweij) + pry X Apmrrl-j + pey X APmieij (43)

Summing up the results for all the inflows to node j, we can calculate the

contribution of changes in node j to changes in network efficiency, redundancy, and

resilience.

Ae ; = YT Ae;j (44)
Ar; =YL Ary; (45)
Ay.; = Y11 Dy (46)
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The notations Ae. j, Ar. ;, and Ay. ; indicate the contributions of changes in node j to
changes in network efficiency, redundancy, and resilience, respectively, from the inflow

perspective.

Similarly, summing up the results for all the outflows from node i, we can calculate

the contribution of changes in node i to changes in network efficiency, redundancy, and

resilience.

Ae;. = 7:1 Ae;; (47)
Ary. = Y0, Ay (48)
Ay;. = Yj=1 Ayij (49)

The notations Ae; ., Ar; ., and Ay; . indicate the contributions of changes in node i to
changes in network efficiency, redundancy, and resilience, respectively, from the outflow

perspective.

Uncertainty analysis

The variety of raw data sources2 may bring uncertainties into the results of this
study. We used Monte Carlo simulation sampling 10,000 times (the same sampling
methods as Liu et al.22) to calculate uncertainties in efficiency, redundancy, alpha, and
resilience of the P cycling network in China during 16002012 (see Extended Data
Figure 4 and Supplementary Discussions). Uncertainties are relatively large before 1949.
Taking resilience as an example, we see that, compared to its calculation values,
maximum and minimum uncertainties before 1949 are 2.6% and —7.6%, respectively. In
contrast, its maximum and minimum uncertainties after 2000 are 2.2% and —3.8%,
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respectively. These results indicate that better statistical systems in recent years have
significantly improved the quality of data sources’, thereby reducing uncertainties in
results. This underscores the need to improve P-related statistics in future research for

obtaining more accurate P cycling estimates.

We conducted uncertainty analysis for the aggregation of nodes. Specifically, we
constructed two networks of China’s P cycling: one with 16 nodes and the other with 149
nodes. We calculated and compared the key indicators of the two networks, including
efficiency, redundancy, alpha, and resilience (see Extended Data Figures 5-6 and
Supplementary Discussions). Results have showed that both the 16-node and 149-node
networks demonstrate almost the same evolution trend in these indicators during 1600
2012. However, in the 16-node network, the P cycling system was in an overly redundant
state during 17421974 and generally in an overly efficient state during the remaining
period. However, in the 149-node network, the P cycling system was in an overly
efficient state during 1600-2012. Moreover, changes between the maximum and
minimum values for the resilience of the 149-node network is 22.5%, which is much
larger than that of the 16-node network (1.2%). Thus, the resolution of networks will
significantly influence the results of this study. More accurate networks require more
high-resolution data. Future studies in this avenue should be cautious on node

aggregation.

Data and code availability

Calculations to generate 149-node P flow networks used data from Liu et al.22 and

were processed in MATLAB 2019a and R version 3.6.1. All data and computer codes
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generated for this study are available from the corresponding authors upon reasonable

request.

References

1. Cordell, D., Drangert, J.-O. & White, S. The story of phosphorus: Global food
security and food for thought. Global Environ. Change 19, 292-305 (2009).

2. Elser, J. & Bennett, E. Phosphorus cycle: a broken biogeochemical cycle. Nature
478, 29-31 (2011).

3. Scholz, R. W. & Wellmer, F.-W. Although there is no Physical Short-Term
Scarcity of Phosphorus, its Resource Efficiency Should be Improved. J. Ind. Ecol.
23,313-318 (2019).

4. Ulanowicz, R. E. The dual nature of ecosystem dynamics. Ecol. Model. 220,
1886-1892 (2009).

5. Carpenter, S. R. & Bennett, E. M. Reconsideration of the planetary boundary for
phosphorus. Environ. Res. Lett. 6, 014009 (2011).

6. Steften, W. et al. Planetary boundaries: Guiding human development on a
changing planet. Science 347, 1259855 (2015).

7. Chen, M. & Graedel, T. A half-century of global phosphorus flows, stocks,
production, consumption, recycling, and environmental impacts. Global Environ.
Change 36, 139-152 (2016).

8. Chowdhury, R. B., Moore, G. A., Weatherley, A. J. & Arora, M. A review of
recent substance flow analyses of phosphorus to identify priority management
areas at different geographical scales. Resour. Conserv. Recy. 83, 213-228 (2014).

0. Reinhard, C. T. ef al. Evolution of the global phosphorus cycle. Nature 541, 386
(2016).

10. Yuan, Z. et al. Human perturbation of the global phosphorus cycle: Changes and
consequences. Environ. Sci. Technol. 52, 2438-2450 (2018).

I1. Smil, V. Phosphorus in the environment: natural flows and human interferences.
Annu. Rev. Energy Env. 25, 53-88 (2000).

12.  Liu, X. et al. Intensification of phosphorus cycling in China since the 1600s.
Proc. Natl. Acad. Sci. U.S.A. 113, 2609-2614 (2016).

13.  MacDonald, G. K. et al. Guiding phosphorus stewardship for multiple ecosystem
services. Ecosystem Health and Sustainability 2, e01251 (2016).

14. Sattari, S. Z., van Ittersum, M. K., Giller, K. E., Zhang, F. & Bouwman, A. F. Key
role of China and its agriculture in global sustainable phosphorus management.
Environ. Res. Lett. 9, 054003 (2014).

15. Chen, M., Sun, F., Xia, X. & Chen, J. The Phosphorus Flow in China: A Revisit
from the Perspective of Production. Glob Environ Res 19, 19-25 (2015).

16. Cui, S. et al. Changing urban phosphorus metabolism: Evidence from Longyan
City, China. Sci. Total Environ. 536, 924-932 (2015).

17. Li, G.-L., Bai, X., Yu, S., Zhang, H. & Zhu, Y.-G. Urban Phosphorus Metabolism

33



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

through Food Consumption The Case of China. J. Ind. Ecol. 16, 588-599 (2012).
Li, S., Yuan, Z., Bi, J. & Wu, H. Anthropogenic phosphorus flow analysis of Hefei
City, China. Sci. Total Environ. 408, 5715-5722 (2010).

Ma, L. et al. Nitrogen and phosphorus use efficiencies and losses in the food
chain in China at regional scales in 1980 and 2005. Sci. Total Environ. 434, 51-61
(2012).

Qiao, M., Zheng, Y.-M. & Zhu, Y.-G. Material flow analysis of phosphorus
through food consumption in two megacities in northern China. Chemosphere 84,
773-778 (2011).

Yuan, Z., Liu, X., Wu, H., Zhang, L. & Bi, J. Anthropogenic phosphorus flow
analysis of Lujiang County, Anhui Province, Central China. Ecol. Model. 222,
1534-1543 (2011).

Yuan, Z., Sun, L., Bi, J., Wu, H. & Zhang, L. Phosphorus flow analysis of the
socioeconomic ecosystem of Shucheng County, China. Ecol. Appl. 21, 2822-2832
(2011).

Bi, J., Chen, Q., Zhang, L. & Yuan, Z. Quantifying phosphorus flow pathways
through socioeconomic systems at the county level in China. J. Ind. Ecol. 17, 452-
460 (2013).

Jiang, S. & Yuan, Z. Phosphorus flow patterns in the Chaohu watershed from
1978 to 2012. Environ. Sci. Technol. 49, 13973-13982 (2015).

Yuan, Z., Shi, J., Wu, H., Zhang, L. & B4i, J. Understanding the anthropogenic
phosphorus pathway with substance flow analysis at the city level. J. Environ.
Manage. 92,2021-2028 (2011).

Bai, Z. et al. Changes in phosphorus use and losses in the food chain of China
during 1950-2010 and forecasts for 2030. Nutr. Cycl. Agroecosys. 104, 361-372
(2016).

Li, G. et al. 1dentifying potential strategies in the key sectors of China's food
chain to implement sustainable phosphorus management: a review. Nutr. Cycl.
Agroecosys. 104, 341-359 (2016).

Ma, D., Hu, S., Chen, D. & Li, Y. Substance flow analysis as a tool for the
elucidation of anthropogenic phosphorus metabolism in China. J. Clean. Prod.
29-30, 188-198 (2012).

Ma, D., Hu, S., Chen, D. & Li, Y. The Temporal Evolution of Anthropogenic
Phosphorus Consumption in China and Its Environmental Implications. J. Ind.
Ecol 17, 566-577 (2013).

Wang, F. et al. The Phosphorus Footprint of China's Food Chain: Implications for
Food Security, Natural Resource Management, and Environmental Quality. J.
Environ. Qual. 40, 1081-1089 (2011).

Ma, L. et al. Modeling nutrient flows in the food chain of China. J. Environ.
Qual. 39, 1279 (2010).

Ulanowicz, R. E. Growth and Development: Ecosystems Phenomenology.
(Springer, New York, 1986).

Kharrazi, A., Rovenskaya, E. & Fath, B. D. Network structure impacts global
commodity trade growth and resilience. PLoS One 12, e0171184 (2017).
Goerner, S. J., Lietaer, B. & Ulanowicz, R. E. Quantifying economic
sustainability: Implications for free-enterprise theory, policy and practice. Ecol.

34



693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

730

731

732

733

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

Econ. 69, 76-81 (2009).

Weik, M. H. in Computer Science and Communications Dictionary(ed Martin H.
Weik) 1074-1074 (Springer US, Boston, MA, 2001).

Helin, J. & Weikard, H.-P. A model for estimating phosphorus requirements of
world food production. Agricultural Systems 176, 102666 (2019).

United Nations. World Urbanization Prospects: The 2018 Revision,
https://population.un.org/wup/country-profiles/ (2018).

FAO. Global food losses and food waste — Extent, causes and prevention. (Rome,
2011).

Zhang, W. et al. Efficiency, economics, and environmental implications of
phosphorus resource use and the fertilizer industry in China. Nutr. Cycl.
Agroecosys. 80, 131-144 (2008).

Liu, G. Food Losses and Food Waste in China: A First Estimate. (OECD Food,
Agriculture and Fisheries Papers, No. 66, OECD Publishing, Paris, 2014).

Roy, R. N., Finck, A., Blair, G. J. & Tandon, H. L. S. Plant nutrition for food
security. A guide for integrated nutrient management. 348 (FAO, Romo, 2006).
Cieslik, B. & Konieczka, P. A review of phosphorus recovery methods at various
steps of wastewater treatment and sewage sludge management. The concept of
“no solid waste generation” and analytical methods. J. Clean. Prod. 142, 1728-
1740 (2017).

Yokoyama, K. et al. Separation and Recovery of Phosphorus from Steelmaking
Slags with the Aid of a Strong Magnetic Field. ISLJ Int. 47, 1541-1548 (2007).
MOA. Action Plan for Zero Increase in Fertilizer Use by 2020,
http://jiuban.moa.gov.cn/zwllm/tzgg/tz/201503/t20150318 4444765.htm (2015).
IRP. International Resource Panel; http://www.resourcepanel.org (2018).

Chen, S. & Chen, B. Urban energy—water nexus: A network perspective. Appl.
Energ. 184, 905-914 (2016).

Fath, B. D. Quantifying economic and ecological sustainability. Ocean Coast.
Manage. 108, 13-19 (2015).

Panyam, V., Huang, H., Davis, K. & Layton, A. Bio-inspired design for robust
power grid networks. Appl. Energ. 251, 113349 (2019).

Kharrazi, A. & Fath, B. D. Measuring global oil trade dependencies: An
application of the point-wise mutual information method. Energy Policy 88, 271-
277 (2016).

Ang, B. W. & Zhang, F. Q. A survey of index decomposition analysis in energy
and environmental studies. Energy 25, 1149-1176 (2000).

Acknowledgments

This work was supported by the National Natural Science Foundation of China

(71874014, 51721093, 71704055, 71704015, and 41661144023), the European Union’s

Horizon 2020 research and innovation program under the Marie Sktodowska-Curie grant

35


https://population.un.org/wup/country-profiles/
http://jiuban.moa.gov.cn/zwllm/tzgg/tz/201503/t20150318_4444765.htm
http://www.resourcepanel.org/

734

735

736

737

738

739

740
741

742
743

744
745

746
747

748

749

750
751

752
753

754
755

756
757

agreement CIFTRESS No. 840205, Natural Science Funds for Distinguished Young
Scholar of Guangdong Province, China (2018B030306032), and the Fundamental

Research Funds for the Central Universities.

Author information

Affiliations

! State Key Joint Laboratory of Environment Simulation and Pollution Control, School of

Environment, Beijing Normal University, Beijing 100875, P. R. China

2 School of Business, East China University of Science and Technology, Shanghai
200237, P. R. China

% International Institute for Applied System Analysis, Schlossplatz 1, Laxenburg A-2361,
Austria

* CMCC Foundation — Euro-Mediterranean Center on Climate Change and Ca’ Foscari

University of Venice, 30175 Venice, Italy
® Biology Department, Towson University, Towson, Maryland, United States
® Environmental Studies, Masaryk University, Brno, Czech Republic

" Department of Civil and Environmental Engineering, University of Michigan, Ann
Arbor, Michigan 48109-2125, United States

8 School of Environmental Science and Engineering, Sun Yat-sen University,
Guangzhou, Guangdong 510275, P. R. China

® Guangdong Provincial Key Laboratory of Environmental Pollution Control and
Remediation Technology (Sun Yat-sen University), Guangzhou 510275, China

10 Department of Chemical Engineering, Tsinghua University, Beijing 100084, P. R.
China

36



758
759

760
761

762

763

764

765

766

767

768

769

770
771

772

773

774

775

776

777

778
779

11 The Bartlett School of Construction and Project Management, University College
London, London WC1H 0QB, United Kingdom

12 Institute of Environmental and Ecological Engineering, Guangdong University of

Technology, Guangzhou, Guangdong, 510006, P. R. China

Contributions

S.L., Y.Y., AK, and Z.M. designed the study. S.L. and Y.Y. collected data and
conducted calculations. S.L., Y.Y., A K., B.F., G.D., and S.C. led the analysis. S.L.,
YY.,AK,BF.,CF,6GD.,SC,TM.,B.Z,ZM. and Z.Y. contributed to the writing.

S.L. and Y.Y. contributed equally.

Corresponding authors

liangsai@bnu.edu.cn (Sai Liang); yuyd@ecust.edu.cn (Yadong Yu); z.mi@ucl.ac.uk
(Zhifu Mi).
Ethics declaration

Competing interests

The authors declare no competing interests.

Supplementary information

Supplementary information: supplementary tables 1-11, notes, methods, discussions and

references. Supplementary table 1 is listed in Additional Supplementary Table.

37


mailto:liangsai@bnu.edu.cn
mailto:yuyd@ecust.edu.cn
mailto:z.mi@ucl.ac.uk

