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Achieving food security will require closing yield gaps in many regions, including Pakistan.

Although fertilizer subsidies have facilitated increased nitrogen (N) application rates,

many staple crop yields have yet to reach their maximum potential. Considering that

current animal manure and human excreta (bio-supply) recycling rates are low, there

is substantial potential to increase the reuse of nutrients in bio-supply. We quantified

2010 crop N, phosphorus (P), and potassium (K) needs along with bio-supply nutrient

availability for Pakistani districts, and compared these values to synthetic fertilizer use

and costs. We found that synthetic fertilizer use combined with low bio-supply recycling

resulted in a substantial gap between nutrient supply and P and K crop needs, which

would cost 3 billion USD to fill with synthetic fertilizers. If all bio-supply was recycled, it

could eliminate K synthetic fertilizer needs and decrease N synthetic fertilizer needs to

43% of what was purchased in 2010. Under a full recycling scenario, farmers would still

require an additional 0.28 million tons of synthetic P fertilizers, costing 2.77 billion USD.

However, it may not be prohibitively expensive to correct P deficiencies. Pakistan already

spends this amount of money on fertilizers. If funds used for synthetic N were reallocated

to synthetic P purchases in a full bio-supply recycling scenario, crop needs could be

met. Most recycling could happen within districts, with only 6% of bio-supply requiring

between-district transport when optimized to meet national N crop needs. Increased

recycling in Pakistan could be a viable way to decrease yield gaps.

Keywords: food security, yield gap, crop fertilizer need, manure & sludge recycling, Asia, Pakistan

INTRODUCTION

Meeting the United Nations Second Sustainable Development Goal to “end hunger, achieve food
security and improved nutrition and promote sustainable agriculture”1 will require increasing
crop yields in many regions. Eleven percent of people currently suffer from undernourishment,
and this figure could substantially increase given that population growth is mostly happening in
regions where hunger is already prevalent (FAO, 2015). Precarious food security has many causes
(Barrett, 2010; Godfray et al., 2010), but areas with low food security also tend to have yield gaps
- the difference between maximum potential yield and the yield actually obtained by farmers.
For example, Pakistan ranks 77th on the global food security index with 22% of its population
undernourished (EIU, 2014). Current wheat yields, a staple crop for the country, are often

1http://www.un.org/sustainabledevelopment/hunger/
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less than half of what could be harvested given climatic
conditions (currently 2.5–3 tons per ha while 6 tons per ha
is expected; Prikhodko and Zrilyi, 2013). Closing global yield
gaps through better nutrient and water management would go
a long way to meet food security goals (Mueller et al., 2013),
within a multi-pronged approach (e.g., reducing waste, changing
diets, expanding agriculture; Godfray et al., 2010). In fact, closing
yield gaps on irrigated and rain-fed land alone could boost
globally available calories by 80% (Pradhan et al., 2015). Still,
any approach to increase food security, including increasing
yields, will have to account for constrained resource availability
and increased ecosystem sensitivity to change, notably those
associated with essential nutrients (Dawson and Hilton, 2011;
Foley et al., 2011).

It is imperative that society find sustainable ways to increase
access to essential nutrients, notably nitrogen (N), phosphorus
(P), and potassium (K) because inadequate amounts of these
nutrients are often a leading cause of yield gaps (Jones et al., 2013;
Tittonell and Giller, 2013). Without regular inputs, crops deplete
soil nutrient stocks, thereby limiting crop yields. Accessing
sufficient synthetic fertilizers is often difficult for farmers in
developing countries because of a lack of purchasing power.
Although low purchasing power can be linked to low income,
when it comes to fertilizers, it can also be linked to high farm-
gate fertilizer prices. In fact, prices in many developing counties
are higher than in North America or Europe due to additional
middle-men and transport costs (e.g., with P; Cordell et al., 2015).
In Pakistan, the N fertilizer application rates have increasedmuch
faster than for P or K, as the latter two are often considered
expensive imports (Solaiman and Ahmed, 2006). Because the
majority of agricultural soils in Pakistan are deficient in all three
macro-nutrients, the addition of N has increased yields; but yield
gaps persist because of remaining P and K limitations (Solaiman
and Ahmed, 2006). Such yield limitations (in addition to issues
around land availability and ownership) create a poverty trap:
Pakistani farmers continue to have low incomes, and thus low
purchasing power, and cannot gain access to the combination of
nutrients that would allow them to increase their yields.

Recycling high-nutrient organic wastes back into crop
production can help reduce yield gaps by meeting crop nutrient
needs (van Noordwijk and Brussaard, 2014). In Pakistan, only
50% of animal excreta is collected, where half of the collected
waste is used as fuel to heat cooking stoves, leaving the other
half for likely reuse in crop production (i.e., 25% of all manure
being reused in agriculture; FAO, 2004). In addition, 26%
of domestic vegetable production in cities is irrigated with
municipal wastewater, which also recycles some nutrients from
human excreta at the same time (Ensink et al., 2004). As such,
there is still unutilized potential for recycling high nutrient
organic waste such as animal manures and human excreta (which
we call bio-supply throughout this paper) and meet crop nutrient
needs in Pakistan. Here we aim to get a better understanding
of the quantitative and logistic potential for nutrient recycling
across the country. We ask:

1. What is the national need for N, P, and K to achieve maximum
crop yields in 2010?

2. What is the gap between crop needs and 2010 synthetic
fertilizer and bio-supply use?

3. How much of 2010 crop needs could be met with complete
recycling of bio-supply at national and district levels?

We calculate crop nutrient needs, bio-supply, and transport
distances in tons and km, but also in monetary values to estimate
the value of bio-supply as synthetic fertilizer as well as transport
costs through future scenarios.

METHODS

Study Area
Pakistan is divided into 150 districts (PBS, 2017a). Districts
are the highest tiers of local government in Pakistani provinces
and represent a crucial part of governance (Commonwealth
Local Government Forum, 2015). District governments deliver
a large proportion of public services related to education,
healthcare, roads, environmental protection, and local economic
development, including agricultural development. They also
work closely with municipalities on issues related to water and
sanitation, and waste collection and disposal (Commonwealth
Local Government Forum, 2015). Their important role at the
junction between agriculture, waste, and infrastructure makes
them an appropriate scale to start examining the potential of
nutrient recycling. Districts vary drastically in size and governed
population; from 182 km2 (FR Lakki Marwat) to 44,527 km2

(Chaghi) and population between 26,000 people (FR Lakki
Marwat) to 11 million [Lahore (PBS, 2017b)]. We were able to
obtain data for 124 districts for the year 2010 (Figure 1).

Across these districts, a wide range of agro-climatic conditions
have created distinct farming systems (Figure 1). These farming
systems, and their location, are important in understanding the
magnitude and location of nutrient needs and supply across the
39.49% of Pakistan’s area which is used as arable land (FAO,
2013). These farming systems can be broadly classified into three
categories (Byerlee and Husain, 1993): (1) Irrigated plains, which
fall along major river banks in the central-eastern part of the
country and where farmers cultivate wheat, rice, and cotton; (2)
Rainfed plains (subtropics) in the north-western region where
farmers cultivate wheat and pulses; and (3) Nomadic systems in
the south-western region which consist mostly of rangeland for
animal production (Byerlee and Husain, 1993; Afzal and Naqvi,
2004; FAO, 2012). Except for nomadic sheep, goats, and camels,
livestock production (most importantly cattle and buffalo) is
closely integrated with crop production (Afzal and Naqvi, 2004).

Data Collection and Processing
Overview

To quantify the potential of bio-supply to meet crop nutrient
needs, and potentially enhance food security, we used district-
level data to calculate nutrient balances (Equation 3, 4) and
estimated transport distances to correct nutrient imbalances.
We calculated the annual 2010 bio-supply of N, P, and K
for each district as livestock manure and human excreta
(Equation 1), as well as crop nutrient needs according to
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FIGURE 1 | Pakistan’s major land uses (FAO, 2012) and district boundaries (University of California, 2015). Due to lack of data some districts were excluded from the

study (light green and checkered (Kashmir) area). Colors represent major land uses and farming systems.

fertilizer recommendations (Equation 2). Based on these bio-
supply and crop need estimates, we were able to determine if a
district had a net surplus or deficit for each nutrient, represent
these balances spatially, and approximate transport distances for
surplus nutrients to fill deficits in other districts.We also summed
district nutrient estimates to look at national scale bio-supply,
crop needs, surplus and deficit, and compare the availability of
bio-supply to synthetic fertilizer use.

Below we present the equations, data sources, and
assumptions we used in more detail (including summaries
of each parameter presented in Table 1).

Nutrient Balance Calculations

Bio-supply was calculated by summing the manure of different
animals and human excreta present in each district:

Shj =
∑n

i = 1
Eij e

h
i

(

1− vh
)

(1)

where Shj is the total quantity of nutrient supply in district j,

where h represents the nutrient (N, P, or K). Eij represents the
number of individuals of waste source i in district j (PBS, 2006;

BOS, 2010, 2011, 2013, 2014; Pakistan Bureau of Statistics (PBS),
2012), and n is the total number of sources (n= 15 with humans
and 14 different animals), ehi represents the coefficient of nutrient
excretion in kg per individual per year (see SI Table 1 for the
nutrient excretion coefficients, where we selected the average
value of different animal intensity classes Jönsson and Vinnerås,
2004; Gerber et al., 2005), vN represents the gaseous loss of N
during storage (Bouwman et al., 1997), while vP and vK both are
zero. For the national estimate, we summed Shj over all districts.

Crop nutrient needs of a district was calculated summing
up the nutrient needs of all crops, where for each crop we
multiplied the area under production for a crop type by the
fertilizer recommendation for that crop type:

Ch
j =

∑m

t = 1
Atj r

h
tj (2)

where, Ch
j is the total crop nutrient need in district j for nutrient

h, Atj represents the area in hectares of a crop or crop group
t within district j (Pakistan Bureau of Statistics (PBS), 2012),
rhtj represents the recommended fertilizer application rate in

kilograms of nutrient h for a hectare of crop or crop group t
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TABLE 1 | Equations’ parameters, specifications, assumptions, and data sources used for nutrient balance calculations.

Equation Parameters Definition/Variables represent Specifications, assumptions and data sources

1 Sh
j

Total quantity of bio-supply in a district.

h represents nutrient (N, P or K)

j represents districts

Eij Total number of individuals

i represents source (livestock type or human)

j represents districts

District total human population (projected data) was available for the year 2010 for

Punjab, Sindh, and KPK provinces, but only 2011 for Baluchistan where each

province had a different data source: (BOS, 2010, 2011, 2013, 2014).

District total livestock population for 2010 was obtained from (Pakistan Bureau of

Statistics (PBS), 2012) for each of the following animal types: goats, buffaloes, sheep,

adult cows, young cows, bulls & bullocks, donkeys, young camels, adult camels,

horses, mules.

Data for chickens, laying hens and ducks were not available for 2010, so we used

these 2006 data from (PBS, 2006).

Poultry achieves their final weight and are slaughtered in less than a year. Therefore,

annual records collected at one-time point do not reflect the entire year of production.

However, we assume once slaughtered poultry were replaced by new birds, keeping

the same population for the whole year. This assumption allowed us to use annual

excretion rates.

eh
ij

The coefficient of excretion per individual

h represents nutrient (N, P or K)

i represents source (livestock type or human)

j represents districts

We obtained the coefficients of N, P2O5 and K2O excretions for livestock from

(Gerber et al., 2005). The coefficients were given, for different intensity classes of an

animal type, per animal per year and subsequently converted to an elemental form for

P and K. We used an average value of coefficients calculated from different intensity

classes of an animal type.

We assumed nutrient excretion for camels was the same as it is for cows.

We obtained the coefficients of N, P and K excretions for human from (Jönsson and

Vinnerås, 2004). The coefficients were given per human per year for Indian

individuals, which we assume are the same for Pakistani individuals.

See SI Table 1 for the specific coefficient of N, P, and K excretions used to calculate

bio-supply.

vh Constant for a gaseous loss

h represents nutrient (N, P or K) We used the gaseous loss factors for N associated with manure storage in Asia for

each animal type from (Bouwman et al., 1997).

We assumed the same N losses for human excreta as for dairy cows.

2 Ch
j

Total crop fertilizer need in a district.

h represents nutrient (N, P, and K)

j represents district

Atj Cropped area (hectares)

t represents crop /crop group

j represents district

District total cropped area for 2010 was obtained from (Pakistan Bureau of Statistics

(PBS), 2012) for each of the following crops/crop groups.

Wheat, rice, cotton, fodders, pulses, sugarcane, maize for grain, vegetables,

jawar/bajra for grain, oilseeds, orchard, barley, tobacco, other crops.

rh
tj

Recommended fertilizer rate of a nutrient per hectare

h represents nutrient (N, P, and K)

t represents crop /crop group

j represents district

We obtained province specific fertilizer recommendations of N, P2O5, and K2O for

crops; wheat, rice, cotton sugarcane, maize, and pulses from (FAO, 2004). We

converted P2O5 and K2O fertilizer recommendations to elemental P and K.

These fertilizer recommendations were given as a range: low for fertile soil and high

for low fertility soil. We used an average value calculated from the range of fertilizer

recommendations of each crop/crop group in a province.

We used an average value calculated from fertilizer recommendations of individual

crops in a crop group; oilseeds, vegetables, fruits, and fodders (Ashiq, 2010). We

used fertilizer recommendation for sorghum, and tobacco from (Ashiq, 2010). These

fertilizer recommendations were specific to the Punjab province. We assumed the

same fertilizer recommendations of these crops/crop groups for other provinces.

For the “other crops” group we used the average value of fertilizer recommendation

of all crops.

We assumed that N fixation by legumes and previous crops were already accounted

for in fertilizer recommendations.

We did not account for the effects of multi-crop rotations.

We did not consider nutrient need from rangelands used for grazing (we assumed

they were not usually fertilized) or informal grazing areas for animals.

See SI Table 2 for the specific fertilizer recommendations of N, P, and K used to

calculate crop nutrient need.

(Continued)
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TABLE 1 | Continued

Equation Parameters Definition/Variables represent Specifications, assumptions and data sources

3 Bh
j

District balance of nutrient

h represents nutrient (N, P, or K)

j represents district

Sh
j
represents total quantity of nutrient h in district j.

Ch
j
represents total crop need of nutrient h in district j

4 Ph national balance of nutrient h

Bh
j
represents the balance of nutrient h in districts j

Mh represents nutrient h sold in synthetic fertilizers at

the national scale

We obtained the data on the amount of synthetic fertilizers sold at the national scale

from National fertilizer development center (NFDC, 2010) given as N, P2O5, and K2O

purchase from warehouses.

We converted P2O5 and K2O synthetic fertilizer to P to K.

5 Fw The weight of bio-supply to transport Eiw represents

the number of individuals of source i in district w gi
represents the weight of human sludge or manure of

an individual of source i (livestock type or human)

We obtained the coefficient of the weight of livestock manure per animal per day from

(NPCS, 2008) and human sludge per human per day from (BIS, 1993).

For animal types, we took an average value of the coefficients given for different body

weights/intensity classes of an animal type.

For human excreta, a per capita sludge production was recalculated from m3 to kg

per day.

We multiplied these daily numbers by 365 to get an annual total per individual

see SI Table 1 for the specific coefficient of manure/sludge used to calculate the

weight of bio-supply.

6 Th The total amount of nutrient h transported along with a

surplus of N

7 Lh The price per kg of nutrient h (N or K)

Gh represents price per 50 kg bag of fertilizer

hprop represents the proportion of nutrient h

compound in the bag

Rh represents the conversion factor from compound to

elemental form of nutrient h (1 for N and 0.8301 for K)

We obtained the cost per 50 kg bag of urea (1045 PKR or 12.29 US$) and per 50 kg

bag of SOP (2807 PKR or 33.02 US$) from the National fertilizer development center

(NFDC, 2010).

8 Lp the price per kg of nutrient P

GP represents price per 50 kg bag of fertilizer

Ln represents the price per kg of nutrient N

Nprop is the proportion of nutrient N

Pprop is the proportion of nutrient P compound in the

bag

0.4364 the conversion factor from compound to

elemental form of P

We obtained the cost per 50 kg bag of DAP (3236 PKR or 38.07 US$) from the

National Fertilizer Development Center (NFDC, 2010).

within district j (FAO, 2004; Ashiq, 2010). Although past studies
have often used crop uptake or harvested nutrients as a proxy
for crop nutrient need (Gerber et al., 2005), here we opt to use
fertilizer recommendations since yield gaps are large in Pakistan.
Using harvest multiplied by nutrient content gives information
only on nutrient requirements to keep the system at status quo,
which works well in systems where maximum yields have been
attained, soils are nutrient rich, or have had a history of over
fertilization (Bouwman et al., 2017). This metric however would
be an inaccurate way of determining how bio-supply recycling
could help close yield gaps. Fertilizer recommendation rates on
the other hand are designed to help achieve maximum yields
and as such are a better metric for this study (see SI Table 2 for
recommended rates, where we selected the average of the given
range for each nutrient for each crop or crop group). For the
national estimate, we summed Ch

j over all districts.

We used a simple mass balance approach, as described by
Himmeblau (1967), to compare the magnitude of supply (N,

P, and K quantities in manure and human excreta) and crop
nutrient needs in each district according to Equations 1, 2:

Balance = Supply − Demand (3)

This mass balance approach is commonly used to calculate
potential nutrient surpluses and deficits at farm, region, national
and global scales (Bindraban et al., 2000; Granstedt et al., 2004;
MacDonald et al., 2012; Metson et al., 2016).

Bhj = Shj −Ch
j (4)

where Bhj is the district nutrient balance of nutrient h (N, P or K)

in district j, Shj is the total quantity of bio-supply of nutrient h in

district j (Equation 1), and Ch
j is the total crop need of nutrient h

in district j (Equation 2). For the national estimate, we summed
Bhj over all districts.
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We did not consider synthetic fertilizer application at the
district scale as this information was not available for all districts,
and because our study focuses on how bio-supply can meet crop
needs. Instead, we summed district-scale balances and added the
data on synthetic fertilizer sales at the national scale:

Ph =
∑s

j = 1
Bhj +Mh (5)

where Ph is Pakistan’s national gap/surplus to crop needs of
nutrient h given 100% recycling, and Mh represents the national
synthetic fertilizer sales h (NFDC, 2010), where P2O5, and K2O
were converted to their elemental form (Equations 9, 10).

Transport Distance Calculations and Cost
Estimates
To be able to estimate transport costs we must determine the
distances among all districts as well as the weight of district bio-
supply surpluses which require transportation. The weights can
partly be derived from the previous calculations (Equations 1,
4). To define a surplus district in the context of transportation,
we chose N balances over P or K because it is the only
nutrient that had a national surplus when accounting for both
synthetic fertilizer use and bio-supply, and thus purchases could
be reduced through increased bio-supply recycling. In order to
convert surplus N to transport weight, we multiply the surplus
N value by a weighted average of the N content per ton of
bio-supply conversion based on the average mix of animal and
human excreta for each district (Equation 6).

To find transportation distances, we model and solve a
well-known optimization problem, the Transportation Problem,
first formulated and described by Hitchcock (1941). This
optimization model can be used to calculate the total minimum
distance required to transport all surplus bio-supply from surplus
districts to meet the nutrient needs of deficit districts, as well as
the costs associated with such transport. To be able to determine
transport distances, we first represent the nutrient budgets
spatially. We use ArcMap 10.3.1 to merge district nutrient
balance values to district areas (University of California, 2015),
and then calculate the distance awy between centroids (center)
of the districts where w and y are districts (wǫQ and yǫD). In
the optimization problem (Equations 6, 7), we let set Q represent
all supply districts (those districts j where BNj > 0), and set D

represent all districts with deficits in N (those districts j where
BNj ≤ 0). We calculate the surplus weights as:

Fw =
BNw
SNw

∑n

i = 1

(

Eiwgi
)

(6)

Where Fw represents the weight of surplus of N bio-supply in
tons of district w (wǫQ). The coefficient gi is the weight of human
or animal excreta from an individual of source i (BIS, 1993;
NPCS, 2008; livestock type or human). Eiw represents the number
of individuals of source i in districtw. It is not possible to meet all
crop N needs with bio-supply. Therefore, we want all N surpluses
to be redistributed among deficit districts.

We let xwy represent the amount of N (in tons) to be sent
from district w to district y, noting that all surplus of a district

w is distributed hence
∑

y∈D xwy = BNw . Parameter ow is the

concentration (the amount of N in each ton of manure ow =
BNw
Fw

)
for each surplus districtw. The optimization problem can now be
stated as:

min z = uf
∑

w∈Q

∑

y∈D
awyxwy/ow (7)

subject to
∑

w∈Q
xwy ≤ −BNy y ∈ D (7.1)

∑

y∈D

xwy = BNw w ∈ Q (7.2)

xwy ≥ 0 w ∈ Q, y ∈ D (7.3)

where u is the unit cost for transportation of manure and sludge,
0.02 US$ per ton and km (World Bank, 2008), f is distance factor
to approximate the actual road distances given the Euclidian
distance between districts (we used 1.33 Gonçalves et al., 2014).
Further, parameter BNw is the N surplus (in tons) for each district
w ∈ Q and BNy is N crop needs (in tons) for each district y ∈ D.
Constraint (7.1) makes sure that the total amount of N sent
to a district is less than or equal to its needs. Constraint (7.2)
makes sure that the total amount of N sent from a district is
equal to its surplus. Constraint (7.3) is to ensure non-negative
values throughout. The solution to the problem is thereby the
total transport cost in USD according to the right-hand side of
Equation 7. The model is implemented in AMPL (see Fourer
et al., 2003), and we make use of the commercial solver cplex
(ILOG Inc. ILOG CPLEX, 2012).

To calculate P and K nutrients in the bio-supply transported
along with N (Equation 8), we can use the previous equations to
recalculate new district nutrient balances (Equations 1, 4).

Th
=

∑

w∈Q

BNw
SNw

Shw (8)

where Th is the total amount of nutrient h transported along with
a surplus of N.

Scenarios and Cost Calculations
We construct a few simple scenarios and cost estimates to answer
our research questions and put our findings into perspective.
First, we report national nutrient surplus and deficit if all bio-
supply and synthetic fertilizers are used. Second, we assume
that real-world practices in 2010 would be closer to a scenario
where, in addition to synthetic fertilizers, 25% of bio-supply is
recycled (animal manure FAO, 2004 and human waste Ensink
et al., 2004 if rural and urban populations behave similarly).
Together these two scenarios give us an idea of (1) the cost
of meeting all crop needs with synthetic fertilizer-based 2010
prices in Pakistan; (2) the monetary value of bio-supply nutrients
if they replace synthetic fertilizers; and (3) how much of this
potential bio-supply monetary value was likely used in 2010.
Synthetic fertilizer is usually purchased as 50 kg bags of urea,
diammonium phosphate (DAP) and sulfate of potash (SOP), and
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we calculate the per kg price of elemental nutrient for N and K
using Equation 9 and for P using Equation 10:

Lh =
Gh

50hpropRh
(9)

where Lh represents the price per kg of nutrient h, Gh represents
the 2010 price per 50kg bag of fertilizer containing h (for N - urea,
for K - SOP; NFDC, 2010), hprop is the proportion of nutrient h

compound in the bag and Rh represents the conversion factor
from compound to elemental form, i.e., 1 for N in Urea and
0.8301 for K2O in SOP:

Lp =
Gp

− (Ln50Nprop)

50Pprop0.4364
(10)

where LP is the price per kg of P. GP represents the 2010 price
per 50 kg bag of DAP (NFDC, 2010), LN represents price per kg
of nutrient N (calculated in Equation 7), Nprop represents the
proportion of N in the fertilizer bag, and Pprop represents the
proportion of P2O5, and where 0.4364 is the constant to convert
P2O5 to P. In other words, a bag of DAP contains 18%N and 46%
P2O5 and to calculate the price of elemental P in Equation 10, we
deduct the price of N (calculated in Equation 9).

Based on these monetary estimates, we construct a scenario
where all bio-supply was used to meet crop nutrient needs first
and then supplemented with synthetic fertilizers. We compare
2010 synthetic fertilizer expenditures to what would be needed
under this future 100% recycling scenario. Finally, we create a
scenario, using the optimization model in Equation 7, where
surplus bio-supply is transported based on district N surpluses
and deficits. Here, in addition to looking at distances, we compare

the cost of transport, right-hand side of Equation 7, to the
monetary value (cost) of nutrient transported if purchased as
synthetic fertilizers. We subtract any fertilizer value from any
over-application of P and K associated with this transportation
model to provide a conservative estimate of the transported bio-
supply nutrient value. These costs estimates act as a first-order
approximation of the economic feasibility of recycling.

RESULTS

In 2010, Pakistan had a surplus of N and K, but a deficit of P
at the national level (Figure 2). Total crop nutrient needs, based
on fertilizer recommendations, represented 3.1 million tons of N
and 1.1 million tons of P and K each (Table 2). Wheat, cotton,
and rice together comprised 76% of N needs, and a similarly
large fraction of P and K needs (57% for P and 77% for K)
while fodder crops were 15% of total P needs (SI Table 3). 2010
synthetic fertilizer use could meet 99 % of N, 31% of P, and
2% of K needs (Table 2). These 3.4 million tons of synthetic
fertilizer cost approximately 2.8 billion USD and 90% of it was
N (Figure 2 and Table 2). Surpluses of N and K only occur at
the national scale when we assumed both synthetic fertilizer
use and total bio-supply recycling; under this scenario there
would while still be a 26% gap between supply and crop P needs
(Figure 2).

There were 4.4 million tons of available bio-supply as animal
manure and human excreta, with a total NPK fertilizer value of
5.9 billion USD (Figure 2 and Table 3). Like with crop needs,
bio-supply was dominated by a few species. Together, buffaloes,
cows, and humans comprised 77% of N and P bio-supply,
and 73% of K bio-supply (SI Table 4), where human excreta
represented roughly half of the nutrients that buffalo manure

FIGURE 2 | National scale crop nutrient need vs. nutrient supply in manure, human excreta, and mineral fertilizers in Pakistan. The supply is in a surplus of N and K

crop need, while there is a P deficit.
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contained nationally (i.e., human excreta contained 17% national
N bio-supply, SI Table 4). Not all this potential value was used
in 2010 however. There was a large amount, worth 4.4 billion
USD, of non-utilized bio-supply across Pakistan which could
have complemented or replaced synthetic fertilizer use (Table 3).
The largest bio-supply monetary values were associated with
P and K, which represented 4.97 billion USD together
(Table 3).

Under 2010 practices, the largest nutrient gap was related to
P, where 58% of crop needs likely remained unmet (Table 4). It
would take an additional 2.07 billion USD to purchase synthetic
P to fill this gap. If Pakistan were to recycle the 3.3 million
tons of bio-supply that were not utilized in 2010 (Table 3),
they could fully meet K crop needs and meet 57 % of N,
and 43 % of P crop needs (Table 4, note that the table shows
the gap to meet crop needs and not the total nutrient needs).
This means that although most of 2010’s fertilizer expenditures
were on N, total recycling of bio-supply would require a shift
toward more P fertilizer purchases to meet all three nutrient
crop needs. However, this would not cost more than today’s
expenditures on synthetic fertilizers; this is because total bio-
supply recycling would substantially reduce synthetic N fertilizer
needs (Tables 2, 4).

Bio-supply and crop needs varied among districts, but a large
proportion of crop needs could be met through within-district
recycling (Figure 3 and Table 5). Indeed, most recycling could
take place within districts: 94% of N, 97% of P and 53% of
K (Table 5 and Figure 3). Still, when we compare district bio-
supply with crop needs, we found that available K exceeded
crop needs in almost all districts (only 7 districts have a deficit),
N exceeded crop needs in 25% of districts, while only 18% of
districts had a P surplus (SI Table 5). These excesses represented
6% of N, 3% of P, and 47% of K bio-supply (Table 5).

TABLE 2 | National scale crop nutrient need and use of synthetic fertilizers in

2010 in Pakistan.

Crop Needs Synthetic fertilizer use 2010

Million tons Billion USD Million tons Billion USD

Nitrogen 3.1 1.7 3.1 1.7

Phosphorous 1.1 3.6 0.3 1.1

Potassium 1.1 1.8 0.03 0.04

Sum 5.3 7.1 3.4 2.8

Some of these surplus and deficit patterns overlay with
differences in land use, although required transportation
distances to remedy these imbalances may not be very long. As
would be expected, crop needs are concentrated in the central-
eastern part of the country where the majority of farmland is
located (Figure 1). We observed a similar pattern for manure
supply, although there is particularly high supply in a few districts
(SI Table 5). More specifically, 10% of total N, P and K bio-
supply as manure are located just three districts: Muzaffargarh,
Sargodha, and Khairpur. Nutrients in human excreta are slightly
more concentrated in the more heavily urbanized districts of
Karachi, Lahore, and Faisalabad districts; which together account
for 17% of bio-supply as human excreta. In some cases, utilizing
the surplus of one district could fully correct the N deficit of
multiple districts (SI Table 6). For example, Karachi had 21%
of the national surplus of N. If transported, this surplus could
eliminate 100% of N deficit in Hyderabad, Jamshoro, Tando,
Muhammad Khan, and Thatta districts, which together represent
1.5% of the national deficit. The cost of transporting this N is 27%
of the market value of N transported. Similarly, Lahore district
had 12,000 tons of N surplus and transporting it could eliminate
80% of N deficiency in Sheikhupura district, representing 1%
of the national deficit; the cost of transports is only 40% of
the market value of N transported. Not all transports may
be economically advantageous though. For example, although
there was a 14,000-ton N-surplus in the Tharparker district, and
transporting this surplus could eliminate 100% of the N deficit in
Umerkot district, the cost of transportation would be roughly 1.7
times the market value of N transported.

The total transport distance for recycling bio-supply across
districts was 6,795 km when optimized to meet N crop needs

TABLE 4 | Gap to meet crop needs at the national scale: (1) 2010 synthetic

fertilizer use + 25% bio-supply recycling (2) 100% recycling of bio-supply and no

synthetic fertilizers use.

2010 100% recycling

(%) Million tons Billion USD (%) Million tons Billion USD

Nitrogen 0 0 0 43 1.36 0.73

Phosphorous 58 0.62 2.07 57 0.62 2.04

Potassium 51 0.59 0.94 0 0 0

Sum: 1.22 3.01 1.98 2.77

The gap represents the missing quantity of nutrients needed to fulfill all crop needs.

TABLE 3 | 2010 national scale availability and current use of bio-supply.

Available Recycled 2010 Not recycled 2010

Million tons Billion USD Million tons Billion USD Million tons Billion USD

Nitrogen 1.8 0.97 0.45 0.24 1.4 0.7

Phosphorous 0.46 1.52 0.12 0.38 0.34 1.1

Potassium 2.2 3.45 0.54 0.86 1.6 2.6

Sum 4.4 5.93 1.11 1.48 3.3 4.4
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FIGURE 3 | Spatial distribution of (A) crop nutrient need (B) nutrient supply in manure (C) nutrient supply in human excreta, and (D) nutrient balances as surplus and

deficit of nutrients at the district scale in Pakistan all expressed as percentages of total supply and need.

(SI Table 6), costing 56 million USD. This represents almost the
same expenditure as for an equivalent amount of synthetic N (57
million USD). However, the transported bio-supply also contains
P worth 39 million US$, and K worth 6 million US$. Including

the value of all three nutrients, the cost of transports is only
56% of the corresponding synthetic fertilizer value. These values
already consider that optimizing for N transport did result in
some over- and under-transport of K and P. After transport, none
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TABLE 5 | The capacity of bio-supply to meet crop need of N, P, and K at the district level and the proportion of need that could be met by transporting surplus

bio-supply between districts.

Nitrogen Phosphorous Potassium

(%) Million tons Billion USD (%) Million tons Billion USD (%) Million tons Billion USD

Within districts 94 1.7 0.91 97 0.45 1.5 53 1 1.8

Needs transport 6 0.1 0.06 3* 0.013 0.04 0.5* 0.006 0.01

Transported with N between districts 6 0.107 0.056 3∧ 0.012 0.039 0.2∧ 0.004 0.006

* This amount is required to meet the K deficit in 7 districts instead of moving the 43% that would be required to eliminate district surpluses. Note that crop need is only 1.1-million-ton K.
∧This is the amount that was transported that met P or K deficits and not the total amount of P or K that was transported. As such, we are only estimating the monetary value of the

bio-supply that is helping meet crop needs.

of the districts that received excess bio-supply had K deficits, but
97% of the K transported had no fertilization value because it
was in excess of district needs. In addition, two districts with K
deficits remained deficient as they received no additional bio-
supply with the transports optimized for N. After transport, one
district retained a P surplus (of 885 tons), one new district became
a surplus district (representing 2.5% of the P transported or 664
tons). Because P deficits were so common across the county, the
transport of manure according to the N optimization models still
could not fulfill all P needs.

DISCUSSION

Yield Gaps
Our results are in line with other studies showing that part
of Pakistan’s yield gap is related to nutrient availability. 2010
synthetic N fertilizer purchases alone meet all N crop needs,
which implies that bio-supply recycling would constitute over-
fertilizing crops for N in some areas. However, 2010 fertilizer
application and bio-supply recycling rates result in under-
fertilizing for P and K (58% P-gap and 51% K-gap). This high N
fertilizer use and low P and K use is confirmed by previous work
(Solaiman and Ahmed, 2006). Similarly, our results support the
idea that low P and K availability are contributing to the almost
50% yield gap identified for major crops in Pakistan (Prikhodko
and Zrilyi, 2013; Aslam, 2016) as we find that wheat, cotton, and
rice together account for over 50% of crop nutrient needs and
consequently not all their needs are met under 2010 fertilization
practices (SI Table 3). Nutrient related yield gaps could continue
in Pakistan even with increased recycling; we found that in 2010,
total potential nutrient availability exceeded N and K crop needs
but there was a 26% deficiency for P even when synthetic fertilizer
and all bio-supply resources were considered.

Local Recycling of Bio-Supply
Pakistan is still relatively rural, with 61% of its population
living in rural areas (FAO, 2017) and still uses integrated
crop and animal production systems (Afzal and Naqvi, 2004).
We confirm this land use pattern in our results through the
visibly low spatial separation of nutrient needs and bio-supply
at the district level (i.e., recycling within a district can meet
the majority of crop needs). This is quite different from many
global regions where land use specialization has separated crop
production from bio-supply, which continues to contribute to

both yield gaps and water pollution (Bouwman et al., 2013; Jones
et al., 2013). In Pakistan, the majority of bio-supply recycling
could happen within districts, but there are areas of surplus
and deficit (Figure 3, and Table 5) across districts that require
transportation to be balanced. Only a few districts account for
the majority of N surpluses, and this surplus bio-supply does not
need to be transported very far. This is especially true for urban
districts such as Karachi and Lahore; although human excreta
contain less than a quarter of the available bio-supply nationally,
they do not account for the bulk of long-distance transports
required to balance nutrient bio-supply and crop needs. This
speaks to the importance of rural populations in the national
nutrient balance, and this must be taken into consideration
when thinking about appropriate infrastructure and knowledge
transfer to facilitate recycling. However, rapid urbanization in
Pakistan will also be an important consideration for future
scenarios.

Fertilizer Subsidies and the Cost of
Recycling
We found that recycling all bio-supply could meet the majority
of crop needs, but that synthetic N and P fertilizers would still
be required to meet all crop needs and close nutrient related
yield gaps (Table 4). It is important to put the monetary value
of bio-supply, as well as potential recycling costs, into a larger
perspective. Because access to nutrients is key to increasing yields
in Pakistan, the government has put in place several subsidy
programs that affect the use of synthetic fertilizers. N fertilizer
subsidies have been in place for the last 40 years (Ali et al., 2015)
which helps explain why synthetic N application rates matched
crop needs in 2010. As pointed out by Solaiman and Ahmed
(2006), and as our results clearly show, P and K availability on
farms have lagged behind. In 2015, the government decided to
remedy the lag in P fertilizer use by providing a subsidy of 190
million USD on P fertilizers (FAO, 2016). Our estimates show
that under 2010 price conditions it would cost an additional 2.07
billion USD to meet P crop needs without increasing recycling.
And this cost is in addition to the 1.1 billion USD farmers already
spent on P fertilizers 2010. In other words, the government
subsidy only helps cover 9% of the cost required to close the P
crop need gap. If all bio-supply were recycled there would still
be a need to purchase 2.04 billion USD worth of synthetic P
fertilizers. However, recycling would substantially decrease the
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need for synthetic N and K fertilizers; N related expenditures
could decrease from 1.7 billion to 0.73 billion USD and K from
40 million USD to zero. These savings, plus the money already
spent on P fertilizer in 2010, would match the cost of required
synthetic P fertilizers to meet crop needs. In other words, full
bio-supply recycling and today’s fertilizer subsidies would be
sufficient to meet nutrient requirements. However, subsidies and
expenditures on synthetic fertilizers would be better spent on
P rather than on N. Of course, recycling is not free, but our
estimates on the between-districts transports show that those
costs are only 56% of the corresponding synthetic fertilizer value.
Although these are rough estimates, they indicate that recycling
could be a cheaper option than additional synthetic fertilizers
purchases to reduce the gap.

In fact, increasing bio-supply recycling, even if more
logistically complex than buying more synthetic fertilizers, could
be part of a holistic food, energy, and water sustainability plan for
Pakistan.

Food Security
Recycling organic waste has been shown to increase yields
and is compatible with other sustainable nutrient management
practices. For example, increased recycling through N enriched
composting can be an effective way to increase wheat yields and
decrease dependence on synthetic N fertilizer (Ahmad et al.,
2008). Increasing crop rotations with legumes to increase N
fixation, which would be compatible with organic agriculture
practices and recycling, would also be a way to decrease synthetic
N use (Badgley et al., 2007). Similarly, for P, recycling of waste
compared to synthetic fertilizer use has less environmental
costs and is in general considered more sustainable from a
life cycle assessment perspective (Hörtenhuber et al., 2017).
Decreasing dependence on imported synthetic fertilizers will also
be important considering potential price volatility and physical
availability of N, P, and K (Dawson and Hilton, 2011; Cordell
and White, 2014). By increasing yields in a sustainable way,
recycling could potentially contribute to higher incomes for
farming communities; closing the yield gap for wheat alone for
example would increase the harvest value by 7.9 billion USD (6
ton/ha as yield and the wheat price of 23,750 PKR/ton in 2010,
Prikhodko and Zrilyi, 2013). Furthermore, investments in better
road networks would not only facilitate recycling but also farmer
access to markets.

Energy Security
Collecting organic waste for nutrient recycling can also include
energy extraction (e.g., biogas production) before they are sent
to meet crop needs. This is particularly relevant for Pakistan
as 40% of people are still not connected to a central electricity
grid, which ideally should be met by diversifying non-fossil
energy sources (Khan et al., 2010). 280 MWh of electricity could
be generated per day in Pakistan just by fully exploiting the
biogas potential of poultry farms (Arshad et al., 2018). Extracting
energy from recycled manure for fertilization purposes is also
important considering that 25% of already collected manure
is used as fuel for cooking (FAO, 2004). Without giving these
users an energy alternative, it may be difficult to convince

them to use the manure as a fertilizer. Right now, post-burning
manure has lost most of their nutrient value (Negash et al.,
2017) but biogas extraction instead of direct burning before
recycling could help meet both energy and nutrient needs
(Plugge, 2017).

Water Pollution and Other Considerations
Recycling could potentially decrease water pollution risks
associated with losses from high nutrient supply areas. Although
there are nutrient deficits at the national level, there is likely
over-application of N synthetic fertilizers and bio-supply in
some areas of the Pakistan. Concentrated areas of supply (if
untreated and moved) contribute to water quality degradation,
notably eutrophication and associated algal bloom and hypoxia
problems (Van Drecht et al., 2009; Bouwman et al., 2013).
The Indus river, which drains most of the southern half of
Pakistan, had already surpassed its capacity to assimilate N
and P from anthropogenic sources by 2000, where dissolved
inorganic N and particulate P contribute most to loading (Liu
et al., 2012), and coastal pollution related to poor wastewater
treatment can be acutely seen around the coastal city of Karachi
(SACEP et al., 2015). In addition, arabian Sea coastal waters,
in to which the Indus drains, will be very sensitive to future
nutrient loading. The size of the already existing hypoxic zone
will likely increase along the coast if loading is not significantly
controlled, especially with rising temperatures associated with
climate change (Reed and Harrison, 2016). If investments in
increased bio-supply recycling result in (1) better collection
and treatment of organic waste (including wastewater treatment
plants) and (2) in reduced over-application of nutrients, then
these investments will contribute to higher water quality in the
Indus river and the Arabian Sea. Better and more wastewater
treatment plants could also help lower Pakistan’s high infant
mortality from diarrhea and dysentery, which are both linked
to contaminated water sources (UNICEF and WHO, 2009).
Because of these potent benefits across sectors, it may make
sense to draw on a diversity of national department funds
and international aid money to fund infrastructure investments
to achieve higher bio-supply recycling. In summary, investing
in recycling could facilitate routes to overcome major parts
of poverty traps (Tittonell and Giller, 2013), as well as
other important aspects to meet UN Sustainable Development
Goals.

Limitations
Although our national analysis points to the potential benefits
of increasing bio-supply recycling, more detailed analyses
would be required to operationalize such potential. Here we
only estimated transport costs between district movements,
but we know that most recycling (and thus transport costs)
will be associated with within district transport. Estimating
such distances, as well as optimal routes and costs, requires
a higher spatial, and system resolution analysis of bio-
supply and crop needs. Similarly, although in this study
we took some biophysical characteristics into consideration
by looking at nationally specific fertilization rates, there are
more detailed variations we have not considered. For example,
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variations in soil properties are particularly important as
they affect the capacity of crops to access applied nutrients
[e.g., Magnone et al. (2017) looking at P in Sub-Saharan
Africa]. Although there are often N and P soil deficits across
Pakistan soils, K is highly variable depending on bedrock
material (Wakeel, 2014). Finally, recycling all bio-supply is
not realistic, but more detailed spatial analyses may point out
where investments would be the most cost-efficient and easy to
operationalize.

CONCLUSION

Increasing access to food for the 22% of Pakistan’s population
that is undernourished (EIU, 2014) will be no small feat and
thus requires a multi-pronged approach. Increasing bio-supply
recycling could be beneficial in meeting such a food security goal.
With full bio-supply recycling, we found that it would cost 2.8
billion USD to purchase the required N and P fertilizers to meet
the missing 43 and 57 % of N and P crop needs. This is the
same amount of money already spent on synthetic fertilizers but
would actually meet all crop nutrient needs. As such, recycling
more bio-supply could substantially decrease yield gaps while

also meet other important sustainability goals related to water
quality, human health, and energy availability across Pakistan.
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