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Abstract Rapid urbanization in developing coun-

tries is attracting urban livestock farming, which is

associated with feed nutrient imports and manure

nutrient accumulations. Here, we report on manure

nutrients (N, P and K) production on urban livestock

farms in Addis Ababa and Jimma in Ethiopia, and

estimate manure recovery on these farms and its

recycling in urban, peri-urban and rural crop farms.

Estimates were based on data from farm surveys,

statistics, literature and model calculations. Urban

livestock farms had on average 13 tropical livestock

units and positive N, P and K balances. Urban crop

farms had negative N and K balances, and did not use

manure from urban livestock farms. We estimated that

0.5–2.6 Gg N, 0.2–0.8 Gg P and 0.9–3.7 Gg K can be

collected in manure from the 5,200 urban livestock

farms in Addis Ababa year-1, and can be recycled in

crop land. Two manure allocation strategies were

explored: balanced P fertilization and balanced N

fertilization. The former allowed greater precision in

matching nutrient supply to demand, and was associ-

ated with greater manure transport and distribution, up

to rural areas. Manure recycling has several benefits:

synthetic fertilizer savings (75–300 million Ethiopian

Birr year-1 for Addis Ababa), soil fertility replenish-

ment, and reductions in water pollution. However,

there are various cultural, educational and institutional

barriers for manure recycling. We argue that more

quantitative data and scenario analyses are needed for

deliberative decision making and for exploring more

sustainable development pathways of urban livestock

farms, re-connected to crop farms via manure

recycling.

Keywords Balanced fertilization � Fertilizer saving �
Manure management � Nutrition security � Pollution

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10705-020-10103-8) con-
tains supplementary material, which is available to authorized
users.

S. T. Tadesse (&)

Department of Soil Quality, Wageningen University and

Research, P. O. Box 47, 6700 AA Wageningen, The

Netherlands

e-mail: soltuta@gmail.com; solomon.tulu@ju.edu.et;

solomon.tadesse@wur.nl

S. T. Tadesse � F. L. Ocho

Department of Horticulture and Plant Sciences, College of

Agriculture and Veterinary Medicine, Jimma University,

P. O. Box 307, Jimma, Ethiopia

O. Oenema

Wageningen Environmental Research,

P. O. Box 47, 6700 AA Wageningen, The Netherlands

C. van Beek

SoilCares Foundation, Nieuwe Kanaal 7c,

6709 PA Wageningen, The Netherlands

123

Nutr Cycl Agroecosyst (2021) 119:51–67

https://doi.org/10.1007/s10705-020-10103-8(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0001-9767-3807
https://doi.org/10.1007/s10705-020-10103-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s10705-020-10103-8&amp;domain=pdf
https://doi.org/10.1007/s10705-020-10103-8


Introduction

Global population is projected to reach 9–10 billion by

2050 (FAO 2017) and 68% of the population is

projected to be urban (UN 2019). These changes are

accompanied by fast growing food demand and

dietary transitions in urban areas (Satterthwaite

2017). Most of the food for urban people is imported

from rural areas (Jones et al. 2013), but significant

amounts are provided also by urban and peri-urban

farms (Roessler et al. 2016). Urban and peri-urban

agriculture (UPA) contributes to the livelihood of

urban dwellers, providing jobs, income and food

security, especially in developing countries (Chiham-

bakwe et al. 2018; Khumalo and Sibanda 2019;

Mugisa et al. 2017). Thebo et al. (2014) reported that

11% of the global area of irrigated cropland was urban

irrigated cropland, and 4.7% of global rain-fed crop-

land was urban. UPA farms mainly supply perishable

vegetables and animal products to urban areas, due to

the proximity to and high prices in urban markets

(Djurfeldt 2015; Mugisa et al. 2017).

Significant amounts of nutrients are embedded in

agricultural products that are transported from rural

and peri-urban areas to urban areas (Lin et al. 2014;

Zhu et al. 2017). This transfer contributes to nutrient

accumulation in urban areas (Yu et al. 2017; Zhu et al.

2017) and to nutrient depletion in rural areas,

especially when animal manure and human wastes

from urban and peri-urban areas are not recycled back

to rural areas (Goulding et al. 2008; Jones et al. 2013).

The accumulation of manure and human waste in

urban and peri-urban areas contributes to a range of

unwanted human health and environmental effects

(Herrero et al. 2018).

The ‘circular economy’ is a response to the

inefficient use and management of resources in our

current linear socio-economic systems (Michelini

et al. 2017). It aims at more sustainable development

through increased recycling. Alike, nutrient recovery

from animal manure and human waste in urban and

peri-urban areas and recycling in rural areas has direct

environmental benefits (Rao et al. 2017; Neo 2010),

and may replace synthetic fertilizers and thus reduce

the costs, emissions and pollutions associated with the

production and use of synthetic fertilizers (Buckwell

and Nadeu 2016; Yu and Wu 2018). Also, recycled

nutrients may reduce the dependency of countries on

imports of fertilizers (Smits and Woltjer 2018), and

are thought to have a vital role in achieving Sustain-

able Development Goals on food and nutrition secu-

rity, clean water and sanitation, sustainable cities and

life below water and on land (Zhu et al. 2017).

Although recycling of animal manures and house-

hold wastes has several advantages, the willingness

and incentives for recycling manures and wastes back

to crop land are still limited in developing countries

(van Beek et al. 2016). For instance, less than 10% of

the animal manures and crop residues available to

smallholder farmers in Ethiopia were applied to soils

(Nigussie et al. 2015), despite net nutrient depletion

due to nutrient withdrawal with harvested crops,

erosion and leaching, and limited applications of

inorganic and organic fertilizers (van Beek et al.

2016). Some dung cakes are collected and used for

building and cooking purposes, and some excrements

deposited in animal confinements are partially recov-

ered and applied to cropland, but most of the animal

depositions are not recovered and recycled. There is

lack of knowledge and information, and there are

cultural barriers for recycling wastes. Moreover,

governmental policies and regulations for manure

collection and recycling are lacking (Komakech 2014;

Tadesse et al. 2018) or incipient (Herrero et al. 2018)

in developing countries. This leads to accumulation of

nutrients in urban and peri-urban areas, and to

pollution and eutrophication of rivers and lakes (Yu

et al. 2017).

Tackling nutrient accumulation in urban livestock

farms and nutrient depletion in rural crop farms

simultaneously, through recycling of manures from

urban areas in rural areas, is an opportunity and a

necessity (Goulding et al. 2008). Recycling of agri-

cultural wastes is in line with the FAO model for

sustainable intensification of crop production ‘‘Save

and grow’’ (Pergola et al. 2017), and represents an

important contribution to the circular economy at

regional level (Pergola et al. 2017). However, the

amounts of nutrients in manure that can be recycled

from urban farms to rural farms, and the associated

fertilizer savings are currently not well known. The

purpose of this study was threefold: (i) to estimate the

amounts of manure nutrients that can be recycled from

urban livestock farms to crop farms in urban, peri-

urban and rural areas, (ii) to explore strategies for

increased manure recycling, and (iii) to estimate

fertilizer saving and reductions in nutrient pollutions
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in urban, peri-urban and rural areas, in Addis Ababa

and Jimma in Ethiopia.

Materials and methods

Study site and farm characteristics

Addis Ababa (Finfinnee) is the capital city of Ethiopia

(Fig. S1); it had a total population of 3.4 million in

2015 and an annual population growth rate of 3.8%

(Feyisa et al. 2016). Jimma is one of the secondary

cities in Ethiopia and the commercial center of the

Southwestern part of the country. It had a total

population of 0.2 million in 2014 and an annual

population growth rate of 3% (Abrha et al. 2015). The

two cities differ in their bio-physical characteristics

and agro-ecology. Addis Ababa has ten sub-cities;

most of the UPA farms are found in five sub cities

(Abdalla et al. 2011; Tadesse et al. 2019) and these

were selected for this study. In Jimma, all eight urban

woredas (districts) within the city were selected

(Table S1). Rural woredas near the two cities were

included (Table S1). Although the selected rural

woredas are situated in the highlands and designated

as models for the Agricultural Growth Program (AGP)

woredas by the Ethiopian government, due to their

potential for agricultural production (Eyasu and van

Beek 2015; Tefera et al. 2012), the smallholder farms

are not as productive as claimed (van Beek et al.

2016). Most UPA farms are mixed crop-livestock

farms, but the relative contributions of crops, vegeta-

bles and livestock to farm income differs greatly. Farm

income is much higher on farms with focus on

livestock production and vegetables, than on farms

with focus on crops (Tadesse et al. 2018). Most farms

in the rural areas are also mixed crop-livestock farms

(Table S1), but crop production is here the most

important activity; livestock are kept for draught

power supporting crop production and for family milk

production (Mukai 2018).

Concept of nutrient cycling between UPA farms

and rural farms

Urban, peri-urban and rural areas differ in population

density, built-up areas, infrastructures and key eco-

nomic activities (Allen 2003; Opitz et al. 2015).

Makita et al. (2010) distinguished a city center with

urban, peri-urban and rural areas around the center

(Fig. 1). The city center is dominated by business

buildings, high income residential areas and houses

with high fences, and basically has no agriculture.

Urban areas are densely populated built-up areas, with

locally intensive farming activities. Peri-urban areas

are urban–rural transition areas, with a high population

increase, mainly through migration, and with space for

agriculture. Rural areas have low population increase

and often little economic activities; most people

depend on agriculture, especially in developing coun-

tries. The width of the city center and urban and peri-

urban areas greatly differ between cities and tend to

increase over time when cities grow. Large cities have

diameters of 30–50 km, and often exploit peri-urban

and rural resources for urban uses (Simon 2008).

However, the ecological, economic and social func-

tions of rural areas are of mutual importance for urban,

peri-urban and rural areas (Allen 2003).

City centers and urban, peri-urban and rural areas

are often an asymmetrical, uneven and multi-dimen-

sional continuum. There are no distinct lines separat-

ing the center from peri-urban, urban and rural

settings, but often a slow zone of change exists

(Lupindu 2017). For the purpose of our study, we

distinguished three zones around the city centers of

Addis Ababa and Jimma (Fig. 1). Addis Ababa had a

city center of 527 km2 with a diameter of roughly

26 km in 2017 (Terfa et al. 2019), and Jimma a city

center of 100 km2 with a diameter of roughly 11 km in

2017 (Abebe et al. 2019). Following the concept of

Fig. 1 Conceptual configuration of the studied cities, with a city

center, and an urban zone (a), a peri-urban zone (b) and a rural

zone (c) around the city center. The radius of the city center was

estimated at 13 km and the width of each zone at 10 km for

Addis Ababa, and at 6 and 5 km for Jimma, respectively. After

Mohamed and Worku (2019) and Abrha et al. (2015)
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Zhu et al. (2017) and the approaches of Makita et al.

(2010) and Opitz et al. (2015), we assigned three zones

(A, B and C) around the city centers; 10 km wide

zones around the city center of Addis Ababa, and 5 km

wide zones around the city center of Jimma. Zone A is

considered the ‘urban periphery’ (intra-urban). Zone B

is the peri-urban area (urban–rural interface), and zone

C is the rural area.

In each zone we identified the type, number and size

of the farms on the basis of data statistics, literature

and farms survey. In total, there were 5200 UPA

livestock farms in Addis Ababa (Tamiru and Amza

2017) and 500 in Jimma (according to the agriculture

office of the city). Tabor (2013) studied the land use of

Addis Ababa and its fringes using Landsat images of

1973, 1986, 2000 and 2011 and collected land use data

in 2011 for ground truthing (Table 1). Zewdie et al.

(2018) also assessed the land use of Addis Ababa in

2015 using Landsat images of 1984, 1995, 2003 and

2014. The images were acquired during the dry

seasons to better differentiate agricultural cropland

from natural vegetation, and attained an accuracy level

of 87% for land use classification (Zewdie et al. 2018).

They estimated that the studied districts in Addis

Ababa had an area of 122,100 ha, including 55,400 ha

agricultural land (Admasu and Runnström 2017).

Abrha et al. (2015) studied the land use of Jimma

city using remote sensing and attained 84% accuracy

level of land use classification. The studied districts in

Jimma had an area of 12,000 ha, including 7,908 ha

agricultural land.

We assumed that manure transport and recycling

will occur in the following sequence. (i) Manure

disposal is based on the N, P and K demand of the

crops; the nutrient element that meets the demand per

crop/field first, determines the manure application rate

(see also ‘‘Assessment of manure recycling’’ Section).

(ii) The demand is satisfied (saturated) first in the zone

where the manure has been produced, to minimize

transport distances (Rodionov and Nakata 2011). (iii)

Excess manure from zone A is transported to peri-

urban crop farms in zone B, until also here all

remaining demand has been satisfied. (iv) Remaining

Table 1 Land use and main crops in the studied districts of

urban (A), peri-urban (B) and rural (C) areas of Addis Ababa

and Jimma. For comparison, also data for a further rural area

zone is presented. Note that total areas do match with areas of

full circles. Sources: (Tadesse et al. 2019, 2018; Zewdie et al.

2018; Abrha et al. 2015)

Land use types (ha) Distances of zones from city centers (km) Total

Addis Ababa A (0–10) B (10–20) C (20–30) 30–40

Built-up 32,462 16,632 3,368 2738 55,200

Agriculture 658 24,539 24,398 5805 55,400

Main crops cultivated Vegetables (e.g.
tomato,
potato), beans

Vegetables, beans,
barley, wheat, pulses

Barley, teff,
wheat, pulses

Barley, teff, wheat,

high land

oilseeds, pulses

Vegetation 3688 5,681.3 1,738.4 392.3 11,500

Total 36,808 46,852.3 29,504.4 8935.3 122,100

Land use

types (ha)

Distances of zones from city centers (km) Total

Jimma A (0–5) B (5–10) C (10–15) 15–20

Built-up 632 628 0 0 1260

Agriculture 992 2478 2544 1,894 7908

Main crops

cultivated

Vegetables (e.g. tomato,
potato), beans

Vegetables, beans, maize,
barley, wheat

Barley, teff,
wheat, coffee

Teff, sorghum maize, wheat,

coffee, spices

Vegetation 908 1399 428 97 2832

Total 2532 4505 2972 1991 12,000

Note that the three zones defined for the envisaged recycling are indicated in italic
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surpluses from zone A (and possibly from zone B) are

then transported to rural crop farms in zone C.

Data collection

In 2014, a total of 299 UPA farms (Addis Ababa: 175,

Jimma: 124) were visited and examined; the diversity

among the farms and the N, P and K balances have

been reported by Tadesse et al. (2018). In 2016, a

random selection of 40 livestock farms (Addis Ababa:

20, Jimma: 20) and 38 crop farms (Addis Ababa: 19,

Jimma: 19) out of the 299 UPA farms were revisited

and examined in more detail. In 2016 we also visited

164 farms in rural areas: 72 from five rural woredas

(districts) linked to Addis Ababa, and 92 from five

rural woredas linked to Jimma. Farmers were inter-

viewed face-to-face and data was collected using the

standardized questionnaire of MonQIt (Monitoring for

Quality Improvement toolbox) (van Beek et al.

2010, 2016).

MonQIt is a toolbox for monitoring and evaluating

the management and performance of smallholder

farms (www.monqit.com; Smaling et al. 2013;

Vlaming 2012). The information about farm man-

agement and farm activities is obtained from the

farmer using the MonQIt questionnaire (see the sup-

plementary information). The following data were

collected: farm characteristics, crop and animal hus-

bandry practices, nutrient management (inputs via

fertilizer, manure, crop residues; outputs via harvested

crops and animal products), sales, and input and output

prices. The data were entered into the MonQIt model,

which also contains a data base with information on

nutrient contents of products, soil data and conversion

factors. The MonQIt model produces the following

performance indicators: NPK balances at plot, activity

and farm levels, and gross margin and net farm income

(van Beek et al. 2016).

The 78 UPA farms and 164 farms in the rural area

were visited twice in 2016. In the first round, farm

characteristics and nutrient input flows (purchased

mineral fertilizers, organic fertilizers, seeds, feed and

concentrates) were quantified at the beginning of the

cropping season. In the second round, output flows

(harvested crop products, residues and animal prod-

ucts, and sales) leaving the farm were quantified after

harvest. Data on nutrient (N, P and K) contents of

harvested crop products, crop residues, milk and

manure were obtained from literature (Alvarez et al.

2014; Negash et al. 2017; Wang et al. 2016) and

included in the MonQIt database.

Quantification of farm level nutrient balances

The N, P and K input and output flows were estimated

as follows (Bekunda and Manzi 2003; Nigussie et al.

2015):

F ¼
Xn

i¼1

QiDi Ci ð1Þ

where, F is the flow of N, P or K (kg ha-1 yr-1); n is

the number of nutrient inputs and outputs in a year; Q

is the quantity of inputs or outputs (kg ha-1 yr-1); D is

the dry matter content of inputs or outputs (%); C is N,

P or K content of inputs or outputs (%).

Nutrient (N, P and K) balances were calculated per

farm as the difference between total input and total

output flows of N, P and K, annually (Eq. 2; unit: kg

ha-1 yr-1):

NB ¼ IN1 þ . . .þ IN4ð Þ � OUT1 þ . . .þ OUT5ð Þ½ �
ð2Þ

where, NB is nutrient balance; IN1 and IN2 are farmer

managed inputs (fertilizer, compost, concentrate,

organic feed), IN3 and IN4 are atmospheric deposition

and biological N fixation, respectively, and OUT1 and

OUT2 are outputs in harvested crop, residue, milk and

manure and OUT3, OUT4 and OUT5 are losses via

leaching, gaseous emissions and erosion, respectively

(van Beek et al. 2016).

Net farm income (NFI) was derived from gross

margin (GM) and the total fixed costs (FIXCOST) of

the farm (Eq. 3; unit: Ethiopian Birr yr-1).

NFI ¼ GM�FIXCOST ð3Þ

where, GM is calculated as the difference between the

gross value of all outputs and the variable costs of all

inputs of the farm, over a year. FIXCOST is the total

fixed costs of the farm (e.g. depreciation costs of barns,

tools, and rent of the land).

Assessment of manure recycling

In total, there were about 5200 urban livestock farms

in Addis Ababa (Tamiru and Amza 2017) and 500 LS

farms in Jimma (according to the information obtained

from the urban agriculture office of the city) in 2016.
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In general, these farms had dairy cattle, on average

13.5 tropical livestock units (TLU) in Addis Ababa

and 11.5 TLU in Jimma (Table 2). Manure production

was calculated according to Eq. 4.

Manure N; P and K production per zone kgð Þ
¼ Number of farms per zone � average TLU per farm

� average manure N; P; K per TLU

ð4Þ

Estimates of manure production per animal, in kg

N, P and K per tropical livestock unit (TLU; 1 TLU has

a live weight of 250 kg), were based on literature data

and farm surveys. Snijders et al. (2009) arrived at

average manure production of 9.43 kg TLU-1 day-1

(fresh weight), with a dry matter content of 35%. This

translates to an annual manure production of 25 kg N,

6.7 kg P, and 33 kg K per TLU, when assuming mean

contents of 2.1% N, 0.56% P, and 2.75% K (Negash

et al. 2017). Sheldrick et al. (2003) estimated the

global manure N, P and K production based on linear

relationships between slaughtered weight and N, P and

K production. Using their model, we arrive at an

annual manure production of 28 kg N, 5.6 kg P and

25 kg K per TLU (with a slaughtered weight for cattle

of 140 kg TLU-1). Snijders et al. (2009) reviewed

variations in cattle manure composition and manage-

ment practices in East Africa. Variations in nutrient

content of manures were large and associated with

differences in (i) feed rations, (ii) collection, storage

and processing of excreta, and (iii) additions of

bedding materials. Further, excretion rates were

related to milk production; they indicated that milk

production ranged from\ 500 kg to more than 4500

cow-1 year-1, and that manure N production ranged

from 30 to 90 kg cow-1 year-1. Our survey data also

revealed large variability in cattle productivity and

management between livestock farms; based on these

observations we decided to use three sets of manure N,

P, and K production coefficients: 25, 5 and 25 kg

cow-1 year-1 for cows producing\ 500 kg milk

year-1; 50, 10 and 50 kg cow-1 year-1 for cows

producing 500 to 3000 kg milk year-1, and 75, 15 and

75 kg cow-1 year-1 for cows producing[ 3000 kg

milk year-1, respectively. Hence, N: P: K ratios

(5:1:5) in excreta were kept constant. Further, we

assumed that young stock (calves and heifers) pro-

duced on average 25% of the amounts of adult cows.

Manure recovery fractions (RF) are defined as the

fractions of N, P and K excreted in manures that are

recovered for recycling. These fractions mainly

depend on the manure collection efficiency and

nutrient losses during storage. Snijders et al. (2009)

estimated nutrient losses for different manure collec-

tion and storage systems for East African conditions.

Losses were highest for open kraal/boma (30–100%

for urine N; 10–50% for faeces N, 20–30% for faeces P

and 10–80% for K) and least for leak tight and covered

slurry pits (20–40% for urine N; 5–10% for faeces N,

3–10% for faeces P and 5–15% for K). Liu et al. (2017)

estimated recovery fractions of 0.3–0.7 for N and 0.5

to 0.95% for P as function of housing systems and

manure management. A recovery fraction of 0.3

indicates poor manure management whereas 0.95

indicates best manure management (Liu et al. 2017).

Rufino et al. (2007) reported a recovery of 0.4 for N in

manure stored in open piles in Kenya. Bicudo (2009)

and Sutton (1994) reported recovery fractions of

0.4–0.6 for N, 0.6–0.8 for P and 0.5–0.7 for K in

manures from open manure storages. Most livestock

farms in Addis Ababa and Jimma have no leak-tight

stables and manure storage systems (Tadesse et al.

2019), but recovery fractions have not been quantified.

Based on this data, we used two sets of recovery

fractions for N, P and K in manure: 0.3–0.5 for N,

0.6–0.8 for P, and 0.5–0.7 for K. The recyclable

amounts of N, P and K in manure were estimated from

the manure N, P and K production per zone and the

recovery fractions.

Total N, P and K demands were estimated from

crop-specific N, P and K demands (kg ha-1 year-1)

per zone, crop type-specific nutrient losses (van Beek

et al. 2016), and surface areas of the crops per zone,

using MonQIt (van Beek et al. 2016). The fraction of

the N, P and K demand covered through recycling per

zone depended on the specific crop demands, the

manure composition and manure application strategy.

Two variants of manure application strategies were

explored: (i) balanced P application, i.e., manure

application defined by P demand (and assuming top-up

N and/or K fertilization through other nutrient

sources), and (ii) balanced N fertilization, i.e., manure

application defined by N demand (and thus accepting

over fertilization of P and/or K).
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Data analysis

Data obtained from MonQIt model on nutrient flows,

balances, farm characteristics (e.g. TLU and farm size)

and economic performance indicators (e.g. net farm

income) per farm were subjected to ANOVA to test for

significant differences in nutrient flows and balances,

net farm income and farm characteristics among

urban, peri-urban and rural farms. Mean values of

nutrient flows and balances were compared using LSD

value at 5%. For all data analysis, we used SPSS

statistical software version 23.

Results

Farm characteristics

Farms were relatively small, with on average

0.6–2.6 ha of land per household (Table 2). House-

holds had on average 7 family members, both in the

urban and rural areas. Urban livestock farms had on

average 11.5–13.5 tropical livestock units (TLU) per

farm, peri-urban farms 5–6 and rural farms 6–7 TLU.

Urban crop farms also had 4–7 TLU per farm;

basically, these were mixed crop-livestock farms.

Livestock density was high; in Addis Ababa urban

livestock farms had[ 22 TLU per ha of land and in

Jimma 16 TLU per ha. Even the rural farms in both

Addis Ababa and Jimma had a livestock density of 2–3

TLU per ha.

Farm characteristics were slightly different

between the farms in Addis Ababa and Jimma regions

(Table 2). UPA farms in Addis Ababa had more

livestock, less crop area and less crops per farm than

the UPA farms in Jimma. As a result, UPA farms in

Addis Ababa had on average a higher net farm income

than the UPA farms in Jimma (Table 2).

Farm level nutrient flows and balances

Nutrient balances were significantly different

(P\ 0.05) among urban livestock farms and crop

farms in urban, peri-urban and rural areas (Table 3).

Crop farms had negative N and K balances, and

positive P balances, in all three zones. This indicates

soil N and K depletion and soil P accumulation.

Positive P balances on crop were related to the use of

subsidized di-ammonium phosphate (DAP) fertilizers.

Note that the N, P and K output of crop farms include

losses via leaching, erosion and denitrification. As a

result, the estimated N/P ratios of the output ranged

from 10 to as high as 40, and K/P ratios of the output

ranged from 2 to 6.

Positive N, P and K balances of livestock farms

were related to the import of animal feed to the farm,

Table 2 Mean characteristics (standard deviations between brackets) of urban livestock (LS) and crop farms, and of peri-urban and

rural farms in Addis Ababa and Jimma (2016 monitoring year)

Characteristics Addis Ababa Jimma

Urban Peri-urban

(n = 11)

Rural

(n = 72)

Urban Peri-urban

(n = 9)

Rural

(n = 92)
LS

(n = 20)

Crop

(n = 8)

LS

(n = 20)

Crop

(n = 10)

Number of household
(HH) members

7 (± 3) 6 (± 4) 6 (± 3) 7 (± 2) 5 (± 2) 7 (± 2) 7 (± 2) 7 (± 2)

Ratio of female to
male HH head (F:M)

1:6 1:3 1:4.5 1:6 1:4 0:10 0:9 1:12

Land size per farm
of HH (ha)

0.6 (± 0.4) 1.7 (± 0.9) 1.7 (± 0.8) 2.0 (± 1.5) 0.7 (± 0.4) 1.5 (± 0.8) 1.4 (± 0.7) 2.6 (± 1.4)

Number of crops per
farm

1 (± 1) 6 (± 1) 5 (± 2) 3 (± 1) 2 (± 3) 7 (± 2) 5 (± 2) 6 (± 2)

Number of livestock
per farm (TLU)

13.5 (± 9) 4 (± 7) 6 (± 3) 7 (± 4) 11.5 (± 7) 7 (± 5) 5 (± 2) 6 (± 3)

Net farm income
(1000 ETB/ha/year) a

527 (± 258) 117 (± 93) 84 (± 62) 20 (± 18) 474 (± 295) 35 (± 32) 60 (± 103) 11 (± 8)

a1000 ETB (Ethiopian Birr) = 30 US$ (April 2020)
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and to the fact that only a small fraction (5–20%) of the

ingested feed N, P and K is exported in milk and meat.

The remainder of the ingested feed N, P and K is

excreted in urine and faeces. Note that the output of N,

P and K of livestock farms were not corrected for

losses from manure storage systems in Table 3. The N,

P and K output of urban livestock farms were higher in

Addis Ababa than in Jimma, mainly because of the

higher animal productivity and higher crop yields in

Addis Ababa. We infer that significant amounts of

surplus manures from urban livestock farms can be

recycled to nearby crop farms.

Potentials of manure nutrient recycling

We estimated that 0.5–2.6 Gg N, 0.2–0.8 Gg P and

0.9–3.7 Gg K may be collected in manure from urban

livestock farms in Addis Ababa and recycled to crop

land per year (Table 4). The ranges reflect the

uncertainty (roughly a factor 3) in the estimates due

to the variation in N, P and K excretion coefficients,

and in N, P and K recovery fractions (variants 1 to 6).

The estimated quantities were more than one order of

magnitude lower for Jimma: 0.04–0.22 Gg N,

0.02–0.07 Gg P and 0.07–0.30 Gg K (Table 4),

because the size and the number of urban livestock

farms were less in Jimma than in Addis Ababa.

Total N, P and K demands by crop-based farms

were much smaller in the urban area than in the peri-

urban and rural areas (Table 5). The mean N/P ratio of

the demand was 7 and the mean K/P ratio was 6, with

little differences between Addis Ababa and Jimma,

and between zones A, B and C. Figure 2 presents the

supply of manure N, P, and K from urban livestock

farms relative to the demand of N, P and K by crop-

based farms in the three zones A, B and C, for six

variants and two application strategies. The N/P ratios

in the available manure ranged from 2.5 to 3.1, and the

K/P ratio from 4.2 to 4.4 (Table 4), and were much

lower than the N/P and K/P ratios of the demand by the

crop farms. As a result, the N and K demand by the

crop was not matched by N and K supply by manure in

the urban area, if manure application rates were

determined by balanced P fertilization (Fig. 2a). The

same applies for the peri-urban and rural areas; in

Addis Ababa there were three variants (4, 5 and 6) that

Table 3 Mean nutrient inputs, outputs and balances (kg ha-1 year-1) of urban livestock (LS) and crop farms, and peri-urban and

rural crop farms in Addis Ababa and Jimma

Variables Addis Ababa Farms Jimma Farms

Urban Peri-urban

(n = 11)

Rural

(n = 72)

Urban Peri-urban

(n = 9)

Rural

(n = 92)
LS

(n = 20)

Crop

(n = 8)

LS

(n = 20)

Crop

(n = 10)

Nitrogen

(N) balance

343a - 81b - 43b - 49b 314a - 41b - 73b - 28b

N input 534a 87b 105b 80b 424a 69b 37b 39c

N output 191a 168a 148a 129a 110a 110a 110a 67b

Phosprous

(P) balance

53a 6b 24b 14b 54a 14b 3b 10b

P input 82a 23b 30b 17b 57a 18b 12b 13b

P output 29a 17a 6b 3b 3a 4a 9a 3a

Potassium

(K) balance

187a - 79b - 9b - 11b 189a 1b - 8b - 1b

K input 280a 24b 22b 6b 194a 17b 12b 5b

K output 93a 103a 31b 17b 5b 16a 20a 6b

ANOVA was used to compare continuous variables and means were compared using LSD test

Means with different letters within rows per city are significantly different

Balances of N (F3,117 = 65.2), P (F3,117 = 10.9,) and K (F3,117 = 14.7) at Addis Ababa and N (F3,127 = 38.6), P (F3,127 = 25.6) and K

(F3,127 = 41.8) at Jimma, all significantly differed at p\ 0.05 among 4 farm groups: urban livestock farms, urban, peri-urban and

rural crop farms (2016 monitoring year)
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supplied sufficient manure P from urban livestock

farms to match the P demand in the peri-urban area.

Conversely, there is a large oversupply of P and K, if

the N demand by the crop determines the manure

application rates (Fig. 2b). Note, there is also over-

supply of P and K in the peri-urban area in variant 6

(and partly in variant 5), and there is no manure

transport to the rural areas in the balanced N fertiliza-

tion strategy.

Rather similar results were obtained for Jimma. For

balanced P fertilization, 5 of the 6 variants supplied

sufficient manure P to meet the demand for P in the

urban area (not shown). Variant 6 supplied also

sufficient manure P to meet the demand for P in the

peri-urban area, and also 40% of the P demand in the

rural area, but demands for N and K were not matched

in urban, peri-urban and rural areas. For balanced N

fertilization, 3 of the 6 variants (4, 5 and 6) supplied

sufficient manure N to meet the demand for N in the

urban area (and up to 50% in the peri-urban area), but

at the cost of a large oversupply of P and K in the urban

area (up to 220%).

Recycling benefits

Through the envisaged recycling, the total amounts of

N, P and K recovered in manure from urban livestock

farms in Addis Ababa is equivalent to 1–4 Gg di-

ammonium phosphate (DAP), 0.7–3.9 Gg urea, and

2.3–9.6 Gg potassium chloride (KCl) fertilizers.

Table 4 Amounts of recyclable N, P, and K in manure in Addis Ababa and Jimma urban regions, as function of variants

(combinations of 3 sets of excretion coefficients and 2 sets of recovery fractions; see text)

Cities Variant Excretion rates (kg cow-1 yr-1) Recovery fraction (%) Recyclable nutrients (Gg yr-1)

N P K N P K N P K

Addis Ababa 1 25 5 25 0.3 0.6 0.5 0.5 0.2 0.9

2 25 5 25 0.5 0.8 0.7 0.9 0.3 1.2

3 50 10 50 0.3 0.6 0.5 1.1 0.4 1.8

4 50 10 50 0.5 0.8 0.7 1.8 0.6 2.5

5 75 15 75 0.3 0.6 0.5 1.6 0.6 2.6

6 75 15 75 0.5 0.8 0.7 2.6 0.8 3.7

Jimma 1 25 5 25 0.3 0.6 0.5 0.04 0.02 0.07

2 25 5 25 0.5 0.8 0.7 0.07 0.02 0.10

3 50 10 50 0.3 0.6 0.5 0.09 0.03 0.14

4 50 10 50 0.5 0.8 0.7 0.14 0.05 0.20

5 75 15 75 0.3 0.6 0.5 0.13 0.05 0.22

6 75 15 75 0.5 0.8 0.7 0.22 0.07 0.30

Gg = gigagram = 1 million kg

Table 5 Number of crop farms and estimated total N, P and K demands by crops grown in the urban (zone A), peri-urban (zone B)

and rural areas (zone C) of Addis Ababa and Jimma

Areas (Zones) Addis Ababa Jimma

Number of farms Total demand (Gg year-1) Number of farms Total demand (Gg year-1)

N P K N P K

Urban (A) 1097 0.11 0.02 0.10 1417 0.11 0.02 0.09

Peri-urban (B) 14,435 3.63 0.52 3.11 1770 0.27 0.04 0.23

Rural (C) 12,199 3.15 0.45 2.70 1018 0.18 0.03 0.15

Total 27,731 6.89 0.99 5.91 4205 0.56 0.08 0.48
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Similarly, the recycling of manure from urban live-

stock farms in Jimma may save 0.1–0.3 Gg DAP,

0.1–0.4 Gg urea and 0.2–0.8 Gg KCl fertilizers per

year. These amounts are equivalent to savings of

75–300 and 6–24 million Ethiopian Birr (ETB),

respectively (Table 6). In addition, some 5–50 Gg

organic carbon in Addis Ababa and 0.6–6 Gg organic

C in Jimma will be returned with the manure to soil,

which is equivalent to roughly 1 to 2 Mg ha-1

(assuming C/N ratios that range from 10 to 20;

Snijders et al. (2009)). Further, an unknown amount of

basic cations and secondary nutrients (Ca, Mg, S) and

micro nutrients (e.g. Zn, Cu) will be returned with the

manure to cropland, which are essential for growth and

development of crops, animals and humans (Berkhout

et al. 2017).

There are additional environmental benefits,

because much less manure nutrients (e.g., 0.5–2.6

Gg N and 0.2–0.8 Gg P in Addis Ababa) from urban

livestock farms pollute the urban environments.
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Fig. 2 Supply of N, P and K

from urban livestock

manure relative to demand

of N, P and K by crops in

urban farms (zone A), peri-

urban farms (zone B) and

rural farms (zone C), as

function of 6 variants

(combinations of excretion

coefficients and recovery

fraction; see Table 4) in

Addis Ababa. Upper graph

(a): demand for phosphorus

determines manure

application rates (balanced P

fertilization), first in urban

areas, then peri-urban and

finally rural areas. Lower

graph (b): demand for

nitrogen determines manure

application rates (balanced

N fertilization)

Table 6 Amounts of N, P and K recycled, and cost of synthetic

fertilizers saved through recycling of manure from urban

livestock farms to crop farms in urban, peri-urban and rural

areas of Addis Ababa and Jimma. Ranges reflect the uncer-

tainties in the amounts of manure recycled (Table 4)

Cities Manure nutrients recycled (Gg yr-1) Fertilizer equivalents saved (Gg yr-1) Savings (million ETB yr-1)

N P K Urea DAP KCl

Addis Ababa 0.5–2.6 0.2–0.8 0.9–3.7 0.7–3.9 1–4 2.3–9.6 75–300

Jimma 0.04–0.22 0.02–0.07 0.07–0.3 0.1–0.3 0.1–0.4 0.2–0.8 6–24

1000 Ethiopian Birr (ETB) = 30 US$
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Discussion

Urban agriculture and nutrient balances

Urban livestock farms are important for providing

nutritious food, jobs and income, but the environmen-

tal costs of manure nutrient accumulation and soil and

water pollution, and the risks of pathogen transfer and

zoonosis are relatively high (Steinfield et al. 2010;

Herrero et al. 2018; Khumalo and Sibanda 2019).

Both, its importance and the concerns are increasing,

because urbanization is increasing, and associated

with changes toward more animal-sourced diets.

Traditionally, animals are and have been kept for

different reasons and animals often have multiple

functions. As a consequence, there is a huge diversity

in urban livestock farming, which roughly falls in

three main categories, i.e. (i) back yard/subsistence/

small mixed farms, (ii) intensive/industrial/large ani-

mal feeding operations, and (iii) company/leisure/care

pets and horses (Robinson et al. 2011). Urban

livestock farms in Ethiopia mainly fall in the first

category, but the livestock sector is rapidly changing

and in transition.

There were about 5200 livestock farms with on

average 0.6 ha of land and 13.5 TLU per farm

in the urban zone of Addis Ababa. These farms

produced 560–1690 kg N, 113–338 kg P and

560–1690 kg K ha-1 yr-1 in manure, which is much

more than can be taken up by most crops, as follows

also from the relatively large N, P and K surpluses of

urban livestock farms (Table 3). Even when the

recovery fractions of 30–50% for N, 60–80% for P and

50–70% for K were taken into account, amounts of

manure nutrients available for the limited area of crop

land on the farm remain much higher than what can be

taken up by most crops.

Though the urban livestock farms were much

wealthier than other farms in the urban, peri-urban

and rural areas (Table 2), these farms were still small

compared to many urban and peri-urban livestock

farms in emerging markets economies such as China

(Steinfield et al. 2010; Wei et al. 2016). These factory

farms or confined animal feeding operations often

have thousands of pigs or hundreds of dairy cows, and

also have little or no land for manure disposal, and

thereby create serious air, water and soil pollution (Bai

et al. 2018). However, our data suggest that 5200 small

livestock farms together may create rather similar

manure nutrient surpluses in Addis Ababa as the few

hundred large pig farms around Beijing do (Wei et al.

2016). The difference is that the small livestock farms

in Addis Ababa are diffusively spread and perhaps less

visible.

There were nearly 5 times less crop farms (1100)

than livestock farms in the urban zone (Table 5). These

crop farms had on average 1.7 ha of land and 4 TLU

per farm (Table 2), and had negative N and K balances

and slightly positive P balances (Table 3), despite 2

TLU ha-1. Likely, most feed was produced on-farm

and little imported, because mixed farms with rela-

tively large area of crop land invest relatively little in

animal production (Tadesse et al. 2019); the N, P and

K excretion coefficients applicable for the livestock in

these mixed crop farms were likely at the lower end of

the range used in our calculations (Table 4). The

negative N and K balances indicate that there was little

exchange of manure between livestock farms and crop

farms in the urban zone; crop farms with nutrient

depletion co-existed next to livestock farms with large

manure nutrient surpluses. Though crop farmers know

the value of manure for crop production, there is need

for education and extension services that encourage

exchange and interaction between farmers for increas-

ing adoption of good manure management practices

(Ndambi et al. 2019). Lack of knowledge and clear

guidelines were also identified as main reasons for

poor nutrient management practices of urban garden-

ers in The Netherlands (Wielemaker et al. 2019).

Manure recycling between urban livestock farms

and crop farms

Manure is a heterogeneous product and the composi-

tion is not known in practice, generally. The hetero-

geneity of cattle manure is related to variations in the

composition of the diet, in nutrient retention in animal

production, and in losses during storage. Snijders et al.

(2009) reviewed literature on the composition of cattle

manure in east Africa, and based on their review we

derived the following composition (mean ± standard

deviation; n[ 20): 1.7 ± 0.7% N; 0.5 ± 0.3% P and

1.8 ± 1.3% K, with a N/P ratio of 4.1 ± 1.7 and a K/P

ratio of 4.6 ± 2.7 (medians were 3.8 and 3.6, respec-

tively). The ratios for manures estimated in our study

(N/P = 2.5–3.1 and K/P = 4.2–4.4; derived from

Table 4) fall in the lower half of the indicated ranges,
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suggesting that our manures were relatively N and K

poor and/or P rich (Rufino et al. 2014).

In total 0.5–2.6 Gg N, 0.2–0.8 Gg P and 0.9–3.7 Gg

K can be recovered in manure from urban livestock

farms in Addis Ababa (Table 4), and utilized in crop

farms in urban and peri-urban zones, following the

‘balanced P fertilization’ or ‘balanced N fertilization’

strategies (Fig. 2). Balanced P fertilization assumes

that the crop P demand is met through manure, and that

synthetic N and K fertilizers (or other nutrient sources)

should be used to top up, to match the remaining N and

K demands. Balanced N fertilization assumes that the

crop N demand is met through manure and that P and

K demands are also met. Balanced N fertilization led

to a relative oversupply of P and K (Fig. 2), and to less

manure transport and distribution than balanced P

fertilization. Balanced P fertilization is a better

strategy from nutrient management perspective, as it

allows for greater precision through matching supply

and demand for all three nutrients.

We made no corrections for the fertilizer N

effectiveness value of the manure (defined as the

fraction of manure N that has similar effect as common

synthetic N fertilizer). This value may range from 0.3

to 1.0 depending on the composition and application

rate of the manure, and the duration of manure use and

accounting for period (Schröder et al. 2007; Zhang

et al. 2020). Correcting for the fertilizer N effective-

ness value of the manure would thus have increased

the manure application rate in the balanced N fertil-

ization strategy, and would have led to larger P and K

over fertilization. The P and K effectiveness values of

manure are generally set at 1 (equal to high-grade

synthetic P and K fertilizers; Oenema et al. (2012)).

We made no corrections for manure application on

crop land of livestock farms, and for manure produc-

tion by livestock on crop farms. In the urban area the

demand for P by the crop in livestock farms was

similar to the supply of P in manure from the livestock

in crop farms, and thus cancel each other more or less

out. However, by neglecting the nutrient demand by

the crop of livestock farms, and the nutrient supply in

the manure produced in crop farms, we overestimated

the need for manure transport and redistribution.

Hence, such corrections should be made in future

studies.

The estimated amounts of manure that may be

recovered on urban livestock farms in Addis Ababa

are rather similar to the amounts that may be recovered

from urban livestock farms in other large cities in East

Africa. De Zeeuw et al. (2011) reported that 2.2 Gg N,

2.2 Gg P and 3.7 Gg K could be recovered from

manure and waste in Nairobi. Komakech (2014)

reported rather similar numbers for urban cattle

manure in Kampala, and estimated also significant

synthetic fertilizer savings. Though significant, the

amounts of N and P produced in cattle manure in urban

farms are about one order of magnitude lower than the

total N and P excretion by the human population in

Addis Ababa. When assuming a mean protein N intake

of 3 kg and a P intake of 0.6 kg capita-1, the annual

total N and P in human waste production will be about

10 Gg N and 2 Gg P. However, the recovery and

recycling of N, P and K from human wastes are

complicated, although there is an increasing need to do

so (Hodson et al. 2012; Guerrero et al. 2013).

Recycling benefits and barriers

Urban manure recovery and recycling may have

energy, economic and environmental benefits, the

3Es aspects (Rodionov and Nakata (2011). Estimated

fertilizer saving for Addis Ababa were in the range of

75 to 300 million Ethiopian Birr (Table 6). Additional

benefits relate to replenishing nutrients in crop land

and to improving soil quality and nutrient balances

(McConville et al. 2017; Szogi et al. 2015). More

difficult to-account-for benefits include reductions in

the pollution of soil, surface waters and groundwater,

and in the threat of food safety, human health and

biodiversity loss (Wen et al. 2017).

Though beneficial, manure recycling is not prac-

ticed in the study urban regions at present as shown by

Tadesse et al. (2018) who reported that landless cLS

(commercial livestock) farms with surplus LSM

(livestock manure), simply dumped large quantity of

LSM into ditches and farm surroundings or left it

unmanaged on the ground. Similarly, in Kampala city,

many livestock farms discard and dumped LSM into

drainage channels, where it is carried off by running

water, because there is no comprehensive national

urban policy and institutional framework to regulate

the use of solid waste (Komakech 2014). In addition to

losses of nutrient resources, unmanaged wastes may

contribute to pollution of the urban environment (Wen

et al. 2017). Where waste is managed, Nigussie et al.

(2015) reported that large quantity of waste was

dumped in landfills in these urban areas. Landfilling of
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organic wastes contribute to pollution issues related to

landfill leachate and gas as well as the loss of valuable

nutrients and organic matter. There are many factors

leading to these outcomes as Marshall and Farah-

bakhsh (2013) citing cultural, socioeconomic, gover-

nance and institutional aspects limiting solid waste

management in many developing countries. There are

currently no incentives or policies to encourage the

recycling of LSM from urban farms to crop farms in

the study urban regions. Guerrero et al. (2013) and

Komakech (2014) reported the absence of satisfactory

policies or mere presence of weak policies and

regulations as the critical causes for the failed solid

waste management systems in low-income countries.

Shortage of land and lack of tenure rights in urban LS

farms (Table 2) for manure use or disposal, lack of

appropriate institutions and poor infrastructures in the

study urban regions are also barriers for LSM recy-

cling. Guerrero et al. (2013) stated as success of

recycling depends on the efficiency of infrastructures.

Improving animal housing and LSM storage condi-

tions, may reduce nutrient losses and increase the

nutrient recovery and thus can maximize the potential

of recycling LSM nutrients.

Further, the possible presence of pathogens, phar-

maceutical compounds and veterinary products such

as hormones and antibiotics in manure are sometimes

seen as additional barriers for recycling (Manyi-Loh

et al. 2016; Hou et al. 2017; Martens and Bohm 2009).

These barriers could be addressed through anaerobic

digestion and/or composting (Cliver 2009; Manyi-Loh

et al. 2016). Evidently, recycling manure from urban

to peri-urban and rural areas requires awareness

raising, guidelines and protocols, and appropriate

institutions, incentives and advisory services (Mu-

lugeta 2013). In the end, it requires also careful

monitoring and control. Thus, policymakers and

stakeholders should promote manure reuse through

incentives, technologies and appropriate strategies and

policies, to improve nutrient use and reduce the

pollution of the environment (Herrero et al. 2018).

Limitations and uncertainties of our study

Coupling livestock production to crop production via

direct exchanges of animal feed and animal manure is

key for increasing the sustainability of food produc-

tion systems. In our study, we focused on the recycling

of manure from urban livestock farms to crop farms

only. Though livestock farms and crop farms were

visited twice, there is as yet little accurate quantitative

information about animal feed origin and rations and

animal productivity. Hence, we have no accurate

information about N, P and K excretion rates and N, P

and K contents of recovered manures. We addressed

this uncertainty through using ranges (Table 4).

Uncertainties arise also from the uncertainties in crop

areas and number of farms and animals. Further, the N,

P and K demand of crops were derived from MonQIt,

which is a static model and does not account for

seasonal variations in N, P and K demand and supply,

(e.g., Krause and Rotter (2018)).

The livestock sector responds to changes in markets

and the availability of new technology, which are

influenced subsequently by urbanization and global-

ization. Though livestock farms in the urban zones of

Addis Ababa and Jimma are still relatively small

compared to farms in for example east Asia, it cannot

be excluded that rapid changes may occur. This calls

for more dynamic approaches including considera-

tions of long-term effects of manure and fertilizer

applications on soil fertility level and the response of

crops to these changes (Zoboli et al. 2016). Further

insights may be accomplished through scenario anal-

yses and measurements of feed, manures and soil.

Conclusions

The[ 5000 livestock farms in the urban zones of

Addis Ababa and the 500 livestock farms in Jimma

produce more N, P and K in manure than the[ 1000

crop farms in the urban zones of these cities demand

for. Yet, crop farms in the urban area have negative N

and K balances (but positive P balances because of

subsidized fertilizers) and use little or no manure from

livestock farms. We estimated how much N, P and K

in manure may be recovered in urban livestock farms,

and how much may be used in urban, peri-urban and

rural crop farms.

A balanced P fertilization strategy was preferred to

a balanced N fertilization strategy for estimating the

allocation of manure in crop farms. The former will

require a top-up with N and K from other nutrient

sources, while the latter will lead to over fertilization

with P and K, especially on the long term.

Recycling manure from urban livestock farms to

crop farms has several benefits, including fertilizer
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savings, nutrient replenishment in crop land, restoring

nutrient balances, and minimizing soil, air and water

pollution. However, lack of knowledge, advisory

services, and policy incentives, and cultural and

institutional barriers appear to prevent cashing in

these benefits. There is also a significant uncertainty in

the estimated benefits, due to lack of accurate data.

Our study may help policy makers to prioritize and

define research and policies related to re-connecting

animal production and crop production systems

through manure recycling in the urban environment.

Further studies should focus on collecting quantitative

data related to improving the performances of animal

and crop production systems in the urban area, and

should explore more sustainable development

pathways.
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