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Analysis of the current state of nutrient stocks, flows, and balances of a territory is

necessary to inform strategies that can transition the agri-food sector to a circular

economy model. In this study, we quantified the nitrogen and phosphorus

budgets for the Bolivian agri-food system at national and regional scales by

way of agro-ecological zoning. We performed nutrient balances to calculate

indicators for sufficiency (extent of nutrient deficit/surplus) and circularity

(proportion of nutrients recirculated). We also evaluated the potential of

renewable stocks (human excreta and livestock manure) to meet nutrient

deficits in the system. Our results showed that there are apparent deficits of

32 kt N and 8 kt P in the system that cannot be accounted for using available data.

We estimate the real deficits required to bring yields of 45 crops grown in Bolivia to

parity with those of neighbouring countries to be 110 kt N and 33 kt P. About 44%

of nitrogen and 74% of phosphorus is currently recirculated in the system, with the

major nutrient inputs being biological nitrogen fixation, livestockmanure, and crop

residues. However, nutrient recycling is likely to decrease in the future because the

national strategy to address nutrient deficits is to increase domestic production of

synthetic fertilisers. Our analysis also shows that there is a sufficient stock of

nutrients already available in human excreta (39 kt N and 5 kt P) to cover 100% of

the nitrogen deficit and 64% of the phosphorus deficit. The low-altitude zone of

Chiquitania-Pantanal alone accounts for 65% of cultivation and 80% of the

nutrient demand in the country. Here, export-oriented crops like soybean and

sorghum are grown, but less than 25% of the nitrogen is recirculated. In contrast,

there are nutrient surpluses of 41 kt N and 34 kt P in agro-ecological zones like the

Valleys and Altiplano where traditional agriculture is practiced, and the majority of

food is grown for local consumption. Overall, we find that recycling of human

excreta, combined with transfer of regional nutrient surpluses, could be an

effective strategy to reduce the overall nutrient deficit in the system.
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1 Introduction

Nitrogen (N) and phosphorus (P) are the plant-essential

macronutrients that most limit crop yields in agriculture.

Therefore, an evaluation of food security at any geographical

scale must consider whether there are sufficient stocks of these

nutrients to support the production of food. Such evaluations

are highly relevant today, as the global population is growing

rapidly and the nutritional needs of an additional 2 billion

people will need to be met by 2050 (UN, 2019). However, the

agri-food system is already the largest contributor to

anthropogenic transgression of several of the planetary

boundaries, including the boundary for the biogeochemical

flows of N and P (Steffen et al., 2015). To improve

agricultural productivity, the application of synthetic

fertilisers like urea and diammonium phosphate has

increased over the years (Randive et al., 2021); however, so

has eutrophication due to the linear flow of nutrients from soils

to recipient watercourses (Farmer, 2018).

To reduce the environmental impact of agriculture and keep

earth systems within their safe operating space, it is essential that

we improve both nutrient use efficiency during cultivation and

overall nutrient circularity in the food system (Elser and Bennett,

2011), for example, by changing to better fertiliser application

methods or by recycling nutrients present in livestock manure

(Mayer et al., 2016). However, to inform such circular economy

initiatives, a good understanding and analysis of the current state

of nutrient stocks, flows, and balances is necessary. While such

analyses can be performed at various scales, analysis at the

national and regional scales is most appropriate if the goal is

to inform policymakers (Chowdhury et al., 2014). The literature

on nutrient budgets at various scales is extensive (Senthilkumar

et al., 2012; Chowdhury et al., 2014; Klinglmair et al., 2015; van

der Wiel et al., 2019; Zhang et al., 2020), and there is a growing

body of research (Mihelcic et al., 2011; Morée et al., 2013; Smit

et al., 2015; Hanserud et al., 2016; Akram et al., 2019; van

Puijenbroek et al., 2019) focusing on quantifying the potential

of alternative sources to meet the nutrient demand in agriculture.

We are, however, unaware of any such analysis performed at any

scale for the Bolivian agri-food system.

The population of Bolivia has grown rapidly from 8.4 million

in 2000 to 11.7 million in 2020 and is expected to peak at

17.7 million by 2083 (UN, 2019). About 70% of the

population in the land-locked country lives in urban areas,

where an estimated 72% of people have access to basic

sanitation (MMAyA, 2020) but only 58% of the wastewater is

treated (UN-WATER, 2021). The city of La Paz (the largest of

Bolivia) has no wastewater treatment facility, and raw wastewater

is directly discharged to rivers. As human excreta contain plant-

essential macro- and micro-nutrients (Vinnerås et al., 2006),

many initiatives have attempted to promote alternatives to

conventional wastewater treatment in Bolivia, such as

wastewater irrigation (Verbyla et al., 2016; Perez-Mercado

et al., 2022) and ecological sanitation (Silveti and Andersson,

2019).

However, little is known about the nutrient stocks in

excreta available for recycling. To address this gap, this

study attempted to answer the following questions. Can

human excreta-derived nutrients fill the nutrient gap in the

Bolivian agri-food system? What proportion of fertiliser

imports to the country can be substituted by excreta-

derived nutrients? How close or far is the agri-food system

in Bolivia from achieving nutrient circularity?

We conducted an evaluation of the current nutrient stocks,

flows, and budgets for the Bolivian agri-food system at two

geographical scales, national and regional. We quantified the

current nutrient demand in terms of indicators for sufficiency

(Guareschi et al., 2019) and circularity (Papangelou and Mathijs,

2021) and assessed the potential of renewable stocks (human

excreta and livestock manure) to meet the nutrient deficit in the

system. Our findings have implications for food and nutrition

security policy in low- and middle-income countries.

2 Methodology

A mass balance for nitrogen and phosphorus was performed

for the Bolivian agri-food system (i.e., crop cultivation and

human consumption). Based on the results of the mass

balance, indicators of nutrient sufficiency (Guareschi et al.,

2019) and circularity (Papangelou and Mathijs, 2021) for crop

cultivation were calculated. Subsequently, the potential of

nutrients contained in human excreta to supply the nutrients

required for crop cultivation was estimated. All analyses (mass

balance and calculation of indicators and potential substitution

of crop nutrients by excreta) were done at both national and

regional levels.

2.1 The agri-food system

2.1.1 System components
The agri-food system comprises all of the processes required

to provide food to the population living within the national

boundary of Bolivia and the nutrient flows in and out of this

system (Papangelou and Mathijs, 2021). The system includes the

following eight processes: urea industry, cropland, crop residues,

livestock production, grassland, forest, food industry, and human

consumption (Figure 1A). However, we simplified the agri-food

system (Figure 1B and Table 1) to include only the processes

linked to crop cultivation (cropland and crop residues) and

human consumption for the following reasons. First, data are

not available for all the processes in Bolivia. For example, there is

no literature on the composition of organic wastes or on the

amount of phosphorus added to the system via cleaning agents.

Second, for some processes, there is evidence of significant
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FIGURE 1
Processes (solid-line boxes), flows (arrows) and boundaries (dashed-line boxes) for (A) the complete Bolivian agri-food system and (B) the
simplified system considered for the mass balance calculations for nitrogen and phosphorus. The national boundary is represented by a red dashed
box and grey dashed boxes indicate processes linked to crop cultivation. The dashed arrows represent flows that were not included in the mass
balance due to insufficient data.
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influence by “grey market” activities that make nutrient flow

estimations unreliable even though data for the processes exist,

e.g., smuggling of produce from abroad (Tito-Velarde and

Wanderley, 2021) and unplanned change of land use,

including conversion of forest land to pastures and cropland

(Müller et al., 2012).

2.1.2 Flows
We studied the flows of nitrogen and phosphorus in and out of

the crop cultivation (i.e., cropland and crop residues) and human

consumption processes. Detailed information on the data used for

estimating the mass flow of the elements, including data sources, is

summarized in Table 1, and further information is available in the

supplementary material (Supplementary Tables S1–S4).

2.1.3 National and regional level
We studied the Bolivian agri-food system at the national and

regional levels. At the regional level, instead of the nine Bolivian

administrative regions (or departments), we considered the seven

agro-ecological zones. Agro-ecological zoning groups a territory

based on landscape, climatic and soil characteristics, focusing on

the requirements and management systems of crops (FAO,

1996). Such zoning is based on three inputs (i.e., land

resource inventory, inventory of land utilization and crop

requirements, and evaluation of land suitability), and its

purpose is to inform decisions on development by identifying

areas with similar potentials and constraints. In Bolivia, by law,

agro-ecological zones are part of territorial planning at the

departmental and municipal scales (Ministry for Planning of

TABLE 1 Processes and flows included in the nutrient mass balance, including how theywere estimated or calculated. Data sources are indicated with
superscript letters.

Process or flow Description Calculation method

Cropland Process. N and P taken up by crops according to their needs until
harvest

—

Imported and domestic synthetic
fertiliser

Input flow. N and P in synthetic fertiliser applied to cropland in
2018

Calculated as

mass of fertilisers applieda × N and P content for each fertilisera

Biological fixation Input flow. Atmospheric N fixed by microorganisms and taken up
by crops

Calculated as

crop yieldb × proportion of N fixed by each cropc

Crop residues (outflow) Output flow. N and P left over from crop residues that are
incorporated into the soil

For N, data are published for each cropb. For P, calculated as

N in leftover crop residuesb ×ratio of N:P (for each crop’s
residues)b,d,e,f

Crop residues (inflow) Input flow. N and P left over from crop residues that are
incorporated into the soil and taken up by crops

For N, calculated as N in leftover crop residues incorporated into
the soilb minus N in leftover crop residues incorporated into the
soil that is emitted to the atmosphereb. P is the amount in leftover
crop residues incorporated into the soil (no emissions were
assumed)

Applied manure Input flow. N and P in manure applied to cropland For N, data are published for each type of manureb

For P, calculated as

N in manureb × ratio of N:P for each type of manureg,h,i,j

Emissions, leaching, and run-off from
applied manure and fertilisers

Output flows. N in manure and synthetic fertilisers applied to
cropland that is lost due to atmospheric emissions, leaching, and
run-off

For manure, data are published for each type of manureb. For
fertilisers, calculated as

mass of N applied in fertilisersa × 0.3c

Harvested produce Output flow. N and P taken up by crops during cultivation prior
to harvest

Calculated as crop yieldb × ratio of nutrient mass:yield mass (for
each crop)c,e,k,l,m,n,o,p,q,r,s

Left crop residues Process. N and P in crop residues left on soil are released —

Emissions from leftover crop residues Output flow. N from leftover crop residues that is emitted to
atmosphere

Data published for each crop’s residueb

Human consumption Process. N and P in food is ingested by the population —

Excreta Output flow. N and P in human excreta ending up in untreated/
treated wastewater or in soil

Calculated for both nutrients according to Jönsson and Vinnerås
(2003). For N, daily total protein consumption per capitab × 365 ×
population × 0.13t. For P, daily total protein consumption per
capitab + daily vegetable protein consumptionb × 365 ×
population × 0.011t

Food Input flow. N and P in food ingested by the population Assumed to be equal to the output flowt

a, INIAF, ANAPO, CIAB, (2019); b, FAO (2022); c, Guareschi et al. (2019); d, Torma et al. (2018); e, Roy et al. (2006); f, Lal (2009); g, Ali et al. (2019); h, Awodun et al. (2007); i, ASAE

(2005); j, Brown (2013); k, Haifa-group (2021); l, de Sousa and Lobato (2004); m, Faquin (2004); n, Pires and Portela (2007); o, da Cunha et al. (2018); p, Halliday and Trenkel (1992); q,

Crisóstomo and Naumov (2009); r, Alvar-Beltrán et al. (2021); s, Intrepid-potash (2021); t, Jönsson and Vinnerås (2003).
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Development, 2016) and are often used as criteria to establish

associations of municipalities (“mancomunidades”).

Agro-ecological zones are especially appropriate for

estimating the potential for nutrient recycling in Bolivia

because, besides grouping similar crop systems, they also

express differences in altitude (agricultural production in

Bolivia takes place between ~100 and ~4,000 m above sea

level and slopes across the territory), which significantly

increases the cost of transporting crops (Klein et al., 2017),

biomass (Morato et al., 2019) and nutrients (Trimmer and

Guest, 2018). The seven agro-ecological regions are briefly

characterized in Table 2.

2.2 Mass balance

Mass balance calculations were done for the simplified agri-

food system (Figure 1) at the national scale using data sourced

from the literature and the FAOSTAT database for the year 2018

(Table 1). For the regional scale, we aggregated data sourced from

the Bolivian Agricultural Census (2014) to calculate the nutrient

flows for each agro-ecological, region as the census is performed

at the municipality level. We assumed that the contribution of

each region to the national nutrient budget remained constant

until 2018. Detailed calculations can be found in the

supplementary information.

TABLE 2 Main biophysical and productive characteristics of the Bolivian agri-food system and its seven agro-ecological zones.

Characteristic Bolivia Agro-ecological region

Altiplano Amazonia Chaco Chiquitania-
Pantanal

Llanuras Valleys Yungas-
Chapare

Altitudea (metres above sea level) NA 3,800–4,100 >400 250–950 <900 130–500 1,500–3,600 400–1900

Temperaturea (mean min.-mean
max., in °C)

NA 8–12 — 15–36 — — — —

Annual rainfalla (mm) NA 100–600 1500–2000 400–1,000 700–1500 700–2000 300–1,000 2000–4000

Population in 2018b (thousands [%
of total country population])

11,347 2,456 (21.6) 398 (3.5) 378 (3.3) 2,993 (26.4) 244 (2.1) 4,313 (38.0) 561 (4.9)

Cultivated areac (thousand ha [%
of the harvested area in the
country])

3,741 207 (6) 101 (3) 359 (10) 2,455 (65) 95 (3) 361 (10) 160 (4)

Top 5 crops producedc (kt; % of the
crop produced in country)

Sugarcane Potatoes Bananas Groundnuts Maize Bananas Maize Bananas

(9,616;
100)

(396; 34) (41; 13) (20; 74) (516; 41) (11; 4) (260; 21) (226; 74)

Soybean Quinoa Cassava Maize Rice Cassava Onions Oranges

(2,942;
100)

(68; 96) (30; 15) (426; 34) (433; 80) (30; 15) (71; 81) (161; 85)

Maize Barley Maize Sorghum Sorghum Rice Potatoes Pineapples

(1,260;
100)

(20; 43) (17; 1) (280; 27) (741; 72) (60; 11) (704; 60) (81; 94)

Potato Carrots and
turnips (15; 23)

Rice Soybeans Soybeans Soybeans Sugarcane Plantains

(1,160;
100)

(11; 2) (108; 4) (2,842; 96) (10; 3) (598; 6) (468; 95)

Sorghum Broad beans Sugarcane Wheat Sugarcane Sugarcane Tomatoes Tangerines

(1,203;
100)

(4; 32) (76; 1) (34; 11) (8,886; 92) (48; <1) (60; 92) (101; 43)

Top 3 livestock species raisedc (k
LU; % of livestock in country)

Cattle Cattle Cattle Cattle Cattle Chickens Cattle

(456; 5) (741; 9) (935; 11) (2,827; 34) (2,070; 25) (16,728; 40) (174; 2)

Llamas Chickens Chickens Chickens Chicken Goats Chickens

(2,017; 80) (590; 1) (2,563; 6) (18,955; 46) (259; <1) (1,433; 76) (2,120; 5)

Sheep Swine Swine Swine Swine Sheep Sheep

(3,202; 51) (77; 5) (262; 19) (357; 25) (57; 4) (2,488; 40) (303; 5)

Cultivated area fertilized with
manured (%)

44 <1 2 2 <1 43 5

aVDRA (2012).
bINE (2021).
ccalculated by applying the proportions determined in the Bolivian Agricultural Census (2014) to the data from INIAF, ANAPO, CIAB, (2019).
dBolivian Agricultural Census (2014). Further information can be found in the supplementary material (Supplementary Tables S2, S5).
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2.2.1 Sufficiency
We calculated the nutrient sufficiency indicator to express the

results of the mass and nutrient balance so that it can be related to

the nutrient requirements of crops. As mass balance calculations

compare nutrient inputs and outputs in the crop production

system (Eq. 1), a negative value for the indicator implies that the

amount of nutrient input to the system is not sufficient to meet

the demand of the crops. In other words, there would be a

nutrient deficit. Conversely, we interpreted a positive value for

the indicator as nutrient inputs greater than the amount required

by crops, or in other words, a nutrient surplus.

Sufficiency � ∑
n

i�1
Inputi × Efficiencyi

− ∑
45

j�1
Harvested.produce (1)

Input is the amount of nutrient (nitrogen or phosphorus)

applied to soil by the following input flows i: synthetic fertilizer,

crop residues, animal manure, and (in the case of nitrogen only)

biological fixation. Efficiency is the proportion of nutrient applied

to soil by means of the input i that is available for and taken up by

the crops. The efficiencies for each input were calculated by

subtracting the amount of nutrients lost to emissions, leaching,

and run-off according to the coefficients and data from

Guareschi et al. (2019) for synthetic fertilizer and nitrogen

biological fixation and from the FAO (FAO, 2022) for crop

resides and animal manure (Table 1).

Harvested.produce (crop requirements) is the mass of

nutrient taken up by the crop j (where j is one of the

45 highest-yield crops in Bolivia according to FAOSTAT). It

was calculated by means of published ratios that link crop yield

with the amount of nutrient taken up by crops for a given yield

(Table 1). Since the current yields for most crops in Bolivian

agriculture are considered low, especially in comparison with

yields for the same crops in neighbouring countries (Guareschi

et al., 2019; INIAF, ANAPO, CIAB, 2019), we calculated the

sufficiency indicators using the following two approaches derived

from Eq. 1. In the first approach (Eq. 2), crop nutrient

requirements were calculated based on data for the latest crop

yields available to us, i.e., for the year 2018 (current sufficiency). If

the calculated value of the current sufficiency indicator was

negative, we interpreted it as an apparent nutrient deficit since

the value should be zero if all inputs and outputs have been

considered in the mass balance. In the second approach (Eq. 3),

crop nutrient requirements were calculated based on data for

yields obtained in neighbouring countries for the same crops

(optimum sufficiency) taken from FAOSTAT (FAO, 2022) and

available in the supplementary material (Supplementary Table

S2). If the calculated value of the optimum sufficiency indicator

was negative, we interpreted it as a real nutrient deficit, since it

represents the deficit in nutrient inputs necessary to obtain

optimal crop yields.

Curent.sufficiency � ∑
n

i�1
Inputi × Efficiencyi

− ∑
45

j�1
Harvested.produce.actual (2)

Optimum.sufficiency � ∑
n

i�1
Inputi × Efficiencyi

− ∑
45

j�1
Harvested.produce.optimum

(3)

2.2.2 Circularity
Circularity can be defined as the extent to which a system

reduces (or even eliminates) waste by recirculating it as a product

or raw material for other processes (Antikainen et al., 2018).

Therefore, we evaluated the circularity of the nutrients in the

studied system by calculating the share of nutrient inputs that are

recirculated (i.e., that originated from secondary resources) (Eq. 4),

following the work of Papangelou and Mathijs (2021).

Circularity � ∑recirculated.Input
∑Input

(4)

recirculated.Input is the amount of nutrients in the recirculated

inputs that are applied to soil for crop cultivation. In this study,

the inputs deemed recirculated were leftover crop residues and

collected manure, while synthetic fertilizers and biological

fixation of nitrogen were not considered circular inputs (Table 1).

2.2.3 Replacement potential of excreta
The potential of human excreta to replace current nutrient

demand for crop cultivation (R.potential) was calculated by

dividing the amount of nutrients available in excreta by the

amount of nutrients required for crop cultivation. In the case of

nitrogen (N.R.potential), the proportion of nitrogen biologically

fixed (B.Fixation) from atmosphere by microorganisms associated

with some of the crops was subtracted from the amount of

nitrogen taken up by the crops (Harvested.produceN) (Eq. 5).

N.R.potential � ExcretaN
∑45

j�1Harvested.produceN − B.Fixation
(5)

ExcretaN is the amount of nitrogen in human excreta and B.

Fixation is the amount of atmospheric nitrogen fixed by

microorganisms and taken up by crops. For phosphorus, the

replacement potential of excreta (P.R.potential) was calculated as

for nitrogen except for biological fixation, which does not take

place for phosphorus (Eq. 6).

P.R.potential � ExcretaP
∑45

j�1Harvested.produceP
(6)

In this case, ExcretaP is the amount of phosphorus in human

excreta and Harvested. produceP is the amount of phosphorus
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TABLE 3 Summary of parameters resulting from the mass balance for nitrogen and phosphorus in the agri-food system of Bolivia and its seven agro-
ecological regions, with crop yields for 2018.

Parameter Bolivia Agro-ecological region

Altiplano Amazonia Chaco Chiquitania-
Pantanal

Llanuras Valleys Yungas-
Chapare

Top 5 crops demanding
N (crop yields in kt)

Soybean Quinoa Bananas Maize Soybean Rice Maize Coffee

(47,074) (1,385) (261) (10,744) (45,190) (1,502) (6,555) (2,107)

Maize Potatoes Maize Sorghum Sorghum Maize Potatoes Bananas

(31,775) (1,424) (495) (8,406) (22,229) (299) (2,425) (1,435)

Sorghum Barley Rice Soybean Maize Cassava Onions Oranges

(30,699) (506) (275) (1,730) (13,016) (161) (2,131) (945)

Rice Carrots and
turnips

Cassava Wheat Rice Soybean Wheat Plantains

(13,528) (383) (162) (1,185) (10,834) (153) (1,490) (889)

Wheat Onions Brazil nuts Beans Sugarcane Bananas Beans Rice

(10,559) (382) (132) (742) (9,241) (71) (1,402) (644)

Top 5 crops demanding
P (crop yields in kt)

Soybean Quinoa Bananas Maize Soybean Rice Maize Oranges

(38,247) (190) (54) (1,743) (36,717) (300) (1,063) (693)

Maize Potatoes Maize Sorghum Sorghum Soybean Potatoes Bananas

(5,156) (153) (72) (1,681) (4,445) (124) (273) (296)

Sorghum Barley Rice Soybean Rice Maize Wheat Tangerine

(6,139) (81) (55) (1,405) (2,166) (48) (255) (181)

Rice Broad beans Cassava Wheat Maize Cassava Beans Coffee

(2,705) (46) (25) (203) (2,112) (24) (246) (138)

Wheat Carrots and
turnips

Oranges Groundnuts Sunflower Bananas Onions Rice

(1,810) (46) (22) (199) (1,332) (14) (213) (129)

N required (tonnes) 395,220 4,826 1,676 35,229 315,575 3,027 24,843 8,114

N required (%) 100 1 <1 9 80 <1 6 2

P required (tonnes) 63,564 619 284 5,605 51,259 538 3,137 1,790

P required (%) 100 1 <1 9 80 1 5 3

N balance (tonnes) −32,159 +6,760 −1,137 −15,460 −50,748 −705 +34,274 −3,426

Excess +, deficit -

P balance (tonnes) −7,793 +3,719 −206 −3,135 −37,486 −357 +29,839 +158

(+, excess; −, deficit)

Main N input (%) BNF Manure Crop
residues (57)

BNF BNF Crop
residues (45)

Manure Manure

(56) (78) (51) (72) (65) (62)

Main P input (%) Manure Manure Crop
residues (81)

Crop residues Crop residues Crop
residues (99)

Manure Manure

(53) (90) (78) (57) (69) (77)

N circularity (%) 44 98 57 49 24 42 82 81

P circularity (%) 74 97 98 83 67 99 72 83

N environmental
loss (%)

— 195 5 2 7 12 246 42

Area with manure (%) 8 44 <1 2 2 <1 43 5

Main manure
source (%)

— Swine (75–50%)
and cattle
(13–20%)

Cattle
(97–98%)

Cattle (39–56%)
and swine
(53–34%

Chicken (63–81%) and
swine (36–18%)

Cattle (99%) Chicken
(57–71%) and
swine (29–14%)

Chicken (49–69%)
and swine
(46–25%)

Main manure source
(no. Of heads/
cultivated ha)

— — — — Chicken (6.4) — Chicken (38) Chicken (11)

— Cattle (1.8) Cattle (6) Cattle (2.1) — Cattle (18) — —

— Swine (0.4) — Swine (0.6) Swine (0.1) — Swine (1.1) Swine (0.4)
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taken up by crops. The results of the replacement potential of

excreta are expressed as percentages for both nutrients. We

assumed that there were no losses during treatment, storage,

transportation, and application.

2.3 GIS mapping

Data calculated in the mass balance were processed with the

PostGIS extension for PostgreSQL and then plotted as

choropleth maps with QGIS.

3 Results

3.1 Nutrient sufficiency

At the national level, the total nutrient requirements in relation

to crop yields obtained in the year 2018 (i.e., current crop yield; see

Section 2.2.1) were 395 and 63 kt for N and P, respectively. The total

nutrient inputs to the agri-food systems after accounting for nutrient

losses during application amounted to 363 kt for N and 55 kt for P.

This suggests that there are apparent deficits of 32 kt of N (8% of

total crop requirement after accounting for biological fixation) and

TABLE 4 Summary of parameters resulting from the mass balance for nitrogen and phosphorus in the agri-food system of Bolivia and its seven agro-
ecological regions, with optimised crop yields (average yields in neighbouring countries) for 2018.

Parameter Bolivia Agro-ecological region

Altiplano Amazonia Chaco Chiquitania-
Pantanal

Llanuras Valleys Yungas-
Chapare

Top 5 crops demanding
N (crop yields in kt)

Maize
(76,870)

Quinoa
(2,841)

Maize
(1,079)

Maize
(25,994)

Soybean
(62,802)

Rice
(2,827)

Maize
(15,858)

Coffee
(3,515)

Soybean
(65,420)

Potatoes
(3,327)

Rice
(517)

Sorghum
(8,918)

Maize
(31,488)

Maize
(724)

Potatoes
(5,920)

Bananas
(1,890)

Sorghum
(32,569)

Barley
(869)

Bananas
(344)

Soybean
(2,404)

Sorghum
(23,583)

Cassava
(329)

Wheat
(3,056)

Oranges
(1,719)

Rice
(25,466)

Carrots and
turnips
(678)

Cassava
(332)

Wheat
(2,431)

Rice
(20,394)

Soybean
(213)

Onions
(2,747)

Maize
(1,371)

Wheat
(21,653)

Onions
(493)

Watermelon
(197)

Seed cotton
(1,509)

Wheat
(15,931)

Watermelon
(120)

Carrots and
turnips (2,115)

Rice
(1,213)

Top 5 crops demanding
P (crop yields in kt)

Soybean
(53,154)

Quinoa
(390)

Maize
(175)

Maize
(4,218)

Soybean
(51,026)

Rice
(565)

Maize
(2,573)

Oranges
(1,261)

Maize
(12,474)

Potatoes
(358)

Rice
(103)

Soybean
(1,953)

Maize
(5,109)

Soybean
(173)

Potatoes
(638)

Tangerine
(391)

Sorghum
(6,513)

Barley
(139)

Bananas
(71)

Sorghum
(1,783)

Sorghum
(4,716)

Maize
(117)

Wheat
(523)

Bananas
(390)

Rice
(5,093)

Broad beans
(68)

Cassava
(51)

Wheat
(416)

Rice
(4,078)

Cassava
(50)

Beans
(280)

Rice
(242)

Wheat
(3,711)

Carrots and
turnips
(81)

Oranges
(41)

Groundnuts
(283)

Wheat
(2,731)

Bananas
(19)

Onions
(274)

Coffee
(230)

N required (tonnes) 605,790 9,436 2,955 60,147 460,292 5,532 48,170 13,858

N required (%) 100 1 <1 10 76 <1 8 2

P required (tonnes) 96,823 1,202 505 9,284 74,499 977 6,234 3,141

P required (%) 100 1 <1 9 77 1 6 3

N balance (tonnes)
(+, excess; −, deficit)

−109,415 +4,880 −1,975 −28,427 −90,072 −1,933 +21,364 −8,147

P balance (tonnes)
(+, excess; −, deficit)

−33,019 +3,441 −352 −5,330 −56,248 −630 +28,124 −1,049

Main N input (%) BNF (58) Manure (63) Crop
residues (67)

BFN (50) BNF (71) Crop
residues (55)

Manure (55) Manure (50)

Main P input (%) Manure (46) Manure (84) Crop
residues (90)

Crop
residues (86)

Crop residues (67) Crop
residues (99)

Manure (66) Manure (71)

N circularity (%) 43 98 67 52 26 52 82 81

P circularity (%) 77 97 99 89 75 99 73 84
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7.7 kt of P (12% of total crop requirement) (Table 3). However, if all

crops received optimal nutrient inputs so that their yields were

maximised (i.e., optimum crop yield; see Section 2.2.1), then 605 kt

of N and 97 kt of P would be required (Table 4). This means that the

real nutrient deficit was much larger, 110 kt of N and 33 kt of P

(Figure 2, Figure 3).

FIGURE 2
Mass balance for nitrogen in the agri-food system of Bolivia calculated using (A) crop yield data sourced from FAOSTAT database for the year
2018 (harvest.produce.actual) and (B) yield for the same crops in neighbouring countries (harvest.produce.optimum). The calculations show an
apparent nitrogen deficit of 32 kt and a real nitrogen deficit of 110 kt in the agri-food system.

FIGURE 3
Mass balance for phosphorus in the agri-food systemof Bolivia calculated using (A) crop yield data sourced from FAOSTAT database for the year
2018 (harvest.produce.actual) and (B) yield for the same crops in neighbouring countries (harvest.produce.optimum). The calculations show an
apparent phosphorus deficit of 7.8 kt and a real phosphorus deficit of 33 kt in the agri-food system.
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FIGURE 4
Nutrient requirements (kg) from the top five crops with highest nutrient demands produced in Bolivia in 2018, determined bymass balance. For
nitrogen, the requirements shown resulted from subtracting the biologically fixed amount from the total demand. Requirements are shown at the
municipality level. The seven agro-ecological regions are delimited with thicker lines.
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Although the top five crops in total yield (i.e., in tonnes) were

sugarcane, soybean, maize, potato, and sorghum (Table 2), the

five crops that demanded the largest N and P inputs were

soybean, maize, sorghum, rice, and wheat (47, 31, 30, 13, and

10 kt for N, and 38, 5, 6, 2.7, and 1.8 kt for P, after accounting for

biological nitrogen fixation and losses during application; see

Table 3). The differences between the nutrient input required for

maximising crop yields (Table 4) and the nutrient input received

by crops in year 2018 (Table 3) were smallest for sorghum (6%)

and soybean (28%), both of which are processed mainly to

produce animal feed, but much larger (52% on average) for

the staple crops wheat, rice, and maize.

Three agro-ecological regions (Chiquitania-Pantanal, Chaco,

and the Valleys) accounted for nearly 90% of the nutrient

demand (Table 3). About 65% of the cultivated area in Bolivia

is found in the Chiquitania-Pantanal region (Table 2), which

alone accounts for 80% of the nitrogen and phosphorus demand

of the country (Table 3). This is because soybean, sorghum, and

rice (three out of the five most cultivated and most nutrient-

demanding crops grown) can only be cultivated in low-altitude

agro-ecological regions (Figure 4). In contrast to Chiquitania-

Pantanal, the Valleys region accounts for 10% of cultivated area

but only 6 and 5% of the N and P demands of the country,

respectively.

In five out of the seven regions (excluding Altiplano and the

Valleys), there are deficits of both the nutrients. The deficit is

largest in Chiquitania-Pantanal, where there is a shortfall of

50 kt N and 37 kt P, followed by Chaco (15 kt N and 3.1 kt P) and

Yungas-Chapare (deficit of 3.4 kt N but surplus of 0.1 kt P). In

both the Valleys and the Altiplano, there are nutrient surpluses of

approximately 41 kt of N and 33.5 kt of P.

According to the mass balance at the regional scale, there is

discrepancy between the demand for nutrients and the nutrients

harvested for some crops. For example, sugarcane is one of the

five most cultivated crops in Amazonia, Chiquitania-Pantanal,

and Llanuras, but is not among the top five nutrient-demanding

crops, and it is the fifth largest crop in terms of nitrogen demand

in Chiquitania-Pantanal (Table 3). This is also the case for

tomato cultivation in the Valleys and for pineapple cultivation

in Yungas-Chapare. Soybeans accounted for about 17% of the

total nitrogen applied in Chiquitania-Pantanal, where almost all

the country’s soybean crop is cultivated. Although it is a common

approach when calculating nutrient demand (INIAF, ANAPO,

CIAB, 2019) to focus on crops with the highest harvests, our

findings suggest that this can be inaccurate in countries and

regions where crops with high water content and low nutrient

demand are produced at large scale.

3.2 Circularity

The main nitrogen input at national level was biological

nitrogen fixation (204 kt, accounting for 47% of the total

input) followed by manure (25%), crop residues (19%), and

synthetic fertilizer (8%). For phosphorus, the main input was

manure (29 kt, accounting for 53% of total input), followed by

synthetic fertilizers (26%) and crop residues (21%).

Therefore, the nutrient circularity of the Bolivian agri-food

system (i.e., the proportion of nutrients recirculated to the

nutrient inputs added during crop cultivation; see Eq. 4) was

estimated to be 44% for nitrogen and 74% for phosphorus

(Table 3).

In the two regions where there is surplus of both nutrients,

the main nutrient input was animal manure (swine in the

Altiplano and chicken in the Valleys), accounting for >65% of

the total input (Table 3). In the two regions with the largest

nutrient deficits (Chiquitania-Pantanal and Chaco), soybean

was the most nutrient-demanding crop but also the main

source of nitrogen input to the soil because of biological

fixation (72 and 51% of the nitrogen inputs for

Chiquitania-Pantanal and Chaco, respectively), while the

crop residues left over after harvest were the main source

of phosphorus (57 and 78% for Chiquitania-Pantanal and

Chaco, respectively) (Table 3).

In regions with nutrient surpluses, the proportion of

nutrients recirculated back to the food system was high, >95%
in the Altiplano and >71% in the Valleys, respectively. This is

likely because of the wider availability of manure across both

these agro-ecological regions in comparison to that in the other

five regions (Figure 5). In contrast, the estimated nutrient

circularity in the two regions with the largest nutrient deficits

was low, 24–67% for Chiquitania-Pantanal and 49–83% for

Chaco.

3.3 Replacement potential of human
excreta

In Bolivia, about 39 kt of nitrogen and 5 kt of phosphorus

are available in human excreta (Figure 6). If all of the excreta

were to be collected and recycled back to cropland, 100% of the

nitrogen deficit and 64% of the phosphorus deficit of the

current system (Table 3) could be met. Overall, the nutrients

in excreta are equivalent to 20% of the nitrogen demand and 8%

of the phosphorus demand of the agri-food system (Table 5). At

the regional level, the replacement potential of excreta is higher

in regions with large populations and low crop production. For

example, 60% of the country’s population lives in the Altiplano

and the Valleys, where only 16% of crop production occurs, so

recycling either animal manure alone (the current practice; see

Table 3) or human excreta alone in these regions can meet the

majority of the nutrient demand (Table 5). Outside the

Altiplano region, excreta would not be enough to meet

nitrogen or phosphorus requirements. In Chiquitania-

Pantanal, less than 10% of nutrient requirements could be

met by recycling excreta.

Frontiers in Environmental Science frontiersin.org11

Perez-Mercado et al. 10.3389/fenvs.2022.956325

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.956325


4 Discussion

4.1 Nutrient demand and sufficiency in the
bolivian agri-food system

The findings of this study suggest that 395 kt N and 65 kt P

were required to support crop production in Bolivia for the year

2018. According to our mass balance calculations, there was an

apparent deficit of 32 kt N and 8 kt P in crop production, which

we cannot account for from the available data. The starting point

of our calculations was the FAOSTAT (FAO, 2022) database

where Bolivia reports the total yields of 45 different crops grown

in the country. Thus, the total amounts of N and P in agricultural

harvests are known, as are the total nutrient inputs to the food

system in the form of biological fixation, manure, and synthetic

fertiliser application. Therefore, it is unclear why the mass

balance shows a nutrient deficit and/or how that deficit is

being met.

There are several possible reasons for this deficit. First,

the deficit may have been met with nutrient stocks in soil that

FIGURE 5
Availability of nutrients (kg) from manure in Bolivia in 2018, determined by mass balance. The seven agro-ecological zones are delimited with
thicker lines.

FIGURE 6
Availability of nutrients from human excreta in Bolivia in 2018, determined bymass balance. The seven agro-ecological zones are delimitedwith
thicker lines.

Frontiers in Environmental Science frontiersin.org12

Perez-Mercado et al. 10.3389/fenvs.2022.956325

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.956325


become available during land use change (planned or

unplanned conversion of forest land to agricultural land).

There is evidence of deforestation in Bolivia linked to large-

scale farming of industrial crops in agro-ecological zones

where agriculture is practiced in close proximity to forest

land (i.e., Amazonia, Chaco, and Chiquitania-Pantanal)

(Müller et al., 2012; Ormachea, 2018). Second, the deficit

could have been met through traditional agricultural

practices (e.g., crop rotation, fallowing, etc.) for which

there are no data, and which thus could not be accounted

for. If these explanations hold, it would mean that the agri-

food system is operating at a deficit that will ultimately result

in depletion of soil nutrient stocks.

We also estimated that the true deficit in the Bolivian agri-food

system is much higher than what the mass balance suggests, given

the following two aspects. Firstly, if all crops received optimal

nutrient application rates that maximised their yields, an

additional 220 kt N and 32 kt P would be required. Secondly, the

mass balance at the national level assumes that in regions that have

nutrients in excess of the local demand, the surplus is collected and

applied in regions that have a net deficit. If this is not the case, then

there is an additional deficit of 53 kt N and 40 kt P. In the

Chiquitania-Pantanal and Chaco regions alone, where 75% of the

crop production occurs, the local deficit is approximately 15% for

nitrogen but 70% for phosphorus. Addressing this deficit is vital

because according to projections by Rivero Lobo and Aliaga

Lordermann (2014), the production of proteins, fruits, and

vegetables in Bolivia for 2018 could only meet 60–70% of the

nutritional requirements of its population.

4.2 Nutrient recycling and circularity in the
bolivian agri-food system

We found that less than half of the nitrogen applied or fixed in

the cropland was recirculated in the food system, whereas three-

quarters of the phosphorus was recirculated. However, there is great

variation in nutrient circularity between the different agro-ecological

zones. In zones where animal manure is themain nutrient input and

livestock density is high, the circularity is also high (>0.9). This does
not mean that all of the available nutrients are recycled, as there are

surpluses of 41 kt N and 34 kt P in these zones, primarily in the

Valleys (Table 3). Even if the surplus nutrients were to be recycled

locally to optimise crop yields, therewould still be excesses of 21 kt N

and 28 kt P (Table 4). The surplus nutrients are equivalent to 40% of

the N deficit and 75% of the P deficit in Chiquitania-Pantanal.

Therefore, recycling nutrients from regions with a net surplus to

regions with a net deficit could be one way to reduce the overall

deficit, as well as to improve nutrient circularity and crop yields.

As in other developing countries that aim to increase food

production, the agricultural strategy in Bolivia has focused on

improving the access of farmers to synthetic fertilisers (INIAF,

ANAPO, CIAB, (2019); Mnthambala et al., 2021). In 2017, a

state-owned petrochemical plant was inaugurated in Bolivia to

produce urea and ammonia. In 2022, the plant is expected to

produce 600 kt of urea, of which about 7% will be sold locally and

the rest exported to other Latin American countries (McNelly, 2020;

BNAmericas, 2021). However, considering the true national N deficit

(110 kt; see Table 4), urea fertiliser at the current application rate can

only meet 20% of the N required to obtain optimal crop yields. About

40% of the industrial urea production would need to be sold

domestically to have zero nitrogen deficit in the agri-food system.

As of today, there is no domestic production of synthetic phosphate

fertiliser in Bolivia, but the petrochemical plant intends to also

produce monoammonium phosphate and diammonium phosphate.

4.3 Potential of human excreta-derived
nutrients

Despite the domestic sale of urea, there are still total N and P

deficits of 109 kt and 33 kt, respectively, in the agri-food system.

If all the human excreta in Bolivia were to be collected and

returned to cropland, the deficits can be reduced to 70 kt N and

TABLE 5 Replacement potential of human excreta for nutrient requirements for agriculture in Bolivia in 2018. Net requirement of nitrogen refers to
the requirement after subtracting the biologically fixed nitrogen.

Parameter Agro-ecological region

Altiplano Amazonia Chaco Chiquitania-
Pantanal

Llanuras Valleys Yungas-
Chapare

Bolivia

Excreta/net requirement N (%)a 186 87 5 8 36 70 24 20

Excreta/requirement P (%)a 176 62 2 3 20 61 14 8

Total potential for N circularity
(%)b

337 64 40 54 63 249 57 81

Total potential for P circularity
(%)b

818 76 39 20 50 810 102 71

aRecovery and efficiency of 100% was assumed for excreta.
brecovery and efficiency of 50% (current efficiency for manure) was assumed for excreta and for applied manure, while 98% (current efficiency) was considered for crop residues.
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28 kt P. This would significantly increase circularity, as excreta is

a renewable source of nutrients. It would also improve the

resilience in the food system against global events, e.g.,

disruptions in fertiliser supply chains seen during the

COVID-19 pandemic (Amjath-Babu et al., 2020) and rise of

fertiliser prices against a backdrop of rising natural gas prices

(Hebebrand and Laborde, 2022).

Since >70% of the population in Bolivia lives in cities and

urban areas, it could be possible to collect the majority of the

nutrients available in excreta. For example, the population

density in La Paz and El Alto is > 9,000 inhabitants/km2

(Parés-Ramos et al., 2013). However, much of the economic

feasibility of transporting these nutrients to croplands

surrounding the cities will depend on how excreta are

collected, treated, stored, and applied (Simha et al., 2020). The

feasibility of this increases if water is removed from excreta to

concentrate the nutrients (Trimmer and Guest, 2018). A wide

range of technologies are available to convert human excreta

(Harder et al., 2019) or source-separated fractions like human

urine (Vasiljev et al., 2022) and faeces (Musazura and Odindo,

2022) to concentrated fertilisers.

In this study, we assumed that 100% of the human excreta-

derived nutrients can be recovered and returned to cropland. In

practice, the recovery efficiency would be likely lower, especially

depending on the choice of technology used to treat excreta or

source-separated excreta fractions (Harder et al., 2019). Many

technologies like alkaline dehydration are currently being

optimised to recover >98% of the nitrogen and phosphorus

contained within human urine (Vasiljev et al., 2022).

However, our findings showed that even if excreta-derived

nutrients are applied at current manure-like efficiencies (i.e.

50%), they would significantly improve the nutrient circularity

of the agri-food system (Table 5).

5 Conclusions

Our calculations suggest that the Bolivian agri-food system is

currently running on a nutrient deficit. It is likely that the nutrient

stocks in soil (e.g., conversion of forests to cropland) are being used

to cover the nutrient deficit in crop production, which is not

sustainable long term. The real nutrient deficit is at least three-

fold greater if we consider the nutrient demand required to optimize

crop yields to be in line with those of neighbouring countries.

Around 44%ofN and 74%of P are currently recirculated in the

agri-food system, with livestockmanure and crop residues being the

major sources of the recirculated nutrients. As the national strategy

to address the nutrient deficit is to increase the domestic production

and application of synthetic fertilizers, nutrient circularity in the

food system will likely decrease in the future.

We also found that both nutrient deficits and circularity

differed considerably between the different agro-ecological

zones. Recycling nutrients from regions with nutrient

surpluses to regions with nutrient deficits could be a way to

reduce overall deficits and increase overall circularity.

Based on the current crop yields, nutrients available in

human excreta could meet 100 and 70% of the N and P

apparent deficits, respectively. This suggests that excreta

recycling could be one of the strategies to prevent

deforestation and depletion of nutrient stocks in forests.

Recycling excreta-derived nutrients would also contribute to

increasing nutrient circularity and crop yields.
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