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• Peru is promoting agroforestry conces-
sions to stop deforestation.

• Composted municipal waste was
modelled as a fertilizer for agroforestry
concessions.

• Limited agroforestry land would be fully
fertilized with available composted waste.

• Composting can largely reduce GHG emis-
sions of current waste disposal practices.
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 Peru is promoting the adoption of agroforestry systems with the aim to halt the deforestation of tropical forests caused
by smallholder farmers. However, deficient soil conservation practices and nutrient management are common among
the targeted smallholders, hampering the success of this strategy. In this study, we explore the potential of valorizing
municipal biowaste as compost to be used as soil amendment in coffee agroforestry systems and in silvopastoral sys-
tems. The analysis was concentrated in four Peruvian regions and the most populous city in each of them. For lands
with coffee production, it was assumed that 90 kgN ha−1 (i.e., 50%of theN requirements) should come fromcompost,
while for pastures, the requirement was 40 kg P ha−1. We found that composting could lead to large greenhouse gas
(GHG) reductions compared with the current waste disposal methods (i.e., deep dumping and landfilling), as it only
emits 5–10% of the GHG emissions produced with the other methods. Nonetheless, the area of agroforestry and
silvopastoral systems that could be fertilized with compost obtained from the main city of each region is limited and
insufficient. If all compost were to be used for the coffee agroforestry system, less than 3% of the coffee agroforestry
area could be fertilized, while in the case of pastures, only 4% would be attained. Large amounts of compost could
be obtained from Lima, the most populated city; however, its transportation to the agroforestry areas would increase
compost GHG emissions by 15–60%. Although compostingmunicipal foodwaste and loss may bring GHG benefits and
should be promoted, its use as a fertilizer requires mixing with N-rich sources to improve its nutrient quality.
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1. Introduction

Tropical forests are global hotspots of carbon storage and biodiversity,
vital for local livelihoods, and important for local, regional and global cli-
mate regulation (D’Almeida et al., 2007; Davidson et al., 2012; Bradshaw
et al., 2009). However, they are being increasingly deforested at alarming
rates, with agricultural expansion being the primary driver of forest loss
(Gibbs et al., 2010; Morton et al., 2006). One of the key actions proposed
to achieve a food system reconfiguration towards a more climate-resilient
future is to avoid agricultural expansion in carbon-rich landscapes
(Steiner et al., 2020). Narratives associated with halting deforestation
have also been present at the COP26, where global leaders committed to
working “collectively to halt and reverse forest loss and land degradation by
2030 while delivering sustainable development and promoting an inclusive
rural transformation” (COP26, 2021). Although these high-level recommen-
dations and agreements are valuable to set global policy and research
agendas, it is critical to zoom into national efforts to explorewhat strategies
are being used to avoid agricultural expansion into forests and how to boost
them for effective change.

The national context of Peru is relevant in this discussion considering
that it has the second-largest area of Amazon Forest, and the fourth largest
tropical area worldwide, with 76 million hectares of forest (Asner et al.,
2017). The Amazon forest occupies nearly 60% of Peru's national territory.
Although it is the least populated area of the country, it is home to a wide
diversity of indigenous peoples and hosts 20% of Peru's agricultural units
(INEI, 2012a). Peru has been regarded historically as a low deforestation
country (Anderson et al., 2018), in comparison to other Amazonian nations
(e.g. Colombia or Brazil) and countries in South East Asia (Hoang and
Kanemoto, 2021). Deforestation rates, however, have increased substan-
tially in the 21st century. While in 2002 the annual humid primary forest
loss was approximately 80,000 ha, by 2020 it had risen to nearly
200,000 ha (Global Forest Watch, 2021). Unlike Brazil, where most Ama-
zon deforestation was historically driven by large-scale agriculture
(Morton et al., 2006) and more recently by cattle ranching (dos Santos
et al., 2021), in Peru nearly 80% of the forest loss events between 2001
and 2015 have been directly linked to small-scale events (<5 ha), whereas
the remaining 20% is related to an array of different land use changes
(Finer and Novoa, 2017), including medium- and large-scale agriculture
(Vijay et al., 2018), alluvial gold mining (Espejo et al., 2018), road expan-
sion (Larrea-Gallegos and Vázquez-Rowe, 2022) or coca cultivation (Bax
and Francesconi, 2018), among others.

To achieve a ‘zero net deforestation rate by 2030’ and meet climate
compromises, Peru aims to halt small-scale forest loss driven by smallholder
farmers informally settled in public forest lands by promoting agroforestry.
The strategy seeks to integrate farmers into the formal economy and im-
prove their livelihoods by granting them access rights via agroforestry con-
cessions (referred to as CUSAF in this document) on the condition that the
farmer will avoid further deforestation, as well as the application of
agroforestry-based land use and soil and water conservation practices
(SERFOR, 2017). By mid-2021, 45 concessions have been granted and
500 applications were in process of recognition (SPDA, 2021). In total, it
is expected that more than 120,000 smallholders, including coffee farmers
but alsomaize, banana and cacao farmers (Robiglio et al., 2018), could ben-
efit from this mechanism. Although CUSAF concessions are seen as a
groundbreaking legal initiative, their success to effectively stop deforesta-
tion has been questioned due to the serious obstacles that farmers face
(e.g., precarious public services in education, infrastructure and finance)
to sustain their livelihoods, manage soil and water resources, and conserve
forests (Pokorny et al., 2021).

Soil conservation and nutrient management are key aspects for the long
term productivity of agroforestry-based systems, especially in acidic tropi-
cal soils (Szott and Kass, 1993). Although it is known that nutrient cycling
is favored by the capture of nutrients from deep soil layers by trees' deep
and shallow roots and their return to the topsoil via litter decomposition
(Alegre et al., 2017; Nair, 1994), some systems can be prone to nutrient de-
pletion and subsequent low productivities in the absence of fertilization
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(Alfaia et al., 2004). In Peru, coffee, cocoa and livestock smallholder tropi-
cal systems are generally low-input and organic by-default (Jezeer and
Verweij, 2015; Somarriba and Lopez-Sampson, 2018). Diverse studies
have identified poor soil management practices among farmers, leading
to soil mining and soil degradation (Pokorny et al., 2021; Van-Heurck
et al., 2020). Once soils have been mined and yields reduced, primary for-
ests are cleared for more new fertile lands (Barham and Weber, 2012). In
some areas, this trend has been reversed by farmers enrolling in voluntary
certification standards. In such systems, farmers have adoptedmanagement
practices such as the application of soil amendments and fertilizers, and sys-
tematic pruning of plants (Barham and Weber, 2012). The application of
soil amendments (i.e., compost, biochar, manure) has also been proved to
be beneficial to allow recultivation in degraded soils, and to increase the
carbon sequestration potential of agroforestry systems (Gay-des-Combes
et al., 2017; Shrestha et al., 2018). As the CUSAF mechanism expects to re-
store degraded lands (i.e., mainly pastures) and to enroll smallholders in
formal agroforestry production systems, the use of soil organic amendments
could become imperative for the program to succeed.

In Peru, food loss and waste (FLW) can reach 45% of the total food pro-
duced (Bedoya-Perales and Dal'Magro, 2021). Without appropriate valori-
zation strategies, most of this waste ends up in mismanaged disposition
sites. In fact, the Peruvian waste management system is still transitioning
from the use of open dumpsters to landfills (Ziegler-Rodriguez et al.,
2019). So far, the implementation of existing and prospective circular prac-
tices that target the utilization of organic waste before it reaches landfills or
open dumpsters have not been prioritized. Instead, there have been pro-
posals tomitigateGHGemissions associated towastemanagement via tech-
nological solutions involving energy recovery or anaerobic digestion in
landfills (Vázquez-Rowe et al., 2021). Composting is a waste valorization
practice that allows the reutilization of nutrients contained in biowaste as
fertilizers. Quantifying compost volumes that could be obtained from
biowaste, and its GHG mitigation potential, is key to start the discussion
on circular solutions for waste management, but also to assess the potential
provisioning of circular fertilizers for climate-resilient agricultural systems
such as the CUSAF agroforestry systems.

Given the potential role that soil organic amendmentsmight play in sus-
taining the establishment of agroforestry systems under the CUSAF mecha-
nism, and the need for alternative FLW valorization strategies to reduce the
carbon footprint of the Peruvian waste management sector, in the current
study we explore the potential of valorizing FLW as compost to be used as
soil amendment in agroforestry systems. To this aim, the objectives of the
current study are to: i) calculate GHG emissions associated to compost
elaboration compared to current waste management strategies; and, ii) es-
timate the total area that could be fertilizedwith compost under the CUSAF
mechanism.

2. Materials and methods

2.1. Estimation of the potential area for agroforestry concessions CUSAF

The geographical scope of the analysis was concentrated in the four
Peruvian regions that holdmore than 65%of coffee lands that could benefit
from CUSAF, based on the estimations provided by Robiglio et al. (2018).
These regions were Amazonas, Cajamarca, San Martín and Junín. To esti-
mate the potential area of agroforestry concessions under the CUSAFmech-
anism,we used the criteria defined in Peruvian legislation (SERFOR, 2017).
These criteria were: i) be within the zoning for agroforestry or silvopastoril
or restoration activities according to the most recent approved forestry
zoning (i.e. criteria for forestry zoning is described in SERFOR (2017)); ii)
not overlap with national and regional conservation areas, private lands,
forestry concessions or indigenous territories; iii) individual concessions
cannot be larger than 100 ha; iv) be within lands of public domain; and
v) have agroforestry systems under production within the area. Our analy-
sis started with the zoning criteria. The agroforestry, silvopastoral and
restoration zoning was only used for the region of San Martín (MINAM,
2020) as it was the only national region with an approved forestry zoning.
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For the remaining regions, we used the areas classified for different agricul-
tural and restoration uses (see Table S1 for details) based on the approved
Ecological and Economic zoning (SINIA, 2020). Subsequently, from the
areas previously selected, we excluded the areas with other land use rights,
namely national and regional conservation areas (SERNANP, 2022), com-
munal lands (MINCUL, 2022), and forestry concessions (SERFOR, 2019)
(i.e., criteria ii). To refine the area for lands that can sustain agroforestry
systems (i.e., criteria v), we used the Geobosques study area (Vargas et al.,
2019) to select the areas that corresponded to humid tropical forests within
the Amazon basin. Data from the latest National Agricultural Census (INEI,
2012a) was then used to estimate the agricultural units without property
rights (i.e., informal tenure) and those smaller than 100 ha (criteria iii
and iv assuming that all lands without legal tenure were of public domain)
at a district level. The resulting CUSAF area included forest lands and arable
lands (see Table 1). To estimate the extension of CUSAF lands which were
either coffee plantation areas or pastures, we selected the CUSAF areas that
overlapped with the national agricultural land use surface for year 2018
(Livia et al., 2021) and, thereafter, multiplied, at a district level, the over-
lapped area with the proportion of harvested coffee and cultivated grass-
land area for 2018 (SEIA-MINAGRI, 2021). The selection of 2018 as the
reference year was linked to the fact that it was the most recent year with
data availability; however, it should be noted that a certain level of uncer-
tainty is possible due to changes in the spatial distribution of crops ever
since. A graphical representation of all the steps is presented in Fig. S1.
The total surface area for coffee cultivation and pastures per region for
2018 (i.e., accounting for the coffee lands within and outside the CUSAF
areas) was also extracted from SEIA-MINAGRI (2021) and shown in Fig. 2
as a referential comparison value to CUSAF areas.

2.2. Food loss and waste and GHG emissions associated to current waste man-
agement

The amount of FLW and GHG emissions resulting from current waste
management systems was obtained from Vázquez-Rowe et al. (2021).
This study used data from the national food purchase survey (INEI,
2012b) to determine the average diet composition in the main city of
each of the 24 Peruvian regions. The amounts of FLW were calculated
using the percentage of each food type lost or wasted through different
stages of the food system (i.e., production, handling and storage, process-
ing, distribution and consumption) described by Gustavsson et al. (2011)
for South America. However, GHG emissions were only calculated for
FLW generated in the distribution and consumption stages, as these are
the streams that follow a municipal collection and disposal pathway.
Other food loss flows in the early stages of the food supply chain were not
considered given their heterogeneous nature and distribution, usually not
reaching waste disposition sites (Vázquez-Rowe et al., 2021).

For the current study, we selected four cities: Cajamarca, Chachapoyas,
Huancayo and Tarapoto (Fig. 1). These cities are the most populous located
in the CUSAF regions chosen and were selected assuming that each city
will supply compost to the CUSAF lands of its own region to minimize
transportation. We selected the GHG emissions of the predominant waste
management technology in each city, being landfilling for Tarapoto and
Chachapoyas, and open dumping for Cajamarca and Huancayo. GHG emis-
sions, as described in Vázquez-Rowe et al. (2021) were modelled using the
EASETECH software and considering the local climatic conditions in each
city. GHG emissions per tonne of biowaste are presented in Table 2. For
Table 1
Estimation of total CUSAF areas and the agricultural and non-agricultural areas.

Region Total CUSAF area
(ha)

Agricultural CUSAF
area (ha)

Non-agricultural CUSAF
area (ha)

Amazonas 351,232 85,704 265,529
Cajamarca 181,149 70,588 110,561
San Martin 183,855 28,664 155,108
Junin 183,810 77,444 106,367
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this study, we followed the IPCC guidelines (Bogner et al., 2007) and bio-
genic CO2 emissions were excluded. The reason for this exclusion is linked
to the fact that CO2 emissions from biomass sources are compensated by
changes in biomass stocks in land use, land use changes and through for-
estry (Bogner et al., 2007). Given that EASETECH considers N2O emissions
as negligible in dumping and landfilling activities, CH4 was the only GHG
considered. The characterization factors provided by IPCC (2013) were
used to convert GHG emissions to CO2eq.

2.3. Quantification of compost amounts and GHG emissions

The potential compost quantities for each city were estimated consider-
ing a default yield of 400 kg of compost per tonne of biowaste input
(Boldrin et al., 2009). GHG emissions were estimated assuming open win-
dow compost systems which are common in tropical areas due to their
low implementation costs. GHG emissions were estimated based on CH4

and N2O emissions resulting from the composting process, as well as elec-
tricity and fuel inputs. All default data were obtained from the literature
as shown in Table 3.

GHG emissions and electricity use per tonne of biowaste composted
were obtained from the United Nations Framework Convention on Climate
Change methodological tools for clean development projects (UNFCC,
2017). These values have been carefully and conservative selected by
UNFCC from high quality studies and are used as standard values in differ-
ent studies (Mertenat et al., 2019; Yeo et al., 2020) given that they repre-
sent estimates that describe the direct GHG emissions from low
technology composting systems in low- and middle-income countries. We
also used the GHG emissions, electricity use and fuel use from the upper
range reported by Boldrin et al. (2009). We selected the upper range to
be conservative. The CO2eq emissions associated to electricity and fuel pro-
duction in Peru were assumed to be 0.17 kg CO2eq kWh−1 and 0.40 kg
CO2eq kg−1 diesel, respectively, and the assumed fuel combustion burned
in an agricultural machinery was 3.16–5.45 kg CO2eq kg−1 diesel. These
values were obtained from Ecoinvent 3.8 (Wernet et al., 2016), except the
minimum value for fuel combustion which was obtained from the
European Environmental Agency (EEA, 2019). The specific names of the ac-
tivities extracted from Ecoinvent are presented in Table S2. We used the
GWP100 of 27.75 CO2 eq for CH4 and 265 for N2O (IPCC, 2013) to be in
line with the estimations of Vázquez-Rowe et al. (2021). Given that stan-
dard emission values were used, our estimations do not consider the effect
that the different temperature and humidy conditions in each of the cities
could cause on the time of composting neither the final nutrient content.

2.4. Fertilization potential with compost

Total nutrient contents in compost, fertilizer replacement values and
corrected nutrient contents per unit of compost are presented in Table 4.
Based on the corrected nutrient contents, we estimated how much land
could be fertilized based on specific requirements for coffee shade planta-
tions and for the establishment of silvopastoril systems in degraded soils
with pastures. Coffee fertilizer requirements were assumed to be 180 kg
N ha−1, 35 kg P ha−1 and 158 kg K ha−1 and were obtained from
Agrorural, a subdivision of the Peruvian Ministry of Agriculture that pro-
vides technical assistance to peruvian farmers (Agro Rural, 2018). The
fixed fertilization requirements are referential, as fertilization requirements
will change depending on factors such as coffee age, variety and soil type.
These factors were not accounted for in our analysis. The amount of com-
post needed was estimated based on fulfilling 25% and 50% of the N re-
quirements ha−1 in a growing coffee plantation (i.e., 45 kg N ha−1 for
25% of the N needs and 90 kg N ha−1 for 50% of the N needs). We opted
to only half of the N requirements with compost as previous research has
shown that the application of compost at 25% and 50% of the N coffee re-
quirements improves soil chemical characteristics, while at a dose of 100%
different soil parameters (e.g., pH, P, and K, Ca andMg antagonism) get un-
balanced (Martins Neto et al., 2020). Fertilization requirements for the es-
tablishment of silvopastoril systems in degraded pastures were assumed



Fig. 1. Location of the studied regions (i.e., A = Cajamarca, B = Amazonas, C = San Martín and D= Junín), cities and land use. Areas with grey background were outside
the delimitation of humid tropical forests and were not considered in this study.
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to be 40 kg P ha−1. This amount has been used in the successful establish-
ment of silvopastoril systems in degraded pastures of the Peruvian Amazon
(Alegre et al., 2017).

2.5. Limitations

The potential CUSAF areas were estimated based on the current avail-
able data, but as data for some CUSAF requirements were not available or
were outdated, our estimations might change with more updated and pre-
cise data and, therefore, should be used and interpreted with caution. For
instance, the forestry zonification for Amazonas, Cajamarca and Junín,
was not available, nor was the share of agricultural units with agroforestry
systems. Outdated data included the extension of areas without legal tenure
Table 2
GHG emissions associated to the predominant waste disposal method, population
and total amount of biowaste produced for each city. GHG emissions were
recalculated from Vázquez-Rowe et al. (2021) excluding biogenic CO2 emissions,
as well as CO2 emissions from infrastructure and transport activities at the disposi-
tion sites. In landfills with venting, gases are not collected, while in landfills with
flaring a capture system allows a controlled combustion of the landfill gas (LFG).
Population was obtained from the last national census (INEI, 2017).

City Predominant waste
disposal method

GHG emissions
tonne−1 biowaste
(kg CO2eq)

Population Biowaste
produced
(tonne)

Cajamarca Deep dumping 2019 201,329 12,287
Chachapoyas Landfilling - venting 2530 32,026 1929
Huancayo Deep dumping 2136 456,250 26,309
Tarapoto Landfilling – Landfill

gas treatment -
flaring

1354 144,800 9697

4

and agricultural units smaller than 100 ha, as these were obtained from the
last agricultural census, nearly 10 years ago. The fertilization requirements
for the lands were standard and did not distinguish between soil types.

The estimation of FLW faces the same limitations described byVázquez-
Rowe et al. (2021), namely rough FLW ratios for the different stages of the
food system, outdated food purchase data from 2008 to 2009, and the ex-
clusion of the impacts associated to the removal of impurities
(i.e., plastics, metal, etc.) to have a clean organic fraction. Furthermore,
GHG emissions for compost elaboration, as well as the compost N content
and fertilizer replacement values, are standard values from the literature
and, therefore, the outcomes might be different when measured values
are used. Lastly, this study is framed purely on a biophysical basis
and does not consider the economic (i.e., investment in infrastructure,
education, creation of new supply chains) and social implications
(i.e., household waste segregation, reduction of FLW) that will imply to
compost FLW that is currently landfilled or dumped.
Table 3
Parameters used to estimate the GWP of composting. To be conservative we only
used the upper range provided by Boldrin et al. (2009).

UNFCC (2017) Boldrin et al. (2009)

CH4 (g/t biowaste) 2000 30–1500
N2O (g/t biowaste) 200 8–252
Electricity consumption (kWh/t biowaste) 10 0.023–19.7
Fuel consumption (kg/t biowaste) 3.5–5.8a 0.3–2.6

a The original source provides the GWP associated to fuel use (20.7 kg CO2 eq/t
biowaste). For this table we recalculated it to fuel consumption assuming
3.56–5.85 kg CO2eq kg−1 diesel, which includes the impacts associated to fuel pro-
duction and combustion.



Table 4
Minimum and maximum total nutrient contents in compost (on a fresh basis), fertilizer replacement values equivalent to mineral fertilizers, and corrected nutrient content
(on a fresh basis) to be equivalent to mineral fertilizers. Values were obtained from Boldrin et al. (2009).

Nutrient Nutrient content ton−1 compost Fertilizer replacement value Corrected nutrient content ton−1 compost

Minimum (kg) Maximum (kg) Minimum (%) Maximum (%) Minimum (kg) Maximum (kg)

Nitrogen 6 21.5 20 60 1.2 12.9
Phosphorus 1.8 4.7 90 100 1.6 4.7
Potassium 6 13.4 100 100 6.0 13.4
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3. Results and discussion

3.1. GHG emissions associated to composting

The estimated direct GHG emissions associated to composting ranged
between 121 and 131 kg CO2 eq tonne−1 biowaste. Expressed per tonne
of compost GHG emissions ranged between 302 and 327 kg CO2 eq ton−1

compost on wet basis. These emissions are in a similar or higher than
what has been previously reported in the literature. For instance,
Mertenat et al. (2019) reported 111 kg CO2 eq ton−1 biowaste, while
Vergara and Silver (2019) reported 57 kg CO2 eq ton−1 waste. Yang et al.
(2013) reported 161 kg CO2 eq ton−1 dry matter compost or 60 kg CO2

eq ton−1 compost on a wet basis (assuming 37% DM). The net GHG emis-
sions of composting could be even lower if avoided emissions from waste
management, and enhanced C sequestration from land application to
compost are included. Although applying organic amendments to soils
can increase soil respiration by approximately 20%, carbon losses are sub-
stantially offset by the increases in above and below net primary productiv-
ity up to 2.1+/− 0.8 Mg C/ha to 4.7+/− 0.7 Mg C/ha (mean+/− SE),
respectively in a 3-year period (Ryals and Silver, 2013).

The estimated direct emissions calculated for composting are far lower
than the 1354–2530 kg CO2 eq ton−1 biowaste for landfilling with and
without gas recovery, and the 2019–2136 kg CO2 eq ton−1 biowaste
for deep dumping estimated by Vázquez-Rowe et al. (2021). For every
tonne of biowaste composted instead of landfilled or dumped, at least
1223–2409 kg CO2 eq could be avoided. These differences are mainly
linked to CH4 emissions. While for composting CH4 emissions per tonne
of biowaste ranged between 1.5 and 2 kg tonne−1 biowaste, for dumping
they ranged between 73 and 78 kg, and for landfilling between 49 kg
(i.e., with flaring) and 73 kg (i.e., with venting only). During composting,
CH4 emissions are limited due to the aerobic conditions caused by the fre-
quent aeration process needed for composting, while for landfilling and
deep dumping anaerobic conditions favor the generation of CH4.

Compared to the overall GHG emissions of the current waste manage-
ment system in each of the four cities selected, composting could lead to
large reductions in GHG emissions (Fig. 3), leapfrogging in terms of waste
management technologies and fostering deep decarbonization pathways
beyond Peru's nationally-determined contributions (NDCs) within the
Paris Agreement (Geels et al., 2017; Vázquez-Rowe et al., 2019). In fact,
when accounting for all cities, composting could reduce waste-associated
GHG emissions by more than 92,000 t CO2 eq per year and provide the
food system with more than 20,000 t of compost to be used as soil amend-
ment.

3.2. Fertilization potential for CUSAF lands

The area of coffee production lands that could be fertilized with the as-
sumed compost nutrient content providing 50% of the N requirements is
limited. If 50% of the N needs for coffee production are provided by com-
post, only 279–2902 ha would be fertilized (see Table S3). This number is
far from the 86,786 ha of CUSAF coffee producing lands in the four regions,
and represents only 3% of CUSAF coffee producing surface area when the
maximum N content in compost was considered (Fig. 4). The fertilization
of pastures with compost at a rate of 40 kg P ha−1 is also limited (Fig. 4,
Table S3). Only in the case of the region of Junín, there would be enough
compost if the maximum P content is considered. This relates to the small
5

extension of CUSAF pastures in this region (i.e., 911 ha, see Fig. 2), which
were easily fulfilled with the potential quantities of compost produced in
the region. In the remaining cases, the limited fertilization potential of com-
post is linked to three factors.

First, organic fertilizers such as compost from biowaste have low N con-
centrations, requiring high doses per ha tomeet the nutrient needs of coffee
plantations (Martins Neto et al., 2020). The assumedN concentration of the
compost from biowaste was 0.1 to 1.3% (fresh weight), which accounts for
a minimum and maximum N fertilizer replacement value (see Table 4).
Without the correction for the fertilizer replacement value, total N content
would be 0.6 to 2.2% on fresh basis, and the proportion of fertilized lands
could increase up to 5.5%. Other studies also report N values ranging
from 0.7 to 1.3% for compost produced from food waste from municipal
waste collection systems (Hwang et al., 2020). Other compost types that
were mixed with livestock manure have N contents above 2.4% (Raviv
et al., 2013) supplied by the ammoniacal-N contained in manure. To in-
crease the N content of compost obtained from biowaste, the compost
could be mixed with guano which contains 10–14% of N (Agro Rural,
2018) and which is currently used by some coffee producers, especially
those certified under voluntary schemes (Barham andWeber, 2012). In ad-
dition to guano ormineral fertilizers, establishing coffee intercroppingwith
nitrogen-fixing legumes could add more than 44 kg N ha−1 (Mendonça
et al., 2017).

The second factor has to do with the amount of FLW used to estimate
the available compost biomass. In Peru, FLW can reach 45% of the total
food produced (Bedoya-Perales and Dal'Magro, 2021). However, from
this large share of foodwasted, 80% takes place during the agricultural pro-
duction, storage and processing, and the remaining 20% during the distri-
bution (10%) and consumption stages (10%) which we used to estimate
the compost biomass (Vázquez-Rowe et al., 2021). This trend is different
to regions such North America or Europe where nearly 40% of the FLW
take places during the consumption stage (Gustavsson et al., 2011). While
we only used the 20% of FLW because that is the waste that is managed
in urban disposal sites (i.e., open dumps, landfills), it is key to identify
how the remaining 80% is being used. It is likely that a portion of the
crop residues andwasted crops are already used as animal feed contributing
to circular economy, and that a portion is also burnt on fields; however,
data on the overall volumes of reused and burnt biomass are lacking. For
the coffee sector, several certification standards (e.g., Rainforest Alliance)
or public-private partnerships (e.g., Coffee Alliance for Excellence) are re-
questing producers the composting of coffee residues (i.e., husk, pulp) on
farm to be reused as a soil amendment. While coffee residues can provide
valuable nutrients for coffee plants when composted with other sources
(i.e., green and animal manure) (Dawid, 2018), these residues are not al-
ways generated at the farm given that the coffee from Peruvian small-
holders gets processed in other areas.

Finally, in our analysis we only accounted for the compost that could be
produced in the cities of themain coffee regions and did not account for po-
tential amounts of compost that could be produced in rural settlements and
other cities. This is an important consideration given that one third of the
population is settled in the capital of Peru, Lima. Only in Lima, more than
200,000 t of compost could be obtained, which could be used to fertilize
up to 3 to 35% of the CUSAF coffee lands. However, transporting that com-
post would imply the emission of 0.17 kg CO2 eq per tonne and kilometer
(Wernet et al., 2016). The transport emissions would lead to additional
GHG emissions ranging from 50 to 200 kg CO2 eq per tonne of compost,



Fig. 2. Area of coffee production and pastures per region within CUSAF in the whole region (i.e., “Total”). Numbers in bars indicate the number of hectares (in 1000 ha) for
each crop.
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equivalent to 15–60% more emissions, depending on the distance from
Lima. Defining whether producing such transport emissions are worth
will depend on two main issues. On the one hand, if adding soil amend-
ments to forest can indeed help to reduce deforestation and, consequently,
avoid additional emissions associated to forest loss. On the other hand, if
this pathway would be more socially and economically favorable than fer-
tilizing agricultural lands in the surrounding agricultural areas of Lima,
where large-scale and export-oriented agriculture largely depends on
imported chemical fertilizers and efforts are slowly being implemented to
rely on higher fractions of organic fertilizers.

3.3. Implications and policy outlook

Although compost from biowaste tends to have low concentrations of N,
it is worth considering that biowaste compost can havemultiple benefits for
soil health and crop productivity in the long term. The benefits of applying
organic amendments such as compost to crops are multiple and include
higher resistance to droughts, increase in water use efficiency, reduction
of soil loss by erosion (Martínez-Blanco et al., 2013; O’Connor et al.,
2021; Shiralipour et al., 1992), increase in microbial activity, and increase
of N supply over time (Diacono and Montemurro, 2010). In addition, in
acidic soils such as those present in the Amazon, phosphorus deficiency is
common because P is mainly adsorbed to Al, Fe and to a lesser extent
with Ca (Reis et al., 2011). Applying compost can therefore increase P levels
substantially and make the soil less acid, making this nutrient more bio-
available for plant nutrition (Martins Neto et al., 2020). Future biophysical
assessments should determine at a food systems level the fertilizer potential
of biowaste compost mixed with available N-rich organic amendments
(e.g., guano, animal manures, green manure), and long-term field trials
should be performed to evaluate their effect on crop growth and soil health.
Such efforts have been done in Brazil (Martins Neto et al., 2020), but should
be replicated in other Latin American countries.

Appropriate nutrientmanagement and soil health is not only fundamen-
tal for the success of CUSAF but is also directly linked to Peru's NDCs
(Gobierno del Perú, 2018) on implementing robust coffee agroforestry sys-
tems. In fact, the Peruvian government aims at reducing GHG emissions
linked to coffee and cocoa production by 1.4 Mt. CO2eq by 2030, based
on a set of improved agricultural and processing practices, which is aligned
with the objectives of the current study.
6

The use of fertilizer inputs is not a common practice among small-
holders. In coffee farms from the region of San Martín inputs only ac-
counted for 11% of the total costs, of which fertilizers were the most
important cost (83%). However, the largest costs were associated with
land (44%) and labor (38%) (Jezeer et al., 2018). Thus, as farmers do not
traditionally invest in fertilizers nor do they always have access to them
(e.g., absence of local suppliers, lack of financial systems), future efforts
targeting the adoption of fertilization practices for CUSAF (i.e., via compost
and other sources) should contemplate the implementation of subsidies or
other type of incentives to make them accessible. These subsidies could
come as part of the in-kind rewards associated to REDD mechanisms
(Montoya-Zumaeta et al., 2021) used in some of the Peruvian coffee grow-
ing regions. It is important though, to avoid rebound effects for further ag-
ricultural expansion due to the expected better accessibility to fertilizers.

Although the potential land fertilized with compost reported in this
study is limited, composting municipal biowaste could lead to drastic
GHG emissions reductions compared to the current dumping and
landfilling practices (Fig. 3), an environmental benefit that is directly
linked to Sustainable Development Goal (SDG) 13 on climate action. Segre-
gation of organic waste for composting and the construction of landfills
with flaring technology have been both included in the list of Peruvian
NCDs (Gobierno del Perú, 2018). However, Peru's transition from dumpers
is moving towards landfills, and in most cases flaring or more advanced
technologies (e.g., energy recovery or anaerobic digestion) have been
discarded. These decisions will constraint Peru's efforts to reduce GHG
emissions andmeet its emission targets. Moreover, given the long dumping
and recent landfilling culture associated to waste disposal, a change to-
wards other circular valorization strategies will need consumer and politi-
cal willingness. Consumer willingness is needed to reduce shares of food
waste and achieve large rates of unavoidable organic waste segregation at
households, as a key action to comply with SDG 12.3 on halving FLW by
2030, Political willingness is needed to path the rules for waste segregation
and collection for different stakeholders (e.g., consumers, restaurants, mar-
kets food processors), and to promote the creation of transfer stations for or-
ganic waste collection. An example of the latter are the strict rules that the
state of California will impose if household waste is not segregated
(Latimes, 2021). In addition, there should be incentives available for the
creation of new public or private companies that will be in charge of
the recovery and circular valorization, and new rules for those waste



Fig. 3. GHG emissions of the predominant waste disposal strategy in each city and for composting. The current emissions were obtained from Vázquez-Rowe et al. (2021).
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management companies already operating. For effective policy formula-
tion, it is key to generate better data on FLW shares in Peru, as the available
national estimates of total FLW (Bedoya-Perales and Dal'Magro, 2021;
Vázquez-Rowe et al., 2021) still rely on the rough and likely outdated
Gustavsson et al. (2011) estimates.
Fig. 4. Percentage of coffee production and pasture lands within CUSAF that could be fe
error barsminimum andmaximumvalues. If the horizontal line at 100% is overpassed, it
Specific values are presented in Table S3.

7

4. Conclusions

In this study we explored the environmental and fertilization potential
of an urban-rural circular system in which compost obtained from munici-
pal biowaste is used to fertilize concessions of coffee agroforestry systems
rtilized for each region, and for the four regions (i.e., total). Bars show the mean and
means that there is enough compost to fertilize all CUSAF lands for the specific crop.
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and silvopastoral systems in Peru. The amount of compost that can be gen-
erated in the cities close to the agroforestry and silvopastoral systems con-
sidered in this study is limited, as it only reaches 0.3 to 3.7% of the
envisioned agroforestry concession areas. However, composting municipal
biowaste to be used as soil amendment can substantially mitigate GHG
emissions compared to the current dumping and landfilling practices. To
implement the latter, an enabling environment is needed that can drive
changes in consumers behavior and in stakeholders participating in the
waste segregation and collection process. We conclude that composting
municipal biowaste should be adopted to decarbonize current Peru's
waste management system, but its mainstream use as fertilizer will require
mixing it with N-rich sources an assessing if bringing compost from other
regions could have positive impacts in term of GHG emissions reductions.

CRediT authorship contribution statement

Alejandro Parodi: Conceptualization, Methodology, Formal analysis,
Writing – original draft, Funding acquisition. Gianfranco Villamonte-
Cuneo: Methodology, Software, Formal analysis. Ana Maria
Loboguerrero:Writing – review& editing. Deissy Martínez-Barón:Writ-
ing – review& editing. Ian Vázquez-Rowe: Conceptualization, Validation,
Writing – review & editing, Funding acquisition, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

This paper is an outcome of the Circular Food Systems network, and
supports the objectives of the Global Research Alliance on Agricultural
Greenhouse Gases. The information contained within should not be taken
to represent the views of the Alliance as a whole or its Partners. Dr. Ian
Vázquez-Rowe wishes to thank the Dirección General de Investigación at
PUCP for partially funding his time devoted to this project (FAI-0001-
2021).

Appendix A. Supplementary information

Supplementary information to this article can be found online at
https://doi.org/10.1016/j.scitotenv.2022.156376.

References

Agro Rural, 2018. Manual de Abonamiento con Guano de las Islas Lima.
Alegre, J., Lao, C., Silva, C., Schrevens, E., 2017. Recovering degraded lands in the Peruvian

Amazon by cover crops and sustainable agroforestry systems. Peruvian J. Agron. 1,
1–7. https://doi.org/10.21704/pja.v1i1.1005.

Alfaia, S.S., Ribeiro, G.A., Nobre, A.D., Luizão, R.C., Luizão, F.J., 2004. Evaluation of soil fer-
tility in smallholder agroforestry systems and pastures in western Amazonia. Agric.
Ecosyst. Environ. 102, 409–414. https://doi.org/10.1016/J.AGEE.2003.08.011.

Anderson, C.M., Asner, G.P., Llactayo, W., Lambin, E.F., 2018. Overlapping land allocations
reduce deforestation in Peru. Land Use Policy 79, 174–178. https://doi.org/10.1016/J.
LANDUSEPOL.2018.08.002.

Asner, G.P., Martin, R.E., Knapp, D.E., Tupayachi, R., Anderson, C.B., Sinca, F., Vaughn, N.R.,
Llactayo, W., 2017. Airborne laser-guided imaging spectroscopy to map forest trait diver-
sity and guide conservation. Science 355, 385–389. https://doi.org/10.1126/SCIENCE.
AAJ1987/SUPPL_FILE/AAJ1987-ASNER-SM.PDF.

Barham, B.L., Weber, J.G., 2012. The economic sustainability of certified coffee: recent evi-
dence from Mexico and Peru. World Dev. 40, 1269–1279. https://doi.org/10.1016/J.
WORLDDEV.2011.11.005.

Bax, V., Francesconi, W., 2018. Environmental predictors of forest change: an analysis of nat-
ural predisposition to deforestation in the tropical Andes region,Peru. Appl. Geogr. 91,
99–110. https://doi.org/10.1016/J.APGEOG.2018.01.002.

Bedoya-Perales, N.S., Dal'Magro, G.P., 2021. Quantification of food losses and waste in Peru: a
mass flow analysis along the food supply chain. Sustainability 13, 1–15. https://doi.org/
10.3390/su13052807.
8

Bogner, J., Abdelrafie, M., Diaz, C., Faaij, A., Gao, Q., Hashimoto, S., Mareckova, K., Pipatti,
R., Zhang, T., 2007. Waste management. Climate Change 2007: Mitigation. Contribution
of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA.

Boldrin, A., Andersen, J.K., Møller, J., Christensen, T.H., Favoino, E., 2009. Composting and
compost utilization: accounting of greenhouse gases and global warming contributions.
Waste Manag. Res. 27, 800–812. https://doi.org/10.1177/0734242X09345275.

Bradshaw, C.J.A., Sodhi, N.S., Brook, B.W., 2009. Tropical turmoil: a biodiversity tragedy in
progress. Front. Ecol. Environ. 7, 79–87. https://doi.org/10.1890/070193.

COP26, 2021. Glasgow Leaders' Declaration on Forests and Land Use - UN Climate Change
Conference (COP26) at the SEC – Glasgow 2021 [WWW Document]. URL https://
ukcop26.org/glasgow-leaders-declaration-on-forests-and-land-use/ (accessed 12.6.21).

D’Almeida, C., Vörösmarty, C.J., Hurtt, G.C., Marengo, J.A., Dingman, S.L., Keim, B.D., 2007.
The effects of deforestation on the hydrological cycle in Amazonia: a review on scale and
resolution. Int. J. Climatol. 27, 633–647. https://doi.org/10.1002/JOC.1475.

Davidson, E.A., De Araüjo, A.C., Artaxo, P., Balch, J.K., Brown, I.F., Mercedes, M.M., Coe,
M.T., Defries, R.S., Keller, M., Longo, M., Munger, J.W., Schroeder, W., Soares-Filho,
B.S., Souza, C.M., Wofsy, S.C., 2012. The Amazon basin in transition. Nature 4817381
(481), 321–328. https://doi.org/10.1038/NATURE10717.

Dawid, J., 2018. Organic fertilizers requirement of coffee (Coffea arabica L) review. Int.
J. Res. Stud. Agric. Sci. 4, 2454–6224. https://doi.org/10.20431/2454-6224.0407003.

Diacono, M., Montemurro, F., 2010. Long-term effects of organic amendments on soil fertility.
A review long-term effects of organic amendments on soil fertility. A review. Agronomy
for sustainable long-term effects of organic amendments on soil fertility.A review. Devel-
opment 30, 401–422. https://doi.org/10.1051/agro/2009040ï.

dos Santos, A.M., da Silva, C.F.A., de Almeida Junior, P.M., Rudke, A.P., de Melo, S.N., 2021.
Deforestation drivers in the Brazilian Amazon: assessing new spatial predictors.
J. Environ. Manag. 294, 113020. https://doi.org/10.1016/J.JENVMAN.2021.113020.

EEA, 2019. 1.A.4 Non road mobile machinery 2019 — European Environment Agency
[WWW Document]. EMEP/EEA air Pollut. Emiss. Invent. Guideb. 2019. A.4 Non road
Mob. Mach. 2019. URL https://www.eea.europa.eu/publications/emep-eea-guidebook-
2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-4-non-road-1/
view (accessed 2.1.22).

Espejo, J.C., Messinger, M., Román-Dañobeytia, F., Ascorra, C., Fernandez, L.E., Silman, M.,
2018. Deforestation and forest degradation due to gold mining in the Peruvian Amazon:
a 34-year perspective. Remote Sens. 10, 1903. https://doi.org/10.3390/RS10121903
2018, Vol. 10, Page 1903.

Finer, M., Novoa, S., 2017. MAAP Synthesis #2: Patterns and Drivers of Deforestation in the
Peruvian Amazon [WWW Document]. Monit. Andean Amaz. Proj.

Gay-des-Combes, J.M., Sanz Carrillo, C., Robroek, B.J.M., Jassey, V.E.J., Mills, R.T.E., Arif,
M.S., Falquet, L., Frossard, E., Buttler, A., 2017. Tropical soils degraded by slash-and-
burn cultivation can be recultivated when amended with ashes and compost. Ecol.
Evol. 7, 5378–5388. https://doi.org/10.1002/ECE3.3104.

Geels, F.W., Sovacool, B.K., Schwanen, T., Sorrell, S., 2017. Sociotechnical transitions for deep
decarbonization. Science 357, 1242–1244. https://doi.org/10.1126/SCIENCE.AAO3760.

Gibbs, H.K., Ruesch, A.S., Achard, F., Clayton, M.K., Holmgren, P., Ramankutty, N., Foley,
J.A., 2010. Tropical forests were the primary sources of new agricultural land in the
1980s and 1990s. Proc. Natl. Acad. Sci. U. S. A. 107, 16732–16737. https://doi.org/10.
1073/PNAS.0910275107/-/DCSUPPLEMENTAL.

Global Forest Watch, 2021. Peru Deforestation Rates & Statistics | GFW [WWW Document].
URL https://www.globalforestwatch.org/ (accessed 12.8.21).

Gobierno del Perú, 2018. Grupo de Trabajo Multisectorial de naturaleza temporal encargado
de generar información técnica para orientar la implementación de las Contribuciones
Nacionalmente Determinadas (GTM-NDC) Lima.

Gustavsson, J., Cederberg, C., Sonesson, U., 2011. Global Food Losses and Food Waste Rome.
Hoang, N.T., Kanemoto, K., 2021. Mapping the deforestation footprint of nations reveals

growing threat to tropical forests. Nat. Ecol. Evol. 5, 845–853. https://doi.org/10.
1038/S41559-021-01417-Z 2021 56.

Hwang, H.Y., Kim, S.H., Shim, J., Park, S.J., 2020. Composting process and gas emissions dur-
ing food waste composting under the effect of different additives. Sustainability 12, 7811.
https://doi.org/10.3390/SU12187811 2020, Vol. 12, Page 7811.

INEI, 2012. IV Censo Nacional Agropecuario 2012 - Base de Datos REDATAM [WWW Docu-
ment]. IV Censo Nac. Agropecu. 2012. http://censos.inei.gob.pe/Cenagro/redatam/#
Lima.

INEI, 2012. Consumo per cápita de los principales alimentos, 2008-2009. Encuesta Nacional
de Presupuestos Familiares (ENAPREF), Lima.

INEI, 2017. Resultados Definitivos de los Censos Nacionales 2017 [WWW Document]. Censos
Nac. 2017. http://censo2017.inei.gob.pe/resultados-definitivos-de-los-censos-
nacionales-2017/ Lima.

IPCC, 2013. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J.,
Nauels, A., Xia, Y. (Eds.), Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Cli-
mate Change. Cambridge University Press, Cambridge, United Kingdom and New York,
NY, USA.

Jezeer, R., Verweij, P., 2015. Shade Grown Coffee - Double Dividend for Biodiversity and
Small-scale Coffee Farmers in Peru, pp. 1–56.

Jezeer, R.E., Santos, M.J., Boot, R.G.A., Junginger, M., Verweij, P.A., 2018. Effects of shade
and input management on economic performance of small-scale Peruvian coffee systems.
Agric. Syst. 162, 179–190. https://doi.org/10.1016/J.AGSY.2018.01.014.

Larrea-Gallegos, G., Vázquez-Rowe, I., 2022. Exploring machine learning techniques to pre-
dict deforestation to enhance the decision-making of road construction projects. J. Ind.
Ecol. 26, 225–239. https://doi.org/10.1111/JIEC.13185.

Latimes, 2021. New California compost law aims to keep food out of trash - Los Angeles Times
[WWW Document]. URLLos Angeles Times (accessed 1.26.22) https://www.latimes.
com/california/story/2021-12-09/trash-compost-california-climate-change-law.

https://doi.org/10.1016/j.scitotenv.2022.156376
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310843310141
https://doi.org/10.21704/pja.v1i1.1005
https://doi.org/10.1016/J.AGEE.2003.08.011
https://doi.org/10.1016/J.LANDUSEPOL.2018.08.002
https://doi.org/10.1016/J.LANDUSEPOL.2018.08.002
https://doi.org/10.1126/SCIENCE.AAJ1987/SUPPL_FILE/AAJ1987-ASNER-SM.PDF
https://doi.org/10.1126/SCIENCE.AAJ1987/SUPPL_FILE/AAJ1987-ASNER-SM.PDF
https://doi.org/10.1016/J.WORLDDEV.2011.11.005
https://doi.org/10.1016/J.WORLDDEV.2011.11.005
https://doi.org/10.1016/J.APGEOG.2018.01.002
https://doi.org/10.3390/su13052807
https://doi.org/10.3390/su13052807
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310852414988
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310852414988
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310852414988
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310852414988
https://doi.org/10.1177/0734242X09345275
https://doi.org/10.1890/070193
https://ukcop26.org/glasgow-leaders-declaration-on-forests-and-land-use/
https://ukcop26.org/glasgow-leaders-declaration-on-forests-and-land-use/
https://doi.org/10.1002/JOC.1475
https://doi.org/10.1038/NATURE10717
https://doi.org/10.20431/2454-6224.0407003
https://doi.org/10.1051/agro/2009040�
https://doi.org/10.1016/J.JENVMAN.2021.113020
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-4-non-road-1/view
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-4-non-road-1/view
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-4-non-road-1/view
https://doi.org/10.3390/RS10121903
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310845205243
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310845205243
https://doi.org/10.1002/ECE3.3104
https://doi.org/10.1126/SCIENCE.AAO3760
https://doi.org/10.1073/PNAS.0910275107/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.0910275107/-/DCSUPPLEMENTAL
https://www.globalforestwatch.org/
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310846349451
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310846349451
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310846349451
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310847072369
https://doi.org/10.1038/S41559-021-01417-Z
https://doi.org/10.1038/S41559-021-01417-Z
https://doi.org/10.3390/SU12187811
http://censos.inei.gob.pe/Cenagro/redatam/#
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310900290483
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310900290483
http://censo2017.inei.gob.pe/resultados-definitivos-de-los-censos-nacionales-2017/
http://censo2017.inei.gob.pe/resultados-definitivos-de-los-censos-nacionales-2017/
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310901238304
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310901238304
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310901238304
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310901238304
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310901238304
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310902023767
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310902023767
https://doi.org/10.1016/J.AGSY.2018.01.014
https://doi.org/10.1111/JIEC.13185
https://www.latimes.com/california/story/2021-12-09/trash-compost-california-climate-change-law
https://www.latimes.com/california/story/2021-12-09/trash-compost-california-climate-change-law


A. Parodi et al. Science of the Total Environment 838 (2022) 156376
Livia, L., Sánchez, R., Galiano, A., Cajas, J., Arévalo, E., Rosas, E., 2021. Atlas de la Superficie
Agrícola del Perú. Dir Gen Estadística, Seguim y Evaluación Políticas Minist Desarro
Agrar y Riego. MIDAGRI.

Martínez-Blanco, J., Lazcano, C., Boldrin, A., Møller, J., Christensen, T.H., Muñoz, P.,
Rieradevall, J., Antón, A., Martínez-Blanco, Julia, Lazcano, Cristina, Boldrin, Alessio,
Muñoz, Pere, Rieradevall, Joan, Møller, J., Antón, Assumpció, Christensen, Thomas H.,
2013. Assessing the Environmental Benefits of Compost Use-on-Land Through an LCA
Perspective, pp. 255–318 https://doi.org/10.1007/978-94-007-5961-9_9.

Martins Neto, F.L., Peralta-Antonio, N., De Paula Pimenta, M., Pinto Coelho Evangelista, J.S.,
Silva Santos, R.H., 2020. Soil chemical characteristics on coffee plantations fertilized with
continuous application of compost and green manure. 51 , pp. 829–838. https://doi.org/
10.1080/00103624.2020.1729790.. https://doi-org.ezproxy.library.wur.
nl/10.1080/00103624.2020.1729790.

Mendonça, E.de S., De Lima, P.C., Guimarães, G.P., Moura, W.de M., Andrade, F.V., 2017. Bi-
ological nitrogen fixation by legumes and N uptake by coffee plants. URLRev. Bras. Ciênc.
do Solo 41, 160178. https://doi.org/10.1590/18069657RBCS20160178 (accessed
1.25.22).

Mertenat, A., Diener, S., Zurbrügg, C., 2019. Black soldier fly biowaste treatment – assessment
of global warming potential. Waste Manag. 84, 173–181. https://doi.org/10.1016/j.
wasman.2018.11.040.

MINAM, 2020. Resolución Ministerial N° 039-2020-MINAM .- Aprueban la Zonificación For-
estal del departamento de San Martín.Available: https://sinia.minam.gob.pe/normas/
aprueban-zonificacion-forestal-departamento-san-martin [cited 21 Jan 2022].

MINCUL, 2022. Geoportal del Ministerio de Cultura [WWW Document]. URL https://
geoportal.cultura.gob.pe/ (accessed 1.25.22).

Montoya-Zumaeta, J.G., Wunder, S., Tacconi, L., 2021. Incentive-based conservation in Peru:
assessing the state of six ongoing PES and REDD+ initiatives. Land Use Policy 108,
105514. https://doi.org/10.1016/J.LANDUSEPOL.2021.105514.

Morton, D.C., DeFries, R.S., Shimabukuro, Y.E., Anderson, L.O., Arai, E., Del Bon Espirito-
Santo, F., Freitas, R., Morisette, J., 2006. Cropland expansion changes deforestation dy-
namics in the southern Brazilian Amazon. Proc. Natl. Acad. Sci. U. S. A. 103,
14637–14641. https://doi.org/10.1073/PNAS.0606377103.

Nair, P.K.R., 1994. An Introduction to Agroforestry, Outlook on Agriculture. https://doi.org/
10.1177/003072709402300413.

O’Connor, J., Hoang, S.A., Bradney, L., Dutta, S., Xiong, X., Tsang, D.C.W., Ramadass, K.,
Vinu, A., Kirkham, M.B., Bolan, N.S., 2021. A review on the valorisation of food waste
as a nutrient source and soil amendment. Environ. Pollut. 272, 115985. https://doi.
org/10.1016/J.ENVPOL.2020.115985.

Pokorny, B., Robiglio, V., Reyes, M., Vargas, R., Patiño Carrera, C.F., 2021. The potential of
agroforestry concessions to stabilize Amazonian forest frontiers: a case study on the eco-
nomic and environmental robustness of informally settled small-scale cocoa farmers in
Peru. Land Use Policy 102, 105242. https://doi.org/10.1016/j.landusepol.2020.105242.

Raviv, M., Medina, S., Krasnovsky, A., Ziadna, H., 2013. Organic matter and nitrogen conser-
vation in manure compost for organic agriculture. Compost Sci. Util. 12, 6–10. https://
doi.org/10.1080/1065657X.2004.10702151.

Reis, T.H.P., Neto, A.E.F., Guimarães, P.T.G., Curi, N., Guerra, A.F., Marques, J.J., 2011. Dy-
namics of Forms of Inorganic Phosphorus in Soil under Coffee Plants as a Function of Suc-
cessive Annual Additions of the Nutrient. 42, pp. 980–991. https://doi.org/10.1080/
00103624.2011.558966 doi:10.1080/00103624.2011.558966.

Robiglio, V., Vargas, R., Suber, M., 2018. La Cesión en Uso para Sistemas Agroforestales. Los
potenciales beneficiarios, distribución geográfica y estimación del potencial de
contribución a las metas climáticas del Perú. Apoyo al Desarrollo de la Cesión En Uso
Para Sistemas Agroforestales en Perú. ICRAF. Oficina Regional para América Latina.,
Lima.

Ryals, R., Silver, W.L., 2013. Effects of organic matter amendments on net primary productiv-
ity and greenhouse gas emissions in annual grasslands. Ecol. Appl. 23, 46–59. https://doi.
org/10.1890/12-0620.1.

SEIA-MINAGRI, 2021. Perfil Productivo y Competitivo de los principales Cultivos del Sector
[WWW Document]. PowerBI.

SERFOR, 2017. R.D.E. N° 081-2017-SERFOR/DE: Lineamientos para el otorgamiento de
contratos de cesión en uso para sistemas agroforestales.

SERFOR, 2019. GeoSerfor - Concesiones Forestales. Serv. Nac. For. y Fauna Silv.
9

SERNANP, 2022. GEO ANP - Visor de las Áreas Naturales Protegidas [WWWDocument]. URL
https://geo.sernanp.gob.pe/visorsernanp/ (accessed 1.25.22).

Shiralipour, A., McConnell, D.B., Smith, W.H., 1992. Physical and chemical properties of soils
as affected bymunicipal solid waste compost application. Biomass Bioenergy 3, 261–266.
https://doi.org/10.1016/0961-9534(92)90030-T.

Shrestha, B.M., Chang, S.X., Bork, E.W., Carlyle, C.N., 2018. Enrichment planting and soil
amendments enhance carbon sequestration and reduce greenhouse gas emissions in agro-
forestry systems: a review. Forests 9, 369. https://doi.org/10.3390/F9060369 2018, Vol.
9, Page 369.

SINIA, 2020. Resolución Ministerial N° 039-2020-MINAM .- Aprueban la Zonificación For-
estal del departamento de San Martín [WWW Document]. URL https://sinia.minam.
gob.pe/normas/aprueban-zonificacion-forestal-departamento-san-martin (accessed
1.21.22).

Somarriba, E., Lopez-Sampson, A., 2018. Coffee and Cocoa Agroforestry Systems: Pathways to
Deforestation, Reforestation, and Tree Cover Change. 51. Int. Bank Reconstr. Dev./World
Bank.

SPDA, 2021. Serfor, Osinfor y Gobierno Regional de San Martín se comprometen a impulsar
contratos agroforestales (CUSAF) en la Amazonía | SPDA Actualidad Ambiental [WWW
Document]. https://www.actualidadambiental.pe/agrofor-contratos-agroforestales-
cusaf-amazonia-impulsados-serfor-osinfor-goresam/ Lima.

Steiner, A., Aguilar, G., Bomba, K., Bonilla, J., Campbell, A., Echeverria, R., Gandhi, R.,
Hedegaard, C., Holdorf, D., Ishi, N., Quinn, K., Ruter, B., Sunga, L., Sukhdev, P.,
Verghse, S., Voegele, J., Winters, P., Campbell, B., Dinesh, D., Huyer, S., Jarvis, A.,
Loboguerrero Rodriguez, A., Millan, A., Thornton, P., Wollenberg, L., Zebiak, S., 2020.
Actions to Transform Food Systems Under Climate Change Wageningen.

Szott, L.T., Kass, D.C.L., 1993. Fertilizers in agroforestry systems. Agrofor. Syst. 23, 157–176.
UNFCC, 2017. Methodological TOOL. Project and Leakage Emissions From Composting. Ver-

sion 02.0.
Van-Heurck, M., Alegre, J., Solis, R., Del Castillo, D., Pérez, L., Lavelle, P., Quintero, M., 2020.

Measuring sustainability of smallholder livestock farming in Yurimaguas,Peruvian Ama-
zon. Food Energy Secur. 9. https://doi.org/10.1002/fes3.242.

Vargas, C., Montalban, J., Leon, A.A., 2019. Early warning tropical forest loss alerts in Peru
using Landsat. Environ. Res. Commun. 1, 121002. https://doi.org/10.1088/2515-
7620/AB4EC3.

Vázquez-Rowe, I., Kahhat, R., Larrea-Gallegos, G., Ziegler-Rodriguez, K., 2019. Peru's road to
climate action: are we on the right path? The role of life cycle methods to improve
Peruvian national contributions. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2018.12.322.

Vázquez-Rowe, I., Ziegler-Rodriguez, K., Margallo, M., Kahhat, R., Aldaco, R., 2021. Climate
action and food security: strategies to reduce GHG emissions from food loss and waste in
emerging economies. Resour. Conserv. Recycl. 170, 105562. https://doi.org/10.1016/j.
resconrec.2021.105562.

Vergara, S.E., Silver, W.L., 2019. Greenhouse gas emissions from windrow composting of or-
ganic wastes: patterns and emissions factors. Environ. Res. Lett. 14, 124027. https://doi.
org/10.1088/1748-9326/AB5262.

Vijay, V., Reid, C.D., Finer, M., Jenkins, C.N., Pimm, S.L., 2018. Deforestation risks posed by
oil palm expansion in the Peruvian Amazon. Environ. Res. Lett. 13. https://doi.org/10.
1088/1748-9326/aae540.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The
ecoinvent database version 3 (part I): overview and methodology. Int. J. Life Cycle As-
sess. 21, 1218–1230. https://doi.org/10.1007/s11367-016-1087-8.

Yang, F., Li, G.X., Yang, Q.Y., Luo, W.H., 2013. Effect of bulking agents on maturity and gas-
eous emissions during kitchen waste composting. Chemosphere 93, 1393–1399. https://
doi.org/10.1016/J.CHEMOSPHERE.2013.07.002.

Yeo, D., Dongo, K., Mertenat, A., Lüssenhop, P., Körner, I., Zurbrügg, C., 2020. Material flows
and greenhouse gas emissions reduction potential of decentralized composting in sub-
Saharan Africa: a case study in Tiassalé, Côte d'Ivoire. Int. J. Environ. Res. Public Health
17, 7229. https://doi.org/10.3390/IJERPH17197229 2020, Vol. 17, Page 7229.

Ziegler-Rodriguez, K., Margallo, M., Aldaco, R., Vázquez-Rowe, I., Kahhat, R., 2019.
Transitioning from open dumpsters to landfilling in Peru: environmental benefits and
challenges from a life-cycle perspective. J. Clean. Prod. 229, 989–1003. https://doi.
org/10.1016/j.jclepro.2019.05.015.

http://refhub.elsevier.com/S0048-9697(22)03473-8/rf3000
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf3000
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf3000
https://doi.org/10.1007/978-94-007-5961-9_9
https://doi.org/10.1080/00103624.2020.1729790
https://doi.org/10.1080/00103624.2020.1729790
https://doi-org.ezproxy.library.wur.nl/10.1080/00103624.2020.1729790
https://doi-org.ezproxy.library.wur.nl/10.1080/00103624.2020.1729790
https://doi.org/10.1590/18069657RBCS20160178
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.1016/j.wasman.2018.11.040
https://sinia.minam.gob.pe/normas/aprueban-zonificacion-forestal-departamento-san-martin
https://sinia.minam.gob.pe/normas/aprueban-zonificacion-forestal-departamento-san-martin
https://geoportal.cultura.gob.pe/
https://geoportal.cultura.gob.pe/
https://doi.org/10.1016/J.LANDUSEPOL.2021.105514
https://doi.org/10.1073/PNAS.0606377103
https://doi.org/10.1177/003072709402300413
https://doi.org/10.1177/003072709402300413
https://doi.org/10.1016/J.ENVPOL.2020.115985
https://doi.org/10.1016/J.ENVPOL.2020.115985
https://doi.org/10.1016/j.landusepol.2020.105242
https://doi.org/10.1080/1065657X.2004.10702151
https://doi.org/10.1080/1065657X.2004.10702151
https://doi.org/10.1080/00103624.2011.558966
https://doi.org/10.1080/00103624.2011.558966
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310854209663
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310854209663
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310854209663
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310854209663
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310854209663
https://doi.org/10.1890/12-0620.1
https://doi.org/10.1890/12-0620.1
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310906119538
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310906119538
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310906412051
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310906412051
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310906250523
https://geo.sernanp.gob.pe/visorsernanp/
https://doi.org/10.1016/0961-9534(92)90030-T
https://doi.org/10.3390/F9060369
https://sinia.minam.gob.pe/normas/aprueban-zonificacion-forestal-departamento-san-martin
https://sinia.minam.gob.pe/normas/aprueban-zonificacion-forestal-departamento-san-martin
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310855013438
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310855013438
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310855013438
https://www.actualidadambiental.pe/agrofor-contratos-agroforestales-cusaf-amazonia-impulsados-serfor-osinfor-goresam/
https://www.actualidadambiental.pe/agrofor-contratos-agroforestales-cusaf-amazonia-impulsados-serfor-osinfor-goresam/
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310856033454
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310856329764
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310908581907
http://refhub.elsevier.com/S0048-9697(22)03473-8/rf202205310908581907
https://doi.org/10.1002/fes3.242
https://doi.org/10.1088/2515-7620/AB4EC3
https://doi.org/10.1088/2515-7620/AB4EC3
https://doi.org/10.1016/j.scitotenv.2018.12.322
https://doi.org/10.1016/j.scitotenv.2018.12.322
https://doi.org/10.1016/j.resconrec.2021.105562
https://doi.org/10.1016/j.resconrec.2021.105562
https://doi.org/10.1088/1748-9326/AB5262
https://doi.org/10.1088/1748-9326/AB5262
https://doi.org/10.1088/1748-9326/aae540
https://doi.org/10.1088/1748-9326/aae540
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1016/J.CHEMOSPHERE.2013.07.002
https://doi.org/10.1016/J.CHEMOSPHERE.2013.07.002
https://doi.org/10.3390/IJERPH17197229
https://doi.org/10.1016/j.jclepro.2019.05.015
https://doi.org/10.1016/j.jclepro.2019.05.015

	Embedding circularity into the transition towards sustainable agroforestry systems in Peru
	1. Introduction
	2. Materials and methods
	2.1. Estimation of the potential area for agroforestry concessions CUSAF
	2.2. Food loss and waste and GHG emissions associated to current waste management
	2.3. Quantification of compost amounts and GHG emissions
	2.4. Fertilization potential with compost
	2.5. Limitations

	3. Results and discussion
	3.1. GHG emissions associated to composting
	3.2. Fertilization potential for CUSAF lands
	3.3. Implications and policy outlook

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary information
	References




