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Traditional agroforestry systems in Timor-Leste can store
large amounts of carbon in both soil and biomass
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Abstract Agroforestry has the potential to make
agriculture more resilient while improving carbon
sequestration by incorporating trees and/or other
woody perennials into agricultural land, thereby
diversifying landscapes. Traditional agricultural
systems in tropical areas often include trees, but
their carbon sequestration potential is not always
well described, hindering their inclusion in climate
change mitigation strategies. In this study, we quan-
tified carbon storage in both vegetation biomass and
soil in five traditional agroforestry systems (AFS) in
Timor-Leste, namely cropping systems with fallow
(CF), silvopastures (SP), young agroforests (YA),
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home gardens (HG), and forest gardens (FG). Our
results show that these traditional AFS can store
large amounts of carbon, with the average total car-
bon stocks (soil and biomass) being 155 Mg C ha™!.
The AFS with the highest total carbon stocks (FG)
stored an average of 213 Mg C ha™!. The average
stocks in the other AFS were 108 Mg C ha~! in CF,
158 Mg C ha™! in SP, 134 Mg C ha™! in YA, and
171 Mg C ha™! in HG. Biomass carbon stocks var-
ied substantially between AFS, while soil carbon
stocks were less variable between AFS but more
site-dependent. We found no relationship between
the amount of carbon stored in biomass and soil. Our
results highlight the diversity of traditional AFS in
Timor-Leste and their carbon sequestration capacity.
These results could provide an important baseline for
the inclusion of AFS in Timor-Leste’s climate change
mitigation strategy, and could serve as a reference
for future AFS studies in different agro-climates of
Timor-Leste.

Keywords Vegetation biomass - Soil organic
carbon - Farming systems - Climate change
mitigation - South East Asia

Abbreviations

AFS  Agroforestry system
AGC Aboveground carbon
BGC Belowground carbon
CF Crop and fallow

FG Forest garden
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HG  Home garden

SOC  Soil organic carbon
SP Silvopastoral

YA  Young agroforest

Introduction

Agricultural expansion has been the main driver
of tropical deforestation over the past half century
(Rudel et al. 2009; Gibbs et al. 2010; Pendrill et al.
2022), resulting in large greenhouse gas emissions
[approximately 2.6 gigatonnes CO,e year™' over
2010-2014; Pendrill et al. (2019)]. The demand
for tropical agricultural land is expected to con-
tinue to grow as the world’s population increases
(United Nations 2022). In addition, tropical areas are
expected to be disproportionately affected by climate
change, putting their agriculture and food produc-
tion systems at risk (Lawrence and Vandecar 2015).
Therefore, there is an urgent need to promote tropi-
cal agricultural landscapes that are more resilient to
climate change while maintaining high productivity
and ecological value (Harvey et al. 2014). Increasing
the amount of carbon stored in the soil and vegetation
biomass of agricultural landscapes could be an effec-
tive way to mitigate climate change while increasing
the resilience of food production systems (Lal 2004;
Minasny et al. 2017).

Agroforestry has attracted attention in recent dec-
ades as a set of effective agricultural practices that
could contribute to climate change mitigation and
adaptation (Albrecht and Kandji 2003; Verchot et al.
2007; Lasco et al. 2014; Cardinael et al. 2021). Agro-
forestry is the collective name for land-use systems
and technologies where woody perennials (trees,
shrubs, bamboos, creepers, etc.) are deliberately used
on the same land management units as agricultural
crops and/or animals in some form of spatial arrange-
ment or temporal sequence (Lundgren and Raintree
1982). Agroforestry practices thus allow for the diver-
sification of agricultural production, making agricul-
tural systems more resilient to climate change (Duffy
et al. 2021; Terasaki Hart et al. 2023). Agroforestry
practices have long been used in traditional agricul-
tural systems for both environmental and economic
benefits (Viswanath and Lubina 2017).

Agroforestry systems (AFS) have the potential to
store large amounts of carbon in vegetation biomass
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and soil. This carbon storage capacity depends on
the type of the AFS as well as environmental con-
ditions (Albrecht and Kandji 2003; Feliciano et al.
2018). Since trees can store large amounts of car-
bon, the carbon stored in the vegetation aboveground
biomass of AFS is largely dependent on the number
and size of trees in the system (Ma et al. 2020). How-
ever, the effect of AFS on soil organic carbon (SOC)
is more variable. Although AFS appear to increase
SOC stocks overall in tropical regions, some AFS
such as woodlots (i.e., planting trees with intercrop-
ping during the establishment phase) may decrease
SOC stocks, possibly due to the initial soil distur-
bance caused by tree planting (Feliciano et al. 2018).
Conversely, AFS such as alley cropping and home
gardens have been shown to increase SOC stocks
(Oelbermann et al. 2004; Shi et al. 2018), while other
AFS such as silvopastures have shown mixed results
(Feliciano et al. 2018; Shi et al. 2018). Other factors
such as climate, soil characteristics and previous land-
use type can also influence SOC in AFS, which may
explain the variability of the observations reported in
the literature (Nair et al. 2009; Feliciano et al. 2018;
Ma et al. 2020; Martin et al. 2020). Furthermore, the
relationship between the amount of carbon stored
in aboveground vegetation and soil in AFS has only
been evidenced to a depth of 10 cm (Ma et al. 2020).
In Timor-Leste, a large proportion of the popu-
lation depends on agriculture for their livelihoods.
However, population growth, increasing pressure on
natural resources, and an increasingly variable cli-
mate with an unreliable rainfall regime are threaten-
ing food security (World-Bank and Region 2009;
Molyneux et al. 2012). In this context, productive,
resilient, and sustainable agriculture is critical for the
country and the livelihoods of its people. AFS have
been presented as a potential solution to many of the
challenges facing Timorese agriculture (Paudel et al.
2022; Cogné and Lescuyer 2024). Although trees
already form a large part of traditional agricultural
systems in Timor-Leste (Paudel et al. 2022; Cogné
and Lescuyer 2024; Gusmao et al. 2025) and can be
key elements for biodiversity conservation (Torque-
biau 1992; Perfecto and Vandermeer 2008), they
have received little attention and, to our knowledge,
no study has quantified carbon storage in traditional
Timorese AFS. A precise quantification of these car-
bon stocks will improve understanding of the ecologi-
cal importance of AFS at both local and global scales,
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and help integrate them into national and interna-
tional climate change mitigation initiatives.

In this study, we aim to better understand tradi-
tional AFS in Timor-Leste by quantifying carbon
storage in both the vegetation biomass and soil of five
traditional AFS: cropping systems with fallow, sil-
vopastures, young agroforests, home gardens, and for-
est gardens. To do this, we quantified carbon stored
in biomass and soil in 30 agroforestry plots on two
sites in the Baucau municipality of Timor-Leste. We
developed a modelling framework to quantify the
effect of agricultural practices (here, different types of
traditional AFS) on vegetation aboveground carbon
(AGC) and SOC stocks, while controlling for climate
and soil variability in the study area. In addition, we
quantified the effect of AGC on SOC stocks. In line
with Ma et al. (2020), we expected a positive relation-
ship of AGC with SOC in the topsoil layer (0-10 cm),
but no relationship with SOC at 0-30 cm depth.

Fig. 1 Plot location. a Map a
of Timor-Leste showing

the location of the two

study sites (Gariuai and

Osso-Luga) in the Baucau
municipality b Location of

the 15 plots in Gariuai; ¢

Location of the 15 plots in

Osso-Luga. Panels b and

Gariuai

Materials and methods
Study area

The research was carried out in the centre of the Bau-
cau municipality, located on the north-eastern coast
of Timor-Leste. Two communities, or suco (a group
of villages), were selected to represent two con-
trasting topo-geographical, climatic and historical
cases. The first, Gariuai suco (8.55° S, 126.39° E),
is located on a plateau of Baucau limestone, with an
annual rainfall of 1757 mm and an altitude ranging
between 290 and 740 m above sea level (masl). The
second, the village of Osso-Luga in Samalari suco
(8.57° S, 126.49° E), is located on the Matebian foot-
hills based on Bobonaro Scaly Clay, with an annual
rainfall of 1343 mm and an altitude ranging between
90 and 260 masl (Fig. 1). The soils of the Baucau
municipality are classified using the WRB soil clas-
sification (Mantel et al. 2023) as Lithosols and Cal-
cic Luvisols (FAO, ITASA, ISRIC, ISSCAS, JRC
2012). The average soil properties differ between the
two sites (Table S1); Gariuai has a clay loam texture
whereas Osso-Luga has a clay texture. The two vil-
lages also have different histories. Gariuai has been
inhabited for at least 50 years, while Osso-Luga was

AFS
Oa
Osso-Luga e CF * HG
* sSP FG
* YA

; 8.50°S g
c share the same spatial Elevation (m)
scale. In b and ¢, the plots
are represented by dots -
whose color represents 8.52°8 1 200 400 600
the agroforestry system it
belongs to. The background e ® °
color represents the eleva- 8.54°S - ° -
tion (m), from the Shuttle
Radar Topography Mission ° o
(SRTM), specifically the 8.56°S o
hole-filled CGIAR-SRTM
(90 m resolution) @
o
8.58°S
I B <
8.60°S- - ' . .
126.35°E 126.40°E 126.45°E 126.50°E
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abandoned during the Indonesian occupation and was
only repopulated after Timor-Leste gained independ-
ence in 2002. The AFS in Osso-Luga lay fallow dur-
ing the period of abandonment. The land use of these
two villages is typical of the Baucau municipality.
The five AFS described in this article (see detailed
description in Cogné and Lescuyer 2024) are found in
the valleys and high plateaus, while non-AFS such as
rainfed rice and horticultural plots are more likely to
be found in the lowlands. Other non-agricultural land
uses are also present, such as limestone quarrying.
Some natural forest parks are also preserved around
mountain peaks, such as Matebian and Mundo Per-
dido. Due to the risk of flooding, villages are rarely
located near rivers, and are concentrated instead near
paved roads and on hilltops.

Typology of agroforestry systems

We used the typology of AFS described in Cogné and
Lescuyer (2024), which was developed in the same
study area. This typology was based on the one pro-
posed by Nair et al. (1993, 2021) and adapted to the
local context with semi-structured interviews previ-
ously conducted in another study at the same sites
(Cogné and Lescuyer 2024). The five AFS identi-
fied were as follows: Cropping systems with Fallow
(CF), Silvopastures (SP), Young Agroforests (YA),
Home Gardens (HG), and Forest Gardens (FG). The
AFS are presented in more detail in the Supplemental
Information (Table S2) and in Cogné and Lescuyer
(2024).

Briefly, CF are plantations of a few non-perennial
crops (e.g., maize [Zea mays], sweet potatoes [Ipo-
moea batatas], groundnuts [Arachis hypogaea], and
squash gourd [Cucurbita moschata]) which are left
fallow after 1-3 years of cropping. SP are vast areas
(generally 200-500 ha) where cattle (Bos taurus,
Bos domesticus, Bubalus bubalis) are grazed under
the shade of scattered palms and trees such as coco-
nut (Cocos nucifera), tamarind (Tamarindus indica),
eucalyptus (Eucalyptus alba) and jujube (Ziziphus
jujuba). YA are agricultural plots where farmers
plant rows of trees, like teak (Tectona grandis) and
mahogany (Swietenia mahagoni), spaced approxi-
mately 5x 10 m apart, which are generally left to
grow to become HG or FG (see Fig. S2). HG are
plots of land located close to houses where crops and
livestock (poultry [Gallus gallus domesticus], pigs
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[Sus domesticus], cattle [Bos taurus, Bos domesti-
cus, Bubalus bubalis], etc.) are kept in the shade of
numerous trees and palms, like breadfruit (Artocar-
pus altilis), candlenut (Aleurites moluccanus) and
areca palm (Areca catechu), all of which are put to
multiple uses (wood, fruit, fibre, etc.). FG are gener-
ally former HG (over 50 years old) which have been
abandoned, for example as a result of the war, and
are now used mainly for gathering fruits (e.g., mango
[Mangifera indica]) and non-timber forest products
(e.g., candlenut) with limited human influence.

Field inventories

We randomly selected three plots from each of the
five traditional AFS identified in each of the two sites
(30 plots in total; Fig. 1). Sampling plots were defined
as the entire agricultural plot (area between 0.06 and
1.25 ha) for all AFS except SP plots, which were
generally much larger than 1 ha. In SP plots, a 1 ha
sampling plot was delineated at the centre of the agri-
cultural plot. Tree and soil measurements (described
below) were carried out between June and August
2021.

Within each sampling plot, all trees with a circum-
ference at breast height greater than or equal to 100
cm were identified taxonomically and their circumfer-
ence at breast height and height were measured. Five
subplots of 10 X 10 m (0.01 ha) were established at
each corner and in the centre of the sampling plot
(Fig. S1). Within these subplots, all trees with a cir-
cumference at breast height between 30 and 100 cm
were taxonomically identified and their circumference
at breast height and height were measured. Height
measurements were taken with a dendrometer.

Taxonomic identification was carried out using
Tetum (a national official language) vernacular
names, which were then linked to scientific names
using the iNaturalist and Pl@ntNet applications,
Geoffrey Hull’s monograph (Hull 2006), the “Use-
ful tropical plants” database (Fern 2014), and the
Australian Northern Territory Government’s Native
Plants Herbarium (Northern Territory Government,
Australia 2013). The correspondence between Tetum
names and scientific names is provided in the Supple-
mental Information (Table S3).

In each of the 30 sample plots, a composite of
three samples was taken from three of the five 10
X 10 m subplots (including the plot centre and the two
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opposite corners along the plot’s longest diagonal;
Fig. S1), covering the intra-plot variability and at a
minimum distance of 1 m from any tree. Soils were
sampled with a soil auger (Model Bor Tanah—Dor-
mer Standard Soil Auger, Adiguna Karya Persada,
Bogor, Indonesia) at depths of 0-10 cm and 20-30
cm. The sample from the 10-20 cm soil layer was
omitted due to the difficulty of sampling with the
15-cm soil auger. Samples underwent standard physi-
cal and chemical analyses at CIRAD laboratories in
Montpellier, France (Table S1). The soil organic car-
bon content of the samples collected with the soil
auger was calculated as the difference between the
total carbon and the inorganic carbon content of the
soil. Total carbon content was determined using the
Dumas dry combustion method, following the ISO
10694:1995 standard method, and measured with
a thermal conductive detector (EA 1112 Elemental
Analyser, Thermo Fischer Scientific, Netherlands).
Soil inorganic content was determined using a calci-
meter, and following the ISO 10693 standard method.
Particle size distribution (proportion of clay, silt
and sand) was determined using the pipette method
and three classes: clay (< 2 pm), silt (2-50 pm) and
sand (50 pm—2 mm). Soil pH was measured with a
soil:deionized water ratio of 1:2.5.

In addition, at the centre of the plot, three 250 cm’
soil samples were taken with a soil sampling cylin-
der (5 cm in height, 7.98 cm inner diameter, and 8.4
cm outer diameter; Eijkelkamp Soil & Water, Gies-
beek, Netherlands) at depths of 2-7 cm, 12-17 cm
and 22-27 cm. These depths were chosen to take
into account the height of the cylinder (i.e., 5 cm),
and to be associated with depths 0—10 cm, 10-20 cm
and 20-30 cm, the depths at which the organic car-
bon content was calculated or estimated. Each sam-
ple was dried at 105 °C in a classic oven and weighed
repeatedly until a stable dry mass was reached, and
then sieved to 2 mm. The fine fraction (< 2 mm) was
weighed to be used in the SOC stocks calculation

(Eq. 2).

Carbon stocks estimation

Biomass estimation

We estimated tree-level AGC stocks from the tree cir-

cumference at breast height and height measurements
using the pantropical allometric equation from Chave

et al. (2014) and the R package BIOMASS (Réjou-
Méchain et al. 2017). Each tree was assigned a mean
and standard deviation of wood density at the species
or genus level when at least one value was available
from the Global Wood Density Database (Zanne et al.
2009). Other taxa were assigned a plot-level average
wood density. Palm biomass was estimated using the
family level allometric equation of Goodman et al.
(2013) with DBH, stem height and dry mass frac-
tion as predictors. As we didn’t have species-specific
values for dry mass fraction, we used the average
value of 0.463 from Goodman et al. (2013). Biomass
was converted into carbon with a factor of 0.4713
(Thomas and Martin 2012).

Belowground carbon (BGC) stocks were estimated
at tree level using the root-to-shoot ratio equation
from Ledo et al. (2018), which is based on tree DBH
and climatic water deficit from Chave et al. (2014).
This ratio was then multiplied by the estimated AGC
stock to obtain tree-by-tree BGC stock. Plot-level
AGC and BGC stocks were then obtained by sum-
ming tree-level stocks and dividing by the plot area.

Soil organic carbon estimation

SOC stocks (in Mg C ha™!) in plot p were calculated
as follows:

SOC, = ¥, Corg,, - BDfine,,

< Veoarse; (1)

P 6
. . A . l
o~ > (Surf - Ad) - 10

where Corg, , is the SOC content at depth i (either
0-10, 10-20 or 20-30 cm) as measured in the labora-
tory from the soil sampled by the auger (depths 0-10
cm and 20-30 cm) and estimated at depth 10-20 cm
(see details below). BDﬁne,-’p is the bulk density of the
fine fraction of the soil sampled with the cylinder at
depth i (in g cm™):

mfine;
BDfine,; , = i

"~ Veyl- Veoarse; ),

mfine; , is the mass of the fine fraction (< 2 mm)
of the sampled soil; Veyl is the volume of the sam-
pling cylinder (250 cm?); and Veoarse; ), is the vol-
ume of the coarse fraction in the sampling cylinder.
Surf = 108 is the surface conversion factor from cm?

@ Springer
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to ha; Ad is the difference in sample depths (= 10
cm); 107 is the conversion factor from g to Mg.

This equation could be reformulated (Poeplau
et al. 2017) as:

mfine;
SOC, = ¥, Corg,,, - ——F - (Surf - Ad) - 107 (2)

Veyl

We considered that mfine; , at depths of 2-7 cm,
12-17 em and 22-27 cm was associated with Corg; ,
at depths of 0-10, 10-20 cm and 20-30 cm, respec-
tively. At depth i= 10-20 cm, where the carbon
content was not measured (see “Field inventories”
section), we estimated SOC content as a function of
SOC content at 0—10 cm and 20-30 cm, assuming a
standard negative exponential model of SOC content
decrease with soil depth (Mishra et al. 2009; Murphy
et al. 2019):

Corgyy_30p
Corgo_r0p, = Corgo_yop - Corge . 3
V 010,

where Corg,_, , is the average SOC content in plot p
between depths a and b (see rationale for Eq. (3) in
Supplemental Information).

Statistical analysis

All statistical analyses were carried out using R soft-
ware (R Core Team 2023).

Uncertainty propagation

The uncertainty on plot-level AGC was calculated
with the AGBmonteCarlo function from the R pack-
age BIOMASS, using a (rather conservative) coef-
ficient of variation of 15% on height measurements
(Hunter et al. 2013) and large and small errors for
5 and 95% of trees, respectively (Chave et al. 2004;
Réjou-Méchain et al. 2017). To propagate uncertainty
on SOC estimates, we used a coefficient of varia-
tion of 12% for organic carbon (as recommended by
CIRAD laboratories in Montpellier, France), and
10% for the mass of the fine fraction (Page-Dumroese
et al. 1999).

We then propagated these uncertainties using a
Monte Carlo method (1000 iterations). For single plot
estimates of carbon stocks, medians and 95% confi-
dence intervals were estimated as quantiles of the

@ Springer

results of the 1000 iterations. For multiplot estimates
of carbon stocks, values within each grouping factor
were also bootstrapped before calculating quantiles
(median and 95% confidence intervals).

Carbon stocks model

We developed a Bayesian modelling framework to
quantify the relative effect of AFS type, climate and
soil on carbon stocks. We modelled both AGC and
SOC stocks as:

YPJ’k:/l+Z(el'Xl’p)+aj+ﬂk+€p
1

with Y, the stocks (either AGC or SOC) of plot p of
AFS type j, in site k.

u is the average stocks in the study area.

0, is the effect of covariate / on variable Y, and
X, is the value of covariate / in plot p. We included
the following covariates: mean annual temperature
[extracted from CHELSA V2.1; Karger et al. (2017)]
to represent the climate gradient in the study area, and
clay content (as measured in the CIRAD laborato-
ries; see “Field inventories” section) to represent the
soil gradient in the study area. The rationale for the
choice of these variables is given in the Supplemental
Information. In addition, we included AGC stock as
a covariate in the SOC stock model, as we wanted to
quantify its effect on SOC stocks. Covariates were all
centred and scaled.

a; and f, are the random AFS and site effects,
respectively distributed as:

o ~ N(0,07)

By ~ /\/(0, ag)
And € the random error, distributed as:
€, ~ N (0, 0'2)

o, o, and o4 are the standard deviation of the
random error, the AFS effect and the site effect
respectively.

We chose the standard half-normal distribution as
the prior for all standard deviation parameters, and
the standard normal distribution as the prior for all 6
parameters.
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Model calibration

Calibration was carried out using an adapted form
of the Hamiltonian Monte Carlo using Stan’s pro-
gramming language (Carpenter et al. 2017). To
propagate uncertainties on the model outputs, we
calibrated the model for each of the 1000 iterations
and sampled one set of parameter values in the pos-
terior distributions for each iteration.

Results
Distribution of carbon stocks by AFS and site

AGC stocks ranged between 0 and 132 Mg C ha™!,
with an average of 50 Mg C ha~! and a coefficient of
variation of 73% (Table 1 and Fig. 2). AGC stocks
varied substantially between AFS, but not between
sites: there was no overlap between the 95% cred-
ibility intervals of the lowest and highest AGC stocks
of different AFS, but strong overlap between sites
(Fig. 3a, ¢). The AFS with the lowest AGC stocks
were the CF, with an average of 18 Mg C ha~!; the

Table 1 Mean =+ standard error of total, aboveground carbon (AGC), belowground carbon (BGC), and soil organic carbon (SOC;

0-30 cm) stocks in each type of agroforestry system

Agroforestry Total C stocks (Mg C ha™!)  AGC stocks MgC ha™) BGC stocks (Mg C ha™) SOC stocks
system (Mg Cha™")
CF 108 +30 18 +23 57 85 +26
Sp 158 +29 50+15 15 +4 94 +37
YA 134 +66 37 +38 10 +11 86 +31
HG 171 +58 59 +40 16 +10 96 +30
FG 213 +64 86 +30 38 £28 89 +21
CF crop and fallow, SP silvopasture, YA young agroforest, HG home garden, F'G forest garden
Fig. 2 Distribution of
carbon stocks in each type
of AFS (CF crop and fal-
low, SP silvopasture, YA
young agroforest, HG home
garden, FG forest garden),
per site (Gariuai, Osso-
Luga). AGC: Aboveground 2001
(biomass) carbon; BGC:
belowground (biomass) Carbon
carbon; SOC: soil organic pool
b t 0-30 cm depth).
carbon (af cm depth) . AGC

Vertical segments represent
the standard error of the
total carbon stocks (AGB
+BGC +S0C)

Carbon stocks (Mg Cha")

CF SP YA HG FG CF SP

Gariuai

BGC

B soc

YA HG FG

Osso-Luga
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SP1

AFS

HG

— e —
— e —
—_— e —
FGA _— e ——
—_— e ——
— e  —
— e —

CF -
C
T
)
G
30 40 50 80
AGC (MgCha™)

Fig. 3 Effect of a, b AFS (CF crop and fallow, SP silvopas-
ture, YA young agroforest, HG home garden, F'G forest garden)
and ¢, d site (G Gariuai, OL Osso-Luga) on a, ¢ aboveground
carbon (AGC, in Mg C ha™!) and b, d soil organic carbon
(SOC, at 0-30 cm depth, in Mg C ha™!). These values were

AFS with the highest AGC stocks were the FG with
an average of 86 Mg C ha™! (Table 1 and Fig. 2).

SOC stocks (0-30 cm) varied between 39 and 149
Mg C ha™!, with an average of 90 Mg C ha™' and a
coefficient of variation of 31% (Table 1 and Fig. 2).
SOC stocks varied substantially between sites, but
not between AFS: there was no overlap between the
95% credibility intervals of the two sites, but strong
overlap between AFS (Fig. 3b, d). The SOC stocks in
Gariuai were on average higher (104 Mg C ha™!) than
those in Osso-Luga (76 Mg C ha™!; Fig. 2).

Total carbon stocks (AGC +BGC + SOC) ranged
between 61 and 294 Mg C ha™!, with an average of
157 Mg C ha™! and a coefficient of variation of 38%
(Table 1, Fig. 2). The AFS with the lowest total

70 80 80 90 100

SOC (MgCha™)

obtained as the sum of the mean predicted stocks (1) and the
AFS or site random effects. The black dot represents the mean
of the 1000 iterations; the red segment represents the 80% con-
fidence interval and the black segment represents the 95% con-
fidence interval

carbon stocks were the CF with an average of 108
Mg C ha™!; the AFS with the highest total carbon
stocks were the FG with an average of 213 Mg C ha™"
(Table 1 and Fig. 2).

Effect of mean annual temperature and clay content
on AGC and SOC stocks

Zero was included in the 80% credibility intervals
for the effect of mean annual temperature and clay
content on AGC, meaning that no strong effect was
detected in our data (Fig. 4a). Similarly, the clay
content did not show a strong effect on SOC stocks,
as zero was included in its 80% credibility intervals
(Fig. 4b, c).

a. AGC b. SOC (0-30 cm) c. SOC (0-10 cm)
MAT - —:_— ——ﬁi ———i
Clay 1 —E—— ——E— ——E—
AGC 1 E —:_— —:_—
4 = B F = = & 2 _#® = = 0

Effect of covariates on C stocks

Fig. 4 Effect of covariates (MAT mean annual temperature,
Clay clay content, AGC aboveground carbon) on carbon stocks
(SOC soil organic carbon, at 0-10 cm or 0-30 cm depth).
Covariates are all centred and scaled; positive values indicate

@ Springer

that C stocks tend to be higher for higher values of the covari-
ate. Black dots represent the mean of the 1000 iterations; red
segments represent 80% confidence intervals and black seg-
ments represent 95% confidence intervals
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Mean annual temperature, on the contrary, had a
stronger negative effect on SOC stocks at both 0-10
cm and 0-30 cm depth (Fig. 4b, c). Values of the
effect of mean annual temperature 6,,,, were nega-
tive in 97.5% of cases for SOC at 0-30 cm depth, and
in 97.7% of cases for SOC at 0-10 cm depth. They
averaged — 1.88 at 0-30 cm depth, meaning that SOC
stocks were estimated to decrease by 1.88 Mg C ha™!
for an increase in mean annual temperature of one
standard deviation, i.e. 1.28 °C.

Relationship between AGC and SOC stocks

The relationship between AGC and SOC stocks was
weak in our dataset (Fig. 5), as the 80% credibility
interval of the associated parameter (6,,-) included
zero (Figs. 4b, c and 5).

Goodness of fit

The root mean square error (median over all 1000
iterations) was 16 Mg C ha™! for AGC stands, 13

Mg C ha~! for SOC stands at 0-30 cm, and 8.8 Mg
C ha™! for SOC stands at 0-10 cm. The median

a. Depth: 0-30 cm

150{ ——

. ——
= 100 A I

SOC stocks (Mg Cha™")

Bayesian coefficient of determination (as defined by
Gelman et al. 2019) was 0.11 for AGC stocks, 0.1 for
SOC stocks at 0-30 cm, and 0.076 for SOC stocks at
0-10 cm.

Discussion

Traditional AFS in Timor-Leste can store large C
stocks

Compared to values reported in the literature for other
AFS, the carbon stocks in this study were relatively
high. Specifically, the average SOC stocks (90 Mg
C ha™!) were higher than other reported values. In a
meta-analysis by Shi et al. (2018), it was estimated
that AFS stored around 50 Mg C ha™! at a 0-30 cm
depth. The higher SOC stocks in this study could be
due to the relatively high exchangeable Ca®* content
at the sites included in this study compared with the
majority of tropical acid soils, and the presence of
carbonates (Table S1). Indeed, Ca** and carbonates
are frequently attributed to enhanced soil organic
matter stabilization (Rowley et al. 2018; Wiesmeier

b. Depth: 0-10 cm

AFS

CF
SP
YA
HG
FG

+4+4+

\
) . .
T Site

®  Gariuai

4 (Osso-Luga

50 100 150

AGC stocks (Mg C ha™")

Fig. 5 Scatter plot of aboveground carbon (AGC; x-axis) and
soil organic carbon (SOC; y-axis) stocks, a at the total meas-
ured depth (0-30 cm) and b at the topsoil layer (0—10 cm).
Each point represents the mean SOC stocks in a sample plot,
and the vertical and horizontal error bars are the 95% confi-
dence intervals. The colours correspond to the different agro-

forestry systems (CF crop and fallow, SP silvopasture, YA
young agroforest, HG home garden, FG forest garden); the
different shapes represent the two sites (round: Gariuai, trian-
gle: Osso-Luga). The dotted lines represent the mean predicted
SOC stocks for a given AGC stock value, and the grey areas
represent the 95% confidence interval of this prediction
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et al. 2019; Yao et al. 2022). In contrast, the aver-
age biomass stocks (67 Mg C ha™') were similar to
the average of 74 Mg C ha™! estimated by Ma et al.
(2020), although some AFS had particularly high bio-
mass values. The AFS with the highest carbon stocks,
FG, had total carbon stocks (213 Mg C ha™!) close to
those of old-growth tropical forests (270 Mg C ha™!,
Lal 2005). The high carbon stocks in FG can be attrib-
uted to the length of time they had been established,
which was generally longer than 50 years, with little
human intervention (Table S2). In terms of structure
and carbon stocks, FG should therefore resemble old
secondary forests, which have been shown to recover
more than 60% of the AGC stocks and almost all the
SOC stocks of an old forest (Poorter et al. 2021). In
addition, FG contain a large number of trees of the
same age that were planted when the AFS was estab-
lished and can survive to reach significant sizes, simi-
lar to forest plantations that can grow to old-growth-
forest levels of AGC stocks after only a few decades
(Njoukam et al. 1996; Brown et al. 2020).

Although agroforestry has been identified as one
of the possible levers to increase carbon storage in
the Timorese agricultural landscape (UNFCCC 2020;
Paudel et al. 2022), to our knowledge no study has
quantified carbon stocks in these systems. Our study
could therefore help to better quantify the national
contribution of agroforestry to Timor-Leste’s climate
change mitigation commitments (UNFCCC 2020)
and the potential carbon gains from a wider adop-
tion of these techniques. Further studies should help
to increase the representativeness of the AFS sampled
by including a greater diversity of AFS and envi-
ronmental conditions. Another critical aspect is the
quantification of temporal changes in carbon stocks,
which could be assessed in future studies either by
monitoring chronosequences of plots where the time
since installation is known, or by remeasuring plots
over time.

AFS differ in C stored in their biomass

The AFS studied were found to differ substantially in
terms of AGC stocks, which explains their differences
in total carbon stocks. This result reflects the density
and size of trees in the plot, which in turn depend on
the importance of trees in the production system. In
some systems, such as CF and SP, trees do not con-
tribute directly to food production but have other

@ Springer

functions, such as restoring soil fertility (e.g., during
the fallow period) or providing shade for livestock.
This more limited role for trees may explain why their
total biomass is lower in these systems. Indeed, in
CF systems, the plot is periodically cleared and the
remaining trees are pruned to allow the annual crops
planted to receive full sun. In SP systems, the growth
of grazing grasses is favoured by reducing the num-
ber of trees; however, the leaves and fruit of some
trees (e.g., Ziziphus mauritiana, Tamarindus indica,
Schleichera oleiosa) can provide additional fodder,
especially during the dry season.

It is also interesting to note that, in line with pre-
vious results, the age of the trees in the AFS largely
explains the carbon stored in their biomass (Ma et al.
2020). The AFS described in this study reflect dif-
ferent stages of transition in land use, which follow
the growth of their trees (Fig. S2). For example, a
farmer might plant trees in a CF field, which will then
become a YA that can still produce annual crops for
the first 2—4 years, before the shade from the trees
becomes too great. The trees are then used as prop-
erty markers and, as they mature, produce wood and
fruit; the YA then becomes an HG or FG. Similarly,
our results show that AGC stocks increase from CF to
YA, HG and FG (Table 1).

The location of AFS in the landscape is not ran-
dom, and could also explain the observed differences
in AGC stocks. For example, most HG are located
close to houses, in alluvial valleys that are well sup-
plied with water and where soils are enriched with
organic waste and animal manure (Palm et al. 2001).
The same applies to FG, which are former HG that
have been more or less abandoned, and YA, where
the farmer has chosen the site with the intention of
turning it into a HG. We therefore expect HG, FG and
YA to be located in areas that are more favourable for
tree growth (Wagner et al. 2012; Madejon et al. 2016;
Treuer et al. 2018). Conversely, CF and SP are mainly
located on limestone plateaus where water tables are
deeper and soils are shallower, which could reduce
tree growth and biomass (Imada et al. 2008).

Historical and environmental factors explain
differences in SOC stocks

We found no substantial difference in SOC between
the AFS. This result is inconsistent with our expec-
tation that agroforestry practices affect SOC stocks
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(Minasny et al. 2017; Wiesmeier et al. 2019) and with
previous studies that show significant differences in
SOC stocks between AFS (e.g., Ramesh et al. 2015).
However, it is worth noting that some single-site stud-
ies (Gama-Rodrigues et al. 2010; Betemariyam et al.
2020) and at least two meta-analyses failed to find any
sizable effect of AFS on SOC stocks. Indeed, Feli-
ciano et al. (2018) highlighted that only 3.2% of the
variance in soil carbon sequestration was explained
by the type of AFS, and Shi et al. (2018) found no sig-
nificant differences in SOC stocks between four dif-
ferent AFS in 354 previous studies. We propose three
main explanations to reconcile these different find-
ings. First, in a global meta-analysis, Ma et al. (2020)
estimated that it takes only 5 years for SOC stocks
in tropical AFS to reach an equilibrium value. In our
study, at least three of the five AFS (namely YA, HG
and FG) represent different stages of an AFS transi-
tion depending on the age of the trees (Fig. S2). Most
of these AFS are more than 5 years old and may have
already reached their equilibrium SOC stocks, which
could explain why there was little difference between
them. Second, we had a limited number of replicates
of each AFS within each site, which certainly reduced
the power of the statistical tests. We were only able
to identify trends, such as higher SOC in SP in Gari-
uai, which were similar to previous studies (Feliciano
et al. 2018). Increasing the number of replicates for
each AFS could have increased the power of the tests,
and potentially resulted in more significant differ-
ences between AFS. Third, other factors can influ-
ence SOC stocks, sometimes to a greater extent than
the type of AFS, e.g., within-site variability in land-
use history. Our experimental design aimed to limit as
much as possible the influence of external co-factors
at each site (e.g., variability in farmers’ management
practices, micro-topography, etc.), but much of the
variability cannot be controlled in farmers’ plots.

We found that SOC stocks were negatively cor-
related with mean annual temperature (Fig. 4b, c),
reflecting the climatic and elevational gradient in the
study sites (Fig. S3). This result is consistent with that
of Raich et al. (2006), who found higher SOC stocks
at higher elevations (i.e., lower mean annual tempera-
tures) in tropical evergreen forests in different coun-
tries (e.g., Congo, Thailand), and with that of Marin-
Spiotta and Sharma (2013), who found mean annual
temperature to be the main driver of SOC stocks in
successional and planted forests.

Surprisingly, we found no significant correlation
between SOC stocks and clay content (Fig. 4b, c).
Soil texture is a key driving process for SOC storage
in the tropics (Don et al. 2011; Wiesmeier et al. 2019;
Matus 2021). In particular, many studies have found
a strong positive correlation between SOC stocks and
the fine mineral fractions of soils [i.e., clay or clay
content; Zinn et al. (2005)]. Furthermore, the Gariuai
soils, which had the highest SOC stocks, were also
the least clayey. This contradicts the typical (positive)
relationship between the fine mineral fraction and
SOC stocks. It is therefore unlikely that the variability
in SOC stocks in this study can be attributed to soil
texture.

After controlling for agricultural practices, and for
the main pedoclimatic gradients in the study area, we
still found a substantial difference in SOC between
the two sites, with higher SOC stocks at Gariuai than
at Osso-Luga (Fig. 3d). Land-use history could be a
significant driving factor. Gariuai was continuously
inhabited for over 50 years, whereas Osso-Luga was
abandoned for almost 3 decades. The management
and care of the AFS in Gariuai, such as pruning,
organic inputs related to the presence of livestock, as
well as optimization of the different strata in terms of
C input, may have led to an increase in soil organic
carbon compared to abandoned systems (Lorenz and
Lal 2014).

SOC stocks are not explained by variation in AGC
stocks

We found no relationship between AGC and SOC
stocks in either the topsoil layer (0—10 cm depth) or
at 0-30 cm depth. Overall, AGC stocks were a poor
predictor of SOC stocks. These results may relate
to previous findings that SOC stocks saturate much
faster than AGC stocks in tropical AFS. For exam-
ple, in their global meta-analysis, Ma et al. (2020)
estimated that it took only 5 years for SOC stocks in
tropical AFS to reach an equilibrium value, but more
than 3 decades for AGC stocks. This desynchroniza-
tion of SOC and AGC stocks recovery has also been
observed in naturally regenerating tropical forests. In
a systematic review, Martin et al. (2013) found that
SOC in tropical secondary forests changed little with
time after disturbance, while AGC increased. Ojoa-
tre et al. (2024) found similar results in a secondary
tropical mountain forest. These results suggest that
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there is little correlation between AGC and SOC
stocks once AFS are more than 5 years old, which is
the case in our study for FG, HG (> 5 years old) and
partially for YA (2-10 years; Table S2). This satura-
tion of SOC stocks even with increasing AGC stocks
is counterintuitive, as it might be expected that higher
AGC stocks would lead to more litter production and
decomposition, some of which would increase SOC
stocks. However, Sayer et al. (2019), found that SOC
stocks did not increase in a lowland tropical forest in
Panama after 15 years of an experimentally doubled
aboveground litter input. Two processes could explain
these findings. On the one hand, the addition of easily
decomposable litter could stimulate microbial decom-
position and turnover of old stored SOC [i.e., prim-
ing effect; Sayer et al. (2019)]. On the other hand, the
capacity of the soil to store SOC through organo-min-
eral associations could be limited by its fine element
content (clay + fine silt; i.e., saturation concept).

In addition to biomass stocks, other vegetation
characteristics may account for variations in soil car-
bon stocks between AFS. For instance, previous stud-
ies have shown that tree diversity can enhance SOC
sequestration in natural ecosystems (Chen et al. 2018;
Spohn et al. 2023) and in AFS (Islam et al. 2015;
Manaye et al. 2021). Moreover, total SOC may be
less sensitive to management practices (such as bio-
mass inputs) than specific fractions of SOC (Haynes
2005). Therefore, it would be interesting to continue
with further studies that focus not only on the quan-
tity but also the quality of soil organic matter and its
relationship with biodiversity (flora and fauna) in tra-
ditional Timorese AFS.

How to conserve and improve carbon stocks in
traditional AFS in Timor-Leste?

Although agroforestry can make agriculture more
resilient to climate change while improving its car-
bon footprint and biodiversity conservation value
(Cardinael et al. 2021), poor adaptation to the local
context can explain many failures to adopt new
agroforestry techniques (Coe et al. 2014). Con-
versely, some traditional agroforestry techniques
have evolved in a particular context (biophysical,
social and economic) and have adapted to this con-
text (Gouyon et al. 1993; Aumeeruddy 1994; Pel-
tier 1996). This is the case of the traditional AFS
studied here in Timor-Leste. Their heritage and
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socio-economic values (as shown by Cogné and
Lescuyer (2024)), in addition to their high carbon
stock value, confirm the importance of their conser-
vation, both nationally and internationally.

These traditional AFS should be conserved to pre-
vent them from being abandoned as the trees wither
or their productivity declines. Clear-cutting old agro-
forests for full-sun crops can appear to be an attrac-
tive short-term strategy, providing a large cash inflow
from the sale of wood products, followed by 4 or 5
years of agricultural production on fertile land. How-
ever, this practice unfortunately results in a significant
loss of biodiversity and carbon stored in the biomass,
and can lead to an irreversible loss of fertility on the
plot through soil degradation and erosion (Gusméo
et al. 2025). This phenomenon has been documented
in a similar context in Sumatra (Indonesia), where
Gouyon et al. (1993) highlighted the fact that old
agroforests, which they called “jungle-rubber”, and
which are quite similar in structure to “forest gar-
dens” (except for the rubber tree component, which
has been replaced by other species in Timor-Leste),
were being cleared in favour of more intensive pro-
duction systems. This trend toward clearing jungle-
rubber was subsequently confirmed by Ekadinata
and Vincent (2011), and its impact on carbon stock
decline was quantified by Villamor et al. (2014).

Strategies to avoid the clearing of traditional AFS
could involve new ways of intensifying production
while maintaining high carbon and biodiversity val-
ues, and gradually renewing the tree population in the
plots. For example, it would be interesting to improve
tree regeneration by clearing about one hundred square
metres (corresponding to the felling of 1 to 10 trees,
depending on their crown area). In these clearings,
young trees of species considered interesting for their
future production could be associated with first helio-
phile crops (e.g., cereals), and then shade-tolerant crops
(e.g., taro). Additional mechanisms to encourage the
renewal of traditional AFS could include the provision
of subsidies (e.g., payment of carbon credits) or low-
interest loans to farmers wishing to renew their agrofor-
estry plots. Another strategy, which has been success-
fully implemented in other tropical countries (e.g., for
agroforestry coffee), is to improve the incomes of AFS
farmers through ‘sustainable agriculture’ certification
(Bertrand et al. 2019), although this is primarily appli-
cable to the production of export goods, whereas the
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AFS studied here are currently oriented toward local
consumption and domestic markets.

Conclusion

Agroforestry systems in the Baucau municipality
of Timor-Leste had variable but overall high car-
bon stocks. These systems have only recently been
described in the scientific literature, and more research
is needed to improve our knowledge of their diversity
and functioning. It is therefore important that all stake-
holders, including local authorities, universities, and
NGOs, are aware of their existence, diversity, and envi-
ronmental and social value, in order to propose possible
innovations to maintain or improve their functioning.
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