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Abstract

What is the potential impact on carbon storage of the native and introduced tree species
commonly associated with coffee in the central Peruvian Amazon? Coffee is a pivotal crop
within the Peruvian economy. Nevertheless, the establishment of new plantations—driven
by the subsistence needs of smallholder farmers—has led to expansion into forested areas.
Given the significance of this crop and the demonstrated ecosystem benefits of agroforestry
systems (AFSs), the aim of this study was to evaluate the influence of native and introduced
shade tree species on carbon storage in coffee plantations. This study was observational
and exhibited characteristics of an unbalanced incomplete block design. Agroforestry
systems (AFSs) with shade tree species such as Inga, Retrophyllum rospigliosii, Eucalyptus
and Pinus, and three unshaded coffee plantations, were included in this study. The total
carbon stored in each AFS was higher than in unshaded coffee plantations. Soil contributed
between 47% and 91% to total carbon storage, shade trees (24-46%), coffee (2-7%), leaf
litter (0.6-1.9%) and shrubs and herbaceous plants (0.02-0.3%). The AFS with R. rospigliosii
achieved the highest carbon storage with 190.38 Mg ha—!, highlighting the compatibility
of this species with coffee plantations, as well as its positive effect on climate change
mitigation in deforested areas.

Keywords: coffee; agroforestry system; shade trees; carbon storage; biomass; Retrophyllum
rospigliosii

1. Introduction

World coffee demand has exhibited an upward trend in recent years, increasing from
9,534,000 Mg to 9,870,000 Mg of Arabica and Robusta coffee [1]. Peru is the fifth largest
supplier of Arabica coffee worldwide (3.9% of global production) [1], with a production of
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3.4 million 60 kg bags (204,000 Mg). Coffee is one of Peru’s main export products [2] and
ranks third among the crops with the largest planted area with 79,000 km? nationally, after
potato and corn [3]. This particular crop involves more than 289,000 registered producers [3].
In the coffee-growing areas of the Peruvian central Amazon, the Junin and Pasco regions
produce 27% of Peruvian coffee [4]. The Junin region is the second largest in terms of the
area dedicated to coffee with, more than 157,000 ha; in contrast, the Pasco region with more
than 12,000 hectares occupies the eighth largest. Both regions collectively encompass more
than 59,000 coffee producers [3].

Despite the economic importance of coffee, the average yield remains low, prompting
the expansion of new plantations into forested areas. The area under coffee cultivation
in Peru increased from 399,000.6 ha to 422,000 ha, in the period of analysis from 2013
to 2022 [5]. Under these conditions, coffee cultivation has become a substantial driver
for deforestation [6], by subsistence needs, and the lack of alternative sources of income.
Although the global trend of deforestation has slowed compared to past decades [7], in
Peru more than 3 million ha of Amazonian and dry forests have been deforested from
2021 to 2023 [8]. The deforestation of these regions has been demonstrated to inflict
considerable harm and augment the vulnerability of ecosystems to changes in biotic and
abiotic factors [9], in addition to increasing national emissions, which have risen from
20,000.9 Mg CO, in 1990 to 53,000.3 Mg CO;, in 2019 [10]. The phenomenon of climate
change is exerting its influence on agricultural systems with implications for the entire food
system and for society around the world [11]. It poses a challenge to farmers maintaining
future levels of agricultural production [12]. Climate-driven changes in coffee farming
systems have notable implications for management decisions and farmer livelihoods [13].

Various studies have demonstrated that agroforestry systems (AFSs) are an effective
strategy not only for mitigating environmental impacts but also for enhancing the profitabil-
ity of priority agricultural crops within the Peruvian context [14,15]. The environmental
benefits of carbon storage are substantiated by research in different regional and interre-
gional contexts; Ref. [16] estimated 9 Mg C ha~! for AFSs in semi-arid regions and 21,
50 and 63 Mg C ha~! for sub-humid, humid and temperate areas, respectively. In the
context of Mexican soil, the composition of soil C was influenced by tree age and the useful
life of trees [17]. In the Amazon, AFSs also contributed to the mitigation of erosion, the
conservation of biodiversity and the improvement of soil nutrient recycling [18]. In terms
of economic benefits, agricultural diversification within AFSs enhances productivity and
profitability, representing a viable and proven economic alternative for farmers [19].

A notable strength of coffee plantations is the potential for associativity with AFSs,
forming an encouraging ecosystem for carbon storage. Consequently, coffee systems
integrated with shade trees could have great potential for carbon sequestration as a means of
mitigating and adapting to climate change. This crop is well-suited to cultivation alongside
forest species, offering additional benefits through the trees [20], and the maintenance of
biodiversity [4].

The trees most frequently used in agroforestry systems (AFSs) with coffee in Peru
are native species of the genus Inga [21,22]. These trees have been shown to fix about
100 kg ha~! of atmospheric nitrogen [23]; they are fast-growing, can withstand pruning
more than once a year and multiply easily by seed [24]. Likewise, Retrophyllum rospigliosii,
a native species that adapts to agroforestry systems, especially in association with coffee,
is distinguished by its excellent quality of wood, small crown and straight trunk [25].
In addition, introduced species of the genus Eucalyptus and Pinus. R. rospigliosii is an
endemic species to the tropical Andes of South America, found in countries such as Peru,
Colombia, Bolivia, Venezuela, and Ecuador. This habitat is of significant ecological value,
serving as a refuge for wildlife and facilitating the colonization of soils with low nutrient
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availability. This process facilitates the establishment of various Andean species beneath its
canopy [26]. Additionally, it produces one of the most valuable and high-quality timbers;
however, the species is currently threatened by indiscriminate logging practices [26-28].
In natural habitats, its trunk can exceed 15 m in height, highlighting its potential for
carbon sequestration [27]. Despite these attributes, R. rospigliosii has attracted limited
attention within coffee agroforestry systems due to the limited availability of material for
its propagation, its slow vegetative growth and a general preference for simpler agricultural
systems [25,29,30]. In contrast, there has been greater promotion and interest in Inga and
Eucalyptus, whose species exhibit broader adaptability and prevalence. This trend has
encouraged the use of fast-growing introduced species, such as Eucalyptus spp. and Pinus
spp., valued for their rapid shading capacity, adaptability to variable climatic conditions,
including drought and irregular rainfall, and their commercial potential for timber and
other products [31,32]. These characteristics make them particularly attractive options for
agroforestry systems.

Recent meta-analyses highlight the benefits of agroforestry systems in increasing
soil organic carbon and dissolved organic carbon by more than 10%. Moreover, they
reveal a notable improvement in the rates of change in stored carbon by diversified AFSs,
compared to simple agrosystems [33,34]. At the global level, it is estimated that increasing
tree coverage on agricultural land could capture more petagrams of carbon (PgC), with
South America being the region with the greatest sequestration capacity, followed by
Southeast Asia and western and central Africa [35]. However, there are still gaps and
limited information regarding agroforestry systems in the central Peruvian Amazon. This
study will contribute to the understanding of the benefits of native or introduced shade trees
in coffee plantations and their ability to capture carbon as part of an ecosystem service. In
order to guarantee the sustainability of coffee cultivation and the restoration of deforested
areas intended for this crop. As noted by [36], the long-term viability of unshaded coffee
cultivation is limited due to changing weather patterns and rising temperatures associated
with climate change. Thus, quantifying carbon storage (Mg ha~!) in coffee plantations with
shade trees is essential for recognizing and preserving these species as key contributors to
climate change mitigation. Additionally, shade trees benefit coffee cultivation by creating a
favorable microclimate and providing other advantages [12,37]. Our results indicate that
the native species Retrophyllum rospigliosii (ulcumano) exhibited a superior carbon storage
capacity, highlighting the value of incorporating this native tree into agroforestry systems
in the central Peruvian Amazon.

2. Materials and Methods
2.1. Study Setup

This present study was conducted in the districts of the Villa Rica-Pasco region, and
in the San Luis de Shuaro and Perené-Junin regions, Peru (Figure 1). A total of ten AFSs
and three control coffee plantations (unshaded coffee) were evaluated. Each AFS and
control was subdivided into three sections, resulting in a total of 39 observational units. The
characteristics of the plots included coffee in the production stage, a plot with a minimum
of one hectare in size and shade trees with a uniform distribution. The selection of plots
was executed in according to the Guide for the Determination of Carbon in Small Rural
Properties [38]. Figure 1 can be downloaded as Supplementary Materials.
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Figure 1. Distribution of agroforestry systems and controls in Villa Rica, San Luis de Shuaro,
and Perené.
The area was stratified based on topographic characteristics, with three subplots
within each observational plot. All three subplots were nested in a concentric circle [39].
Each subplot had a defined area and specific purpose: Subplot 1 (1.13 m?) was used to
evaluate shrubs, herbaceous plants, leaf litter and soil bulk density. Subplot 2 (28.27 m?)
was designated for assessing coffee plants (Coffea arabica L.). Finally, Subplot 3 (314.16 m?)
was to evaluate shade trees and collect soil sample for determining organic carbon content
(Figure 2).
(" Characterizationof study Delimitation ) 1(1.13m?)
areasin Villa Rica, San ‘ Agroforestry « of sampling | —
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Perené districts TN 2(28.27m?)
i \
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Figure 2. Flowchart of carbon storage estimation in agroforestry systems.

2.2. Description of Study Area

The Villa Rica district is classified as part of the tropical premontane humid forest life
zone (bh-PMT), based on the Holdridge World Life Zone Classification System [40]. This
zone exhibits maximum and minimum temperatures ranging from 23.2 to 13.4 °C, relative
humidity of 74.7% and average annual precipitation of 2591.5 mm year~! [41]. One of the
primary economic drivers is the cultivation of shade-grown coffee for export, in addition to
livestock farming [21]. In the context of agroforestry systems, CA_I and CA_P presented a
sandy loam texture with a very acidic pH (4.80). CA_E was found to have a loam soil with
a notable acidic pH (5.00). CA_R presented a sandy loam soil with a pH of 6.20 (slightly
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acid). Finally, CA_S exhibited a sandy loam texture with a very strongly acidic pH (5.00).
Coffee varieties: Catimor, Caturra, Obatd and Costa Rica 95.

The San Luis de Shuaro district, located in the very humid premontane tropical forest
life zone (bmh-PMT) [40], with maximum and minimum temperatures from 32.9 to 20 °C.
The district also experiences an average annual relative humidity of 74.7% and average
annual precipitation of 1861.5 mm year~! [41]. For this district, coffee cultivation represents
a significant economic resource. In the San Luis de Shuaro district, the soil of the SLS-CG
showed a pH of 4.20 (extremely acidic) and a sandy loam texture. CA_P was found to have
a loam soil with a pH of 5.00. The CA_R area was characterized by sandy loam soil with
a pH of 4.90. CA_S: The pH was 4.20 (extremely acidic) and the texture was classified as
sandy clay loam. Coffee varieties: Caturra, Bourbon and Cluscateco.

In the Perené district, three plots were classified as bh-PMT and one plot was desig-
nated as tropical humid forest (bh-T) [40]. Perené experiences maximum and minimum
temperatures between 32.9 and 20.0 °C, with a lative humidity of 74.7% and precipitation
of 1861.5 mm year ! [41]. The predominant economic source of this district is agriculture,
with a focus on shade-grown coffee and citrus crops. In Perené, CA_I had loam soil with a
pH of 6.00 was observed, indicating a moderately acidic condition. CA_P showed a sandy
clay loam texture with a pH of 3.80 (extremely acidic). CA_IP exhibited clay loam with a
pH of 4.80, indicating a markedly acidic nature. Finally, CA_S presented sandy loam soil
with a pH of 4.10 (extremely acidic). Catuai, Costa Rica 95 and Geisha were identified in
the study.

In general, farmers provided information regarding the age of the tree species and
the coffee crop, and a field study was conducted to collect data on the system, planting
distance and density. With respect to the age of the pruned coffee plants, it was considered
based on the time elapsed since the previous pruning (Table 1).

Table 1. Characteristics of agroforestry systems.

Coffee Shade Trees
N° éoFdSe Age Distance Density Prunin Age Distance Density
(Years) (m) (Plants ha—1) 8 (Years) (m) (Plants ha—1)

1 CA_I 2 2.0x 1.3 3846 Pruned 15 10.0 x 10.0 100

2 CA_P 6 2.0 x 1.0 5000 Not pruned 8 5.0 x 5.0 400

3 CA_E 5 25x 1.0 4000 Not pruned 5 4.0 x 4.0 625

4 CA_R 2 1.8 x 1.0 5555 Pruned 12 6.5 x 6.5 236

5 CA-S 2 1.3 x 1.0 7692 Pruned - - -

6 CA_l 4 22 x 1.0 4545 Not pruned 20 10.0 x 10.0 100

7 CA_P 5 1.8 x 1.0 5555 Not pruned 10 10.0 x 8.0 125

8 CA_R 2 20x 1.2 4166 Pruned 18 6.0 x 8.0 208

9 CA_S 2 22x1.2 3787 Pruned - - -

10 CA_l 2 1.8 x 1.0 5555 Pruned 8 10.0 x 10.0 100

11 CA_P 2 1.8 x1.2 4629 Pruned 8 10.0 x 8.0 125
75x752 1772

12 CA_IP 2 1.9 x 1.0 5263 Pruned 11 11.8 « 115'0b g b

13 CA_S 2 22x1.2 3787 Pruned - - -

AFS: CA_I: coffee plants and Inga edulis or I. lineata, CA_R: coffee plants with Retrophyllum rospigliosii, CA_P: coffee
plants with Pinus tecunumanii or P. patula; CA_E: coffee plants with Eucalyptus grandis, CA_IP: coffee plants with I.
edulis + P. tecunumanii, CA_S: C. arabica shadeless. ? for Inga, b for Pinus.

2.3. Taxonomic Identification of Shade Trees

The taxonomic identification of the shade trees was carried out collecting botanical
samples (leafy branches and reproductive structures), complemented with photographic
images obtained in situ. The samples were analyzed in the Herbarium of the Department
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of Biology (MOL) of the La Molina National Agrarian University, according to APG IV [42]
and Gymnosperms [43,44]. The identified species were named in Table 2. The results of the
taxonomic identification are available in the Supplementary Materials.

Table 2. Taxonomic identification of shade trees and location of agroforestry systems.

Coff bica L Location UTM Coordinates
o AFS offea arabica L. — -
N Code Shaded by District East North Altitude
(Province-Region) (masl)
1 CA_I Inga edulis (guaba or pacay) 473510 8815758 1638
2 CA_P Pinus tecunumanii (pine) Villa Rica 473490 8816254 1634
CA_E Eucalyptus grandis (Oxapampa—Pasco) 471384 8812334 1595
(eucalipto)
4 CAR Retr"”%ﬁﬁgﬁ’;g liosii 471122 8810866 1500
5 CA_S C. arabica shadeless 469761 8809842 1632
6 CAI I”g”p ;T;;tgr(ggiﬁ;ﬁ’g)m’t 477080 8802257 1369
7 CA_P Piriis patula (pine) _ (gﬁgnlc‘ﬁgffyi}_“]ﬂfn) 475636 8804918 1392
§  CAR Retmf%ﬁﬁﬁ;‘r’ffé’ fiosii 477006 8802606 1398
9 CA_S C. arabica shadeless 477018 8802569 1390
10 CA_I Inga edulis (guaba or pacay) 486614 8804519 850
11 CA_P Pinus tecunumanii (pine) Perené 492494 8804924 1611
12 CA_IP Inga edulis apd I?inus (Chanchamayo—Junin) 491937 8808242 1381
tecunumanii (pine)
13 CA_S C. arabica shadeless 492544 8805006 1594

2.4. Assessment of Stored Carbon

The quantification of stored carbon in the AFS was achieved by estimating the shrub
and herbaceous biomass, leaf litter and aboveground and root biomass using allometric
equations for shade tree species and coffee. In addition, an estimation was made of the
soil carbon storage. The diameter at breast height (DBH) at 130 cm from ground level was
measured for trees and pruned coffee, and the diameter at 15 cm from the ground (D15) for
unpruned coffee; by using a digital vernier caliper or measuring tape. The tree height was
also calculated using a SUUNTO clinometer [38,39].

In Subplot 1, the shrub and herbaceous biomass (SHB) and leaf litter biomass (LLB)
were measured in Mg ha~! (1). All vegetation (shrubs smaller than 2.5 cm in diameter,
grasses and other weeds) present within the circular frame was cut at ground level [45].
The sample underwent a drying process at a temperature of 75 °C for 72 h until it reached
a constant dry weight [45,46] in the Soil, Water and Foliar Laboratory (LABSAF), of the
Pichanaki Agrarian Experimental Station, at the National Institute for Agrarian Innovation
(INIA), in Junin, Peru. Regarding LLB, all material with a size greater than 2 mm and smaller
than the minimum diameter of 10 cm for dead wood (arranged on the soil surface) [47] was
collected. The mulch layer, leaves, fruits, seeds, twigs, branches and stubble were included
in different states of decomposition [39,45]. The samples were exposed to a drying process
for 48 h until a constant dry weight [39,45,46] was reached. After calculating the biomass
as modified from [48], stored carbon was quantified by multiplying the biomass values by
the carbon fraction (CF), being on average 0.44 for shrubs and herbaceous plants [49] and
0.37 for leaf litter [47].

DWS

1
SHB and LLB = <<FWS> x TFW) x (A> x 0.01 (1)
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where DWS = dry weight of the collected sample (g); FWS = fresh weight of the collected
sample (g); TFW = total fresh weight (g); A = sampling area (1.13 m?), 0.01 = conver-
sion factor.

In Subplot 2, the aboveground biomass (AGB) (kg plant’l) of unpruned coffee
plants was measured (2) [50], mentioned by [39], as well as that of pruned coffee plants
(AGBp) (3) [37,51,52]. Considering the coffee plant as a perennial shrub [53], the calcula-
tion of its root biomass considered the root-to-shoot ratio, defined as the belowground
biomass/aboveground biomass, with a value of 0.40 for tropical shrubs [47]. The biomass
values were multiplied by CF, being 0.4718 for estimating the stored carbon in coffee
plants [51].

AGB = (0.1955 x D) x 1.266 )

AGBp = 0.2811 x (DBH?*%%) 3)

where R? = 0.93 coefficient of determination for AGB; R? = 0.9455 for AGBp; R? = 0.84 for
Rb; D15 (cm) = diameter at 15 cm from the ground; DBH (cm) = diameter at breast height at
130 cm from ground level.

In Subplot 3, we estimated the aboveground and root biomass of tree species by the
following formulas: for Inga species (4) [50], cited by [39]; Pinus patula (5) [54,55]; Pinus sp.
applied to P. tecunumanii (6) [40,41]; Eucalyptus grandis (7) [56]; general formula applied to
Retrophyllum rospigliosii (8) [45,48,57]. The root biomass (Rb) in Mg ha~! was calculated
by the allometric Equation (9), a formula applicable to tropical areas [58] recommended
by [59]. All biomass values were multiplied by CF, being 0.47 for shade trees [47].

AGB = 0.01513 x DBH>00%* (4)

AGB = 0.407073 x (DBH>26167) (5)

Ln(AGB) = Ln(—2.818) + 2.574 x Ln(DBH) (6)
Ln(AGB) = —3.36 +2.12 x Ln(DBH) + 0.65 x Ln(H) 7)
AGB = 0.1184 x (DBH?>"®) (8)

Rb = exp(—1.0587 4 0.8836 x Ln(AGB)) 9)

where AGB = aboveground biomass (kg tree !), R? = 0.94 for Inga and Pinus sp. ap-
plied to P. tecunumanii, R> = 0.98 for Pinus patula, R*> = 0.99 for Eucalyptus grandis,
DBH (cm) = diameter at breast height at 130 cm from ground level, Ln = natural log-
arithm, H = total height (m), exp = “e raised to the power of” and AGB from (9) in Mg ha=l.

Soil carbon storage was calculated using the bulk density (10) [45], soil volume weight
(11) [46] and percentage of organic carbon (12) [46,60,61]. Bulk density was determined
calculated by collecting samples from three soil horizons (0-10, 10-20 and 20-30 cm) [38,45]
using metal cylinders of known volume. The samples were then oven-dried at 105 °C for
24 h, until a constant weight was obtained [38,46]. Soil volume weight was estimated using
the total depth of the 0-30 cm soil horizon [38,39,47]. The percentage of organic carbon
(%0OC) was calculated from random soil samples (1 kg) extracted at a depth of 0-30 cm [39],
using a sampling auger [38]. This sampling depth is justified by the greater influence of
land use on the surface parameters [62,63]. Measures aimed at minimizing carbon loss
and/or maximizing carbon retention in agricultural soils are predominantly focused on the
surface soil layers (0-30 cm horizon) [63,64]. Soil organic matter (%OM) was analyzed by
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the wet oxidation chemical method described by [65]. Based on all gathered data, the soil
carbon (SOC) (13) was calculated [45,48].

NDWS
SBD = — = (10)
WSV = SBD x DSH x 10,000 (11)
ot %OM
%hOC = 27 (12)
_ (WSV x %OC)
SOC = (13)

where SBD = bulk density of soil (g cm™3) of (10), NDWS = net dry weight of soil (g),
CV = cylinder volume (constant) (cm3). SBD of (11) in Mg m~3, DSH = depth of soil
horizon (m), 10,000 = area of one hectare of land (constant), %OC = soil organic carbon;
%OM = soil organic matter, 1.724 = Van Bemmelen coefficient, WSV = weight of soil volume
(Mg ha™1), SOC = soil carbon (Mg ha™1).

2.5. Carbon Fixation Rate and Carbon Dioxide Equivalent (CO;,)

The carbon fixation rate (CFR) (14) was calculated from the relationship between the
carbon stored in the biomass (aboveground and root) and the average ages of the forest
species and coffee plants. The carbon dioxide equivalent fixation rate (15) was estimated by
multiplying the CFR by the molecular weight ratio constant of CO, and C, having a value
of 44/12 or 3.67 as given by [38,46,47,66].

_ CacB +Crs

CFR (14)

tCOye = CFR x 3.67 (15)

where CFR = carbon fixation rate (Mg C ha™! year’l); Cags = carbon stored in above-
ground biomass (Mg ha~1); Cgp = carbon stored in root biomass Mg ha 1), E= average
age of the evaluated component (years); tCO,. = carbon dioxide equivalent fixation rate
(Mg COge ha™! year’l),‘ 3.67 = molecular weight ratio of CO, and C.

2.6. Statistical Analysis

This observational study followed an unbalanced incomplete block design (UIBD).
Consequently, generalized linear mixed models (GLMMs) were applied—an appropriate
statistical approach that enables the simultaneous modeling of fixed effects (e.g., agro-
forestry system and control variables) and random effects (e.g., districts). The inclusion of
random effects is suitable to account for simple or complex nesting structures, spatial or
temporal correlations or when only a random sample of a given factor is available. The
adopted models were as follows:

Yij =4 +a; + b] + €jj (16)

Yij = ,’l/l+X1']'B+llj+b]'+€ij (17)

In both expressions, i denotes the overall mean, B represents the vector of coefficients
associated with the control variables, a; corresponds to the fixed effects (types of agro-
forestry systems with coffee) and b; to the random effects (districts) and €;; represents the
residual error. Accordingly, Equation (16) corresponds to an ANOVA model that does
not include control variables, whereas Equation (17) represents an ANCOVA model that
incorporates at least one control variable. The control variables considered in this study
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were the coffee planting density (DSC), shade tree planting density and shade tree age.
These variables were retained in the final model if they were statistically significant and
exhibited a multicollinearity level of less than 5.

Data analysis was conducted using RStudio (version 4.4.1), developed by the R Core
Team and maintained by the R Foundation for Statistical Computing, Vienna, Austria.
The user interface RStudio was provided by Posit, PBC, Boston, MA, USA. Model fitting
was performed using the glmmTMB package (generalized linear mixed models using the
Template Model Builder) [67]. Multiple comparisons were performed using emmeans,
model selection was guided by MuMIn [68], and model assumptions were evaluated
using DHARMa [69]. For each variable, three to four models with different distributional
assumptions were fitted. The optimal model was selected based on the corrected Akaike
information criterion (AICc). The selected models assumed lognormal, gamma or beta
distributions and satisfied the assumptions of uniformity, the absence of dispersion and
the absence of outliers, verified in the residuals. Multiple comparisons were made using
the false discovery rate (FDR) correction method with a significance threshold of 0.05. The
general data and statistical analysis can be downloaded as Supplementary Materials.

3. Results
3.1. Biomass

The performance of agroforestry systems (AFSs) can be assessed through their biomass,
as it reflects not only the structural growth of vegetation but also the system’s capacity
for carbon storage and the provision of ecosystem services. The accumulation biomass is
contingent upon the composition and structure of the AFS, making its analysis imperative
for comprehending system functionality. To identify how biomass varies according to the
type of AFS, statistical models were fitted for each compartment. Table 3 presents the
selection of the model based on the AICc, which indicates that the lognormal distribution
provides the optimal fit to the empirical data for the components of the coffee aboveground
biomass (ACB), coffee root biomass (RCB) and leaf litter biomass (LB). Conversely, the
gamma distribution emerged as a more suitable model for the aboveground biomass of
shade trees (ATB), root biomass of shade trees (RTB), shrub and herbaceous biomass (HSB)
and total biomass. These models enabled the evaluation of the AFS’s effects on the different
biomass components.

Table 3. Biomass components according to agroforestry systems: fixed factors, distribution selection
and random factors.

Factors ACB RCB ATB RTB HSB LB Total
Biomass
Fixed factors (p value)
AFS <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
DSC Excluded Excluded Excluded Excluded 0.01 0.02 Excluded
Selection of distribution
Distribution ~ lognormal lognormal Gamma Gamma Gamma lognormal Gamma
AlICc 188.82 132.01 107.42 5.23 31.74 189.03 396.61
Random factor (&)
Districts 0.36 0.32 0.24 0.21 0.00 0.00 0.28

AFS: agroforestry systems; DSC: coffee planting density; ACB: aboveground coffee biomass; RCB: coffee root
biomass; ATB: aboveground biomass of shade trees; RTB: root biomass of shade trees; HSB: biomass of shrubs and
herbaceous plants; LB: litter biomass; AICc: corrected Akaike information criterion, 6: standard deviation.
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The deviance values generated by the selected models were statistically significant
(p < 0.05), indicating that the AFS had a significant effect on the evaluated compartments.
The estimate of the variance attributed to the districts ranged from 0.00 to 0.36, indicating
differences in the contribution of the random effect to the different components of the
biomass. The models adjusted for HSB and LB showed zero variance (6 = 0) between
districts, indicating that fixed effects entirely explained the observed variability in these
components. In contrast, ACB demonstrated a higher spatial heterogeneity (6 = 0.36),
indicating that its variation was attributable not only to fixed factors but also to district-
specific characteristics.

The estimated means by the selected models revealed significant differences in biomass
across its various components depending on the agroforestry system (Table 4). The
AFS with Pinus exhibited the highest biomass accumulation in ACB and RTB (20.72 and
5.05 Mg ha~!, respectively), comparable to those observed in Inga + Pinus and significantly
higher than in the other evaluated systems. In contrast, the AFS with Eucalyptus stored the
lowest amounts of these components (6.93 and 1.88 Mg ha~!, respectively). However, the
system with Eucalyptus accumulated the greatest biomass ATB (146.48 Mg ha~!) and RTB
(28.41 Mg ha~!), with values analogous to those observed in Inga + Pinus and significantly
higher than the rest of the assessed systems. Shadeless C. arabica showed no biomass
storage in these compartments due to the absence of trees in its structural composition.
Additionally, Eucalyptus displayed the highest biomass accumulation in LB, followed by
Inga and Inga + Pinus with intermediate values. The lowest LB values were recorded in R.
rospigliosii (3.61 Mg ha—1), Pinus (4.02 Mg ha~1) and C. arabica shadeless (3.26 Mg ha™1),
with no significant differences detected among them. The unshaded coffee plants and
Pinus system stored the highest biomass in the HSB component (0.91 and 0.63 Mg-ha~!,
respectively), comparable to the values recorded in R. rospigliosii and Inga + Pinus and
significantly higher than those in Inga and Eucalyptus systems, with the latter showing
the lowest HSB biomass accumulation (0.08 Mg ha™!). In regard to the total biomass, the
highest recorded value was attained by Inga + Pinus (209.69 Mg ha~!), statistically similar
to Eucalyptus and R. rospigliosii. This value was significantly greater than those seen in
Inga, Pinus and shadeless C. arabica, with the latter exhibiting the lowest total biomass
(24.07 Mg ha™1).

Table 4. Biomass in different components of the agroforestry system, adjusted by system type in
coffee plantations.

AFS ACB RCB ATB RTB HSB LB Total Biomass
CA_I 12.78 b 3.27b 79.16 ¢ 16.42 c 0.27b 72b 120.36 b
CA_R 13.62b 3.51b 85.57 be 17.61 bc 0.41 ab 3.6lc 122.65 ab
CA_P 20.72 a 5.05a 69.6 ¢ 14.67 c 0.63 a 4.02c 113.01b
CA_E 6.93 c 1.88 ¢ 146.48 a 2841 a 0.08 c 10.59 a 168.61 ab
CA_IP 17.59 ab 4.34 ab 131.48 ab 27.67 ab 0.4 ab 6.52b 209.69 a
CA_S 15.71b 392b 0.00d 0.00d 091a 3.26¢ 24.07 c

abcd: Different letters among agroforestry systems indicate statistically significant differences at the 0.05 signifi-
cance level, based on multiple comparison testing with FDR correction.

The control variable DSC exerted a significant and negative impact on HSB (Figure 3A)
(ﬁ =-0.32, p = 0.01), suggesting that a one-standard-deviation increase in this variable is
associated with an average reduction of 27.39% in HSB. This effect may be due to a greater
number of coffee plants, which has the potential to diminish the coverage or presence of
secondary vegetation in the understory. In contrast, DSC had a significant positive effect on
LB (Figure 3B) (8 = 0.12, p = 0.02), indicating that a one-standard-deviation increase in DSC
corresponds to an average increase of 12.75% in LB, although to a lesser extent. This may
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be attributed to the greater contribution of leaf material derived from the higher density of
coffee plants.
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Figure 3. Estimated effects of control variables on the biomass components of the coffee agroforestry
system. HSB: shrub and herbaceous biomass, LB: leaf litter biomass, DSC: coffee planting density.
@ Effect of standardized coffee planting density on shrub and herbaceous biomass. B Effect of
standardized coffee planting density on leaf litter biomass.

3.2. Carbon

The contribution of agroforestry system components to total carbon storage (Figure 4)
indicates that soil organic carbon (SOC) represents the primary carbon reservoir across
all evaluated systems. In the unshaded C. arabica system, SOC accounts for over 90% of
the total carbon, while it remains the dominant component in shaded tree systems, albeit
at relatively lower proportions. This pattern suggests that the inclusion of tree species
reduces reliance on soil as the sole carbon reservoir by diversifying carbon storage across
compartments.
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Figure 4. Contribution of components to total carbon storage in each agroforestry system. AFS: agro-
forestry systems, ACC: carbon in coffee aboveground biomass, RCC: carbon in coffee root biomass,
ATC: carbon in shade tree aboveground biomass, RTC: carbon in shade tree root biomass, SHC:
carbon in shrub and herbaceous biomass, LC: carbon in leaf litter biomass, SOC: soil organic carbon.

In systems that incorporate shade trees, the tree aboveground biomass (ATC) con-
tributes more substantially to the total carbon storage. The highest proportions of ATC
were observed in the AFS with Eucalyptus (CA_E) (36.40%) and that with Inga + Pinus
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(CA_I + CA_P) with 35.40%. By contrast, compartments associated with coffee, such as the
aboveground biomass (ACC), root biomass (RCC), shrub and herbaceous biomass (SHC),
shade tree roots (RTC) and litter (LC), contribute less to the total carbon composition. This
pattern suggests that both the presence and type of tree species influence the distribution
of carbon among the different compartments of the system.

Given the observation that the system structure appears to influence the internal
distribution of carbon, statistical models were fitted to assess the effect of the agroforestry
system type on each compartment. Based on the AICc, the lognormal distribution was
selected for the ACC, RCC, LC and SOC components; the gamma distribution for the ATC,
RTC and SHC; and the normal distribution for total carbon. Model deviance indicated that
the type of agroforestry system significantly affects (p < 0.05) carbon storage across these
components. The variance between districts revealed a greater degree of heterogeneity
in ACC (6 = 0.36), indicating a more variable spatial distribution in this component and
suggesting that the differences observed between districts are not solely attributed to fixed
factors but also to district-specific characteristics. In contrast, LC exhibited no variance
between districts (6 = 0.00), implying that its variability was entirely explained by the
model’s fixed effects (Table 5).

Table 5. Carbon components according to agroforestry systems: fixed factors, distribution selection
and random factors.

Factors ACC RCC ATC RTC SHC LC socC CT"“‘]
arbon
Fixed factors (p value)
AFS <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.02
DSC Excluded Excluded  Excluded  Excluded Excluded 0.02 Excluded  Excluded
Selection of distribution
Distribution lognormal lognormal Gamma Gamma Gamma lognormal lognormal normal
AICc 188.82 73.52 62.12 —40.08 —33.36 111.46 388.53 410.56
Random factor (&)
Districts 0.36 0.32 0.24 0.21 0.23 0.00 0.09 0.13

AFS: agroforestry systems, ACC: carbon in coffee aboveground biomass; RCC: carbon in coffee root biomass,
ATC: carbon in shade tree aboveground biomass; RTC: carbon in shade tree root biomass, SHC: carbon in shrub
and herbaceous biomass; LC: carbon in leaf litter biomass, SOC: soil organic carbon AICc: corrected Akaike
information criterion, 6: standard deviation.

The statistical model results revealed significant differences in the estimated means
of the AFS, depending on the type of system evaluated (Table 6). Pinus stored the highest
carbon content in the ACC and RCC components (9.78 and 2.38 Mg ha~!, respectively),
with values similar to the Inga + Pinus system and significantly higher than those in Inga,
R. rospigliosii, Eucalyptus and unshaded C. arabica, the latter of which had the lowest carbon
stocks (7.41 and 1.85 Mg ha~!, respectively). The Eucalyptus (CA_E) system exhibited the
highest carbon accumulation in the ATC and RTC components (68.85 and 13.36 Mg ha~!,
respectively), with no statistical differences from the Inga + Pinus system and significantly
greater than the other systems. Unshaded C. arabica recorded zero values due to the
absence of shade trees in its structure. Furthermore, E. grandis also stored the most car-
bon in LC (3.92 Mg ha™!), followed by Inga and Inga + Pinus with intermediate values,
while the AFSs with R. rospigliosii, P. tecunumanii and unshaded C. arabica showed the
lowest accumulations. Unshaded coffee stored the greatest amount of carbon in the SHC
component (0.43 Mg-ha~1!), with values similar to those observed in Pinus, R. rospigliosii
and the Inga + Pinus association, and significantly higher than in Inga and Eucalyptus.
Additionally, unshaded coffee sequestered more carbon in SOC (128.70 Mg ha~!), along
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with R. rospigliosii (129.58 Mg-ha~!). A comparative analysis revealed that these values
did not differ significantly from those in Inga, Pinus or Eucalyptus. However, they were
significantly higher than those observed in the Inga + Pinus system, which recorded the
lowest carbon sequestration (76.95 Mg ha~!). In terms of total carbon, R. rospigliosii stood
out in storage (190.38 Mg ha~1), with no significant differences from Inga, Pinus, Eucalyptus
and Inga + Pinus, and significantly greater than that of the unshaded C. arabica, which
registered the lowest total carbon sequestration amount (138.17 Mg ha—1).

Table 6. Carbon content (Mg ha~1) in the different components of the AFS, adjusted by the type of
system in coffee crops.

Factor ACC RCC ATC RTC SHC LC SOC Total Carbon
CA_I 6.03b 155b 37.20 c 7.72 014bc  267b 105544 162.85 ab
CA_R 643 b 1.66 b 4022bc  828bc  018abc  133c  12958a  190.38a
CA_P 978 a 238a 3271 6.89 c 0.23 ab 149 ¢ 10§506 163.69 ab
CA_E 327 ¢ 0.89 ¢ 68.85a 1336a 0.05 ¢ 392a  9864ab 17847 ab
CA_IP 83 ab 205ab  61.80ab  130lab  0l6abc  241b  7695b  163.12ab
CA_S 7.41b 1.85b 0.00d 0.00d 043 a 120c  12870a  13817b

AFS: agroforestry systems, ACC: carbon in coffee aboveground biomass, RCC: carbon in coffee root biomass,
ATC: carbon in shade tree aboveground biomass; RTC: carbon in shade tree root biomass, SHC: carbon in shrub
and herbaceous biomass, LC: carbon in leaf litter biomass, SOC: soil organic carbon. abcd: Different letters
between agroforestry systems indicate significant differences at a significance level of 0.05, according to the
multiple comparison method with FDR correction.

The control variable representing coffee planting density (DSC) exhibited a positive
and statistically significant effect on the carbon stored in leaf litter biomass (3 = 0.12,
p = 0.02), (Figure 5), indicating that a one-standard-deviation increase in DSC was as-
sociated with an average 12.75% increase in litter carbon storage. Although limited in
magnitude, this effect suggests that superior coffee planting density contributes modestly to
carbon content, which could be attributed to the deposition of organic residues, particularly
through the contribution of leaves and other plant debris.
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Figure 5. Estimated effect of coffee planting density on carbon in leaf litter biomass within the coffee
agroforestry system. LC: carbon in leaf litter biomass, DSC: coffee planting density.

3.3. Carbon Fixation Rate

The models that best fit the data for the different components of the carbon sequestra-
tion rate employed the gamma distribution for the carbon sequestration rate in coffee (CFC)
and in shade trees (CFT) and the normal distribution for the total carbon sequestration rate.
These models provided more reliable estimates, as evidenced by the AICc values presented
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in Table 7. The model deviances were statistically significant (p < 0.05), confirming that the
agroforestry systems had a significant effect on all components of the carbon sequestration
rate, including the total. The variance attributed to the district level was zero for both CFT
(6 =0.00) and the total carbon sequestration rate (& = 0.00), suggesting that the agroforestry
system entirely explained the variability observed in these components. Nevertheless, the
total carbon sequestration rate exhibited a district-level variance of & = 0.36, indicating a
certain degree of spatial heterogeneity. This suggests that, in addition to the agroforestry
system, district-specific characteristics also contributed to the observed variability in this
component. The comparison between agroforestry systems is presented in Figure 6.

Table 7. Components of the carbon fixation rate according to agroforestry systems: fixed factors,
distribution selection and random factors.

Factor CFC CFT Total C Fixation
Fixed factors (p value)
AFS <0.01 <0.01 <0.01
Selection of distribution
Distribution Gamma Gamma Normal
AlCc 154.43 —82.31 159.13
Random factor (&)
Districts 0.16 0.00 0.36

AFS: agroforestry systems, CFC: carbon fixation rate in coffee, CFT: carbon fixation rate in shade trees, AICc: cor-
rected Akaike information criterion, 6: standard deviation.
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Figure 6. The 95% confidence intervals for the components of the carbon fixation rate adjusted by
agroforestry systems in coffee cultivation. CFC: carbon fixation rate in coffee; CFT: carbon fixation rate
in shade trees. abcde: Different letters among agroforestry systems indicate statistically significant
differences at the 0.05 significance level, based on multiple comparison testing with FDR correction.
@ Carbon fixation rate in coffee per agroforestry system. ) Carbon fixation rate in shade trees per
agroforestry system. (O Total carbon fixation rate per agroforestry system.

3.4. Carbon Dioxide Equivalent Fixation Rate

The most plausible models were selected based on the lowest AICc values, identifying
the gamma distribution as optimal for the CO,eFC and CO,eFT components (Table 8), while
the lognormal distribution provided the best fit for total CO,e fixation. In these models,
the deviance of the data was statistically significant (p < 0.05), indicating that agroforestry
systems have a significant influence on the aforementioned components. Furthermore,
virtually no variance was observed between districts for the CO,eFT component and
total CO,e fixation, suggesting high spatial homogeneity between sites and implying
that the observed variability in these components is primarily attributable to the type of
agroforestry system. In contrast, the CO,eFC component exhibited slight heterogeneity
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(6= 0.16), suggesting that its variability may be associated not only with the agroforestry

system but also with district-specific characteristics.

Table 8. Components of the carbon dioxide fixation rate according to agroforestry systems: fixed

factors, distribution selection and random factors.

Factor COyFC COLFT Total COs
Fixed factors (p value)
AFS <0.01 <0.01 <0.01
Selection of distribution
Distribution Gamma Gamma lognormal
AlCc 255.83 —4.28 289.72
Random factor (6)
Districts 0.16 0.00 0.00

AFS: agroforestry system. CO,eFC: equivalent carbon dioxide fixation rate in coffee; CO,eFT: equivalent carbon
dioxide fixation rate in trees. AICc: corrected Akaike information criterion; 6: standard deviation.

Based on the selected statistical models, marginal means were estimated for each

agroforestry system evaluated, and multiple comparisons were conducted (Figure 7). The

system incorporating R. rospigliosii exhibited the highest equivalent CO; fixation in the
coffee fraction (CO,eFC), with a value of 19.84 Mg ha~! year!. This was comparable
to the values observed in Inga + Pinus and unshaded C. arabica, but significantly higher
than those recorded for Inga + Pinus, which showed intermediate levels, and Eucalyptus,
which had the lowest value at 3.15 Mg ha~! year~! (Figure 7A). Nevertheless, Eucalyptus
demonstrated the highest CO,e fixation in the shade tree component (CO,eFT), reaching
55.03 Mg ha~! year~!, substantially surpassing all other systems. Inga + Pinus ranked
second, with values comparable to Pinus, whereas unshaded C. arabica exhibited no fixation

in this compartment due to the absence of trees (Figure 7B). Overall, Eucalyptus recorded
the highest total COse fixation (57.75 Mg ha~! year™!), followed by R. rospigliosii and
Inga + Pinus, between which no significant differences were observed. These values were
notably higher than those recorded for Inga (24.37 Mg ha~! year~!) and unshaded C. arabica
(17.22 Mg ha~! year~!), the latter showing the lowest total fixation (Figure 7C).
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Figure 7. The 95% confidence intervals for the components of the carbon dioxide fixation rate adjusted
for agroforestry systems in coffee cultivation. CO,eFC: Equivalent carbon dioxide fixation rate in

coffee; CO,eFT: Equivalent carbon dioxide fixation rate in trees. abcde: Different letters among

agroforestry systems indicate statistically significant differences at the 0.05 significance level, based

on multiple comparison testing with FDR correction. @ Equivalent carbon dioxide fixation rate in

coffee per agroforestry system. B Equivalent carbon dioxide fixation rate in trees per agroforestry

system. (© Total equivalent carbon dioxide fixation rate per agroforestry system.
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3.5. Other Variables

Other soil variables evaluated included the carbon percentage, organic matter per-
centage and porosity percentage, which were modeled using a beta distribution since they
were proportional variables (Table 9). These models exhibited the highest likelihood fit to
the empirical data based on the AICc and demonstrated statistically significant deviance
(p < 0.05), indicating that agroforestry systems influence these soil properties. The esti-
mated variance attributable to the district effect for carbon and organic matter percentages
(6 =0.14) suggested that the differences were associated with characteristics specific to
each geographical area, in addition to the fixed factors included in the model. In contrast,
the porosity values remained consistent across districts, suggesting that they were solely
influenced by the type of agroforestry system.

Table 9. Percentage of carbon, organic matter and porosity according to agroforestry systems: fixed
factors, distribution selection and random factors.

Factor % Carbon % Organic Matter % Porosity
Fixed factors (p value)

AFS <0.01 <0.01 <0.01
DSC 0.02 0.02 <0.01
Selection of distribution

Distribution Beta Beta Beta
AlCc —212.58 —170.36 —60.55
Random factor (&)
Districts 0.14 0.14 0.00

AFS: agroforestry system, DSC: coffee planting density, AICc: corrected Akaike information criterion, 6: stan-
dard deviation.

The selected models estimated the mean percentages of carbon, organic matter and
porosity adjusted for agroforestry systems, revealing statistically significant differences
(Table 10). The unshaded C. arabica system recorded the highest percentages of carbon
and organic matter (4.79% and 8.27%, respectively), followed closely by the R. rospigliosii
system (4.48% and 7.74%), with values statistically similar to each other and to those of the
Pinus system. These three systems showed significantly higher values than those observed
in Inga, Eucalyptus and the Inga + Pinus system, which did not differ significantly from
each other and recorded the lowest concentrations. Regarding soil porosity, the highest
values were recorded in the unshaded C. arabica system (66.75%), comparable to those
observed in the R. rospigliosii and Pinus systems, but significantly greater than those in Inga,
Inga + Pinus and Eucalyptus, with the latter exhibiting the lowest porosity (48.17%), even
below that recorded in Pinus.

Table 10. Carbon content in the different components of the agroforestry system, adjusted by system
type in coffee crops.

AFS % Carbon % Organic Matter %Porosity
CA_I 291b 5.02b 53.17 be
CA_R 448 a 774 a 60.30 abc
CA_P 3.62 ab 6.24 ab 60.60 ab
CA_E 2.33b 4.02b 48.17 ¢
CA_IP 211b 3.65b 49.51 bc
CA_S 479 a 8.27 a 66.75 a

abc: Different letters among agroforestry systems indicate statistically significant differences at the 0.05 significance
level, based on multiple comparison testing with FDR correction.
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The control variable DSC exhibited significant and distinct effects on the evaluated
soil properties. Specifically, it had a negative impact on the carbon content (Figure 8A;
B =-0.13, p = 0.02), organic matter (Figure 8B; B =—-0.13, p = 0.02) and porosity (Figure 8C;
B = —0.14, p < 0.01). These results suggest that increasing DSC may detrimentally affect
the soil quality of the system, potentially due to heightened resource competition, reduced
organic matter inputs or increased soil compaction.
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Figure 8. Estimated effects of control variables on the percentage of carbon, organic matter and
porosity in the coffee agroforestry system. DSC: coffee planting density. @ Effect of standardized
coffee planting density on % carbon. B) Effect of standardized coffee planting density on % organic
matter. © Effect of standardized coffee planting density on % porosity.

4. Discussion

The findings in the central Peruvian Amazon demonstrate the substantial contri-
bution of AFSs to the carbon stock. This assertion is corroborated by numerous other
researchers [70-72].

In this sense, the total carbon stored in each AFS was higher than that found in coffee
plots without shade trees (Table 6). The contrast found was 52.21 Mg ha~! with the R.
rospigliosii system, 40.3 Mg ha~! with respect to the Eucalyptus system, and 24.68 Mg ha~!
in the case of Inga system. The authors of [21] found a difference of 62.6 Mg ha~! in a
coffee AFS with Eucalyptus spp. with respect to coffee without shade, in the district of
Villa Rica. Additionally, Ref. [73] discovered a contrast of 114.97 Mg C ha~! with Inga spp.
in the Peruvian Amazon. The structural method used to evaluate C storage entailed the
stratification and distribution of random points [74]. Each sampling point was formed
into three concentric subplots [39] (Figure 2), which allowed the present biomass to be
measured in detail, according to its distribution and soil carbon.

The shade trees accounted for 24% to 46% of the total carbon in their respective
AFS, quantified with averages values ranging from 39.6 to 82.21 Mg C ha~! (see Table 6).
The values obtained in this study exceed those reported by [21] in species of the genera
Inga, Eucalyptus and Pinus (from 27.5 to 57.5 Mg C ha™!). As indicated in the extant
literature, variations in carbon storage may be due to planting density, the tree species and
its development of biomass [75]. Inga + Pinus, R. rospigliosii and Eucalyptus are particularly
noteworthy for their substantial aboveground and radicular biomass and their contribution
to the total biomass of AFSs compared to unshaded coffee. Among these, Inga + Pinus
exhibit the most prominent results (209.69 Mg ha~1). The results of this study are consistent
with those reported by [73], who found a higher biomass in a coffee AFS planted with Inga
sp. This is in contrast to polyculture coffee and coffee without shade trees, but only lower
than in a secondary forest. The greater aboveground and radicular biomass of shade trees
has been demonstrated to have beneficial effects on carbon storage [76,77], a finding that is
corroborated by the carbon stock of the trees in Inga + Pinus, R. rospigliosii and Eucalyptus
systems (Table 4). In addition to the benefit of incorporating long-lived species into carbon
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storage [78], shade trees also contribute to microclimate sustainability and production
stabilization, which is crucial for the coffee sector [12]. These measures have been shown to
offer protection against low water resources and synergistic biodiversity conservation [79].
This reflects the significance of the permanence and conservation of shade trees over time,
creating a harmonious environment that increasingly resembles its original, native forest
state [80].

Thus, it is crucial to emphasize the total carbon of the AFS with R. rospigliosii
(190.38 Mg C ha™'), a species widely established in these regions due to the superior qual-
ity of the wood and its role in providing shade to coffee [25]. The use of native species is
related to the years of knowledge, management practices, selection criteria and preferences
of smallholder farmers. These play a key role in their economy, in terms of both the use
of shade and wood. This knowledge can play an important role in AFSs by balancing
local needs and conserving biodiversity [37]. It has been demonstrated that the presence of
native species can have a substantial impact on mitigating the negative impacts of climate
change on agricultural areas [12]. These species play a significance role, recovering the
areas deforested due to agriculture.

As demonstrated in Table 6, the carbon storage values of coffee plants range between
4.16 and 12.16 Mg ha~!, corresponding to CA_E and CA_P, respectively. These values are
lower than 48.5 Mg C ha~! in a coffee AFS with Albizia sp. in Ethiopia [81]. However, our
results exceed the 2.3 Mg C ha~! found in an AFS with 6045 coffee plants ha~! reported
by [79], and the 9.1 Mg C ha~! found in a coffee monoculture [82]. The contribution of
coffee plants should not be underestimated, as they can contribute an average of 12.8% of
the carbon in an AFS [81]. In this study, a maximum contribution of 7.4% was found in
AFSs and 6.7% for coffee without shade. Litter carbon contributed a maximum of 2% to
all the systems studied. Eucalyptus was the most significant contributor (3.92 Mg C ha™1!),
followed by Inga (2.67 and 2.41 Mg C ha~! for CA_I and CA_IP, respectively). Inga species
are traditionally utilized in AFSs with coffee. The authors of [76] found the same litter
carbon stock values between a coffee AFS with Inga spuria and a deciduous forest.

Soil has been shown to be a significant contributor of C in all AFSs and coffee without
shade trees, with averages ranging from 76.95 to 129.58 Mg ha~! (CA_IP and CA_R,
respectively) (Table 6), demonstrating that soil carbon stocks are a more persistent reservoir
than biomass [83]. The soil C stored in the AFS with Inga was 105.44 Mg C ha~!, which is
higher than the 87 Mg C ha—!in a coffee AFS with Inga in the Peruvian Amazon [84], and
the 91.5 Mg C ha! in a coffee AFS in Ethiopia [81]. It has been established that a minimum
contribution of 47% of the total carbon is present. This finding is comparable to that of [75],
where a contribution of 47% was also identified. The maximum soil contribution was
recorded at 67% for AFS and 91% for unshaded coffee. In the case of systems with Inga
spp., the soil contribution was 56% (CA_IP) and 64% (CA_I). Regarding the system with R.
rospigliosii, the soil contribution was 67%, with Pinus 67% and with Eucalyptus 50%. These
values are proximate to those ascertained by [21] for Inga (75%), Pinus (65%) and Eucalyptus
(67%) and higher than those found (30.5%) by [81]. Soil carbon has been shown to benefit
from the presence of organic matter such as leaves, branches, exudates, etc., favored by
trees over an extended period [52,79]. Meanwhile, carbon variations observed among the
distinct coffee systems are ascribed to the degree of disturbance and edaphic variables,
which have been identified as the primary drivers of disparities in carbon stocks across
these systems [85,86]. Ref. [87] observed that the least disturbed plant community, which
exhibited a higher density of trees and shrubs, had the highest SOC stocks compared to the
most disturbed communities.

Contrary to expectations, coffee without shade trees achieved an SOC (128.70 Mg ha~!)
statistically equal to that of R. rospigliosii (Table 6). This result is higher than that found
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by [70], for two coffee plantations without shade trees, at a soil depth of 0 - 30 cm (56.16
and 61.96 Mg C ha!). The SOC of shadeless coffee is consistent with the % porosity and
% OM, in which CA_R and CA_S stand out. This phenomenon can be attributed to a
substantial positive correlation between SOC and total soil porosity [87,88]. The high soil
organic carbon (SOC) content and the greater density of coffee plants present in the system
(7692 and 3787 plants ha~!) likely favored a symbiotic association between coffee plants
and arbuscular mycorrhizal fungi (AMF). The increased number of AMF spores observed
in shadeless coffee is analogous to the findings of [89], who reported that the abundance
and richness of AMEF, particularly Glomerospora, were greater in agroforestry systems
than in forest ecosystems. Moreover, the presence of AMF plays a pivotal role in glomalin
accumulation [90], thereby promoting the greater accumulation and preservation of organic
carbon in soil aggregates and carbon reserves [91]. Likewise, our results could be due to
plant residues or remnants left at the study locations [92]. This occurrence can be attributed
to the high forest density that prevailed in the past. Considering the capacity of soils to
sequester carbon for up to 500 years, the high levels of soil organic carbon observed could
be explained by this process [93,94]. Similarly, the phenomenon may be attributable to
management practices. For example, Ref. [75] found that ground cover contributed more
to soil organic carbon content when compared to the impact of shade trees.

Regarding the CO,, fixation rate, Eucalyptus (CA_E) stands out. However, the values
obtained by the coffee plants in this AFS are the lowest. This result could be due to the
elevated density or spatial arrangement of the system (625 trees ha—!), which might impede
the growth of coffee trees, generating competition for nutrients and other resources. This
is noticeable in the lower average biomass of coffee trees (8.81 Mg ha™!), in contrast to
their counterparts in other AFSs (Table 4). This situation highlights the importance of
the optimal distribution and density of the crop and shade trees [95], as well as pruning
practices [96]. These practices have been demonstrated to enhance coffee productivity
and foster the development of a sustainable ecosystem [97,98]. It is not appropriate to
endorse a single practice that would have adverse consequences for other components of
the system, as this could compromise the integrity of the carbon storage [73]. In general,
all agroforestry systems (AFSs) outperformed shade-free coffee, with values exceeding
6.64 Mg ha~! year~!. This finding stands in contrast to the rates reported under neotropical
conditions [16], where C fixation rates vary from 1,5 to 3.5 Mg ha~! year~! for the AFSs of
small producers. The findings of this study suggest that the implementation of coffee and
shade trees may offer certain benefits to ecosystems in terms of climate change mitigation.
The results of this study indicate a positive association between these two factors. This
phenomenon has been thoroughly validated in other tropical conditions analogous to our
own, where erosion was found to be reduced, biodiversity conservation was enhanced and
soil nutrient recycling was observed to occur [18].

The genus Eucalyptus has been observed to exhibit rapid growth, resulting in elevated
levels of biomass generation [99] and enhanced carbon fixation rates, as evidenced by
recent research findings. However, R. rospigliosii distinguishes itself through its association
with coffee, a relationship that enables the attainment of the highest carbon and carbon
dioxide equivalents fixation rates (Figures 6A and 7A). Apart of that, the potential use
of wood from this species should direct our attention to the conservation and use of this
native species as part of the biodiversity in Peruvian areas [27].

The variability of climatic events should redirect us in our coffee-growing practices.
The confluence of extreme weather changes [100], coupled with the trend of shade-free
coffee production, high crop density, nutrient leaching and agrochemical overuse [101],
poses significance threats to agroecosystems. In a projection to 2060, Ref. [102] found that
climate change could lead to a 20-60% reduction in coffee yields under full sun and a 4-25%
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decrease in agroforestry coffee systems. AFSs have been demonstrated to exert an impact
on the improvement and stabilization of crop yields and sustainability, generating greater
capacity to suppress pests and pathogenic transmissions [103]. Furthermore, AFSs have
been proven to play a role in the protection of production by providing a cushion against
damage from climate variability [9] and soil conservation [104]. This underscores the critical
importance of transitioning to sustainable agricultural practices. It is imperative to identify
and integrate tree species that are compatible with coffee plantations and provide ecosystem
benefits in their growing areas. A notable example is Retrophyllum rospigliosii which has
been observed in the central Peruvian Amazon and the tropical Andes of South America.

5. Limitations

Carbon stocks vary depending on the type of vegetation where the native tree Retro-
phyllum rospigliosii (ulcumano) is present. This species is notable for its capacity to store
carbon, assessed at a given time and under certain climatic conditions. However, it is
important to note that the findings of this study may not be generalizable to cases in which
measurements are conducted over an extended period or if changes to ecosystems (such as
deforestation, crop changes, poor agricultural practices, etc.) dramatically increase their
CO; emissions. The limited number of levels in the random effect (districts) impedes the
robust estimation of spatial variance in mixed models. This restriction reduces the ability
to generalize and requires a cautious approach when interpreting variability among sites.
It would be advisable for future studies to consider a random sample of districts with
more units to strengthen the spatial inference. Likewise, it is imperative to identify and
implement appropriate allometric equations for each species. In our research, we faced
the limitation of not having a species-specific equation for R. rospigliosii. In addition, it is
recommended to consider additional variables such as the attributes and characteristics of
the entire plant community for each plot (size, density and frequency), the interaction of
microorganisms, glomalin and its relationship with soil organic carbon [73]. These elements
are critical to strengthening the understanding of the carbon cycle in agroforestry systems.

6. Conclusions

Although soil represents the largest contributor to total carbon storage, the presence
of trees distinguishes agroforestry systems from unshaded coffee plantations, occupying
second place with a share ranging from 24% to 46%. Our research indicates that the native
tree Retrophyllum rospigliosii exhibits a superior carbon storage capacity, underscoring the
significance of incorporating this native species into coffee-based agroforestry systems in the
central Peruvian Amazon. Consequently, we recommend implementing coffee systems that
integrate this native species. Agroforestry systems including Eucalyptus have demonstrated
robust adaptability within the study area. The findings suggest that R. rospigliosii functions
as a suitable model for shade-grown coffee plantations, and its implementation should
be replicated in the area. However, long-term, large-scale measurements and carbon
dioxide emissions in these study systems are needed to fully understand their climate
impacts, which can lead to policy recommendations for the sustainable management of
ecosystems in the central Peruvian Amazon. In addition, it is advised that analogous
research be conducted incorporating study factors such as season, diverse soil utilization
and measurement variables including soil proteins, respiration, microbial biomass and
the economic potential of long-term carbon sequestration in coffee trees. This research
should prioritize the resilience of sustainable livelihoods of farmers within the context of
poverty alleviation.
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Abbreviations

The following abbreviations are used in this manuscript:

AFS Agroforestry system

CA_I Coffee and Inga system

CA_R Coffee and R. rospigliossi system
CA_E Coffee and Eucalyptus system
CA_P Coffee and Pinus system

CA_IP Coffee and Inga + Pinus system
CA_S Coffea arabica L. shadeless

ACB Aboveground biomass of coffee

RCB Root biomass of coffee

ATB Aboveground biomass of shade trees

RTB Root biomass of shade trees

HSB Herbaceous and shrub biomass

LB Litter biomass

ACC Carbon in the aboveground biomass of coffee
RCC Carbon in the root biomass of coffee

ATC Carbon in the aboveground biomass of shade trees
RTC Carbon in the root biomass of shade trees
SHC Carbon in the shrub and herbaceous biomass
LC Carbon in the litter biomass

SOC Soil organic carbon

CEC Carbon fixation rate of coffee

CFT Carbon fixation rate of shade trees

COye FC  COy, fixation rate of coffee
COy FT  COy, fixation rate of shade trees
%C Y%carbon
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