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Abstract


Given the climate crisis, the search for sustainable production with potential to reduce excess of carbon dioxide (CO2) in the atmosphere has been the subject of global agreements. Soils are fundamental carbon storage systems, with a relevant role in CO2 mitigation emissions. Considering coffee as an important commodity for several countries and agroforestry systems (AFSs) as important allies for mitigating greenhouse gases emitted by the agricultural sector, this study aimed to investigate the ability of coffee plantations in AFSs to mitigate greenhouse gas emissions, through soil carbon sequestration. For this purpose, we performed a meta-analysis of 45 AFSs, including simple and diversified ones, from a detailed literature search of scientific research investigating soil organic carbon in AFSs including coffee cultivation. Overall, no effect of AFSs on carbon stock change rates was found, but an increment of soil carbon storage was observed when comparing AFSs with conventional coffee cultivation. Generally, climatic variables and soil texture positively affect soil carbon stock. When comparing diversified and simple AFSs, the first had a positive effect on carbon stock change rates. Agroforestry coffee showed capacity to mitigate climate effects through carbon storage in the soil, especially when the system is diversified. This is a climate-smart strategy and should be implemented in preference to conventional coffee cultivation.
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1. Introduction


Carbon dioxide (CO2) is a gaseous chemical compound, playing a fundamental role in the processes of respiration and photosynthesis and in the greenhouse effect [1,2]. The excess of CO2 in the atmosphere causes ecosystem imbalance and climate change, responsible for extreme meteorological events across the planet [3]. This excess comes mainly from the intense use of fossil fuels, deforestation and conventional agricultural activities [4]. Terrestrial ecosystems, which include wetlands, vegetation and soils, play a very important role in the carbon cycle (C), being a sink of CO2 and methane from the atmosphere, when in natural conditions [5]. Soils are one of the main C storage systems, with a relevant role in CO2 mitigation emissions [6,7]. They play an essential role in the C biogeochemical circle, as they have three times more C than aboveground biomass and twice more than the atmosphere [8]. Thus, soil C stock is a highly relevant ecosystem service and also an environmental indicator for soil and water qualities [9].



Agriculture has been one of the main sources of excess greenhouse gases (GHGs), being responsible for the release of ~78 Gt of C from soil as CO2 to the atmosphere, globally, between 1850 and 1998 [10]. In this context, sustainable food production is at the top of the global political agenda. Plans addressed in the Paris agreement, such as those for land consolidation and low-carbon agriculture, make commitments to reduce GHG emissions, considering the reduction of C emissions from soils through soil conservation management [11].



Agroforestry systems (AFSs) are important allies for mitigating GHGs emitted by the agricultural sector [12]. This type of production system consists of combinations of woody perennial species with agricultural crops, livestock or fodder, promoting economic, ecological and social benefits [13,14]. They represent an alternative for C retention, both in biomass and by increasing soil carbon stocks [15]. Stefano and Jacobson [16], analyzing various studies, found that the conversion of agricultural land to agroforestry significantly increased soil C stocks; while Sahoo et al. [17] found that the conversion of agroforestry to conventional agriculture resulted in the loss of C from all pools. Manaye et al. [18] showed that agroforestry practices in Ethiopia, Africa, have resulted in the removal of GHG and sequester 71.69–112.74 Mg ha−1 of C in soil. AFSs are known to be a soil conservative and sustainable practice, favoring soil organic matter, nutrient cycling, water infiltration and soil quality [14].



Coffee is an important commodity for several countries’ economies [19]. The expectation for the 2023/2024 world production was approximately 174.3 million bags, with Brazil being responsible for 31.4% of this production, followed by Vietnam with 18% and Colombia with 6.6% [20]. Tree intercropped with coffee contributes to a more sustainable system, leading to benefits such as windbreaks, temperature reduction, increasing water infiltration and acting as sinks of atmospheric CO2 [21,22]. Agroforestry coffee in Togo, Africa, for example, stocked more than three times C in the soil compared to coffee grown in the open [23]. In Guatemala, coffee agroforestry systems were able to store 64% of carbon stock found in a natural forest [24].



The purpose of this study was to investigate the ability of coffee plantations in AFSs to mitigate GHG emissions, assessing literature data on soil C stocks in coffee plantations implemented conventionally and in AFSs. We aimed to (1) quantify soil C stocks in coffee plantations in AFSs compared to full-sun cultivation; and (2) assess the influence of system age, temperature, precipitation and soil texture in the soil C stock changes between the two cultivation systems. We hypothesize that coffee cultivation in AFSs favors soil carbon storage compared to full-sun cultivation.




2. Materials and Methods


A detailed literature analysis was carried out to locate scientific research investigating the soil organic C (SOC) in agroforestry systems (AFSs) that included coffee cultivation. The search was made in the digital platforms Web of Science and Google Scholar, based on the following terms, included in the studies’ titles, abstract, and keywords: “Carbon” and “Coffee Agroforestry” OR “Carbon Stock” and “Coffee Agroforestry” OR “Organic Matter” and “Coffee Agroforestry”.



The inclusion criteria were studies (i) presenting data of soil C stock in AFSs with the inclusion of coffee in the system, and (ii) in which it would be possible to calculate the soil C stock with the data presented in the paper, in AFSs with the inclusion of coffee in the system. After selection by inclusion criteria, a total of 14 papers were identified, covering the period from 2011 to 2023, encompassing nine different countries (Figure 1), and generating 45 AFSs (Table 1), including simple systems (SASs) and diversified systems (DASs). SASs encompass the combination of coffee with one forest species cultivation, while DASs are the combination of coffee with more than one forest species cultivation.



The systems in the studies were classified as follows: (1) AFSs with coffee cultivation and at least one forest species at the same time in the same area, and (2) conventional coffee cultivation (full sun). We also extracted information such as latitude, longitude, altitude, temperature, precipitation, soil type, soil texture, number of samples, type of system (SAS or DAS), previous use of the area, depth at which soil was sampled, soil density, the method used to quantify soil C content and soil C content for the sampled soil layers.



For studies that did not present the soil C stock already calculated, but presented SOC concentration and also had data on soil bulk density, we calculated soil C stock using the equation [38]:


Cstock = (SOC × Bd × L)/10



(1)




where: Cstock = soil C stock (Mg/ha); SOC = soil organic C content (g/kg); Bd = soil bulk density (Mg/m3); L = soil layer thickness (cm).



For a uniform comparison and high-level approach, SOC data were converted into C stock change rates (ΔSOC; Mg ha−1), calculated from the difference in C stocks between AFSs with coffee and a reference area (full-sun coffee cultivation), as follow [39]:


ΔSOCstock = (Ct − Ct0)/t



(2)




where ΔSOCstock = rate of change of SOC stock (Mg ha−1 yr−1), Ct is the SOC stock (Mg ha−1 yr−1) in the evaluated agroforestry systems, Ct0 is the SOC stock (Mg ha−1 yr−1) in the conventional coffee cultivation and t is the time interval of each system.



A response ratio (RR) was also calculated for each pairwise comparison between C stocks in AFSs with coffee and conventional (full sun) coffee plantations.



To understand the effects of temperature, precipitation, soil texture and AFS age in the soil C stock, the data were grouped into subcategories as follow: (i) temperature: <18 °C, 18–23 °C and >23 °C; (ii) precipitation: <1200 mm, 1200–1800 mm and >1800 mm; (iii) soil texture (according to clay content): medium (15 to 35%), clayey (36 to 60%) and very clayey (>60%); and (iv) AFS age: 6–11 years, 12–16 years and >16 years.



We used the meta-analysis technique to evaluate the influence of integrated systems on the dynamics of C stocks, considering only independent studies, and the random effect model (Figure 2). This model assumes that explanatory variables have fixed relationships with the response variable in all observations, but these fixed effects may vary from one observation to another.



For each variable (i.e., AFS age, soil texture, temperature and precipitation), ΔSOC stock and effect size (RR), as well as its 95% CI, were calculated using the “Meta” package in R software (R Core team v4.1.2). Changes in ΔSOC and RR were considered significant if the 95% CI did not overlap 0. To consider the effect of the samples number presented in each study, more weight was given to studies that had more samples (n), according to [40].



As a result of Bootstrapping procedure (1000 iterations) using the “Boot” package of R software (R core team), 95% confidence intervals (CIs) were generated for each weighted average effect size. This resampling technique is important to determine the importance of meta-analytic metrics, since data often have small samples and can violate some basic distribution assumptions. Bootstrapping chooses n studies from a sample size N and then calculates the statistics, and this process is repeated several times (e.g., 1000 times) to generate a distribution of possible values [41].




3. Results


In general, the AFSs’ effect on ΔSOC was not significant (Figure 3). The change rate in C stock (ΔSOC) ranged from −1.07 to 2.36 Mg ha−1 yr−1, with a positive mean (0.66 ± 0.63). On the other hand, a diversified AFS had a positive effect on ΔSOC (Figure 4). Their response ratio ranged from 0.99 to 4.36. The ΔSOC has a positive mean of 0.88 Mg ha−1 yr−1.



Diversified AFSs showed a mean soil C stock of 111.0 ± 45.28 Mg ha−1, while simple systems showed a mean of 84.47 ± 31.33 Mg ha−1. The data for both simple systems (n = 28) and diversified systems (n = 17) showed high heterogeneity.



Agroforestry systems of all ages showed a positive effect on C stock (Figure 5). The average of C stock change rates was similar for 5–10 years of age (n = 9) and 11–16 years of age (n = 12), with 1.20 and 1.23 Mg ha−1 yr−1, respectively. The C stock change rate for AFSs with 5–10-year age ranged from 1.0 to 1.23 Mg ha−1 yr−1, while for AFSs with 11–16 years it ranged from 0.83 to 1.35 Mg ha−1 yr−1. However, systems implemented more than 16 years ago (n = 24) tended to store more C in the soil, with an average of 1.85 Mg ha−1 yr−1 in the C stock change rate. The last ranged from 0.99 to 4.51 Mg ha−1 yr−1.



Similarly, the AFS showed a positive effect in all temperature ranges tested (Figure 6A). The C stock change rate for the temperature range of 18–23 °C (n = 32) varied between 0.99 and 4.51 Mg ha−1 yr−1, with an average of 1.51 Mg ha−1 yr−1. This result was similar to the C stock change rate found for temperatures above 23 °C (n = 10), which ranged from 1.11 to 4.36 Mg ha−1 yr−1, with an average of 1.69 Mg ha−1 yr−1. The C stock change rate for temperatures below 18 °C (n = 3) was 0.94 Mg ha−1 yr−1 on average.



For all precipitation intervals investigated, the response rates were also positive (Figure 6B). The average C stock change rate for 1200–1800 mm (n = 13) and above 1800 mm (n = 22) were 1.23 and 1.55 Mg ha−1 yr−1, respectively. The average rate for precipitation below 1200 mm (n = 10) was 2.60 Mg ha−1 yr−1, with values ranging widely, from 0.99 to 4.51 Mg ha−1 yr−1.



Also, for all soil texture ranges the response rates were positive (Figure 7). The mean C stock change rate was similar for the three soil texture ranges investigated. For soils with clay content between 15% and 35% (n = 8), the average was 1.12 Mg ha−1 yr−1; while for the range of 36% to 60% clay content (n = 30), the average was 1.65 Mg ha−1 yr−1. Finally, the average for soils with clay content greater than 60% (n = 7) was 1.33 Mg ha−1 yr−1.




4. Discussion


The present results demonstrated the importance of coffee cultivation in AFSs for carbon accumulation in the soil. Despite meta-analysis found no significant effect of AFSs in general on carbon stock, the average SOC stock among all AFSs in our study was expressive (94.64 Mg ha−1 ± 39.01), being greater than that found in coffee crops grown in full sun [31,35,36]. Furthermore, AFSs promote other benefits to coffee cultivation, improving chemical, physical and biological soil attributes [42,43].



Comparing simple and diversified AFSs, the results showed a significant effect of diversified systems on soil carbon stock, highlighting the importance of diversity in the systems. On average, diversified agroforestry systems stored 26.53 Mg ha−1 of C more than simple agroforestry systems. It represents a 31% increase of C in soils under a more diversified system. This corroborates with studies that found the effect of diversity on biomass C accumulation in agroforestry systems, reflecting on the C stock both above and below ground [44,45,46].



The effect of diversified AFSs may be related to the greater floristic diversity of the system, as the quality of the material deposited in the soil is associated to the floristic composition in AFSs [47]. Previous tests evaluated soil carbon stocks in AFSs with distinct floristic composition and concluded that the better quality of soil organic material in more diverse systems contributed to humification process and, thus, to long-term C storage [48]. Moreover, in the presence of a high range of chemical compounds from plants, soil microorganisms must have a variety of enzymes, metabolic pathways and a greater amount of energy to decompose soil organic matter (SOM), leading to its mineralization slowdown, and, consequently, to its greater persistence, through storage in the soil [49].



The AFS’s age is important for carbon sequestration; however, in this study, all ranges of systems’ ages had a positive effect on SOC, with a more pronounced trend in systems older than 16 years. It is important to highlight that all systems evaluated were more than 5 years old. This effect may be related to the management used in AFSs, where there is a continuous supply of plant residues over the years, coupled with the absence of soil disturbance practices. In this sense, AFSs are important systems for maintenance and increasing C in the soil [50]. Furthermore, AFSs have great potential to reestablish soil balance, in addition to improving nutrient cycling over time, contributing to increased SOM levels [51].



Overall, higher average temperatures are expected to lead to a decrease in SOC [52]. Our results showed that, even at higher temperatures, there was an increase in SOC in AFSs with coffee, compared to conventional coffee cultivation. We must consider that in AFSs the soil temperature is lower than in conventional cultivation systems, as the trees in the system prevent direct sunlight on the soil, avoiding excessive heating [53]. This effect also prevents excess of soil water loss, thus favoring SOC accumulation [22].



We also found a trend to store more carbon in the soil where precipitation was lower than 1200 mm. On the contrary, it is expected that there will be greater carbon accumulation in the soil where rainfall is greater [54]. This is because in this condition there is a greater input of plant derived carbon, which promotes microbial processes and leads to SOC accumulation [55]. However, this carbon entry into the soil favors the formation of particulate organic matter (POM), suggesting that this fraction has a sound contribution to the change in SOC [56]. As this fraction is less protected, its decomposition rate increases significantly in situations where there is no microbial inhibition [57]. After precipitation events, soil microorganisms are greatly stimulated to quickly consume POM in a short space of time, leading to a decrease in SOC [58].



Regarding the soil texture effect, SOC change rates were very similar on average, despite a trend to store more carbon in clayey soils. It is known that clayey soils tend to greater storage SOC, due to its protection in the soil aggregate matrix [59]. At a microscopic level, clay and organic matter act in synergy, creating bonds between sand and silt particles and leading to soil microaggregates, which are responsible for protecting SOM from oxidative effects [60]. This favors the persistence of carbon in the soil. However, considering that we are analyzing AFSs, regardless of soil texture, these systems promote high inputs of organic matter [14], which, in addition to a management of no soil disturbance, may compensate for lower clay contents. This may be the reason for the similarity in the average SOC change rates for all texture classes analyzed.



Results compiled in this meta-analysis reinforce the role of agroforestry systems in soil carbon storage, stressing the great potential of agroforestry coffee cultivation. As coffee is a highly relevant global product, its production may represent a major contribution to mitigating greenhouse gases when cultivated in agroforestry systems. It is worth noting that organic matter is central to this process, generating more climatically resilient soils as well as mitigating GHG emissions through carbon sequestration and storage.




5. Conclusions


The coffee cultivation in agroforestry systems showed the capacity to mitigate climate change effects through carbon sequestration and storage in the soil, especially when the system is composed of greater floristic diversity. Our results support the relevance of cultivating coffee in agroforestry systems, as even in climatic conditions outside the optimal levels recommended for the crop cultivation there was compensation in the soil carbon stock, due to positive effects of mixing the crop of interest with others plant species.



The coffee area harvested by the 10 global-leading countries totals about nine million hectares [19]. If 10% of these plantations were converted to agroforestry systems, based on the average of soil C stock of the studies included in the present meta-analysis, we would have an average increase of 595,000 tons per year in soil C stock. If AFSs were diversified, this increment would be even greater (average of 792,000 tons per year). In addition to the gains in soil carbon storage, other environmental services such as soil quality, water quality, pollination and biodiversity are promoted by this sustainable production. In this way, this land use change, from conventional cultivation to agroforestry systems, should be implemented, representing an undoubted global advantage and climate-smart strategy.
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Figure 1. Locations of studies investigating soil organic carbon in agroforestry systems with coffee cultivation, included in the meta-analysis to evaluate soil C stocks. 
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Figure 2. Flowchart of the methodology performed in the study. SOC = soil organic carbon; CI = confidence interval. 
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Figure 3. Effect of coffee’s agroforestry system on the natural logarithm of soil carbon change rates. The dotted line represents the boundary between positive and negative response and the response ratio. Effect size was significant when 95% CI did not overlap zero. 
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Figure 4. Influence of simple agroforestry systems (SSs) and diversified agroforestry systems (DFs) on the natural logarithm of soil carbon change rates. The dotted line represents the boundary between positive and negative response and the response ratio. Effect size was significant when 95% CI did not overlap zero. 
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Figure 5. The effect of system age on the change rate of soil carbon stock in agroforestry systems cultivated with coffee. The dotted line represents the boundary between positive and negative response and the response ratio. Effect size was significant when 95% CI did not overlap zero. yr = years. 
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Figure 6. Temperature (A) and precipitation (B) effects on the soil carbon change rate in agroforestry systems cultivated with coffee. The dotted line represents the boundary between positive and negative response and the response ratio. Effect size was significant when 95% CI did not overlap zero. 
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Figure 7. Influence of soil texture on the soil carbon change rate in agroforestry systems cultivated with coffee. The dotted line represents the boundary between the positive and negative response and the response ratio. Effect size was significant when 95% CI did not overlap zero. 
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Table 1. Information extracted from scientific publications compiled to estimate the effect of agroforestry systems with coffee on soil organic carbon stocks. AFS = agroforestry system; P = precipitation; T = temperature.
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Reference

	
Country

	
AFS Type

	
Depth (cm)

	
Time Span (yrs)

	
Clay Content

	
P (mm)

	
T (°C)






	
Negash and Starr [25]

	
Ethiopia

	
Diversified

	
0–60

	
100

	
Clayey

	
1000

	
20.5




	
Diversified

	
0–60

	
100

	
Clayey

	
1000

	
20.5




	
Diversified

	
0–60

	
100

	
Clayey

	
1000

	
26.5




	
Zaro et al. [26]

	
Brazil

	
Simple

	
0–70

	
16

	
Clayey

	
1641

	
21.1




	
Ehrenbergerova et al. [27]

	
Peru

	
Simple

	
0–30

	
15

	
Medium

	
1550

	
17.8




	
Simple

	
0–30

	
15

	
Medium

	
1540

	
17.8




	
Simple

	
0–30

	
7

	
Medium

	
1660

	
17.8




	
Ruiz Garcia et al. [28]

	
Mexico

	
Diversified

	
0–30

	
50

	
Very Clayey

	
1900

	
18.8




	
Simple

	
0–30

	
50

	
Very Clayey

	
1900

	
18.8




	
Simple

	
0–30

	
50

	
Very Clayey

	
1900

	
18.8




	
Espinoza-Dominguez [29]

	
Mexico

	
Simple

	
0–30

	
20

	
Very Clayey

	
1844

	
19




	
Simple

	
0–30

	
20

	
Very Clayey

	
1844

	
19




	
Simple

	
0–30

	
20

	
Very Clayey

	
1844

	
19




	
Simple

	
0–30

	
20

	
Very Clayey

	
1844

	
19




	
Solis et al. [30]

	
Peru

	
Diversified

	
0–60

	
10

	
Clayey

	
1800

	
25




	
Simple

	
0–60

	
12

	
Clayey

	
1800

	
25




	
Schmitt-Harsh et al. [24]

	
Guatemala

	
Diversified

	
0–10

	
42

	
Medium

	
2504

	
21




	
Chatterjee et al. [31]

	
India

	
Simple

	
0–100

	
75

	
Clayey

	
2400

	
26




	
Diversified

	
0–100

	
65

	
Medium

	
2400

	
26




	
Niguse et al. [32]

	
Ethiopia

	
Diversified

	
0–60

	
20

	
Medium

	
1950

	
18.5




	
Simple

	
0–60

	
20

	
Medium

	
1950

	
18.5




	
Tumwebaze and Byakagaba [33]

	
Uganda

	
Diversified

	
0–30

	
20

	
Very Clayey

	
987.3

	
21.7




	
Diversified

	
0–30

	
20

	
Very Clayey

	
875

	
22.7




	
Chatterjee, et al. [34]

	
Costa Rica

	
Simple

	
0–100

	
15

	
Clayey

	
2600

	
22




	
Simple

	
0–100

	
15

	
Clayey

	
2600

	
22




	
Simple

	
0–100

	
15

	
Clayey

	
2600

	
22




	
Simple

	
0–100

	
15

	
Clayey

	
2600

	
22




	
Segnini et al. [35]

	
Kenya

	
Simple

	
0–30

	
20

	
Clayey

	
2905

	
19.3




	
Hergoualc’h et al. [36]

	
Costa Rica

	
Simple

	
0–40

	
9

	
Clayey

	
2300

	
21




	
Arteaga et al. [37]

	
Mexico

	
Diversified

	
0–40

	
30

	
Medium

	
990

	
21.4
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