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 6 
Abstract: Agricultural production is closely related to the natural environment and can cause impact 7 
when managed inadequately. Agroforestry systems (AFSs), on the other hand, constitute a sustainable 8 
alternative, which can reconcile the production with soil conservation and the ecosystem 9 
maintenance. This study aimed to evaluate soil quality aspects in a chronosequence of AFs and 10 
compare it with soil under native vegetation (NV) and under monoculture (MONO). Five AFSs were 11 
evaluated: AFS0, AFS1, AFS2, AFS3, and AFS4, with zero, one, two, three, and four years of 12 
implementation, respectively. The present investigation was conducted in a coastal–Caatinga biome 13 
transition zone in the semi-arid region, Brazil, between August 2020 and July 2021. Disturbed soil 14 
samples were collected at depths of 0-5 cm and 5-10 cm, with five replicates, in order to determine 15 
the following soil quality indicators: total organic carbon (TOC) and its fractions particulate organic 16 
carbon (POC) and mineral-associated organic carbon (MAOC); pH, phosphorus (P), potassium (K), 17 
calcium (Ca), magnesium (Mg), aluminum (Al), and sodium (Na) content, cation exchange capacity 18 
(CEC), and base saturation (V%). Moisture and temperature indicators were obtained from the soil 19 
profile until a depth of 60 cm and also evaluated. All data gathered were subjected to analysis of 20 
variance (ANOVA) and mean comparison tests (Scott-Knott; p≤0.05). Soil management in the 21 
examined AFSs contributed to increased TOC, OCp, and OCam, in addition to maintaining thermal 22 
balance and soil moisture. Those agroforestry systems with a more intensive initial tillage showed 23 
greater availability of phosphorus (P) and basic nutrients. 24 
Keywords: Soil quality. Climate Emergency. Resilience. Semiarid 25 
 26 
Introduction 27 

Multiple environmental crises are evident in contemporary times, and the trend points towards 28 

a substantial global climate imbalance, which is mainly the result of human activities, such as 29 

conventional agriculture (Grêt-Regamey et al. 2017; IPCC 2014, 2021; Sharma et al. 2016). It is 30 

estimated that 15% to 25% of global carbon dioxide (CO2) emissions into the atmosphere are caused 31 

by agriculture (Foster and Neufeldt 2014), mostly due to the transformation of forests into crops and 32 

pastures. Approximately 80% of the world's arable land is used for the production of agricultural 33 

commodities (FAO et al. 2021) or other land uses that do not replenish organic matter and 34 

consequently impoverish the soil (Demessie et al. 2013). This explains why there is a growing need 35 

to propose management alternatives which reduce the negative impacts of agricultural activity on 36 

agroecosystems. 37 

In this sense Agroforestry Systems (AFSs), defined as forms of land use in which trees, shrubs, 38 

and annual crops are deliberately managed, stand out as an alternative to conventional monoculture 39 

systems (Altieri et al. 2017; Zhang et al. 2016). They enhance interactions between tree, shrub, and 40 
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herbaceous species (Ordonez et al. 2014), and this increases soil organic matter and has an effect on 41 

carbon (C) and nitrogen (N) levels. That’s why AFSs represent an option to boost carbon 42 

sequestration in agricultural areas (Tonucci et al. 2023), provide greater crop resilience (Foster and 43 

Neufeldt 2014), and contribute to mitigation and adaptation to climate change (Andrade et al. 2020).  44 

Agroforestry systems (AFSs) are also strategic to preserve the environment and maintain 45 

ecosystem services (Taugourdeau et al. 2014), especially to sustain or even improve functional soil 46 

quality (Froufe et al., 2020). Studies on environmental services in AFSs mention benefits for food 47 

production, microclimate, nutrient cycling, resistance to pest attacks, soil fertility levels, and water 48 

flow regulation (Kuyah et al. 2016). In addition, the environmental benefits of AFSs can generate 49 

resources for family farmers, raise agricultural productivity, and reduce inequalities in rural areas 50 

(Foster and Neufeldt, 2014); AFSs are considered essential in the transition process from 51 

conventional to sustainable agriculture (Thomazini et al. 2015).  52 

A moderate tree cover is not only able to sequester carbon, it also amplifies the groundwater 53 

recharge capacity (creation of biopores), and conserves soil moisture (Bargués Tobella et al. 2017; 54 

Ilstedt et al. 2016). Bayala and Prieto (2019) demonstrated that, in agroforestry systems, tree plants 55 

with deep roots redistribute water to the surface layers of the soil (Pinheiro et al. 2013; Costa et al., 56 

2016); this constitutes an ecological mechanism which makes it possible to produce food in semi-arid 57 

climates. Araújo Filho (2013) also observed that AFSs integrated with livestock farming expand the 58 

carrying capacity of pastures and ensure physical soil protection against compaction. 59 

Shade trees in agroforestry systems provide resources for soil macrofauna, influence the soil 60 

through bioturbation and promote aggregate stability due to the accumulation of organic matter from 61 

plant residues (Bardgett et al. 2014; Bottinelli et al. 2015; Chen et al. 2017; Suárez et al. 2021). Soils 62 

with a large amount of organic matter typically exhibit low density and high porosity, and this, in 63 

turn, combines positively with soil water content (Carvalho et al. 2004; Upson et al. 2016). 64 

Total organic carbon (TOC) is considered an important parameter that influences the main soil 65 

functions, as well as soil attributes, like fertility, water flows, and aggregate stability (Suárez et al. 66 

2021). Therefore it is fundamental to evaluate TOC stocks, compartments, and stability, so as to 67 

understand their dynamics and plan adequate strategies to maintain a soil quality that attenuates global 68 

warming (Lourenço et al. 2019). TOC is also a useful indicator to monitor how adopted management 69 

practices are impacting soil quality. Yet, in recently established AFSs, TOC may not be sufficient to 70 

detect management changes, and this makes it necessary to evaluate its fractions too, i.e., particulate 71 

organic carbon and mineral-associated organic carbon, which are related to the physical protection of 72 

aggregates and are more sensitive to management (Conceição et al. 2005; Loss et al., 2009). 73 

Given the large amount of organic matter in agroforestry systems (AFSs), it was expected that 74 

the increases would be noticeable from the first years of system implementation. Studies such as those 75 



 

 

by Cezar et al (2015) and Froufe et al (2020) confirmed this expectation by exposing that AFSs, since 76 

the fifth year of implementation, provide stocks of C and soil nutrients, such as nitrogen (N), 77 

phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) equivalent to those of well-78 

preserved forests.  79 

The hypothesis of this study was that AFS management would elevate the organic carbon 80 

content of the soil and nutrient levels, in addition to contributing positively to the soil's water and 81 

thermal regime. Therefore, the aim of this study was to evaluate carbon content, fertility of the surface 82 

layer, and variations in soil moisture and temperature under agroforestry systems in different years 83 

of implementation. 84 

 85 

Material and methods  86 

The present investigation was conducted in the municipality of Cascavel, metropolitan area of 87 

Fortaleza, state of Ceará, Brazil (Fig. 1). According to the Köppen classification the region's climate 88 

is tropical humid type Aw, with irregular rainfall and a moderate to low water deficit Average annual 89 

rainfall between 1991 and 2021 was 1225 mm, calculated from data provided by the rain gauge station 90 

of the Ceará Foundation for Meteorology (FUNCEME) in the municipality; potential 91 

evapotranspiration (ET0) was 1603 mm/year. 92 



 

 

 93 

Fig. 1 Location of the study area and indication of different land uses: monoculture (MONO), 94 

native Caatinga vegetation (NV) and chronosequence of agroforestry systems implemented in the 95 

same year (AFS0), and set up one, two, three and four years earlier (AFS1, AFS2, AFS3, AFS4, 96 

respectively). 97 

Land uses land cover (LULC) classes in the study area correspond to native vegetation (NV), 98 

agroforestry systems (AFS0, AFS1, AFS2, AFS3 and AFS4) and bean monoculture (MONO) (Fig. 99 

2). The main management practices adopted and general information about essential characteristics 100 

are described in Table 1. 101 

Table 1 Description and characterization of land uses in the studied areas in Cascavel, Ceará, Brazil. 102 

Land uses 
land cover 

Acronym Characteristics and management 

Native 

vegetation 
NV 

Private ecological reserve, which has been closed to human use 

for at least 30 years. 

Bean 

monoculture 
MONO 

Land used for bean planting with the following sequence of 

management operations: vegetation clearing, then burning 

followed by stump removal. Soil preparation with harrows, and 



 

 

weeding with animal-drawn implements. Dryland cultivation, 

without use of any soil amendments or fertilizers. 

Agroforestry

Systems 

AFS0 

Area planted in 2021 under rainfed conditions, with rows of 

native trees (Tabebuia sp., Myracrodruon urundeúva and 

Swietenia macrophylla) and fruit trees (Anacardium occidentale 

and Mangifera indica) 6 m apart from each other. In the space 

between the rows grow exotic and regenerating grasses, which 

are mechanically mowed. 

AFS1 and 
AFS2 

Areas planted in 2020 and 2019. Cultivation of native trees (T. 

sp., M. urundeúva, Erythrina sp., Hymenaea sp.) and fruit trees 

(Musa sp., Citrus spp., Carica papaya, Morus sp., Malpighia 

glabra, A. occidentale, Artocarpus integrifolia, Cajanus cajan, 

Punica granatum, Annona muricata and M. indica) with 4 m 

spacing between rows. Cultivation of vegetables, manioc, corn 

and beans in the inter-rows. 

ASF3 and 
ASF4 

Areas planted in 2018 and 2017. Cultivation of Eucalyptus and 

Acacia mangium, with 5 m spacing between tree rows; 

intercropping with banana, cassava, pigeon pea and native trees 

(T. sp., M. urundeúva). The inter-rows are mowed 

mechanically. 
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 104 

Fig. 2 Soil profile of the study area (A) and respective land uses: monoculture (MONO; B), and 105 

chronosequence of agroforestry systems implemented in the same year (ASF0; C), and 106 

implemented one, two, three and four years before, being ASF1(D), ASF2 (E), ASF3 (F), ASF4 107 

(G), as well as native vegetation (NV; H). 108 



 

 

In order to determine C and nutrient levels, disturbed soil samples were collected at depths of 109 

0-5 cm and 5–10 cm, with five replicates for all the land-use types (native vegetation, monoculture, 110 

and agroforestry systems). This sample collection took place in May 2021. After collection, these 111 

samples were placed in hermetically sealed plastic bags and sent to the soil laboratory at Embrapa 112 

Tropical Agroindustry. There the chemical elements phosphorus (P), potassium (K), calcium (Ca), 113 

and magnesium (Mg) were analyzed according to the methodologies described by Silva et al. (2009). 114 

The physical fractionation of organic matter into particulate organic carbon (POC) and mineral-115 

associated organic carbon (MAOC) was carried out following Cambardella and Elliott (1992). A 116 

portable Umwelt-Geräte-Technik GmbH sensor (model COMBI 6000) was employed to assess 117 

moisture content and temperature within the soil profile down to a depth of 60 cm, and the soil profile 118 

was stratified in the root zone (Costa et al., 2013; Pinheiro et al., 2013; Costa et al., 2016) as follows: 119 

0–5 cm, 5–10 cm, 10–15 cm, 15–20 cm, 20–40 cm, and 40–60 cm. At each of these depths moisture 120 

and temperature readings were taken, always with five replicates across the seven treatments. 121 

The data we had obtained with all these proceedings were then statistically analyzed with 122 

AgroEstat software. First, data normality was assessed, and since our data did not fit a normal 123 

distribution (Monte Carlo) and exhibited high variability, a (√x+1) transformation was applied to all 124 

parameters. Next, we subjected the transformed data to tests for homogeneity of error variances and, 125 

subsequently, examined these results by using an analysis of variance (ANOVA) with F-test. Mean 126 

values were then compared with a Scott-Knott test at a 5% probability level 127 

 128 

Results and discussion 129 

 130 

Total organic carbon (TOC), particulate (POC), and mineral-associated (MAOC) carbon 131 

After two years, the management of agroforestry systems (AFSs) resulted in an increase in total 132 

organic carbon (TOC) compared to NV and MONO (Fig. 3A). Only in the system managed for just 133 

one year (AFS1), TOC values were similar to those of MONO and AFS0 (first cropping cycle). 134 



 

 

 135 
Fig. 3 Total organic carbon (TOC; A), particulate organic carbon (POC; B), and mineral-associated 136 

organic carbon (MAOC; C) under monoculture (MONO), native vegetation (NV), and a 137 

chronosequence of agroforestry systems established in the same year (AFS0) and one, two, three, and 138 

four years before (AFS1, AFS2, AFS3, and AFS4, respectively), at depths of 0–5 cm and 5–10 cm. 139 

 140 
These results highlight the potential of agroforestry systems (AFSs) to incorporate organic 141 

matter into the soil since their second year of establishment already. This can be attributed to specific 142 

management practices during implementation and to intrinsic AFS characteristics, such as soil cover, 143 

pruning management, and the diversity and density of herbaceous and tree species. Other studies have 144 



 

 

also described that areas under AFSs can reach soil organic carbon (SOC) levels similar to those 145 

found in areas under native vegetation at various successional stages (Cardozo et al., 2022). This 146 

phenomenon is due to above-ground carbon production, as the vegetation structure of AFSs resembles 147 

that of secondary native vegetation of the same age (Cardozo et al., 2022); what also contributes is 148 

the fact that plant diversity and density are key factors which drive carbon fixation and the subsequent 149 

input of carbon into the soil (Henry et al., 2009). And there are, furthermore, certain pruning practices 150 

in AFSs that promote carbon input to the soil (Froufe et al., 2020; Suárez et al., 2021). 151 

For the uppermost soil layer (0 to 5 cm) the relationship between particulate organic carbon 152 

(POC) content and time since the creation of the agroforestry systems (AFS) was non-linear (Fig. 153 

3B). Thus, at this depth, the lowest POC values were provided by MONO and AFS0 land-use systems. 154 

AFS2, on the other hand, exhibited the highest POC content, followed by AFS3 and AFS4, which 155 

yielded similar POC levels, while AFS1 displayed a value similar to that of native vegetation (NV) 156 

and higher than those of AFS0 and MONO (Fig. 3B). These results reflect the influence of the 157 

different management practices adopted during the establishment and maintenance of the treatments 158 

we studied in the present work. Following the approach used in studies conducted in other biomes 159 

(Cezar et al. 2015; Froufe et al. 2020), we considered particulate organic carbon (POC) content of the 160 

NV to be the baseline for the local ecosystem: It is characterized by tabuleiro forest or carrasco 161 

vegetation in a secondary succession stage of approximately 30 years. The POC content in the MONO 162 

system was approximately three times lower than in the NV system: This can be attributed to a 163 

reduction of organic matter caused by the use of fire, by soil tillage, and also exposure to prolonged 164 

periods of direct sunlight—which accelerates organic matter degradation—as well as the lack of 165 

organic matter inputs, given that in MONO area crop residues are utilized for livestock grazing after 166 

the harvest. 167 

Particulate organic carbon (POC) values in AFS2 exceeded native vegetation (NV) values by 168 

approximately 57%; these higher levels probably resulted from more diverse planting practices and 169 

an elevated pruning intensity in this area. POC values were lower in the older agroforestry systems 170 

AFS3 and AFS4 than in AFS2; tree density was also lower there. Species composition may influence 171 

a systems' capacity to generate POC, just as differences in the composition of intercropped species 172 

affect biomass production and C input to the soil (Coulibaly et al. 2017). Similar to what was observed 173 

regarding total organic carbon (TOC), POC levels in older systems (with the exception of AFS4) and 174 

in native vegetation were higher in the surface soil layer, which contains the majority of organic 175 

matter undergoing transformation and offers more favorable conditions to organisms that fragment 176 

organic matter (such as ants) and to those that decompose soil organic matter (such as fungi). Loss et 177 

al. (2009) had already noticed that POC was more effective at revealing differences between 178 



 

 

management systems in the uppermost soil layers, and this pattern could be observed from AFS1 179 

onwards. 180 

We noted that the increase in particulate organic carbon (POC) content occurred linearly with 181 

respect to the time since establishment at a depth of 5 to 10 cm, so MONO, NV, and AFS0 exhibited 182 

the lowest POC levels: 0.96 g kg⁻¹, 0.38 g kg⁻¹, and 0.50 g kg⁻¹, respectively. Yet, starting from the 183 

second year of establishing the agroforestry systems (AFSs), a trend toward stabilizing POC content 184 

emerged in this layer, ranging from 1.20 g kg⁻¹ in AFS2 to 2.52 g kg⁻¹ in AFS4. It reflected the lesser 185 

influence of pruning practices on this specific layer within the AFSs. A higher POC content in the 186 

AFSs primarily revealed the constant input of residues from pruning—a phenomenon widely 187 

described in literature, which also indicates that this practice accelerates the cycling process (Bayala 188 

et al. 2014; Sharma et al. 2016; Taugourdeau et al. 2014). Time since establishment is also likely to 189 

account for the greater increase witnessed in deeper layers, thereby representing a long-term 190 

contribution to soil carbon input. 191 

As with TOC, two groups of values emerged for mineral-associated organic carbon (MAOC) 192 

(Fig. 3C): The first group consisted of MONO, NV, AFS0, and AFS1, which showed similar values 193 

cross the two studied layers. A second group comprised AFS2, AFS3, and AFS4; they differed from 194 

the others and also from each other, and exhibited MAOC levels that were 341%, 344%, and 448% 195 

higher, respectively, than the NV reference. MAOC is the most resilient fraction of organic matter, it 196 

is less influenced by management and chemically highly stable, and represents an advanced stage of 197 

humification (Loss et al. 2009; Wolschick et al. 2018). The results of the present study demonstrated 198 

that the agroforestry system (AFS) management was able to increase MAOC levels in both layers (0–199 

5 cm and 5–10 cm) starting two years after establishment (AFS2). Also from the second year of 200 

implementation onwards, MAOC levels differed between the evaluated layers. This probably 201 

occurred due to the input of plant biomass from pruning, including tree parts containing complex 202 

protein chains and recalcitrant substances, such as trunks and larger-diameter branches. Regarding 203 

the influence of plants—especially trees—on MAOC levels, Chiti et al. (2018) conducted a study in 204 

Gabon using δ13C and δ14C isotopes to determine the influence of forest and savanna vegetation on 205 

soil TOC formation. They found that, at depths of up to 30 cm, forest vegetation can account for up 206 

to 25% of soil TOC, and that trees provide recalcitrant carbon derived from structural components 207 

such as waxes, suberin, cutin, and terpenoids. 208 

In the coastal-Caatinga biome transition zone, soil organic matter and total organic carbon 209 

contents are naturally low. Under cashew monoculture, organic matter contents of approximately 13 210 

g kg⁻¹ have been reported in the surface soil layers, decreasing to 3–10 g kg⁻¹ in subsurface layers 211 

(LIMA et al., 2004). Similarly, a long-term experiment with cashew cultivation showed that, after 212 

five years, soil organic matter content was lower under harrowing (8.4 g kg⁻¹) than under manual 213 



 

 

weeding (10.7 g kg⁻¹), highlighting the influence of management practices on soil carbon 214 

conservation (Ribeiro et al., 2007). Agroforestry systems may provide an alternative pathway for 215 

enhancing soil carbon storage and associated ecosystem functions. In these systems, a substantial 216 

proportion of soil carbon is stored in mineral-associated fractions, where it is stabilized through 217 

organo-mineral interactions and is relatively resistant to management effects (Conceição et al., 2005). 218 

Tree-derived carbon can contribute to these stable pools over long periods and at greater soil depths 219 

(Chiti et al., 2018). Trees also enhance nutrient cycling through the gradual decomposition and 220 

mineralization of litter, with reported half-lives ranging from 15 to 257 days (Froufe et al., 2020), 221 

while deep and dimorphic root systems can promote hydraulic redistribution, transferring water from 222 

deeper to shallower soil layers and thereby alleviating seasonal water deficits (Bayala; Prieto, 2019). 223 

These processes are particularly relevant to family farming in soils where cation exchange capacity 224 

is strongly dependent on soil organic matter. Under such conditions, increasing and maintaining soil 225 

organic carbon represents a viable and sustainable strategy for improving soil fertility while 226 

simultaneously enhancing climate change adaptation and mitigation (Mbow et al., 2014; Altieri et al., 227 

2015). 228 

 229 

Available phosphorus (P) 230 

P levels were higher in AFS2 than in the other land-use systems and also above the average 231 

typically found in the soils of that region (Fig. 4). Soil P levels across the different land-use systems 232 

reflect the influence of the initial management during system establishment. In a study conducted in 233 

the Atlantic Forest biome, Froufe et al. (2020) concluded that agroforestry systems (AFSs) facilitate 234 

a synchrony between decomposition and nutrient availability through litter decomposition, and 235 

potentially supply at least 5 kg ha⁻¹ of P. Our results demonstrated that available P levels in the AFSs 236 

remained high or very high, and this was achieved by using pruning residues to maintain soil cover. 237 

 238 

Fig. 4 Available P levels in monoculture (MONO), native vegetation (NV), and a chronosequence 239 

of agroforestry systems (AFSs) at depths of 0–5 cm and 5–10 cm. 240 

 241 

 242 



 

 

Interchangeable bases 243 

The highest levels of calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), and base 244 

saturation (V%) were observed in AFS2, whereas the other systems displayed similar values for 245 

calcium, magnesium, and potassium. AFS1, AFS3, and AFS4 exhibited intermediate sodium values, 246 

which may be attributed to the partial use of irrigation (Fig. 5). Cation exchange capacity (CEC) was 247 

highest in AFS4, followed by AFS2 and AFS3. Base saturation (V%) was highest in AFS1 and AFS2, 248 

followed by AFS0, MONO, and NV; it was lowest in AFS3 and AFS4 (Fig. 5F). The higher levels 249 

of Ca, Mg, and K bases in AFS1 and AFS2 may have resulted from the following two main factors: 250 

the application of limestone at planting and a high management intensity during the initial years of 251 

establishment. Froufe et al. (2020) had already observed that agroforestry systems (AFSs) contribute 252 

significant amounts of the above-mentioned nutrients within the first five years of their establishment, 253 

primarily due to the rapid decomposition of leaves and branches, which constitute the bulk of pruned 254 

material during this period. Soil CEC is directly influenced by organic matter; AFS3 and AFS4 255 

(which were established earlier) exposed the most significant results for this feature, and this indicated 256 

a trend toward increasing the pool of nutrients which was available for plant uptake. We hereby 257 

demonstrated that AFS management is inherently beneficial for organic matter accumulation, 258 

regardless of initial management practices that may involve the addition of extra material at the time 259 

of establishment. 260 



 

 

 261 

Fig. 5 Levels of calcium (A), magnesium (B), potassium (C), cation exchange capacity (E), and base 262 

saturation (F) in monoculture (MONO), native vegetation (NV), and an agroforestry system (AFS) 263 

chronosequence, at depths of 0–5 cm (dashed line) and 5–10 cm (solid line). 264 

 265 

Elements related to soil acidity 266 

Results regarding soil acidity, pH, and (H + Al), as well as aluminum saturation (m), reveal that 267 

the soils under AFS3 and AFS4 are slightly acidic, whereas all the other land uses fall within safe 268 

range for these parameters (Fig. 6).  269 



 

 

 270 

Fig. 6 pH (A), potential acidity (B), aluminum (C), and aluminum saturation (D) in monoculture 271 

(Mono), native vegetation (NV), and the agroforestry system (AFS) chronosequence, at depths of 0–272 

5 cm and 5–10 cm. 273 

We could observe that AFS3 and AFS4 exhibited levels of exchangeable acidity, potential 274 

acidity, and aluminum saturation above the optimal ranges for most plants. This may be related to the 275 

type of pruning material that was used; its high C/N ratio probably influenced acidity parameters, 276 

given that the soil in that region did not present exchangeable or potential acidity under other land-277 

use systems, such as NV and MONO. Still, caution is required when evaluating this parameter, since 278 

the buffering effect of organic matter, in soils with a high content of it, can mitigate potential negative 279 

impacts of acidity on crops (Ebeling et al. 2008). In this case, nutrient recycling is also possible 280 

through tree pruning: The commercial elements can be harvested while the remainder—especially 281 

leaves and branches—is used as soil cover. Theoretically, this should be enough to restore the base 282 

balance of the soil, as nutrients are found in higher proportions in leaves, fine branches, and 283 

reproductive parts (Cezar et al. 2015; Froufe et al. 2020; Thomazini et al. 2015). 284 

 285 

Soil temperature and humidity 286 

With regard to soil temperature, we noted that the monoculture area (MONO) exhibited higher 287 

average temperatures, whereas AFS2 showed the lowest temperature among all land-use types. AFS1, 288 



 

 

AFS3, AFS4, and NV demonstrated similar values. Soil moisture, in contrast, was lower in AFS0, 289 

NV, and MONO, while higher values could be measured in the other land treatments (Fig. 7). 290 

 291 

 292 

Fig. 7 Soil temperature (A) and average soil moisture (B) under monoculture (MONO), native 293 

vegetation (NV), and an agroforestry system (AFS) chronosequence, at depths of 0–5 cm; 5–10 cm; 294 

10-15 cm; 15-20 cm;20-40 cm; e 40-60 cm. 295 

The MONO treatment produced highest soil temperature values because this land-use practice 296 

does not allow neither for leaf litter, nor for herbaceous plants to cover the soil uniformly. 297 

Consequently, there is greater direct solar radiation on the soil surface. Higher temperatures within 298 

the soil profile can accelerate microbial respiration rates, and this process degrades soil organic 299 

matter. In a comparative study of coffee grown in agroforestry systems (AFS) versus full-sun systems, 300 

Thomazini et al. (2015) noticed that the high temperatures associated with full-sun cultivation 301 

increase soil CO2 flux; the authors found a linear relationship between CO2 emissions and soil 302 

temperature, which leads to faster leaf litter decomposition and potentially greater carbon loss—as 303 

well as a higher contribution to global warming—in full-sun systems compared to AFS. The soil 304 

cover provided by leaf litter and tree canopies in AFS engendered temperature values comparable to 305 

those of the natural system (NV). This result indicates that AFS land use holds potential for both 306 

adapting to and even reducing the effects of climate change on thermal soil regimes. Regarding this 307 



 

 

potential, Mbow et al. (2014) emphasized that the capacity to generate such benefits must be clearly 308 

demonstrated and that climate mitigation measures must be implemented alongside improvements in 309 

food production, particularly in regions where family farming predominates. 310 

Regarding soil water content, we observed that the older agroforestry systems (AFSs) 311 

maintained higher water levels, which probably alleviated the water deficit common during part of 312 

the year in semi-arid regions. Although AFS1 and AFS2 received sporadic irrigation, they exhibited 313 

moisture levels that were similar to those of AFS3 and AFS4, which were not irrigated. This showed 314 

us that the protection provided by tree canopies and leaf litter, along with interactions among the 315 

different functional groups, compensated for the lack of irrigation in more mature systems. In this 316 

regard, Bayala and Prieto (2019) concluded that a hydraulic redistribution of soil water occurs in 317 

agroforestry systems, which promotes water sharing between tree species and herbaceous plants, and 318 

that this mechanism is ecologically important for food production in semi-arid regions. Using δ18O 319 

isotopes, Bargués-Tobella (2017) found that AFS trees utilized water from deep sources and 320 

redistributed it to the surface, and that they thereby benefited neighboring herbaceous species. 321 

When we evaluated soil moisture with stratification inside the root zone (Fig. 8), two moisture 322 

patterns could be perceived: one similar to MONO, NV, and AFS0—characterized by lower moisture 323 

levels and a slight increase starting at a depth of 20 cm—and another one alike AFS1, AFS2, AFS3, 324 

and AFS4, which exhibited similar water content in the top 10 cm. Below this depth, a downward 325 

trend was observed for AFS1 and AFS2; whereas AFS3 and AFS4 revealed a quite pronounced trend 326 

of decreasing moisture starting at depths of 30 cm and 40 cm, respectively. Figure 8 indicates that 327 

agroforestry stems are capable of retaining more soil water and that this is directly related to soil 328 

organic matter content. These results corroborate those of Thomazini et al. (2015), who found higher 329 

water retention in coffee-based agroforestry systems: Their findings suggested that the trees within 330 

these systems regulate the available soil water by promoting infiltration thanks to the presence of 331 

biopores, and by enhancing the hydraulic lift to upper soil layers (Bargués-Tobella et al. 2017; Bayala 332 

and Prieto, 2019; Kuyah et al. 2016) 333 



 

 

 334 
Fig. 8 Soil moisture (%), in a 0–60 cm profile, under monoculture (MONO), native vegetation (NV), 335 

and an agroforestry system (AFS) chronosequence. 336 

 337 

Conclusions 338 

Agroforestry systems led to an increase in total organic carbon, particulate organic carbon, and 339 

mineral-associated organic carbon levels—especially from the second year of establishment onwards. 340 

This highlights their potential to improve soil quality.  341 

Those agroforestry systems that were subjected to more intensive initial site preparation reached 342 

higher levels of phosphorus and exchangeable bases, which proves that management practices 343 

adopted during establishment influence soil nutrient availability.  344 

More established agroforestry systems showed higher soil moisture content and lower soil 345 

temperatures compared to monoculture; this way they demonstrated their potential to enhance not 346 

only soil moisture management, but also thermal regulation. 347 
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