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Abstract

:

(1) Background: Coffee agroforestry systems (CAFS) in Veracruz, Mexico, are being displaced by avocado monocultures due to their high economic value. This change can generate alterations in the type of organic residues produced and soil biological activity (SBA) which is sensitive to climatic variations, changes in floristic composition, and agronomic management. It can be evaluated through soil respiration and macrofauna, both related to soil carbon (C) and nitrogen (N) dynamics. The objective was to: (1) Analyze the variation of SBA as well as the C and N dynamics in modified coffee agroforestry systems; (2) Methods: Three CAFS (renewed, intensive pruning, and with the introduction of avocados) and an avocado plantation were compared. The evaluations were conducted during the period 2017–2019. Soil parameters (respiration, macrofauna, C and N contents) and C content of plant biomass were measured in plots of 25 × 25 m2 from three soil depths in triplicate. Spearman’s test and a principal component analysis were performed to determine the structural dependence on C and N dynamics; (3) Results: The introduction of avocado showed the lowest soil respiration values (with 193 g CO2 ha−1 h−1 at 0–10 cm depth), this system did not display soil macrofauna and increased soil organic carbon content. The soil C/N ratio was sensitive to the introduction of avocado. Correlation between soil respiration and litter-related parameters was positive, but it was negatively correlated with soil organic matter and total soil nitrogen, explaining 67.7% of the variation; (4) Conclusions: Modification of CAFS generated variations in the SBA and soil C and N contents.
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1. Introduction


Coffee agroforestry systems (CAFS) are characterized by high floristic diversity, bringing economic and social benefits for small farmers, and playing an important role in soil biological activity. In Mexico, rising costs of production, low coffee prices, and damages caused by rust (Hemileia vastatrix, Berkeley & Broome) affect the yield of coffee plantations, among others, leading to the incorporation of avocados, which is a crop that demands a high percentage of light and can provide shadow to the CFAS. These changes can affect the type of vegetation and interactions between plant species, generating different quantities and quality of organic residues (OR), affecting overall the soil biological activity [1,2].



The CAFS have a distribution of 730,011 ha in Mexico [3]. However, prices and the sanitary problems mainly caused by H. vastatrix [4,5] have significantly influenced coffee producers either to abandon the production itself, or to look for other agricultural products to improve their economic income. This is why new coffee plantation managements have been tried, including new varieties or different tree species, one of which is avocado, which is either intercropped in coffee plantations, or planted to replace the old CAFS, mainly due to its attractive international market price [6]. Consequently, avocado monocultures have generated the displacement of traditional CAFS. Currently, there are some studies on the effect of the introduction of avocados to increase the profitability of CAFS [7]; however, the effects on soils, as well as carbon (C) and nitrogen (N) dynamics, have not yet been fully studied.



Soil biological activity (SBA) can be studied through soil respiration (SR), as a second most important C flux to the atmosphere, being an important part of the C dynamic in terrestrial systems. SR is composed of autotrophic (roots) and heterotrophic (mycorrhizae and soil microorganisms) respiration [8], including the processes of decomposition and mineralization of organic residues, which release CO2. These processes are dependent on the nature and content of the OR generated by management, environmental temperature and humidity, and the nature of the soil organic matter (SOM).



Heterotrophic SR is associated with the respiration of microbial communities, taking OR as a source of energy to carry out metabolic processes [9]. Only 10% of OR escapes from mineralization and is transformed and converted slowly in recalcitrant C compounds, undergoing humification processes that transform them into biostable compounds [10]. Heterotrophic SR is linked to soil macrofauna, altering the OR fragments, reducing their sizes, and increasing their specific surface area, which allows microbial processes and later providing CO2 emissions [10]. Microbial transformations are associated with corresponding CO2 emissions during the processes of degradation, decomposition, or mineralization of the OR [11], contributing to the C cycle (i.e., returning CO2 to the atmosphere) and favoring the availability of inorganic nutrients (mainly N, therefore affecting the soil dynamics).



The SBA can be used as a parameter to monitor the C cycle [12] since there is a close correlation between SR and stored soil organic carbon (SOC). Also, the type of system, vegetation density, soil properties, and agronomic managements directly affect SR [13,14]. This is also related to the decomposition process of OR and, therefore, to its C/N ratio [10]; frequently, when soil respiration is low due to a generally high C/N (above 20) ratio of the OR associated with nutrient-deficient soils [15].



As stated, the C/N ratio of OR has an inverse relationship with the N mineralization process, which includes the OR integrated previously into the soil; consequently, a high C/N ratio of OR affects soil ammonium and nitrate concentration in soil. Production of soil inorganic N (SIN = [NH4+] + [NO3−]) can vary due to the floristic composition of systems, climate, and management types; generally, higher SIN amounts are found in natural systems than in cropland [14].



Therefore, the objective of this study to evaluate the variation of soil biological activity, and its impact on C and dynamics in CAFS. To address the objective of this study, CAFS with renewed rust tolerant coffee plants, severe pruning and cleaning management practices, and intercropped avocados, as well as an avocado monoculture as control, were considered. Comparisons between CAFS were made considering the CO2 emissions and soil-macrofauna content as indicators of biological activity, in addition to the impacts of management on soil C and N contents.




2. Materials and Methods


The experiment was conducted in the municipality of Chicuellar Huatuso, State of Veracruz, México (19°10′25.00′′ NL and 96°57′30.00′′ WL), located at 1300 masl. Climate is semi-warm and humid with abundant rainfalls, with an average annual temperature of 16.4 °C and an annual rainfall of 2018 mm yr−1. The agroforestry systems (AFS) studied are generally located in undulating, mountainous, and humid environments. These AFS correspond to traditional coffee polycultures and commercial polycultures, according to the Escamilla [16] classification for AFS with coffee for Mexico. The dominant soils in the area studied have been classified as Andisols; soil profiles are characterized [16,17] by the accumulation of organo-mineral complexes, having black color, sandy loam texture, strongly acidic pH (4.7 on average), and high contents of SOM (5.9%) and total N (0.4%).



Four management systems were selected:




	-

	
Renovated coffee agroforestry system (RCS). This is managed with 4000 coffee plants ha−1, newly planted, with an average height and diameter over 15 cm of 0.65 and 0.013 m, respectively, and 60 shade trees ha−1 from species of Juglans L. spp., Inga (Scop.) Mill. spp. and Grevillea robusta A. Cunn. ex R. Br., with an average height and diameter of 2.27 m and 0.985 m, respectively. Fertilization is carried out with 5 kg of compost (dry weight mass) per coffee plant. The compost is previously enriched with coffee pulp residues at a rate of 100 kg of pulp per ton of compost. Additionally, before and after renovation, 8 tons lime ha−1 is applied every three years. The system is 21 years old without any agrochemicals being added, either for soil nutrition, nor for pest or disease control. Weed control is done manually (Figure 1a).









	-

	
Coffee agroforestry system with intensively pruned (IPCS). This is made up of 2400 coffee plants ha−1, having an average height and diameter of 2.85 m and 0.0251 m, respectively, 40 shade trees ha−1 of Juglans spp. and Inga spp., with an average diameter and height of 0.253 m and 11.89 m, respectively. Fertilization is carried out with 5 kg (dry weight mass) vermicompost (enriched with coffee pulp 10:1) and 1 kg of lime, annually, per coffee plant. Shade density is controlled with severe pruning. Pests and diseases are not controlled, and weed control is semi-mechanized, using a brush chopper and a hoe. This management was established 21 years ago (Figure 1b).




	-

	
Coffee agroforestry system with the introduction of avocado (CAS). This is composed of 1800 coffee plants ha−1 and 100 avocado plants ha−1, with 5 shade trees per ha−1. Avocado trees average 3.0 m in height and 0.117 m in diameter; coffee plants have an average of 1.6 m in height and 1.0 cm in diameter. Fertilization consists of applying vermicompost enriched with mycorrhizae (1 kg of mycorrhizae and 500 kg of vermicompost), applied annually; the equivalent of 15 kg (dry weight mass) vermicompost and 5 kg (dry weight mass) mycorrhizae, per coffee plant. Additionally, “efficient microorganisms” ((EM) this amendment contains 4.2% humic acids and 5.0% fulvic acids) are incorporated; the additional composition is 1.3% N; 1.2% P; 2.4% K; 2.2% Ca; 1.7% Mg; 0.02% Mn; and 0.02% B. The EM is applied at the foliar level, monthly, at a rate of one liter of EM in 200 L water (this volume supplies 50 avocado plants and 900 coffee trees). The control of pests and diseases is carried out with night light traps, yellow traps, and applications of fungicide composed of Cu and hydrated lime (bordeaux broth) by 1 kg each in 100 L of water (for 100 avocado plants), and the applications are performed once a month; in coffee trees, inputs are not applied. Weed control is mechanized with a brush chopper. The management system was 8 years old (Figure 1c).




	-

	
Conventional avocado orchard (CAO). This is considered as a control, made up of 210 avocado plants ha−1; the plants have an average height and diameter of 3.0 m and 0.185 m, respectively. Fertilization is carried out with agrochemicals containing N:P:K (17:17:17) and urea, 1.4 kg of each, per plant, three times a year. Control of pests and diseases is done with Metalaxy M + Mancozel (RIDONIL) and Thiamethoxan + Lambdacialothrin (ENGEO), applying 250 mL pesticides L−1 water every three months. Weed control is with a brush chopper. The management system was 8 years old (Figure 1d).







The four systems have coffee plants and trees managed with low heights, several cases are renewed trees, and for Inga and Grevillea the majority presented heights between 2 to 3 m.



Experimental design: Considering the soil properties, a factorial design composed of four systems and three soil depths was applied. In each management system, three square plots of 25 × 25 m2 were delimited as replicates. Soil samples were taken at three depths (0–10, 10–20, and 20–30 cm) and plant litter was collected in triplicate. As the distance between trees and bushes is variable, soil samples were taken in the alleys, considering the slope, according to the methodology recommended by Masuhara [18]. Soil respiration, soil macrofauna in situ, and SOC and total N content were performed on these samples. In each plot, dasometric evaluations (diameter and height) and identification of the species were used on all species of trees and coffee plants. Allometric equations of C estimates in plant biomass (PBM) were used, considering an arrangement of three randomly distributed plots in each management system. Sample collection and evaluations were conducted in October 2017, 2018, and 2019.



Determination of soil respiration (SR): Plant litter samples from each plot were separated into thin (less than 1 mm in diameter) and thick (more than 1 mm in diameter) plant tissues, and soil samples were taken from three depths. A triplicate sample of 10 g (dry weight mass) was taken and placed into a hermetic plastic container. The SR was determined in vitro for each sample, considering two sizes of plant litter samples and three soil depths.



The flux of CO2 emitted by soil microbial activity during incubation was carried out by a dynamic closed chamber method [19]. A portable EGM-4 device was used, with an SCR-1 camera and a non-dispersive infrared gas analyzer (IRGA). Measurements were made in the laboratory daily, at environment temperature (24 °C) for 30 days. Soil moisture content was kept at 50% dry weight basis. Water lost by evaporation was replenished every week.



Soil respiration was calculated according to the following formula:


  R = b ×  P  1000   ×   273   273 + T a   ×   40.01   22.41   ×  V A   








where: R = CO2 flux in g m−2 h−1; b = CO2 concentration in mg L−1; V = System volume in m3; A = Chamber area in m2; P = Atmospheric pressure in mb; Ta = System volume temperature in °C.



Soil macrofauna biomass: This was made by counting the biomass content of visible organisms in the soil. Squares of 1 × 1 m were delimited, per triplicate, at three depths in the 25 × 25 m2 plots. All visible soil organisms were collected and weighed. Soil macrofauna biomass (SMB) was expressed as (kg DM ha−1), according to Anderson and Ingram [20]. When DM is dry weight mass.



Carbon and nitrogen evaluation: Soil sampling and dasometric evaluations (diameter and height) were carried out on the plant biomass to determine C and N contents.



Pits of −30 cm soil depth were made and bulk density (BD) was determined at three depths, using the cylinder method [21]. Soil organic matter (SOM) was determined according to Schulte and Hopkins [21], based on weight loss by ignition.



Soil organic C (SOC) and soil total N (STN) contents were measured using a Shimadzu TOC-L analyzer. The soil C/N relationship was calculated. Conversions of mg C or N g−1 soil to Mg C or N ha−1 were made using the equation proposed by Gallardo [10], this consisted of multiplying the relative contents of SOC or STN (mg g−1 soil) × BD (Mg m−3) × soil depth (m) × 10.



Plant tissue biomass included leaf litter, shade trees, fruit trees (coffee), and roots.



Necromass (litter and mulch or layer L and layer F) biomass was extracted from a 1.0 × 1.0 m2 square, in triplicate, according to [22]. From here on, the L sublayer will be referred to as litter fall and the F sublayer will be referred to as mulch, both corresponding to the O layer (i.e., organic layer). Biomass of the L and the F layers were separated and processed in the laboratory, where C determinations were made by dry combustion using a Shimadzu TOC-L analyzer and N by the Kjeldahl method [23], and biomass of each sample was expressed in kg DM ha−1.



Dry matter weight in fruit and non-fruit trees was determined by allometric equations (Table 1), including diameter and height of such plants. To get C values in biomass, it was considered the factor 0.5 [10].



The C contained in the roots biomass (RBC) was calculated using the biomass equation proposed by Cairns [27], considering the sum of trees and shrub biomass (TSB) in Mg DM ha−1, according to:


RB = exp[−1.0587 + 0.8836 × ln(TSB)]








where: RB = Root biomass (Mg MS ha−1), exp = exponent, ln = natural logarithm, TSB = tree and shrub biomass in dry matter (Mg DM ha−1). RBC = Root Biomass Carbon (Mg C ha−1) is RB multiplied by 0.5 to calculate the C content in the roots.



Statistical analysis: An analysis of variance (ANOVA) was performed on all variables (p < 0.05), with management systems and depths as dependent variables. Results were compared by Tukey’s HSD test for each variable. Spearman’s test was used for correlation analysis, and multivariate principal component analysis (PCA) was employed to evidence the dependence structure between soil respiration and all variables.



The analysis PCA consisted of a linear combination of the variables. The number of components was obtained following the rule of choosing those whose values were higher than the unit value. The first principal component (PCA) explains most of the variance of the data series, and each successive principal component adds smaller amounts of the remaining variance. Analyses were conducted using Info Stat version 2018-I and Stratigraphic Centurion XVI software.




3. Results


3.1. Biological Activity


Organic residues respiration: In the layer L, the coffee and avocado agroforestry system (CAS) showed lower values of plant residues than management systems with the renovation and severe pruning (RCS and IPCS), while avocado monoculture (CAO) had intermediate values of plant residues between the system with CAS and two other coffee plantations (Table 2). In two coffee systems where the F layer was found, values were similar. Significantly higher respiration values were found in the F layer than in the L layer.




3.2. Soil Respiration (SR)


The trend of SR (Table 2) tended to be higher at the soil surface (0–10 cm) with an average of 204 g CO2 ha−1 h−1, decreasing significantly as depth increased. Among the systems, IPCS showed the highest SR at 0–10 cm depth, followed by the CAO, while CAS and RCS registered the least CO2 emission produced by SR. At 10–20 cm soil depth, the average was 188 g CO2 ha−1 h−1, with no significant differences between managements; at 20–30 cm soil depth, the average was 183 g CO2 ha−1 h−1, and the trend was like 0–10 cm in depth. The accumulated SR of the three depths allows for generating the following order of soil activity among the systems: IPCS > CAO > RCS ≈ CAS.



Soil macrofauna biomass (SMB): The soil macrofauna biomass (SMB) was concentrated on the soil surface, i.e., in the 0–10 cm soil depth. Results suggest an oscillating range between 71.5 and 100% of SMB Mg DM ha−1 (Table 3), and decreases as soil depth increases. With CAS and CAO, both without F-layer, no macrofauna was noticed at depths of 10–20 and 20–30 cm. Total biomass of soil macrofauna was higher in the IPCS, followed by the RCS (with high planting density), while CAS and CAO (associated with avocados) showed significantly lower values.




3.3. Carbon and Nitrogen Dynamics


3.3.1. Soil Organic Carbon (SOC) and Soil Total Nitrogen (STN)


Values of SOC content stored in the soils of CAS significantly exceeded the other systems (Table 4); this trend was observed in all depths. Similarly, STN content in the coffee system with introduced avocado plants significantly exceeded such values, almost doubling at all depths.




3.3.2. Carbon and Nitrogen in Vegetal Biomass


Strong mineralization of OR was observed in all systems studied, since the L layer had null or low C content (between 0.18 and 0.37 Mg C ha−1) values (Table 5).



The N contents in the litter (L) and mulch (F) layers showed the same trend as in the C contents. N values in the L layer showed no significant statistical difference, while the F layer of IPCS showed significantly higher value than the RCS. In coffee associated with avocado (CAS and CAO) there was no F layer.



Carbon content in trees (TBC) was significantly higher in CAO (31 Mg C ha−1) compare to trees in other studied systems. The C content in root biomass was related to pruning, since IPCS significantly showed the lowest value among the systems evaluated (Table 6).



Regarding the total C content in plant biomass, CAS generated similar values to RCS and the C content exceeds that of the IPCS by 55%. As a result, the order of biomass C accumulated in the studied systems was: RCS > CAO ≈ CAS > IPCS.




3.3.3. Soil Carbon and Nitrogen Ratio (C/N)


The C/N ratio of the L layers ranged from 22 to 27 (Table 7), showing no significant differences among the systems studied; these values were significantly higher than in F layers. The IPCS and RCS had a higher C/N ratio in the F layers than in the CAS; these values were significantly lower than in the L layer. In all systems studied, soil C/N ratios ranged from 11 to 14, with no significant statistical differences; the same trend was observed in all soil depths.




3.3.4. Carbon Stored in the AFS Studied


The carbon stored aboveground was similar in RCS, CAS y CAO; however, IPCS was between 60% and 56% less (Table 8). With carbon stored in stand litter (litter + mulch of L layer and F layer), the IPCS showed between 50% and 88% more carbon in this compartment than the other systems. In all the systems, SOC was found to have the highest values, and in the case of CAS it exceeded the other systems by 88% to 131%. CAS showed the highest potential for carbon storage with 74.93%, 97.49%, and 57.17% more than RCS, IPCS, and CAO, respectively. These factors justify the order of C stored found in the systems studied: CAS > CAO > RCS > IPCS.






4. Discussion


4.1. Effect of Modified Agroforestry Systems on the Soil Biological Activity


4.1.1. Organic Residues (OR)


The topological design of RCS and IPCS changed the floristic composition and the amount of OR, which could create variations obtained in soil respiration as the diversity of litter supply could increase microbial activity [28], and generate variations in the SOC content.




4.1.2. Soil Respiration (SR)


The abundance of SOM due to low CO2 emission generated in RCS (Supplementary, Table S1) shows an inverse relationship between SR and the amount of SOM. Additionally, the high C/N ratio indicates a poor humification process, which impacts soil properties and fertility. High planting density, up to 4000 coffee plants ha−1, had an impact on SR, due to organic C stocks on the AFS itself [29]. High planting density caused a direct relationship between tree biomass C, so tree cover can affect the direct insolation of the soil, lowering the temperature and, therefore, diminishing SR, as indicated by Aceñolaza and Gallardo [30]. On the other hand, SR can be regulated by temperature variation, which in turn impacts on the SOC and STN contents, similar to that analyzed by Gómez [31,32].



Higher SR under severe pruning (IPCS) could be attributed to the abundant contribution of OR by such practices; this is reflected in the existing inverse relationship of SR with SMB, tree biomass C, and C accumulated in the L layer (Supplementary, Table S2).



Under introduced avocados, SR was affected by PMC (because of the presence of avocado trees) and C/NlayerL (quality of organic residues), indicating that the soil activity in those systems where avocados are present, is linked to the contribution of OR from avocado trees because the quality of OR is a factor regulating SR [33]. Soil respiration in these conditions was negatively influenced by the amount of SOM20, ClayerL, NlayerL, C/N30 and C/N ratio (Supplementary, Table S3), showing that the quality of OR influences the quality of SOM, allowing activity of microorganisms that, in turn, depends on the amount of available C [34]. The high content of SOM (and SOC) might be attributed to the incorporation of enriched vermicompost, i.e., already processed or biostable material, which allows for explaining the inverse relationship between SR, SOC and STN contents.



With avocado monoculture, the intensity of SR seems to be conditioned by contents of NlayerL, and N10, indicating the presence of N generates mineralization of OR; then, soil SR is related to mineralization of OR [14], which influences N mineralization; however, C10, C20, C30, SOM10, and SOM20 have a negative impact on SR. This trend indicates there is a strong humification, i.e., a higher biostability of SOM, which generates lower SR [10]. In the remaining depths, a pattern of dependence between variables was not differentiated.



Soil respiration in AFS managed with high diversity and planting density could increase SR up to 1.5 times more than in coffee plantations managed as monocultures [35]. Low SR found with introduced avocados could be attributed to the nature of leaf litter produced by the avocados introduced into the coffee plantation, since the C/N relationship of the L layer tends to be lower than the rest of the coffee systems studied. Studies with coffee-forest litter reported indicated that it contains about 44% lignin [36], while the avocado litter contains only 34% [37]. This means that with the introduction of avocados, the litter initially produced is more vulnerable to be mineralized by microorganisms, and stabilized forming humic substances that slow down the mineralization process in soil [10]. Such interactions mean that SR decreases when there was no diversification in tree and shrub components of the systems studied [38,39]; however, total respiration values in CAFS with introduced avocado (CAS, 767 g CO2 ha−1 h−1; includes leaf litter, mulch, and soil) found that the accumulated total respiration emissions are similar to the average reported for CAFS in Andosol soils (950 g a 1250 g CO2 ha−1 h−1) [40].




4.1.3. Soil Macrofauna Biomass (SMB)


Tree density and type of vegetation cover are the factors which effect conditions for the activity of soil organisms. It also depends on the previous crushing and mixing carried out by soil macrofauna. However, this process is sensitive to variations in moisture content and temperature, and changes according to land use and agronomic management [41].



Values of soil macrofauna in RCS and IPCS contrasted with those associated with avocado trees, with a higher value in 0–10 cm depth in all management systems. The association with avocado trees, and no soil macrofauna, was found in the soil depths of 10–20 cm and 20–30 cm; this could indicate a dependence of L and F layers for such macrofauna activity, since in coffee with introduced avocados and avocado monoculture, only the top of the OR layer was maintained, mainly in the avocado plants. These results agree with Pardo [42], who found biomass of soil macrofauna develops according to the existing first centimeters of OR. Similarly, total soil macrofauna in RCS and IPCS exceeded the average of 500 kg DM ha−1 reported by Brown [43], which could be attributed to the diversification of shade trees and management of CAFS. Meanwhile, in CAS and CAO, low soil macrofauna biomass is attributed to intensive managements and resembles the average of 0.1 Mg DM ha−1 given by Brown [43]. The introduction of avocado trees generated changes in the OR production; moisture and temperature conditions of an area under study could impact the macrofauna activity, being sensitive to the variation of edaphoclimatic conditions generated by intensively managed crops [41].




4.1.4. Carbon and Nitrogen Dynamics


Impact of modified agroforestry systems on C sequestration: High PBC value in RCS is attributed to the shrub component (4000 coffee plants ha−1). Under such condition, a greater amount of C stored in plants suggests that the C amount included in plant biomass depends, to a great extent, on planting density, whose values are similar to that reported by Cristóbal [44] for traditional CAFS in Veracruz, Mexico. However, under IPCS (severe pruning), which has a higher planting density than the CAS, it had a low PBC value; therefore, the PBC also depends on the management, and in this case on the intensity of pruning. This is why the PBC in IPCS was lower than the average reported by Cristóbal [44] for CAFS with intensive agronomic management, while the CAS presented values of PBC similar to those reported by Vega [45] CAFS with fruit trees. The SOC values in all systems are higher than in the other compartments. This behavior of presenting greater SOC accumulation coincides with studies reported by Tumwebaze and Byakagaba [46] in AFSs, whose C stock in soils ranges from 51 to 214 Mg C ha−1. While the differences in total carbon content in CAFS are attributed to the fact that the introduction of avocado whose agronomic management consisted of adding vermicompost influenced the SOC contents, these values exceed those reported by Cristóbal [44] and Masuhara et al. [21] for CAFS.



Impact of modified agroforestry systems on soil total nitrogen content: The STN contents under CAS (Table 5) resemble average values of traditional coffee plantations (14.2 Mg N ha−1; [44]), while those found in CAO and commercial coffee systems (7.9 Mg N ha−1; [41]), with values of the remaining AFS studied, were significantly lower. Therefore, N content of OR produced by the introduction of avocados seems to set a difference between systems. Variations in STN can be attributed to a positive relationship of OR with microbial respiration, as they affect biogeochemical processes [47]. N dynamics, in turn, is related to the quality of SOM as well the C/N ratio, which is considered as a quality indicator. Soil C/N relationships varied between 11 and 14 in all the AFS studied; similar data of 11 to 15 were reported by [48]. Values lower than 11.0 correspond to fast tissue breakdown and subsequent fast mineralization, since the presence of N stimulates microbial activity [49], providing mobilization of nutrients generated.




4.1.5. Principal Component Analysis (PCA)


The principal component analysis (Figure 2) shows the variation in C and N dynamics in most systems is explained by 67.7% in a positive relationship between respiration, C in coffee plants (CPC), CLayerL, CLayerF, NLayerL, NLayerF, all C/N ratios, and SMB, and a negative variation in SOC, STN, SOM, in all depths. Cumulative percent value in components 1 and 2 suggests that amounts and quality of OR affect CO2 emissions [14]. This was based on higher C and N contents in F and L layers, as well as a higher C/N ratio in the litter; which shows that soils with tree cover contribute to increasing SOC, and therefore influence the soil mineralization process [50]. Additionally, SMB promotes a positive effect on SR, being positive for the incorporation of N from OR into the soil [51]. Respiration of heterotrophic microorganisms is also stimulated by adding OR, affecting SOC content [41,52].



The existing inverse relationship between SOM, SOC, and STN with SR could indicate a eutrophic process (i.e., N richness). However, Iqbal [51,53] reported a positive relationship between SR and SOC contents, and could be attributed to incorporation of OR as compost or vermicompost. Similarly, Holatko [54] indicates the application of manure influences soil respiration.



Component 1 (with 48.2% elucidation) shows two groups: (a) that related to the OR (bad quality), having a positive relationship with SR and SMB; and (b) parameters than could generate eutrophic conditions, having an inverse relationship with SR.



On the other hand, Component 2 (19.5% elucidation) discriminates soil variables of PBC, C in tree biomass, and C in coffee plants, as opposed to variables related to SOM and SR; however, SMB and C/N ratios do not discriminate, as they are on both sides of the axes.






5. Conclusions


Variation in soil respiration is related to a change in the floristic composition of coffee plantation that generates variations in the functioning of each management system, related to the N supplied to soil with organic residues. Consequently, soil respiration is higher in renovated and severely cleaned coffee systems, and diminished when avocado trees are introduced.



Soil macrofauna is strongly dependent on the presence of permanent leaf litter; the disappearance of sub-layer F when avocado is introduced causes an impoverishment of soil macrofauna, so that a system with avocado introduced is seen as an intensively managed system.



Almost half of the variation in C and N dynamics depend directly upon a positive relationship between soil respiration, C and N contained in the stand litters (layers L and F), and having a negative relationship with the soil C and N contents.



The introduction of avocado trees in the CAFS increases the potential of C storage, affecting mostly the SOC content.
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Figure 1. Agroforestry systems: (a) Renovated coffee agroforestry system (RCS); (b) Coffee agroforestry system with intensively pruned (IPCS); (c) Coffee agroforestry system with the introduction of avocado (CAS); (d) Conventional avocado orchard (CAO). 
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Figure 2. Principal Component Analysis (PCA) scatterplot with evaluated variables. SMB: total soil macrofauna (biomass of organisms accumulated at the depth of 0–30 cm); SOM: soil organic matter; TBC: C in trees; CPC: C in coffee plants; RBC: C in roots; PBC: C in plant biomass; C-LL: C in layer L or litter; C-LF: N in layer F or mulch; SOC: soil organic C (accumulated at the depth of 0–30 cm); N-LL: N in layer L or litter; N-LF: N in layer F or mulch; STN: soil total N; C/N: soil carbon/nitrogen ratio. 
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Table 1. Allometric equations used to assess the biomass of each type of tree or shrub vegetation.
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	Forest Type
	Allometric Equation
	





	AB of Juglans spp.
	Log10Y = −0.834 + 2.223 × Log10 (dbh)
	[24]



	AB of Inga spp.
	Log10Y = −0.889 + 2.317 × Log10 (d15)
	[24]



	AB of Grevillea robusta
	LnY = −2.0082 + 2.3293 × Ln(dbh)
	[25]



	AB of coffee plants
	Log10Y = −1.113 + 1.578 × Log10(d15) + 0.581 × Log10(h)
	[24]



	AB of avocado plants
	   Y = 10      (  1.12 + 2.62 ×   Log   10    (  dap  )  + 0.03 ×   Log   10    ( h )   )      
	[26]







AB: aboveground biomass, Y = Biomass (kg), Log10 = logarithm base 10, ln = natural logarithm, dbh = diameter at breast height or 1.30 m height (cm), d15 = diameter over 15 cm height (cm), h = total tree height (m).
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Table 2. Soil respiration (g CO2 ha−1 h−1) at three depths, Layer L and Layer F.
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System

	
Layer L

	
Layer F

	
Soil




	
0–10 cm

	
10–20 cm

	
20–30 cm






	
RCS

	
383 ± 22

	
A

	
653 ± 43

	
A

	
179 ± 7.7

	
B

	
180 ± 9.3

	
A

	
171 ± 3.9

	
B




	
IPCS

	
382 ± 22

	
A

	
589 ± 43

	
A

	
230 ± 7.7

	
A

	
205 ± 9.3

	
A

	
202 ± 3.9

	
A




	
CAS

	
219 ± 22

	
B

	
Inexistent

	
C

	
193 ± 7.7

	
B

	
183 ± 9.3

	
A

	
172 ± 3.9

	
B




	
CAO

	
253 ± 38

	
AB

	
Inexistent

	
C

	
212 ± 7.7

	
AB

	
183 ± 9.3

	
A

	
186 ± 3.9

	
AB




	
p-value

	
0.0045

	
0.0001

	
0.0081

	
0.2800

	
0.0016




	
LSD

	
131.48

	
257.55

	
34.77

	
42.26

	
0.1769








RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: Coffee agroforestry system with the introduction of avocado; CAO: Avocado orchard system; Tukey’s test (p ≤ 0.05) different letters indicate significant statistical differences; p-value: probability value; LSD: Least significant difference.
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Table 3. Soil macrofauna biomass (Mg DM ha−1) by depths and system type.
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System

	
SMB 0–10 cm

Mg DM ha−1%

	
SMB 10–20 cm

Mg DM ha−1%

	
SMB 20–30 cm

Mg DM ha−1%

	
Total SMB

Mg DM ha−1






	
RCS

	
0.88 ± 0.07

	
B 71.5

	
0.30 ± 0.01

	
A 24.4

	
0.044 ± 0.004

	
A 3.2

	
1.23 ± 0.07

	
B




	
IPCS

	
1.46 ± 0.07

	
A 90.1

	
0.14 ± 0.01

	
A 8.6

	
0.017 ± 0.004

	
B 1.03

	
1.62 ± 0.07

	
A




	
CAS

	
0.02 ± 0.11

	
C 100.0

	
Non- existent

	
Non- existent

	
0.02 ± 0.12

	
C




	
CAO

	
0.01 ± 0.11

	
C 100.0

	
Non- existent

	
Non- existent

	
0.01 ± 0.12

	
C




	
p-value

	
0.0001

	
0.0001

	
0.0001

	
0.0001




	
LSD

	
0.364

	
0.0714

	
0.0222

	
0.3919








SMB: soil macrofauna biomass; RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: coffee agroforestry system with the introduction of avocado; CAO: avocado orchard system; Tukey’s test (p ≤ 0.05); different letters indicate significant statistical differences; p-value: probability value; LSD: least significant difference.
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Table 4. Soil organic carbon (Mg C ha−1) and soil total nitrogen (Mg N ha−1), in three depths.
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System

	
SOC

	
Soil

	
STN

	
Soil




	
0–10 cm

	
0–20 cm

	
0–30 cm

	
0–10 cm

	
0–20 cm

	
0–30 cm






	
RCS

	
60 ± 3.9

	
B

	
28 ± 2.0

	
B

	
17 ± 1.5

	
B

	
15 ± 1.6

	
B

	
4.9 ±0.37

	
C

	
2.0 ± 0.15

	
B

	
1.8 ± 0.18

	
B

	
1.1 ± 0.13

	
C




	
IPCS

	
71 ± 3.9

	
B

	
29 ± 2.0

	
B

	
25 ± 1.5

	
B

	
17 ± 1.6

	
B

	
5.6 ±0.37

	
BC

	
2.3 ± 0.15

	
B

	
2.1 ± 0.18

	
B

	
1.3 ± 0.13

	
BC




	
CAS

	
139 ± 6.1

	
A

	
51 ± 3.4

	
A

	
47 ± 2.6

	
A

	
41 ± 2.8

	
A

	
11.7 ± 0.65

	
A

	
4.4 ± 0.26

	
A

	
4.0 ± 0.32

	
A

	
3.3 ± 0.22

	
A




	
CAO

	
74 ± 6.8

	
B

	
32 ± 3.4

	
B

	
24 ± 2.6

	
B

	
18 ± 2.8

	
B

	
7.2 ±0.65

	
B

	
2.7 ± 0.26

	
B

	
2.5 ± 0.32

	
B

	
2.0 ± 0.22

	
B




	
p-value

	
0.0001

	
0.0001

	
0.0001

	
0.0001

	
0.0001

	
0.0001

	
0.0001

	
0.0001




	
LSD

	
22.020

	
10.9649

	
8.5201

	
9.0768

	
2.0950

	
0.8249

	
1.0208

	
0.7187








RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: coffee agroforestry system with the introduction of avocado; CAO: avocado orchard system; different letters indicate significant statistical differences; Tukey’s test (p ≤ 0.05); different letters indicate significant statistical differences; p-value: probability value; LSD: least significant difference.
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Table 5. Carbon (Mg C ha−1) and Nitrogen (Mg N ha−1) in litter (Layer L) and mulch (Layer F).
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System

	
Carbon

	
Nitrogen




	
Layer L

	
Layer F

	
Layer L

	
Layer F






	
RCS

	
0.19 ± 0.06

	
A

	
0.57 ± 0.09

	
B

	
0.007 ± 0.003

	
A

	
0.026 ± 0.004

	
B




	
IPCS

	
0.37 ± 0.06

	
A

	
1.12 ± 0.09

	
A

	
0.014 ± 0.01

	
A

	
0.047 ± 0.004

	
A




	
CAS

	
0.26 ± 0.11

	
A

	
Inexistent

	
C

	
0.010 ± 0.01

	
A

	
Inexistent

	
C




	
CAO

	
0.18 ± 0.11

	
A

	
Inexistent

	
C

	
0.007 ± 0.003

	
A

	
Inexistent

	
C




	
p-value

	
0.2466

	
0.0001

	
0.3762

	
0.0016




	
LSD

	
0.36378

	
0.46832

	
0.0117

	
0.8249








RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: coffee agroforestry system with the introduction of avocado; CAO: avocado orchard system; Tukey’s test (p ≤ 0.05); different letters indicate significant statistical differences; p-value: probability value; LSD: least significant difference.
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Table 6. Carbon in plant biomass (Mg C ha−1).
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System

	
C/N

Layer L

	
C/N

Layer F

	
C/N

0–10 cm

	
C/N

10–20 cm

	
C/N

20–30 cm

	
C/N

(SOC/STN)






	
RCS

	
27 ± 1.5

	
A

	
21.0 ± 0.84

	
B

	
14 ± 1.2

	
A

	
9 ± 1.2

	
A

	
15 ± 2.0

	
A

	
12 ± 1.1

	
A




	
IPCS

	
27 ± 1.5

	
A

	
23.8 ±0.84

	
A

	
14 ± 1.2

	
A

	
13 ± 1.2

	
A

	
15 ± 2.0

	
A

	
14 ± 1.1

	
A




	
CAS

	
25 ± 2.6

	
A

	
Inexistent

	
C

	
12 ± 2.1

	
A

	
12 ± 2.1

	
A

	
13 ± 3.4

	
A

	
12 ± 2.0

	
A




	
CAO

	
22 ± 2.6

	
A

	
Inexistent

	
C

	
13 ± 2.1

	
A

	
10 ± 2.1

	
A

	
10 ± 3.4

	
A

	
11 ± 2.0

	
A




	
p-value

	
0.5192

	
0.0287

	
0.7511

	
0.1524

	
0.5639

	
0.6268

	




	
LSD

	
10.548

	
2.518

	
6.819

	
6.773

	
11.113

	
6.346

	








RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: coffee agroforestry system with the introduction of avocado; CAO: avocado orchard system; Tukey’s test (p ≤ 0.05); different letters indicate significant statistical differences; p-value: probability value; LSD: least significant difference; PBC: total C in plant biomass.













[image: Table] 





Table 7. Carbon/Nitrogen ratios in litter (layer L), mulch (layer F), and soils.






Table 7. Carbon/Nitrogen ratios in litter (layer L), mulch (layer F), and soils.





	
System

	
Trees

	
Shrubs

	
Roots

	
PBC






	
RCS

	
0.8 ± 1.6

	
C

	
32 ± 1.7

	
A

	
6.7 ± 0.4

	
A

	
40 ± 2.6

	
A




	
IPCS

	
2.3 ± 1.6

	
C

	
11 ± 1.7

	
C

	
3.1 ± 0.4

	
B

	
16 ± 2.6

	
B




	
CAS

	
11 ± 1.6

	
B

	
19 ± 1.7

	
B

	
5.4 ± 0.4

	
A

	
36 ± 2.6

	
A




	
CAO

	
31 ± 1.6

	
A

	
Inexistent

	
D

	
6.1 ± 0.4

	
A

	
37 ± 2.6

	
A




	
p-value

	
0.0001

	
0.0001

	
0.0001

	
0.0007




	
LSD

	
7.41

	
7.67

	
1.90

	
11.68








RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: coffee agroforestry system with the introduction of avocado; CAO: avocado orchard system; Tukey’s test (p ≤ 0.05); different letters indicate significant statistical differences; p-value: probability value; LSD: least significant difference; C/N: carbon and nitrogen ratio.
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Table 8. Carbon stored (Mg C ha−1) in the AFS studied.






Table 8. Carbon stored (Mg C ha−1) in the AFS studied.





	
System

	
Aboveground

(Trees + Shrubs) + Roots

	
Stand-Litter

(Litter + Mulch)

	
SOC

	
Total C






	
RCS

	
40 ± 2.6

	
A

	
0.76 ± 0.14

	
B

	
60 ± 3.9

	
B

	
100.07 ± 6

	
B




	
IPCS

	
16 ± 2.6

	
B

	
1.51 ± 0.14

	
A

	
71 ± 3.9

	
B

	
88.64 ± 6

	
B




	
CAS

	
36 ± 2.6

	
A

	
0.26 ± 0.14

	
B

	
139 ± 6.1

	
A

	
175.06 ± 6

	
A




	
CAO

	
37 ± 2.6

	
A

	
0.17 ± 0.14

	
B

	
74 ± 6.8

	
B

	
111.38 ± 6

	
B




	
p-value

	
0.0007

	
0.0004

	
0.0001

	
0.0001




	
LSD

	
11.68

	
0.615

	
22.020

	
27.172








RCS: renovated coffee agroforestry system; IPCS: coffee agroforestry system with intensive pruning; CAS: coffee agroforestry system with the introduction of avocado; CAO: avocado orchard system; Tukey’s test (p ≤ 0.05); different letters indicate significant statistical differences; p-value: probability value; LSD: least significant difference; SOC: soil organic carbon; Total C: total carbon sequestered for AFS.
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