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Abstract

:

Nutrient cycling of the coffee ecosystem is often characterized by nutrient losses during the harvest, tree’s growth, leaching and erosion. The “Coffee Rejuvenation Strategies in Vietnam” has risked not being complete on schedule, with the low survival rate of seedlings on replanted soil, due to the nutrient loss and imbalance supplements after a long-term of monoculture and intensive cultivation. In this study, measures, including biochemical and organic treatments were applied to replanted coffee farm, in order to supplement the loss of nutrient cycling. Survival rate, growth indicators, and soil properties from the controls and treatments, were monitored and compared during the experimental periods. The results suggested the optimal tillage model as follow: Remove old coffee trees with their stumps and roots; liming 1.5 tons/ha; dry tillage soil for the first 6 months; Intercrop Mexican marigold (Tagetes erecta) with new coffee plants for the next 6 months; From the second year, apply 5 kg of microbial organic fertilizer /hole/year; bury 30 kg of green manure/hole/2–3 years; apply NPK fertilizers according to the governmental recommended procedure. This would be a proposed integrating tillage method to supplement the lost nutrients and restore the fertility of replanted coffee soil in Vietnam.
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1. Introduction


Nutrient cycling, one of the most important processes of cropland ecosystems, in general, and coffee ecosystem in particular, is expected to be delivered from agricultural soils [1]. For coffee, nitrogen (N), phosphorous (P) and potassium (K) are the major nutrients that affect the tree’s growth as well as the bean’s yield [2]. Nitrogen is the most important element, which is essential for high-yield production, phosphorus plays an important role for the root system to grow from young to fruit-bearing tree. Meanwhile potassium takes the main contribution to beans’ quality and quantity [3,4]. However, nutrient cycling is often characterized by nutrient losses, which is due to the removal of crops, as well as the inefficiencies in internal nutrient cycling and poor synchronization of nutrient availability with plant demand and nutrient supply [5]. Similarly, the lost nutrients of the coffee ecosystem occurs during the harvest, tree’s growth, leaching and erosion [6]. Therefore, these lost nutrient amounts are made up by the inputs, dominated mainly by fertilizers, and partly from organic matter mineralization.



In Vietnam, coffee is one of the 10 most important export commodities and in the world, Vietnam has ranked second in coffee production after Brazil from the 1990s. Recently, Vietnam’s coffee area is about 720 thousand ha with the production of more than 1700 thousand tons, in which the Daklak province is the biggest coffee region with 204 thousand ha area and 490 thousand tons production [7,8,9]. Due to the sustainable development of the coffee industry, the decision of “Coffee Rejuvenation Strategies in Vietnam” were issued by the government. Accordingly, nearly 28 thousand ha of old, low production and low quality coffee areas would be renewed [2,3,4]. However, the strategy has been at risk of not being complete on schedule due to the low survival rate of seedlings on replanted land [5].



The loss and imbalance supplements of nutrients in the nutrient cycle can be one of the main causes for the low survival rate of coffee seedlings in replanted coffee fields in the Central Highlands of Vietnam. It has been estimated that the major nutrients removed in one ton of coffee green beans per ha may be 33 kg N, 1 kg P2O5 and 30 kg K2O [10]. After a period of nearly 30 to 40 years of monoculture and intensive cultivation of coffee, the soil was seriously degraded due to the loss in nutrient cycling [11]. Moreover, farmers in Vietnam applied unbalanced quantities of chemical fertilizers (i.e., higher rates than recommended) with a constant rate between years. The overuse of chemical fertilizers in Vietnam threatens the sustainability of coffee farming [6]. In particular, local farming customs, with less organic fertilizers, made the soil chemical components become unbalanced and unable to regenerate [12,13]. Re-establishing the balance of chemical components, improving the organic properties of the replanted soil will help solve the mentioned problems [14].



There have been several methods applied to supplement the nutrient loss for replanted coffee plantations. Applying organic matter, including green manure and organic fertilizer has been proved to positively impact on soil organic matter. Organic fertilizer meets part of the crop’s nutritional needs and creates favorable environment for soil microorganisms to develop. It provides growth stimulants for plants to grow and resist unfavorable conditions [15]. It also helps maintain the soil biological balance, as well as preventing the growth of harmful microorganisms in the soil through destruction, antagonistic and inhibiting mechanisms [16]. Intercropping is also an agricultural practice, which improves the organic matter in the soil. In this technique, two or several crops are planted in the same field simultaneously with the main crop to generate a wide variety of yields per land surface [17]. Many kinds of plant and tree have been studied and applied to intercrop with coffee such as palm trees, macadamia, banana [18,19,20]. Individual measures have the effect of improving one or several aspects of soil properties. It is necessary to develop an optimal combination of methods to improve the overall properties of the soil.



In the current work, separate measures including biochemical and organic treatments were applied to replanted coffee plantations. Survival rate, growth indicators and soil nutrient contents from the controls and treatments were monitored and compared during the experimental periods. From these results, a proposed model of fertility restoration of replanted land was built and applied on field site in Daklak province, Vietnam.




2. Materials and Methods


2.1. Site Characteristics


The experiment was carried out in Hoa Dong commune, Krong Pak district, Daklak province. Daklak province (12°40′ N, 108°03′ E, 400–800 m a.s.l), located at Central-Highlands in Vietnam, is the region with tropical highland monsoon climate having two distinct seasons a year with the average temperature 24.3 °C and average rainfall 1688 mm. The rainy season starts from May to October with 80%–85% of annual rainfall and the dry season from November to April next year. The long dry season is a favorable condition for coffee plants to differentiate flower sprouts and concentrate bloom. Weather conditions of the Daklak province are suitable for coffee trees to grow, develop and get high yields [21]. There were no major climatic changes during the time the research was carried out.



Dak Lak province has a total natural land area of 1,308,474 ha divided into 8 main land groups, of which the red-yellow soil group accounts for 73.08% of the total natural land area of the province (956,218 ha). This is a suitable soil group for industrial crops in Dak Lak province, of which coffee is one of the main industrial crops of the province. Among the red-yellow soil group, there is the red-brown soil type developed on basalt with the largest area (290,049 ha), then yellow-red soil type on acid magma rock (249,649 ha), on clay and metamorphic rocks (230,543 ha) and light yellow soil on sandy sand (156,540 ha) [21]. The soil of the experimental area-Hoa Dong commune, Krong Pak district, Daklak province, is finely textured soil with the slope from 2 to 5% and has been classified as Fk (Reddish brown soils on basalt), which correlates with Acric Ferralsols according to World Reference Base for Soil Resources [22,23].




2.2. Materials


The original plants of Coffea canephora at 6-month age and plants of Mexican marigold (Tagetes erecta), at 2-weeks of age, were supplied by the Daklak province plant nursery. Coffee husk compost was made by mixing compost maker and other components, following the method described by NA Dzung and co-workers, and then incubating for 3 months before using [24]. Microbial organic fertilizer was purchased from Song Gianh Corporation, a popular fertilizer brand in Daklak province (Humidity: 30%; Organic matter: 15%; P2O5: 1.5%; Humic Acid: 2.5%; Secondary Nutrients: Ca, Mg, S; Useful Microorganisms: Bacillus 1 × 106 CFU/g, Aspergillus 1 × 106 CFU/g and Azotobacter 1 × 106 CFU/g). The green manure was the remains of leguminous (mung bean plants (Vigna radiate) and black bean plants (Vigna cylindrical Skeels)) after being harvested and Mexican sunflower plants (Tithonia diversifolia), which were collected from crop fields surrounding the experimental area.




2.3. Experimental Setup


The soil in replanted farms was separately applied 2 treatments including biochemical treatment (BCT) to improve soil chemistry, and organic treatment (OGT) to improve soil organic matter and physical properties. After that, proposed models of fertility restoration of replanted soil would be suggested based on the results of the 2 previous treatments (Figure 1).



2.3.1. Biochemical Treatments to Improve Soil Chemistry


Biochemical treatments were conducted for 4 years from 2nd (2015) to 5th (2018) year using biochemical treatments to improve soil chemistry. The experiment was carried out in a randomized complete block design in coffee replanted plantations as follow: Treatments = 5; replication = 4; block area = 250 m2; planting hole size = 3 m × 3 m. River tamarind (Leucaena leucocephala) trees were shade trees (existed before in the replanted coffee field) with spacing 6 m × 24 m and regulate the light in the replanted coffee field. Plants of Mexican marigold (Tagetes erecta) at 2-week age were planted with spacing 3 m × 0.25 m [25]. After being harvested flowers, the residual of marigold plants were cut down and left covering the soil. The soil of the five treatments was removed old coffee trees with their stumps and roots, ploughed and applied lime with the amount of 1.5 tons/ha, then solarized for 6 months in the first treating year and applied NPK fertilizers according to the procedure as follow: 60 kg N; 90 kg P2O5; 40 kg K2O/ha (New planting; 1st year); 90 kg N; 90 kg P2O5; 90 kg K2O/ha (2nd year); 115 kg N; 90 kg P2O5; 120 kg K2O/ha (3rd year). This is the recommended amount given by Vietnamese Ministry of Agriculture and Rural Development based on the nutrient demand and nutrient uptake efficiency of C. Canephora [26]. The detail of each treatment was presented in Table 1.




2.3.2. Organic Treatments to Improve Soil Organic Matter and Physical Properties


In the organic treatments experiment, the remains of leguminous and Mexican sunflower (Tithonia diversifolia) were used as the green manure to improve soil organic matter and physical properties. The experiments were conducted for 4 years from 2nd (2015) to 5th (2018) year in a randomized complete block design in coffee replanted plantations as follow: treatments = 5; replication = 4; block area = 250 m2; planting hole size = 3 m × 3 m. Coffee trees were grown under the weak-direct-sunlight regulated by shade trees River tamarind (Leucaena leucocephala) with spacing 6 m × 24 m (existed before in the replanted coffee field). The soil of the five formulations was removed old coffee trees with their stumps and roots, applied lime with the amount of 1.5 tons/ha, then solarized for 6 months in the first treating year and applied NPK according to the procedure as follow: 60 kg N; 90 kg P2O5; 40 kg K2O/ha (New planting; 1st year); 90 kg N; 90 kg P2O5; 90 kg K2O/ha (2nd year); 115 kg N; 90 kg P2O5; 120 kg K2O/ha (3rd year). The detail of each treatment was presented in Table 2. Green manure was manually left covering on the soil (around the coffee trees) in OGT2 and OGT3 cases, or buried directly into the soil (in ditches near the coffee trees) in OGT4 and OGT5 cases. Lime was applied only before the last rake to avoid loss or unevenness. Bio-preparations were applied before planting.





2.4. Soil Characteristics


The organic matter was measured by the Walkey-Black method (potassium dichromate oxidation) [25]. The total nitrogen (N) was measured using the Kjeldahl method [27]. Available phosphorus (P) was extracted using the Mehlich III Extractant followed by quantification in a UV-Vis spectrophotometer [28]. Available potassium (K) was extracted by leaching NH4OAc and analyzed by flame emission spectrometry [29].




2.5. Data Collection and Analysis


The survival rate of the coffee plants was determined by the following formulation,


   Survival   rate     ( % )   =     B − A   A     ×   100 %   



(1)




where: A was the total of dead plants and plants with yellowing leaves and B was the total experimental plants.



Survival rate, tree height, stump diameter, canopy diameter and number of branch pairs were monitored, as well as soil properties were determined in every experimental year. Bean productivity was recorded in the last 2 experimental years. Differences in means between treatments were tested, by one-way ANOVA, with subsequent post comparisons of mean (LSD test, at p = 0.05). The data was aggregated and analyzed using the Statistic Analyze Software of Excel.





3. Results and Discussion


3.1. Proposed Techniques to Improve of Soil Chemistry


To improve the chemical properties of replanted soil, four biochemical treatments (BCT2 to BCT5) combining soil preparation, liming, intercropping with green manure, etc. were applied to compare to the control (BCT1). The survival rate and growth indicators of coffee plants in 3 years from second to fourth year as well as productivity of the third and fourth years were also monitored. Because of the correlations of survival rate and growth indicators between years, and the yield in the early years tended to be stable over time, the results of survival rate and growth indicators and fresh berry yield in the fourth year of cultivation were chosen to be presented in Table 3.



In general, treatments (from BCT2 to BCT5) had higher survival rate, growth indicators and fresh berry yield than the control (BCT1). In particular, although BCT2, BCT3, BCT4 and BCT5 were not statistically different to each other, BCT4 appeared to have the highest values of survival rate, growth indicators and fresh berry yield (p < 0.05).



To be able to identify how the four treatments (from BCT2 to BCT5) changed the soil chemistry compare to the control (BCT1), the main soil chemical components of soil after 4 years of coffee cultivation was analyzed including total organic matter, total nitrogen, available phosphorus and available potassium. The results were presented in Figure 2. For total organic matter, treatments (from BCT2 to BCT5) had higher values in range of 2.18%–2.35% compared to BCT1 with 2.03%. All the treatments in the experiment were statistically different in the total nitrogen, in which BCT4 reached the highest values of 2.31‰ (p < 0.05). Similar to organic matter, available phosphorus values of treatments were higher than the control and ranged from 15.9 to 16.6 mg/100 g of soil. Among 4 chemical soil values, the treatments made the clearest changes in available potassium. The available potassium values of these treatments ranged from 11.7 to 13.4 mg/100 g of soil, while the control reached 10.3 mg/100 g of soil.



Between biochemical treatments, BCT4 and BCT5 appeared to have the highest index of survival rate, growth indicators and fresh berry yield (p < 0.05). In BCT4 treatment, old coffee trees with their stumps and roots were removed and soil was limed 1.5 tons/ha then solarized for the first 6 months, after that Mexican marigold (Tagetes erecta) was intercropped with new coffee plants for the next 6 months; during cultivating, microbial organic fertilizer was applied with 5 kg/hole/year and NPK were applied according to the governmental recommended procedure. Compared to the control (BCT1), the liming and intercropping contributed to the soil fertility. Indeed, liming has been a traditional practice, often applied to soils to restore Calcium and Magnesium availability for plants and adjust soil acidity [30,31]. Intercropping has been proven to enhance soil quality by integrating organic materials from the trees or crops into the soil, resulting in an improvement of both physical (porosity) and chemical soil properties (soil pH, enzymes) [32]. Moreover, Mexican marigold intercropping was reported to help reduce nematodes and other pathogenic microorganisms, leading to the improvement in survival rate and growth indicators of the coffee trees [9,33,34]. When BCT4 treatment was designed, microbial organic fertilizer was expected to have effective impacts on soil properties due to the previous results [35,36]. However, the result in the current research showed a quite faint role of microbial organic fertilizer on soil property improving. This might due to the low treated amount of microbial organic fertilizer used (5 kg of microbial organic fertilizer/hole/year compared to 20 kg of manure or coffee husk compost/hole/year). Despite this, microbial organic fertilizer still has been expected to improve soil properties in long term treating. In BCT5, 20 kg of coffee husk compost was applied instead of 5 kg of microbial organic fertilizer in BCT4. A low or medium dose of compost, applied with green manure, was reported to be a viable alternative for the nutrition of coffee plantations. The result of BCT5 in this study is consistent with the previous study [11]. Between BCT4 and BCT5, BCT4 appears to be more dominant in terms of survival rate, growth indicators and soil nutrient components. This may be due to the contents of available nutrients in microbial organic fertilizer being higher and better in meeting the nutrient demands of the coffee plants, comapred to the coffee husk compost. From the results of biochemical treatments, BCT4 which intercroped Mexican marigold (Tagetes erecta) with new coffee plants in the first year and applied 20 kg of coffee husk compost/hole/year was the chosen technique to improve the soil chemistry of replanted coffee fields.




3.2. Proposed Techniques to Improve of Soil Organic Matter


Due to the long-term monoculture and intensive cultivation of coffee, using amount of high primary-, less secondary- and almost no trace-element chemical fertilizers, as well as no organic fertilizers, the soil chemical components have become unbalanced and not regenerated, leading to changes in the chemical, physical and biological properties in a way that is unfavorable for Robusta coffee in the next cycle. Organic treatments such as covering and burring green manure techniques were applied to improve the organic matter of replanted soil. The brief results, including survival rate, growth indicators and fresh berry yield in the fourth year of cultivation were presented in Table 4.



There was a clear contrast between groups with and without green manure treatment. All groups covering or burying green manure had higher survival rates, growth indicators, and fresh berry yields than the control. However, there was no statistical difference between green manure treatments in this index (p < 0.05).



The main soil chemical components of soil after 4 years of coffee cultivation including total organic matter, total nitrogen, available phosphorus and available potassium were identified so that it could be analyzed how the four treatments (from OGT2 to OGT5) affected the soil chemistry compare to the control (OGT1) (Figure 3).



The evaluation of coffee soil, showed that after 4 years of implementing organic complementary solutions for coffee growing soil by green manure treating, quite clearly showed an increase in the total organic matter (from 2.08 up to 2.37%), total nitrogen (from 1.792 up to 2.39‰), available phosphorus (from 13.8 up to 16.7 mg/100 g of soil) and available potassium (from 10.1 up to 13.6 mg/100 g of soil). Among the treatments, OGT5 which was buried 15 kg of green manure/hole/year for the first 2 years seemed to be the best organic treatment with the highest values of the 4 observed chemical index.



Besides intercropping of short-term crops with coffee, covering or haft burying crop cutting and pruning residues on/into the soil have also been useful techniques in improving the organic properties of soil [37,38]. The results of plant survival rates, growth indicators and soil main components from organic treatment experiments (OGT2 to OGT5) compared to the control (OGT1) reaffirmed this fact. A closer look at the results between organic treatment samples showed that burying green manure into the soil improved plant survival rate, growth indicators and soil properties better than covering. Composting might occur faster and the decomposition products could concentrate better for the coffee plants when the green manure was buried in the soil. However, the differences between the treatments that buried green manure (OGT4 and OGT5) were insignificant. Therefore, both OGT4 and OGT5 could be the chosen techniques to improve the soil organic matter of replanted coffee fields.



In summary, the current study examined and compared the effects of the two treatments including biochemical treatments and organic treatments on supplementing the loss in nutrient cycling for replanted coffee soil. Total organic matter within the soil contains all of the essential plant nutrients hence serves as a storehouse of plant nutrients and as an agent to improve soil structure, maintain tilt and minimize erosion also [39]. However, total organic matter contents of all biochemical treated soils and organic treated soils were lower than the expected range of 3%–10% [40]. This is mainly due to the long-term monoculture of coffee trees with less or almost no organic matter supplying. A positive sign was that although the total organic matter of the soil after 4 years been treated had not reached 3%, it has been on the rise. Organic matter accumulation is a long process. Therefore, in order to recover the chemical and organic properties of replanted soil, the rate of organic matter addition from crop residues, manure and any other sources must be higher than the rate of decomposition, and take into account the rate of uptake by plants and losses by leaching and erosion.





4. Conclusions


Biochemical and organic treatments, of which liming, short-term crop intercropping, microbial organic fertilizer and green manure covering/burying were applied, helped improving coffee plant growth indicator and survival rates. The soil main components including total organic matter, nitrogen and available phosphorous, potassium of treated samples were increased compared to the controls. Among the treatments, the organic treatments OGT4, OGT5 and the biochemical treatment BCT4 performed the best effects on the fertilities of replanted coffee soil. Based on these, the proposed procedure to improve replanted soil fertility for coffee cultivation in Daklak province, Vietnam was suggested as follow: In the first year, remove old coffee trees with their stumps and roots; liming 1.5 tons/ha; solarize soil for the first six months; Intercrop Mexican marigold (Tagetes erecta) with new coffee plants for the next six months; from the second year, apply 5 kg of microbial organic fertilizer /hole/year; bury 30 kg of green manure/hole/2–3 years; apply NPK according to the governmental recommended procedure. Although the proposed procedure combined the best results of the biochemical and organic treatments, the interaction between the two techniques affect soil properties when applied together should be carefully examined. In the first cultivating year in particular, the remainder of marigold (in biochemical treatment) is cut down and becomes green manure covering the soil surface. Hence, the application of green manure (in organic treatment) should be adjusted so that the total applied green manure does not exceed the needs of the coffee plants, which can increase the potential for environmental pollution from the high level of P. Moreover, the effects of the proposed procedure on the quality coffee beans should also be further investigated.
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Figure 1. Flow chart of research on supplementing the loss of nutrient cycling for replanted coffee soil. 
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Figure 2. The contents of total organic matter (a), total nitrogen (b), available phosphorus (c) and available potassium (d) in the soil at the 4th cultivating year by biochemical treatments. BCT, biochemical treatment. Bars show means ± SD. Bars with the same letters are not statistically different based on the least significant difference at p < 0.05. 
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Figure 3. The contents of total organic matter (a), total nitrogen (b), available phosphorus (c) and available potassium (d) in the soil at the 4th cultivating year by organic treatments. OGT, organic treatment. Bars show means ± SD. Bars with the same letters are not statistically different based on the least significant difference at p < 0.05. 
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Table 1. Biochemical treatments to improve soil chemistry.






Table 1. Biochemical treatments to improve soil chemistry.





	Treatment
	Description





	BCT1
	Crop new coffee plants in the 1st year; No biochemical treatment



	BCT2
	Crop Mexican marigold (Tagetes erecta) in the 1st year; Crop new coffee plants in the 2nd year; Apply 20 kg of manure/hole/year



	BCT3
	Intercrop Mexican marigold (Tagetes erecta) with new coffee plants in the 1st year; Apply 20 kg of manure/hole/year



	BCT4
	Intercrop Mexican marigold (Tagetes erecta) with new coffee plants in the 1st year; Apply 5 kg of microbial organic fertilizer/hole/year



	BCT5
	Intercrop Mexican marigold (Tagetes erecta) with new coffee plants in the 1st year; Apply 20 kg of coffee husk compost/hole/year







BCT, biochemical treatment.
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Table 2. Organic treatments to improve soil organic matter and physical properties.






Table 2. Organic treatments to improve soil organic matter and physical properties.





	Treatment
	Description





	OGT1
	No organic treatment



	OGT2
	Cover 10 kg of green manure/hole/year for the first 3 years



	OGT3
	Cover 15 kg of green manure/hole/year for the first 2 years



	OGT4
	Bury 10 kg of green manure/hole/year for the first 3 years



	OGT5
	Bury 15 kg of green manure/hole/year for the first 2 years







OGT, organic treatment.
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Table 3. Survival rate, growth rate and fresh berry yield by biochemical treatments.
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	Treatment
	Survival Rate (%)
	Tree Height (cm)
	Stump Diameter (cm)
	Canopy Diameter (cm)
	No. of Primary Branch
	No. of Secondary Branch
	Fresh Berry Yield (kg/ha)





	BCT1
	72.0 a
	116.5 a
	2.83
	185.6 a
	13.0
	6.9 a
	6969.0



	BCT2
	81.3 b
	121.4 b
	3.59 a
	192.3 ab
	14.8 a
	8.3 ab
	8163.0 a



	BCT3
	80.0 ab
	122.6 b
	3.52 a
	200.0 bc
	15.1 a
	7.8 b
	8596.5 b



	BCT4
	82.5 b
	127.9
	3.78 b
	205.6c
	15.4 a
	8.2 b
	8668.0 b



	BCT5
	80.0 ab
	122.5 b
	3.57 ab
	199.7 bc
	14.8 a
	7.9 b
	8453.5 a



	LSD0.05
	5.61
	4.92
	0.24
	9.04
	0.68
	0.63
	378.21







BCT, biochemical treatment. LSD, Least significant difference. Means with the same letters are not statistically different based on the least significant difference at p < 0.05.
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Table 4. Survival rate, growth rate and fresh berry yield by organic treatments.
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	Treatment
	Survival Rate (%)
	Tree Height (cm)
	Stump Diameter (cm)
	Canopy Diameter (cm)
	No. of Primary Branch
	No. of Secondary Branch
	Fresh Berry Yield (kg/ha)





	OGT1
	71.3 a
	115.9
	2.73
	187.6
	13.0
	6.5
	6869.5



	OGT2
	77.5 ab
	123.2 a
	3.20 a
	194.2 a
	14.4 a
	7.7 a
	7580.5 a



	OGT3
	78.8 b
	123.6 a
	3.23 a
	198.5 a
	14.7 ab
	7.9 ab
	7949.8 a



	OGT4
	78.7 b
	129.6 b
	3.20 a
	204.7 b
	15.7 b
	8.5 b
	8019.0 ab



	OGT5
	86.2
	130.0 b
	3.42
	205.4 b
	15.9 b
	8.6 b
	8283.5 b



	LSD0.05
	3.67
	2.92
	0.09
	2.97
	0.61
	0.36
	350.16







OGT, organic treatment. LSD, Least significant difference. Means with the same letters are not statistically different based on the least significant difference at p < 0.05.
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