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Abstract. Agroforestry combines trees and crops for sustainable benefits. We explore rubber and canna integration 

into agroforestry, emphasizing sustainability, biodiversity, and carbon sequestration. This study assesses C. 

indica's viability beneath 7-8-year-old rubber plantations, examining its impact on soil, microbial communities, and 

latex production. The research site in Subang, Indonesia, features, at the beginning, six-year-old rubber trees with 

variations in sunlight under canopies. Wild C. indica            rhizomes from Mid Java are planted beneath rubber trees and 

open ground. No significant difference was found in plant height, rhizome weight, leaf area, number of leaves, r/s 

ratio, SLA, LWR, and LAR between C. indica cultivated beneath rubber trees (RC agroforestry) and on open 

ground. Although not significant, RC soil had higher N, P, K, and organic C levels than rubber monoculture (RM) 

soil two years after adopting the rubber-canna agroforestry system. After six years, RC soil had a greater pH, C, N, 

P, and K, clay and silt content,   and Shannon E index than RM soil. Analysis of soil metagenomics showed the 

phylum Proteobacteria dominates and enhances soil fertility, particularly in RC soils. These results increase latex 

output at the RC site over the RM location. In conclusion, the  Rubber-Canna agroforestry system enhances 

sustainability, soil fertility, and crop yield, addressing food security and environmental concerns. The primary 

novelty of this six-year study lies in the integration of C. indica into Southeast Asia's rubber agroforestry systems, 

highlighting its unique characteristics such as low-light survival, which can contribute to food security and soil 

protection. 
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INTRODUCTION 

Agroforestry systems have emerged as 

sustainable land-use practices that combine the 

cultivation of  trees with agricultural crops, 

creating sustainable agricultural practices that 

provide many ecological, economic, and social 

benefits (Dollinger & Jose, 2018; Wilson & 

Lovell, 2016). One particular form of agroforestry 

is incorporating rubber trees (Hevea brasiliensis) 

with various crops and tree species to create a 

symbiotic and productive environment. 

Rubber, derived from the H. brasiliensis tree, 

is a crucial cash crop with substantial global 

economic     importance. Globally, rubber supports 

the live of more than 40 million people with 90% of 

production being smallholders (Pinizzotto et al., 

2021). Even though the conventional rubber 

monoculture  system is plagued by issues such as 

soil degradation, loss of biodiversity, and 

susceptibility to diseases and pests (Drescher et al., 

2016; Jiang et al., 2017), several studies have 

demonstrated that rubber plantations can help 

mitigate the impact of climate change. Brahma et 

al. (2018), for instance, highlight the significance 

of increasing carbon stocks as a sustainable 

practice. Utilizing  rubber woods and natural 

rubber reduces the demand for synthetic 

elastomers and, consequently, fossil fuel 

consumption (Pinizzotto et al., 2021). In addition, 

it was reported that rubber plantation  have lower 

transpiration rates than oil palm plantations, 

thereby reducing the risk of water shortage  (Merten 

et al., 2016). 

The integration of rubber plantations into 

agroforestry systems offers various advantages, 
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including ecological, economic, and social 

benefits. It can increase land productivity by 

utilizing available space more efficiently and 

allowing the growth of diverse plant species 

alongside rubber trees (Lin et al., 2018). 

Intercropping rubber trees with various crops 

helps improve soil fertility, reduces soil erosion, 

and promotes nutrient cycling, resulting in better 

conservation of soil resources (Chen et al., 2017). 

Rubber agroforestry systems also provide habitat 

for various plant and animal species, promoting 

biodiversity and contributing to ecosystem 

stability. In addition, these systems aid in carbon 

sequestration and help mitigate climate change 

(Schroth et al., 2015). Liu et al. (2018) reported 

that introducing a leguminous shrub to a rubber 

plantation improved soil carbon and nitrogen 

fractions and ameliorated soil environments. This 

suggests that adopting rubber agroforestry 

practices can provide benefits without 

compromising yields and help mitigate the 

environmental problems associated with rubber 

monoculture. 

In Southeast Asia, several plant species have 

been used in rubber agroforestry, for example, 

cacao (Theobroma cacao), coffee (Coffea spp.), tea 

(Camellia sinensis), durian (Durio zibethinus), and 

banana (Musa sp.) (Liu et al., 2016). Traditional 

medicinal plants such as Flemingo macrophylla, 

Alpinia oxyphylla, Amomum longiligulare, and 

Morinda officinalis have also been reported 

planted with rubber in an agroforestry setting (Liu 

et al., 2021). Besides rubber, other commercial 

plantations have also applied agroforestry 

systems. Indonesia provides an excellent  example 

of how smallholders’ adoption of agroforestry 

systems has promoted sustainable agriculture 

(Roshetko et al., 2013) in agroforestry with 

teakwood (Tectona grandis). 

Unfortunately, the majority of plant species 

used as intercropping are not carbohydrate-

producing        staple dietary alternatives. On the 

other hand, it is essential to cultivate 

carbohydrate-producing species such as C. indica 

if we were to establish food resilience and help 

eliminate world hunger through food 

diversification. C. indica has the potential to be 

developed as an alternative to rice as a source of 

flour, in addition to its other uses (medicinal, 

animal feed, etc.). Its ability to survive in a low-

light environment could help minimize forest slash 

and burning for agriculture, an activity that still 

occurs (Murdjoko et al., 2022). In addition to its 

role as a carbohydrate producer, C. indica is ideal 

to be used as an intercropping plant because of its 

unique  characteristics and ecological functions. Its 

large leaves can serve as a natural weed 

suppressant, reducing the need for herbicides, 

while at the same time protecting the soil 

underneath it from direct rainfall, thereby 

minimizing splash erosion. 

There are few studies that investigate the light 

development requirements of C. indica; however, 

Sasaerila et al. (2019; 2021) reported that C. 

indica can tolerate low to high light levels. To 

date, however, little is known about the ability of 

C. indica to survive beneath matured rubber stands 

in a rubber plantation and both its short- and long-

term impact on latex production. This study 

examined the viability of C. indica planted 

underneath 7-8-year-old rubber trees, its effect on 

the chemistry, physics, and biology of the soil, and 

latex yield. We applied a metagenomic approach     to 

study soil biology. Soil microbes are a crucial 

contributor to essential ecological biogeochemical 

processes, supporting plant nourishment and soil 

well-being (Arias et al., 2005; Lelario et al., 2018; 

Maeder et al., 2002; Sofo et al., 2018). The 

presence of abundant soil microorganisms leads to 

higher disease control because it creates stable 

conditions in the soil (Zhang et al., 2017). In 

addition, plants can impact the variety of soil 

microorganisms through the release of root 

exudates, which induce physical and chemical 

alterations in the rhizosphere, consequently 

influencing the diversity of soil microorganisms 

(Zhou et al., 2022). This study compared the 

diversity of microbial communities from soil 

under rubber monoculture (RM) and rubber-canna 

(RC) agroforest after six years of its 

implementation. Analysis was done by direct 

extraction of DNA, characterization of culturable 

and non-culturable microorganisms, and 

metagenomics analysis.  

The purpose of this research is to enhance our 

understanding of the potential benefits and 

challenges associated with integrating C.indica 

into rubber agroforestry systems, with a focus on 

ecological and metagenomic aspects. The 

implications extend to addressing key challenges 

in agriculture, such as food security and 

environmental sustainability. 

METHODS 

Experimental Site and Plant preparation 
 

This research was conducted in the rubber 

plantation of PTPN 8, blocks 9 and 10, Soklat- 

Pasirkareumbi, Subang, West Java, Indonesia (6o 
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34’ 3” S, 107o 47’ 0” E). The age of the rubber 

trees that were used at the beginning of this 

experiment were six years old. Both block 9 and 

block 10 had not been fertilized for the past seven 

years before this experiment and continued as such 

until this experiment was terminated in 2023. 

Ratios of light intensity and the temperature 

between open ground and beneath rubber trees 

were measured four times during this experiment: 

January and June 2018, July and November 2019. 

Rainfall, temperature, and humidity data were 

taken from Indonesia’s Agency for 

Meteorological, Climatology and Geophysics 

(BMKG) Subang. Light measurements were done 

using a Lux Meter (LX-1010B), and the 

temperature was measured using a digital 

hygrometer (Sanfix TH-308). 

C. indica plant materials 

Rhizomes of wild C. indica of white cultivar 

were used in this experiment, obtained from 

Gombong, Kebumen, Mid Java, Indonesia. 

Samples of this rhizome were sent to the National 

Research and Innovation Agency (BRIN) for 

identification and confirmed that they were C. 

indica. Before planting, the rhizomes were washed 

with tap water and cut into small pieces (± 5 cm, 

± 50 g), each with a growing nodal point. The 

rhizomes were directly planted in the experimental 

plots that had been previously prepared to a depth 

of approximately 10 cm below the soil surface. 

Twenty days prior to planting, the 

experimental plots beneath the rubber trees were 

randomly selected, cleared of grasses, and tilled. 

Fourteen days before planting rhizomes, manure 

was added and thoroughly mixed with the soil. 

During the duration of this experiment, no 

additional fertilizer  or pesticide was used. 
 

Experiment 1: Effects of implementing rubber-

canna agroforestry on latex yield 

This study was conducted between July 2017 

and August 2023, applying a completely 

randomized    block design with two treatments and 

three replicates. The treatments consisted of: 1. 

Rubber Monoculture (RM) plots containing only 

rubber trees, and 2. Rubber-Canna (RC) 

agroforestry plots in which C. indica was planted 

as an intercropping plant between rubber trees 

(Figure 1A, 1B). The average distance between 

rubber trees is 1.5 meters. C. indica plants were 

planted 1 m apart from other C. indica plants and 

1 m from rubber trees. Each treatment was 

administered in a 25 x 25 m plot, with three plots 

per treatment in Block 9 for the RM and Block 10 

for the RC agroforestry treatment. To maintain the 

independence of each treatment, the distance 

between the RM     and RC sites was maintained to 

be more than 100 m away. There were a total of 

321 rubber trees in each treatment. Employees of 

PTPN 8 tapped (harvested) the latex regularly in 

accordance with  the company's harvest schedule. 

Latex production data for all treatment plots were 

collected from  the company. 

 

 
Figure 1. Field experimental layout A. Rubber monoculture (RM); B. 

               Rubber-Canna agroforestry (RC); C. Canna monoculture (CM). 

 

Experiment 2: Effect of rubber leaf shade on the 

growth of intercropped C. indica 

An experiment with two treatments was 

conducted to determine whether C. indica can 

grow under a          light-reduced environment caused by 

the rubber leaves. Two 5 x 10 m sites were chosen 

at random, one for the Canna monoculture site and 

the other for the Rubber-Canna (RC) agroforest 

site. The RC  plot consisted of C. indica planted as 

an intercropping plant between rows of rubber 
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trees, whereas the CM plot consisted only of C. 

indica planted on open ground, with no light 

restriction by rubber leaves (Figure 1B, 1C). In 

preparation for planting, grasses were eliminated, 

and the soil was tilled. Each treatment plot was 

planted with 20 rhizomes of C. indica. To maintain 

the independence of each treatment, the distance 

between the RC and CM sites was more than 100 

meters. This experiment was carried out twice, 

once in 2018 and repeated in 2019, at the same sites 

using identical planting protocols as used for the 

previous experiment done in 2018. 

Experiment 2 was running from February to 

September 2018. After sampling and 

measurement were done, experimental plots were 

left alone for four months, after which Experiment 

2 was repeated, also from February to September 

2019, using the previous hole to plant C. indica. 

Eight months after planting, five randomly 

selected C. indica were harvested from each 

treatment plot for measurements. Measured 

parameters include plant height, rhizome dry 

weight, leaf area, number of leaves, specific leave 

area (SLA), leaf weight ratio (LWR), and leaf area 

ratio (LAR). Subsequently, samples were 

transported to the laboratory for oven drying. The 

plant components were oven-dried at a 

temperature of 80oC for 48 h or until a constant 

weight was achieved, indicating no further 

changes in weights. 

Soil physics and chemical analysis 

To examine its physical, chemical, and 

biological properties, soil samples were collected 

in three replicates at a depth of 10 cm after 

removing the litter horizon at each site. Each soil 

sample, which contained a mixture of five 

subsamples and weighed around 2 kg per 

replicate, was taken from each experimental plot 

in a diagonal pattern, four samples from each 

corner and one sample from the center. Soil from 

each sample point was mixed thoroughly, placed in 

a plastic bag, and brought   back to the university lab 

for further analysis. In the laboratory, the root, 

stones, and litter debris were carefully removed 

from soils, and each soil samples were kept at a 

constant temperature of 25±2oC. Each sample was 

divided into two parts: one part was used to 

determine the physical properties of soil, while the 

other was used to determine chemical properties, 

enzyme activity, and metagenomics analysis. 

Soil chemical analysis was conducted at the 

commercial laboratory of Unilab, Kebayoran 

Lama, Jakarta Selatan, Indonesia, by using 

established methods: total N (Kjeldahl method), 

available P (Bray II and molybdenum-blue 

method), exchangeable K (1 N NH4OAc, pH 7 

and flame photometry method), soil pH (pH 

meter). To investigate soil microbial activities, 

two methods were applied: 1. Assessment of 

hydrolysis of fluorescein diacetate [3′, 6′- diacetyl 

fluorescein (FDA)] as described in Patle et al. 

(2018), was done in Universitas Al Azhar 

Indonesia laboratory, and 2) Metagenomic 

analysis was done using two steps, which are DNA 

extraction and nanopore sequencing and followed 

with bioinformatics analysis. 

For Bulk density measurement, five soil cores 

were randomly collected using a can cylinder (7.5 

cm in diameter and 7.5 cm in height, and 

transported to the laboratory for measurement. 

The bulk density (BD) and soil moisture content 

(SMC) were calculated using the following 

formulas: 

 

 
 

Note: WSCD is the weight of the cylinder with fresh soil; WESC is the weight of an empty can cylinder; 

WSAT weight of the saturated sample 

 

DNA extraction 

Six soil samples consisted of 3 samples from 

RC agroforest sites and 3 samples from RM sites 

were used for DNA extraction. Each soil sample 

contains 3 composites taken from 3 different soil 

sampling points. Each soil composites then 

homogenized, and 5 grams were collected for DNA 

extraction. Total soil DNA was extracted using 

Quick-DNA Fecal/Soil Microbe Miniprep Kit 

(Zymo Research) according to the protocols of the 

manufacturer. First, DNA was extracted after 

bacterial cell lysis via mechanical homogenization 
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and purified using column-based methods. 

Removal of inhibitors and continued with 

collecting the DNA with buffer elution. DNA 

concentration was determined using both 

NanoDrop spectrophotometers and Qubit 

fluorometers. The quality of DNA was visualized 

using 1% agarose electrophoresis. 

Nanopore sequencing and bioinformatics 

analysis 

Library preparations were prepared using the 

16S barcoding kit from Oxford Nanopore 

Technology according to the manual of the 

manufacturer. A total of 6 libraries were mixed in 

equal concentration and used further used for 

sequencing using GridION (Oxford Nanopore 

Technologies). GridION sequencing was operated 

by MinKNOW software version 20.06.9. Base 

calling was performed using Guppy version 4.0.11 

with high accuracy mode (Wick et al., 2019). The 

quality of FASTQ files was visualized using 

NanoPlot (De Coster et al., 2018). Only reads with 

a length above 1000 base and has quality score 

>8.0 were used for further analysis. Filtered reads 

were classified using a Centrifuge classifier (Kim 

et al., 2016). The bacteria and Archaea index was 

downloaded from the centrifuge website 

(https://ccb.jhu.edu/software/centrifuge). 

Downstream analysis and visualizations were 

performed using Pavian (https://github.com/ 

fbreitwieser/pavian) and Krona Tools (https:// 

github.com/marbl/Krona). Statistical analysis was 

performed using  Microsoft Excel. 

Statistical Analysis 

To assess the impact of treatments, analysis 

of variance (ANOVA) was performed using the R- 

studio 2022.12.0+353 statistical package. One-

factor ANOVA was deployed to compare 

treatment effects. The least significant difference 

(LSD at 0.05 level of probability) test was applied 

to assess  the differences between means. 

RESULTS AND DISCUSSION 

Experimental Conditions 

Under the 6 to 7-year-old rubber trees, the 

quantity of sunlight received varied between 10 

and 50  percent less than on open ground. During 

the dry months, when there was less than 100 mm 

of precipitation and 0 rainy days, rubber trees lost 

their leaves, producing a similar light condition to 

that of the open ground (Figure 2). The data for 

temperatures exhibited a similar pattern. The 

ambient temperatures beneath the rubber trees 

were approximately 2 to 6 oC cooler than those on 

the open ground. The least difference in 

temperature was also observed during dry months 

when  the majority of rubber trees had shed their 

leaves. On days with clear, bright sunshine, the 

warmest temperature and most intense solar 

radiation occurred between 12:30 and 13:30. 

Rubber    plants have been observed to discard 

leaves in response to dry conditions (e.g., 

Giambelluca et al., 2016; Kobayashi et al., 2014). 

 

 
Figure 2.   Rubber trees lose their foliage, stimulating the light and 

        temperature conditions of an open field. 
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Table 1. Light intensity and Temperature conditions during Rubber-Canna Agroforestry   experiment 

Jan-18 Light Intensity ± SD (Lux) Temperature (oC) 

 

Time 

 

Open ground 

Under Rubber % sunlight 

reduction 

Open 

ground 

Under Rubber Temp. diff. 

10.00-11:15 84795±155 43757±106 52 28±1 24±0 -4 

12:00-12:15 98751±465 59867±74 61 30±1 24±0 -6 

14:00-14:15 60643±100 35677±248 59 30±1 24±1 -6 

16:00-16:15 21194±391 10578±158 50 28±1 24±0 -4 

Jun-18       

10.00-11:15 84363±524 54836±340 65 27±0 27±0 0 

12:00-12:15 99015±408 81610±141 82 30±0 29±0 -1 

14:00-14:15 60566±872 48673±244 80 30±0 29±0 -1 

16:00-16:15 20654±1025 12290±306 60 30±0 28±0 -2 

Jul-19       

10.00-11:15 86579±310 55506±319 64 29±0 29±0 0 

12:00-12:15 99618±134 90673±120 91 31±0 30±0 -1 

14:00-14:15 60425±124 54673±244 90 31±0 30±0 -1 

16:00-16:15 21869± 17233±211 79 29±0 29±0 0 

Nov-19       

10.00-11:15 84851±156 54892±82 65 27±0 24±0 -3 

12:00-12:15 99499±218 63569±386 64 31±0 25±0 -6 

14:00-14:15 61771±209 36562±420 59 31±0 25±0 -6 

16:00-16:15 20740±157 11856± 57 26±0 24±0 -2 

 

The effect of rubber shade on C. indica growth 

No statistically significant differences were 

observed in plant height (F = 2.34, p = 0.15), 

rhizome dry weight (F = 2.23, p = 0.15), number of 

leaves (F = 1.16, p = 0.37), leaf area (F = 1.58, p 

= 0.24), specific leaf area (F = 1.20, p = 0.27), leaf 

weight ratio (F = 0.40, p = 0.84), and root/shoot 

ratio (F = 0.32, p = 0.58) between C. indica plants 

grown under rubber trees (Rubber-Canna, RC) 

agroforestry system in both years of the 

experiments, 2018 and 2019 (Table 2). The growth 

patterns seen in this experiment were similar to 

those seen in the previous study, which showed 

that C. indica can adapt to different light 

situations. For example, a greenhouse study 

showed that C. indica can grow best when exposed 

to 25% natural light (Sasaerila et al., 2019; 2021).

 

Table 2.  Mean values for growth parameters of C. indica grown beneath six- to seven-year-old rubber  

   trees (rubber-canna agroforestry, RC) versus canna monoculture (CM). Experiments were  

   conducted twice, the first in 2018 and the second in 2019 

Y e a r 

Growth parameters 2018 2019 

Canna 

Monoculture 

Rubber-Canna 

Agroforestry 

Canna 

Monoculture 

Rubber-Canna 

Agroforestry 

Plant height (cm) 60.5±9.5 104.5±28.2 113.6±7.3 107.3±12.2 

Rhizome dry weight (g) 86.2±20.65 74.0±29.2 86.6±12.9 50.92±4.6 

Root dry weight (g) 6.5±1.55 4.7±1.23 3.37±0.5 5.95±1.1 

Leaf area (cm2) 318.8±41.1 344.2±48.7 1914.8±627.6 1576.2±518.7 

Number of leaves 26.6±3.9 19.6±2.1 48.2±8.6 45.2±7.3 

Root to Shoot ratio 1.018±0.094 1.589±0.65 0.73±0.06 0.540±0.09 

SLA 11.66±1.64 19.32±5.85 54.41±24.2 32.99±11.1 

LAR 2.25±0.60 2.56±0.32 12.67±4.7 8.13±3.1 

LWR 0.18±0.04 0.16±0.04 0.27±0.002 0.26±0.001 

Mean ± SE with different letters within rows is significantly different, LSD (p<0.5). The absence of a 

letter indicates the lack of a statistically significant difference between the two treatments. 
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The ratio of plant leaf area to leaf dry weight 

(SLA), the amount of leaf area produced per unit 

of biomass (LAR), and the number of 

photosynthetic organs of the plant (LWR), can be 

used to measure plant adaptation to light. In low-

light environments, the SLA, LAR, and LWR 

values tend to increase (Neufeldt et al., 2000; 

Sasaerila et al., 2021; Wyka et al., 2012). In this 

study, these three values did not differ 

significantly between C. indica grown in RC 

agroforestry systems and those grown in CM 

systems (open areas), indicating that C. indica 

could grow well in the shade of mature rubber 

trees. The slight difference between the results of 

this experiment and those of the greenhouse 

experiments may be attributable to the shading 

effect of rubber trees at the age of 6-7  years. Data 

show that underneath the rubber trees of this age in 

this experiment only reduced light  by only 30–

50% relative to natural light. On the other hand, in 

greenhouse experiments, the light growing 

condition was consistently maintained at 75% 

lower than natural light. 

 

Short-term (two-year) effects of C. indica 

planting on soil characteristics 

Soil moisture content (SMC), soil pH and bulk 

density (BD). The SMC significantly differed 

between treatments (F=8.91; p< 0.004, Table 3). 

Both RM and RC soils have an SMC that is 1.4 

times greater than CM soil, the C. indica-planted 

open-ground areas. This result is consistent with 

the fact that the CM site was formerly a grassland 

with no other vegetation. This area has a higher 

sand content than RM and RC soils, most likely 

due to splash erosion that leads to the erosion of 

clay and sediment (Table 1). Both RM and RC 

soils contain a higher proportion of clay and 

sediment. The higher SMC in RM and RC soils 

can be attributed to the larger proportion of clay 

and silt and lower sand (Zhu et al., 2023). 

There was no significant difference between 

CM, RM, and RC soils in terms of pH and bulk 

density (F = 0.23; p = 0.80). However, the highest 

BD was observed in the RC agroforestry soil, 

which may indicate the effect of leaf shading that 

produced multilayered canopies that shield the   soil 

beneath them from direct raindrop impact (Liu et 

al., 2016; Zhu et al., 2023). 

 

Table 3. Properties of soils from rubber monoculture (RM), canna monoculture (CM), and rubber-  

 canna (RC) after two years of agroforestry implementation at the rubber plantation of   

 PTPN VIII, blocks 9 and 10, Soklat-Pasirkareumbi, Subang, West Java, Indonesia. BD:  

 bulk density; SWC: soil water content 

  Light Environment  

Soil parameters Canna Monoculture Rubber Monoculture Rubber-Canna 

Agroforestry 

pH 5.03 4.76 4.40 

C organic (%) 1.63 1.53 1.82 

N total (%) 0.15 0.38 0.45 

P2O5 (mg/100g) na 82.13 77.71 

K2O (mg/100g) 211.67 33.74 150.13 

Soil Texture (%):    

Sand 19.67 14.86 14.38 

Loam 28 36 34.67 

Clay 53 49.15 50.96 

Loam + Clay 81 85.15 85.63 

BD (g.cm-3) 1.74±0.09 1.75±0.04 1.80±0.06 

SWC (%) 19.17±0.67b 26±2.34a 25±2.36a 

Enzyme activity (mg 

FDA g-1soil dw. h-1) 

3.37±0.25a 2.22±0.30b 3.67±0.19a 

Mean ± SE with different letters within rows are significantly different, LSD (p<0.5). Soil chemistry 

data for 2018 were done with n=1. 

 

Organic C, N, P, and K content 

After two years of implementation of the RC 

agroforestry system, the data showed that the RC 

soil had 1.1, 5, 1.1, and 3.4 times greater organic 

C, N, P, and K content, respectively, than the soil 

in the RM system (Table 3). This result is likely 

due to the higher clay content and lower sand 

content of the soil in the RC agroforestry system 

compared to the RM system. It seems that the 

combination of rubber and C. indica in an 
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agroforestry system has beneficial effects on the 

physicochemical properties of the soil. Compared 

to RM and CM, RC agroforestry soil had higher 

levels of C, N, P, BD, and SWC at each sampling 

time. These findings are likely attributable to the 

increased root exudates and metabolic rates of C. 

indica (Wang et al., 2021). 

Although they were not statistically 

significant, the pH and N content of the CM soil 

was higher than that of the RM soil (Table 3). This 

result demonstrates the potential of C. indica as a 

soil remedial plant with the ability to enhance soil 

nutrients, most likely as a result of a greater 

number of soil microorganisms in areas where C. 

indica was cultivated. This result is in accordance 

with previous reports on C. indica as a soil-

remediating plant (Gunarathna et al., 2016). It 

seems that C. indica is capable of enhancing the 

soil's capacity to retain water and enhancing soil 

nutrition by increasing organic C, N, P, and K. In 

turn, this causes the soil to discharge organic and 

inorganic nutrients that support the development 

and diversity of soil microorganisms, resulting in 

an increase in the soil's concentration of these 

elements. Improved soil properties have been 

reported in rubber cacao and rubber-F. macropylla 

agroforestry (Chen et al., 2019). Our results on the 

enzyme hydrolysis activity of soil microorganisms 

and soil metagenomics support this explanation. 

Effect of C. indica on soil enzyme activity (Soil 

microorganism hydrolysis activity) 

The hydrolysis activity of microorganisms 

was significantly higher (p<0.05) in CM and RC 

soil than in RM soil (Table 3). This may be due to 

the increased availability of organic matter to 

primary soil decomposers, which has been 

observed to increase FDA activity in RC 

agroforestry and CM sites. C. indica will lose its 

old leaves and replace them with new ones. The 

decomposition of these senescence leaves may 

have contributed to high levels of organic C and N 

that were utilized by the primary soil decomposer, 

resulting in high levels of FDA activity (Rodrigues 

et al., 2015; Miguel et al., 2020). This result is 

supported by our metagenomic analysis. 

 

Long-term effects of Rubber-Canna (RC) 

agroforestry on soil properties and latex yield 

This study shows that planting C. indica as an 

intercropping plant between rubber trees has a 

positive effect on latex yield over time. Prior to the 

implementation of the RC agroforestry system in 

2017, the yield of latex in RC sites was only 81% 

of that of RM sites (Figure 3). In 2022, or six years 

after the implementation of the RC agroforestry 

system, the latex production was 1.03 times  that of 

RM sites, which was a significant improvement 

over the initial year (Figure 3). 

This outcome is consistent with soil data from 

2023 showing enhanced soil physics, chemistry, 

and biology due to the presence of C. indica 

(Figure 4), which demonstrates that all parameters 

are higher in RC agroforestry soil after six years 

of deployment. In Thailand, where latex yields 

from 34 monocultural and 47 agroforest rubbers 

were evaluated, a similar outcome was noted 

(Warren-Thomas et al., 2020). It should be noted 

that the rubber plantation blocks used in this study 

have not received fertilizer in 7 years, making 

them perfect study land in the sense that the 

findings are truly attributable to the effects of the 

given treatment. During this experiment, it was 

observed that national rubber production, 

including that of PTPN 8 (the location of this 

research), decreased. The Indonesian Ministry of 

Agriculture stated that a prolonged drought season 

afflicted  Indonesia during 2018–2019, resulting in 

a decrease in rubber production in various 

Indonesian provinces (Directorate General of 

Estate Crops, 2019). 

Effect of long-term Rubber-Canna 

agroforestry system on soil biology 

Soil as a medium for plants to grow is a 

complex and dynamic environment, where 

biologically most of the activity in the soil is 

influenced by the abundance and diversity of soil 

microbiomes (Zhou et al., 2011). Soil microbe is 

an important component of soil microbiomes. 

Based on Nanopore sequencing, a total of 587981 

reads have been obtained from 6 samples, with 

average read number 110371.3 for RC and 85603 

for RM (Table 4). Only reads with a length >1000 

base are used for further analysis. On average, 

1923 ± 67 species were identified from 6 samples. 

The RC  samples have higher species numbers on 

average 2008 ± 99 species in comparison to RM 

samples  (1837.33 ± 40 species). 
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Figure 3. Comparison of annual latex production between Rubber Monoculture (RM) and Rubber-  

      Canna (RC) agroforestry experimental plots at the rubber plantation of PTPN VIII,  

       blocks 9 and 10, Soklat- Pasirkareumbi, Subang, West Java, Indonesia. The size 

       of each plot is 25 x 25 m, with three plots per treatment. 
 

 

 

Figure 4. Effect of six years application of Rubber-Canna (RC) agroforest soil chemistry. 

            Bars with              different letters are significantly different, LSD (p<0.5). 

 

To assess the bacterial diversity within soil 

samples, we conducted an alpha diversity analysis 

utilizing the Shannon and Chao1 indices. The 

results revealed that the microbial diversity in the 

RC sample was greater than that in the RM, as 

indicated by the Shannon index values of 5.00 ± 

0.16 for RC and 4.78 ± 0.21 for RM. This suggests 

a more varied species presence in the RC sample. 

Conversely, the Chao1 index pointed to a higher 

species richness in the RM sample, with values of 

1567 ± 145.9 for RC and 1778.7 ± 224.2 for RM, 

implying a lower abundance in RC. We 

hypothesize that this reduced abundance in RC 

may be attributed to the dominance of certain 

microbial groups within the sample. This 

dominance could also explain why the microbial 

community in RM appears more evenly 

distributed, contributing to its higher Chao1 index 

value (Wu et al., 2018). 

Krona analysis at the phylum level revealed 

distinct patterns in the relative abundance of 

microbial groups between the two samples. 

Specifically, the phylum Proteobacteria was the 

most prevalent in the RC samples, constituting an 

average of 49% of the microbial population, as 

opposed to a significantly lower presence of 27% 

in the RM samples (Figure 5). Although 

Proteobacteria is a prominent component of the 

bacterial community in the RC samples, the RM 

samples displayed a more balanced distribution, 

with Proteobacteria and Acidobacteria appearing 

in comparable proportions. However, it is 

important to note that both phyla are less abundant 

in the RM samples when compared to the RC 

samples (Figure 6). 

 



82 

Hidayat Yorianta Sasaerila, et al. / Biosaintifika 16 (1) (2024): 73-88 

 

Table 4. The quality of FASTQ files was assessed by NanoPlot 

   Soil samples   

Sample ID RC1 RC2 RC3 CM1 CM2 CM3 

Reads number 88171 151329 91614 85013 104898 66916 

Mean read length 1543.3 1477.7 1542.3 1541.8 1533 1540.9 

Mean read quality 12.5 12.3 12.5 12.4 12.4 12.4 

Read length N50 1567 1556 1567 1567 153 1568 

Number of species 1920 2206 1899 1881 1876 1756 

 

Numerous bacterial species within the 

Proteobacteria phylum are known to play a 

significant role in soil functionality, including the 

maintenance of soil health and the cycling of 

nutrients, and they are commonly found in 

agricultural soils, as documented by Borneman et 

al. (1996), Smit et al. (2001), and Valinsky et al. 

(2002). An increase in the relative abundance of 

Proteobacteria members, as demonstrated by 

Solanki et al. (2020), has been linked to enhanced 

microbial diversity in the rhizosphere, a 

phenomenon often associated with elevated levels 

of soil organic carbon and total nitrogen content. 

These findings are consistent with our soil 

chemistry results (Figure 4) which show that the 

RC soil contains higher amounts of nitrogen and 

organic carbon compared to RM soil. 

To elucidate the relationship between the 

abundance, dominance, and functional 

implications of the Proteobacteria phylum in the 

RC and RM ecosystems, we conducted a detailed 

analysis focusing on the soil microbial species 

with the highest abundance. Within the top ten 

species identified in both ecosystems, seven were 

predominantly found in the RC system (Figure 7). 

Notably, seven of these species belong to the 

Proteobacteria phylum, specifically Labilithrix 

luteola, Pseudolabrys sp., Blastochloris viridis, 

Azospirillum sp., Phenylobacterium sp., P. 

zucineum, and B. zhanjiangense. The remaining 

three species include K. rubrisoli from the 

Chloroflexi phylum, Edaphobacter sp. from 

Acidobacteria, and C. crudilactis from 

Actinobacteria, as depicted in Figure 7. These 

findings suggest a significant presence of 

Proteobacteria in the RC system, which may 

influence its soil functions and ecosystem 

dynamics. 

 

 
 

Figure. 5. Representative Krona visualization of phylum abundance. A. Krona of Proteobacteria in      

Rubber-Canna (RC) agroforestry sample. Phyla Proteobacteria is a dominant phylum in the 

RC samples. B. Phyla Proteobacteria has an average of 27% in the Rubber Monoculture 

(RM) samples. 
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C
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Figure 6. Relative abundance of top 10 phylum in this study. RC: Rubber-Canna agroforestry; 

                     CM: Canna Monoculture system. 

 

 
Figure 7. The abundance of the top ten species in the Rubber-Canna (RC) agroforestry and 

         Rubber Monoculture (RM) systems. Seven out of these ten species belong to  

      the phylum Proteobacteria. 
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Figure 8. illustrates the relative proportions of all taxa based on the number of amplicon sequence 

         variants (ASVs). A. Sankey Diagram for the Rubber-Canna (RC) sample; B. Sankey  

       Diagram for Rubber Monoculture (RM) sample. Sankey diagrams are instrumental in  

       visualizing the microbial composition of samples, where the width of the arrows correlates  

       with the quantity of ASVs, thereby visually representing the hierarchical changes over time  

       between different nodes in the ecosystem. 

 

The presence of bacterial communities in soil 

is complex, influencing fertility in various ways. 

While some bacteria act as pathogens and can 

negatively impact soil health, many bacterial 

species, particularly within the Proteobacteria 

phylum, are known to enhance soil quality 

significantly. Akob et al. (2022) and Billah et al. 

(2019) have documented the functional benefits of 

certain Proteobacteria species on soil conditions. 

Dang et al. (2020) further explored this topic by 

studying the effects of intercropping systems on 

rhizosphere microbial composition and structure 

in legume-planted lands. Their research confirmed 

an increase and dominance of the Proteobacteria 

phylum in intercropping system soils, which is 

associated with an elevation in nitrogen content 

both in the soil and legume plants, in comparison 

to monoculture fields. Our findings, as presented 

in Figure 8, parallel these observations, suggesting 

that the higher abundance of the Proteobacteria 

phylum contributes to improved soil fertility. This 

is evidenced by the superior chemical properties 

of the RC soils over those of the RM soils. 

In addition to its presence as an indicator of 

good nutritional conditions in a field, several 

functional species of Phyla Proteobacteria are 

reported to play a role in improving nutritional 

conditions in the soil (Zhang et al., 2022). From the 

analysis of the abundance and diversity of the  top 

10 species, it is known that 7 of them come from 

the phyla Proteobacteria (Figure 7, 8). Some of 

these bacteria have a high abundance in 

intercropping systems and are reported to be 

related to biogeochemical processes in improving 

soil quality by creating nutrient-rich soil as an 

ideal condition for the development and growth of 

plants and rhizosphere bacterial communities 

(Akob et al., 2022; Billah et al., 2019; Wu et al., 

2018). For example, Pseudolabrys sp., which has 

the second highest abundance (Figure 7), with 517 

± 237 and 267 ± 86 in RC and RM, respectively, is 

reported to play a role in secreting naphthol-ASBI-

phosphohydrolase, an enzyme needed to dissolve 

P so that it can be used by plants (Shen et al., 

2021). Azospirillum sp. plays a role as a vibroid 

cell with a single polar flagellum and is reported 

A 

B 
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to be very important as a plant growth promoter 

and a provider of N in the soil (Lin et al., 2016). 

Bradyrhizobium zhanjiangense is  also known to 

play a role as a nitrogen fixer and denitrifier 

involved in the N cycle. In addition, it  has the 

acetylene hydratase (AH) enzyme, which is 

sensitive to the presence of N, so it can catalyze 

the reduction of dinitrogen into ammonia (Zhou et 

al., 2022). The acetylene enzyme is quickly 

absorbed by the soil to improve soil health and 

enhance plant growth by providing biologically 

available N (Akob et al., 2022; Zhang et al., 2022). 

The higher abundance of Azospirillum sp. and 

Bradyrhizobium zhanjiangense in the RC soil 

systems than in RM soil systems (Figure 7), in this 

study is suggested to contribute to the high content 

of nitrogen in the soils. This study demonstrates 

that an intercropping system combining Rubber 

and Canna significantly enhances the diversity of 

the soil bacterial community compared to a 

Rubber monoculture. This is critical, as the 

presence of keystone species or bacterial groups, 

such as Proteobacteria, may be augmented 

through the effects of intercropping, thereby 

elevating microbial soil activity. Consequently, 

this approach may serve as a novel strategy to 

promote soil fertility and sustainability without 

adversely affecting plant productivity. 

This paper introduces a novel comprehensive 

approach to analyzing both the immediate and 

extended effects of Rubber-Canna agroforestry, 

utilizing soil analysis and a pioneering 

metagenomic method. The research investigates a 

relatively new concept—the integration of rubber 

and canna within agroforestry—and explores the 

ensuing benefits and challenges. It provides 

insightful revelations about the interactions 

between these plant species and their collective 

impact on soil health and microbial communities. 

These insights are instrumental in understanding 

the complex dynamics of agroforestry systems, 

which encompass both the symbiotic relationships 

and the intricate soil ecosystem shaped by these 

plant interactions. 

Additionally, the research's distinctive focus 

on metagenomic techniques to study soil 

microbial communities offers an advanced 

perspective on the genetic composition and 

biodiversity within the agroforestry environment. 

This approach allows for an in-depth analysis of 

environmental genetic material, leading to a richer 

understanding of microbial diversity and its 

functional potential. The emphasis on 

sustainability, biodiversity, and carbon 

sequestration further positions the study at the 

forefront of sustainable land use and agroecology 

discourse. Moreover, by evaluating the practical 

applications of its findings for sustainable 

agriculture in Southeast Asia, the paper provides 

actionable insights for farmers, land managers, 

and policymakers. This ensures that the study's 

implications extend beyond theoretical research, 

influencing real-world sustainable agroforestry 

practices. 

CONCLUSION 

The study's findings have addressed several 

research objectives. Firstly, the research has 

successfully demonstrated that C. indica can 

thrive under rubber trees, showing similar growth 

parameters and plant characteristics as those 

grown in open areas. Furthermore, the study has 

uncovered significant variations in soil properties, 

microbial diversity, and soil fertility when 

comparing the Rubber-Canna agroforestry system 

with traditional Rubber Monoculture systems. 

Additionally, evidence from the research points to 

an increase in latex production at the Rubber-

Canna agroforestry sites, suggesting that the 

agroforestry system may have positive long-term 

effects on latex output. Lastly, the findings 

endorse the view that the Rubber-Canna 

agroforestry system bolsters sustainability and 

improves soil fertility and crop yields, which 

contributes towards food security and mitigates 

environmental concerns. In summary, the research 

has provided solid empirical evidence supporting 

the viability of C. indica in an agroforestry setting, 

its beneficial impact on soil and microbial 

communities, its positive influence on long-term 

latex production, and its role in promoting 

sustainability and food security. 

ACKNOWLEDGMENT 

We extend our thanks to Indonesia's Ministry 

of Education, Culture, Research, and Technology 

for funding this research (Contract No: 

179/E5/PG.02.00/PL/2023), to PTPN VIII – 

Subang for plantation access, and the Erasmus 

Mundus LEADER project for their technical 

support. 

REFERENCES 

Akob, D. M., Sutton, J. M., Bushman, T. J., 

Baesman, S. M., Klein, E., Shrestha, Y., 

Andrews, R., Fierst, J. L., Kolton, M., 

Gushgari-Doyle, S., Oremland, R. S., & 



86 

Hidayat Yorianta Sasaerila, et al. / Biosaintifika 16 (1) (2024): 73-88 

 

Freeman, J. L. (2022). Acetylenotrophic and 

Diazotrophic Bradyrhizobium sp. Strain I71 

from TCE- Contaminated Soils. Applied and 

Environmental Microbiology, 88(22), 

e0121922. https://doi.org/10.1128/aem.01219-

22 

Arias, M. E., Gonzalez-Perez, J. A., Gonzalez-Vila, 

F. J., & Ball, A. S. (2005). Soil health -- a new 

challenge for microbiologists and chemists. 

International Microbiology : The Official 

Journal of the Spanish Society for 

Microbiology, 8(1), 13–21. 

Billah, M., Khan, M., Bano, A., Hassan, T. U., 

Munir, A., & Gurmani, A. R. (2019). 

Phosphorus and phosphate solubilizing bacteria: 

Keys for sustainable agriculture. 

Geomicrobiology Journal, 36(10), 904–916. 

https://doi.org/10.1080/01490451.2019.165404

3 

Borneman, J., Skroch, P. W., O’Sullivan, K. M., 

Palus, J. A., Rumjanek, N. G., Jansen, J. L., 

Nienhuis, J., & Triplett, E. W. (1996). 

Molecular microbial diversity of an agricultural 

soil in Wisconsin. Applied and Environmental 

Microbiology, 62(6), 1935–1943. https:// 

doi.org/10.1128/aem.62.6.1935-1943.1996 

Brahma, B., Nath, A. J., Sileshi, G. W., & Das, A. K. 

(2018). Estimating biomass stocks and potential 

loss of biomass carbon through clear-felling of 

rubber plantations. Biomass and Bioenergy, 

115, 88–96. https://doi.org/https://doi.org/ 

10.1016/j.biombioe.2018.04.019 

Chen, C., Liu, W., Jiang, X., & Wu, J. (2017). 

Effects of rubber-based agroforestry systems on 

soil aggregation and associated soil organic 

carbon: Implications for land use. Geoderma, 

299, 13–24. https://doi.org/https://doi.org/ 

10.1016/j.geoderma.2017.03.021 

Chen, C., Liu, W., Wu, J., Jiang, X., & Zhu, X. 

(2019). Can intercropping with the cash crop 

help improve the soil physico-chemical 

properties of rubber plantations? Geoderma, 

335, 149–160. https://doi.org/https://doi.org/ 

10.1016/j.geoderma.2018.08.023 

Dang, K., Gong, X., Zhao, G., Wang, H., Ivanistau, 

A., & Feng, B. (2020). Intercropping Alters the 

Soil Microbial Diversity and Community to 

Facilitate Nitrogen Assimilation: A Potential 

Mechanism for Increasing Proso Millet Grain 

Yield. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/fmicb.2020.601054 

De Coster, W., D’Hert, S., Schultz, D. T., Cruts, M., 

& Van Broeckhoven, C. (2018). NanoPack: 

visualizing and processing long-read 

sequencing data. Bioinformatics (Oxford, 

England), 34(15), 2666–2669. https://doi.org/ 

10.1093/bioinformatics/bty149 

Dollinger, J., & Jose, S. (2018). Agroforestry for soil 

health. Agroforestry Systems, 92(2), 213– 219. 

https://doi.org/10.1007/s10457-018-0223-9 

Drescher, J., Rembold, K., Allen, K., Beckschäfer, 

P., Buchori, D., Clough, Y., Faust, H., Fauzi, 

A. M., Gunawan, D., Hertel, D., Irawan, B., Jaya, I. 

N. S., Klarner, B., Kleinn, C., Knohl, A., 

Kotowska, M. M., Krashevska, V., Krishna, V., 

Leuschner, C., … Scheu, S. (2016). Ecological 

and socio-economic functions across tropical 

land use systems after rainforest conversion. 

Philosophical Transactions of the Royal Society 

of London. Series B, Biological Sciences, 

371(1694). 

https://doi.org/10.1098/rstb.2015.0275 

Giambelluca, T. W., Mudd, R. G., Liu, W., Ziegler, 

A. D., Kobayashi, N., Kumagai, T., Miyazawa, 

Y., Lim, T. K., Huang, M., Fox, J., Yin, S., Mak, 

S. V., & Kasemsap, P. (2016). 

Evapotranspiration of rubber (Hevea 

brasiliensis) cultivated at two plantation sites in 

Southeast Asia. Water Resources Research, 

52(2), 660–679. https://doi.org/https://doi.org/ 

10.1002/2015WR017755 

Gunarathna, M. H. J. P., Ranasinghe, A. I., 

Rathnayake, S. C., & Costa, T. K. (2016). Can 

C. indicaUse as a Phytoremediation Agent in 

Mitigating High Pollution Concentrations in 

Reverse Osmosis Concentrate? https:// 

doi.org/10.13140/RG.2.1.1489.4164 

Jiang, X. J., Liu, W., Wu, J., Wang, P., Liu, C., & 

Yuan, Z.-Q. (2017). Land Degradation 

Controlled and Mitigated by Rubber-based 

Agroforestry Systems through Optimizing Soil 

Physical Conditions and Water Supply 

Mechanisms: A Case Study in Xishuangbanna, 

China. Land Degradation \& Development, 

28(7), 2277–2289. https://doi.org/https:// 

doi.org/10.1002/ldr.2757 

Kim, D., Song, L., Breitwieser, F. P., & Salzberg, S. 

L. (2016). Centrifuge: Rapid and sensitive 

classification of metagenomic 

sequences.Genome. Genome Research, 26, 

1721–1729. https://genome.cshlp.org/content/ 

26/12/1721#xref-fn-1-1 

Kobayashi, N., Kumagai, T., Miyazawa, Y., 

Matsumoto, K., Tateishi, M., Lim, T. K., Mudd, 

R. G., Ziegler, A. D., Giambelluca, T. W., & 

Yin, S. (2014). Transpiration characteristics of 

a rubber plantation in central Cambodia. Tree 

Physiology, 34(3), 285–301. https://doi.org/ 

10.1093/treephys/tpu009 

Lelario, F., Scrano, L., De Franchi, S., Bonomo, M. 



87 

Hidayat Yorianta Sasaerila, et al. / Biosaintifika 16 (1) (2024): 73-88 

 

G., Salzano, G., Milan, S., Milella, L., & Bufo, 

S. A. (2018). Identification and antimicrobial 

activity of most representative secondary 

metabolites from different plant species. 

Chemical and Biological Technologies in 

Agriculture, 5(1), 13. https://doi.org/ 

10.1186/s40538-018-0125-0 

Lin, S.-Y., Liu, Y.-C., Hameed, A., Hsu, Y.-H., 

Huang, H.-I., Lai, W.-A., & Young, C.-C. 

(2016). Azospirillum agricola sp. nov., a nitrogen-

fixing species isolated from cultivated soil. 

International Journal of Systematic and 

Evolutionary Microbiology, 66(3), 1453–1458. 

https://doi.org/https://doi.org/10.1099/ijsem.0.0

00904 

Lin, S., Wu, R., Yang, F., Wang, J., & Wu, W. 

(2018). Spatial trade-offs and synergies among 

ecosystem services within a global biodiversity 

hotspot. Ecological Indicators, 84, 371–381. 

https://doi.org/https://doi.org/10.1016/j.ecolind

.2017.09.007 

Liu, C.-A., Liang, M.-Y., Tang, J.-W., Jin, Y.-Q., 

Guo, Z.-B., & Siddique, K. H. M. (2021). 

Challenges of the establishment of rubber-based 

agroforestry systems: Decreases in the diversity 

and abundance of ground arthropods. Journal of 

Environmental Management, 292, 112747. 

https://doi.org/https://doi.org/10.1016/j.jenvma

n.2021.112747 

Liu, C.-A., Nie, Y., Zhang, Y.-M., Tang, J.-W., & 

Siddique, K. H. M. (2018). Introduction of a 

leguminous shrub to a rubber plantation 

changed the soil carbon and nitrogen fractions 

and ameliorated soil environments. Scientific 

Reports, 8(1), 17324. https://doi.org/ 

10.1038/s41598-018-35762-0 

Liu, W., Zhu, C., Wu, J., & Chen, C. (2016). Are 

rubber-based agroforestry systems effective in 

controlling rain splash erosion? CATENA, 147, 

16–24. https://doi.org/https://doi.org/10.1016/ 

j.catena.2016.06.034 

Maeder, P., Fliessbach, A., Dubois, D., Gunst, L., 

Fried, P., & Niggli, U. (2002). Soil Fertility and 

Biodiversity in Organic Farming. Science, 

296(5573), 1694–1697. https://doi.org/ 

10.1126/science.1071148 

Merten, J., Röll, A., Guillaume, T., Meijide, A., 

Tarigan, S., Agusta, H., Dislich, C., Dittrich, C., 

Faust, H., Gunawan, D., Hein, J., Hendrayanto, 

Knohl, A., Kuzyakov, Y., Wiegand, K., & 

Hölscher, D. (2016). Water scarcity and oil 

palm expansion. Ecology and Society, 21(2). 

http://www.jstor.org/stable/26270363 

Murdjoko, A., Brearley, F. Q., Ungirwalu, A., 

Djitmau, D. A., & Benu, N. M. H. (2022). 

Secondary Succession after Slash-and-Burn 

Cultivation in Papuan Lowland Forest, 

Indonesia. Forests, 13(3). https://doi.org/ 

10.3390/f13030434 

Neufeldt, H., da Silva, J. E., Ayarza, M. A., & Zech, 

W. (2000). Land-use effects on phosphorus 

fractions in Cerrado oxisols. Biology and 

Fertility of Soils, 31(1), 30–37. 

https://doi.org/10.1007/s003740050620 

Pinizzotto, S., A., K., Gitz, V., Sainte-Beuve, J., 

Nair, L., Gohet, E., Penot, E., & Meybeck, A. 

(2021). Natural rubber and climate change: a 

policy paper. CGIAR Research Program on 

Forests, Trees and Agroforestry. 

https://doi.org/10.17528/cifor/008375 

Roshetko, J. M., Rohadi, D., Perdana, A., Sabastian, 

G., Nuryartono, N., Pramono, A. A., Widyani, 

N., Manalu, P., Fauzi, M. A., Sumardamto, P., 

& Kusumowardhani, N. (2013). Teak 

agroforestry systems for livelihood 

enhancement, industrial timber production, and 

environmental rehabilitation. Forests, Trees 

and Livelihoods, 22(4), 241–256. https:// 

doi.org/10.1080/14728028.2013.855150 

Sasaerila, Y. H., Sakinah, S., Noriko, N., & 

Wijihastuti, R. S. (2021). Effects of Light 

Environments on Leaf Traits and Phenotypic 

Plasticity of Canna indica. Biosaintifika: 

Journal of Biology &amp; Biology Education; 

Vol 13, No 2 (2021): August 2021DO -

10.15294/Biosaintifika.V13i2.30175 . 

https://journal.unnes.ac.id/nju/index.php/bios

aintifika/article/view/30175 

Sasaerila, Y., Yulita, A., Asri, S., & Tajuddin, T. 

(2019). Study on the Survival and Adaptation of 

C. indicaL. To Different Light Environments 

and Herbivore Attacks. International Journal of 

Advances in Science, Engineering and 

Technology(IJASEAT), 7(4), 9–14. 

https://ijaseat.iraj.in/paper_detail.php? 

paper_id=16752 

Schroth, G., Läderach, P., Blackburn Cuero, D. S., 

Neilson, J., & Bunn, C. (2015). Winner or loser 

of climate change? A modeling study of current 

and future climatic suitability of Arabica coffee 

in Indonesia. Regional Environmental Change, 

15(7), 1473–1482. https://doi.org/10.1007/ 

s10113-014-0713-x 

Shen, M., Li, J., Dong, Y., Zhang, Z., Zhao, Y., Li, 

Q., Dang, K., Peng, J., & Liu, H. (2021). The 

Effects of Microbial Inoculants on Bacterial 

Communities of the Rhizosphere Soil of Maize. 

Agriculture, 11(5). https://doi.org/10.3390/ 

agriculture11050389 

Smit, E., Leeflang, P., Gommans, S., van den Broek, 

http://www.jstor.org/stable/26270363


88 

Hidayat Yorianta Sasaerila, et al. / Biosaintifika 16 (1) (2024): 73-88 

 

J., van Mil, S., & Wernars, K. (2001). 

Diversity and seasonal fluctuations of the dominant 

members of the bacterial soil community in a 

wheat field as determined by cultivation and 

molecular methods. Applied and Environmental 

Microbiology, 67(5), 2284–2291. https:// 

doi.org/10.1128/AEM.67.5.2284-2291.2001 

Sofo, A., Elshafie, H. S., Scopa, A., Mang, S. M., & 

Camele, I. (2018). Impact of airborne zinc 

pollution on the antimicrobial activity of olive 

oil and the microbial metabolic profiles of Zn-

contaminated soils in an Italian olive orchard. 

Journal of Trace Elements in Medicine and 

Biology : Organ of the Society for Minerals and 

Trace Elements (GMS), 49, 276–284. 

https://doi.org/10.1016/j.jtemb.2018.02.017 

Solanki, M. K., Wang, Z., Wang, F.-Y., Li, C.-N., 

Gupta, C. L., Singh, R. K., Malviya, M. K., 

Singh, P., Yang, L.-T., & Li, Y.-R. (2020). 

Assessment of Diazotrophic Proteobacteria in 

Sugarcane Rhizosphere When Intercropped 

With Legumes (Peanut and Soybean) in the 

Field. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/fmicb.2020.01814 

Valinsky, L., Vedova, G. Della, Scupham, A. J., 

Alvey, S., Figueroa, A., Yin, B., Hartin, R. J., 

Chrobak, M., Crowley, D. E., Jiang, T., & 

Borneman, J. (2002). Analysis of Bacterial 

Community Composition by Oligonucleotide 

Fingerprinting of rRNA Genes. Applied and 

Environmental Microbiology, 68(7), 3243–

3250. https://doi.org/10.1128/AEM.68.7.3243-

3250.2002 

Wick, R. R., Judd, L. M., & Holt, K. E. (2019). 

Performance of neural network basecalling 

tools for Oxford Nanopore sequencing. Genome 

Biology, 20(1), 129. https://doi.org/10.1186/ 

s13059-019-1727-y 

Wilson, M. H., & Lovell, S. T. (2016). 

Agroforestry—The Next Step in Sustainable 

and Resilient Agriculture. Sustainability, 8(6). 

https://doi.org/10.3390/su8060574 

Wu, J., Jiao, Z., Zhou, J., Zhang, W., Xu, S., & Guo, 

F. (2018). Effects of Intercropping on 

Rhizosphere Soil Bacterial Communities in 

Amorphophallus konjac. Open Journal of Soil 

Science, 08, 225–239. https://api. 

semanticscholar.org/CorpusID:92201168 

Wyka, T. P., Oleksyn, J., Zytkowiak, R., 

Karolewski, P., Jagodziński, A. M., & Reich, P. 

B. (2012). Responses of leaf structure and 

photosynthetic properties to intra-canopy light 

gradients: a common garden test with four 

broadleaf deciduous angiosperm and seven 

evergreen conifer tree species. Oecologia, 

170(1), 11–24. https://doi.org/10.1007/s00442- 

012-2279-y 

Zhang, T., Liu, Y., Sui, X., Frey, B., & Song, F. 

(2022). Effects of Land Conversion on Soil 

Microbial Community Structure and Diversity 

in Songnen Plain, Northeast China. 

Sustainability, 14(17). https://doi.org/10.3390/ 

su141710767 

Zhang, Y., Yang, Q., Ling, J., Van Nostrand, J. D., 

Shi, Z., Zhou, J., & Dong, J. (2017). Diversity 

and Structure of Diazotrophic Communities in 

Mangrove Rhizosphere, Revealed by High-

Throughput Sequencing. Frontiers in 

Microbiology, 8. https://doi.org/10.3389/ 

fmicb.2017.02032 

Zhou, F., Wu, X., Gao, Y., Fan, S., Zhou, H., & 

Zhang, X. (2022). Diversity Shifts in the Root 

Microbiome of Cucumber Under Different 

Plant Cultivation Substrates. Frontiers in 

Microbiology, 13, 878409. https://doi.org/ 

10.3389/fmicb.2022.878409 

Zhou, X., Yu, G., & Wu, F. (2011). Effects of 

intercropping cucumber with onion or garlic on 

soil enzyme activities, microbial communities 

and cucumber yield. European Journal of Soil 

Biology, 47(5), 279–287. https://doi.org/ 

https://doi.org/10.1016/j.ejsobi.2011.07.001 

Zhu, X., Yuan, X., Lu, E., Yang, B., Wang, H., Du, 

Y., Singh, A. K., & Liu, W. (2023). Soil splash 

erosion: An overlooked issue for sustainable 

rubber plantation in the tropical region of China. 

International Soil and Water Conservation 

Research, 11(1), 30–42. https://doi.org/https:// 

doi.org/10.1016/j.iswcr.2022.05.005 

 


