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Abstract: The adoption of agroforestry system aims to combine food production enhancement to
compensate population growth with the improvement of agricultural marketable products to increase
household income. The diversification of food crop products requires more effective land use. In
Gunungkidul, high-density teak (Tectona grandis) plantation has dominated many private forests. The
area under the tree crown has received low light intensity, where only shade-resistant plants can
survive. Tuber crops, i.e., arrowroot (Maranta arundinacea), canna (Canna edulis) and yam (Dioscorea
esculenta) are shade-tolerant crops, which were planted in tree understory for supplementary food
production and income generation. The cultivation under teak stand has been overlooked due to
uncertainty in tuber productivity. To address this knowledge gap, the effect of teak shade (5- and
7-year teak) on the growth and yield of the three tuber crops was examined. The results indicated
that both teak trial areas (with RLI 45.13% and 38.76%) were suitable for canna production (LER > 1),
while management options were recommended for enhancing arrowroot and yam production. The
LER of intercropped three-tuber crops under 5 years’ teak were >1, while of those under 7 years’ teak,
only canna reached >1. Canna is the preferred option to be mixed in teak agroforestry systems with
low light intensity due to its consistent yields, whether planted in open area or under teak shade.
Silvicultural management, pruning and thinning are recommended to increase the growing space
and resource sharing for intercropped plants. Land optimization in private forest understory using
shade-resistant tubers will offer medium-term benefits, provided that proper silvicultural procedures
are applied.

Keywords: Maranta arundinacea L.; Canna edulis Kerr.; Dioscorea esculenta L.; Tectona grandis Linn

1. Introduction

Population growth has caused food demand to exceed food availability [1]. Food
availability depends on food production and arable land availability. Arable land for food
crops is projected to decrease due to population growth and economic pressures [2,3]. The
decline in the production capacity of agricultural lands becomes a barrier in achieving food
security [4]. Efforts to achieve food yield targets with conventional agriculture have caused
extensive environmental and social damage [5,6]. The conversion of forests to agricultural
land has seriously impacted water availability, changing the energy balance on land surface
and climate from local to global scale [5]. Unsustainable agriculture [7] can be changed
toward sustainable agroforestry [8].

Agroecological practices are essential in producing food in ways that are environ-
mentally friendly and provide ecosystem services, unlike conventional agriculture [9].
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Agroforestry as a sustainable land use system is practiced globally for economic bene-
fit [10], social benefit [11] and ecological benefit (soil conservation, habitat and carbon
sequestration) [12]. Agroforestry improves plant resistance to the possible consequences of
climate change, including drought and rising temperatures, increasing water infiltration
and accumulation, and escalating evaporation [13,14]. Moreover, increases in yields can be
achieved, as agroforestry retains soil fertility and can reclaim degraded lands [15].

Local food commodity can play an important role in achieving food sustainability [16].
The outsourcing of staple food production to local commodities has enhanced income
security as a basis of food security in forest margin communities [17]. Tubers (arrow-
root/Maranta arundinacea L., canna/Canna edulis Kerr, yam/Dioscorea esculenta) have the
potential as functional food ingredients and flour industry and human health nutraceutical
ingredients [18]. Arrowroot, canna and yam can be rice substitutes due to their high carbo-
hydrate value. The three tubers are edible, and even yam is the staple food in Africa [18].
Arrowroot has high yield potential, high-quality starch and multiple benefits for the treat-
ment of autism, diabetes or digestive disorders [19]. Arrowroot starch is used in the food
and non-food industry, alongside corn, potatoes, cassava and wheat flour [20]. Canna
rhizome has the potential as a functional ingredient for food and pharmaceutical industries.
Canna can be utilized as an alternative food source and as the basic ingredient of instant
noodles and biscuits [21]. Yam, apart from being a carbohydrate source, can be used for
various industrial and medicinal purposes [22,23]. Yam flour can be mixed into popular
food products, such as cookies [24]. Yam has a carbohydrate content (22.5–31.3%) similar
to rice. Therefore, it has the potential to be the staple food source as a rice substitute [25]
and can be consumed with simple preparation.

The intensification in agriculture planting patterns has occurred because of the in-
creased land use in agriculture [26,27]. Intercropping in teak private forests plays a role in
providing short-term (food), medium (livestock) and long-term (wood) needs for small-
holders [26,27]. Teak has been the dominant tree in Gunungkidul private forests [28,29].
There were three land use systems, namely home garden, tegalan and kitren [29,30]. Home
garden and tegalan, with relatively open conditions, were often intercropped with agri-
cultural crops, while the kitren tended to have higher tree density and was managed as
teak monoculture [28]. In tegalan and kitren, teak species had the highest importance value
index [29]. In Gunungkidul, many farmers intercropped their teak systems (mainly in
tegalan) with agricultural crops: cassava (26.6% of intercropped parcels), peanuts (23.8%),
upland rice (18.0%), soybeans (8.1%) and long beans (2.9%) [28]. Most agroforestry pat-
terns that have been successfully established were food crops in tegalan and home garden
systems, with relatively high light intensity (border trees system). Transforming kitren
(monoculture) into intercropped systems is an effort to optimize land use. Reducing tree
density (thinning) is the first requirement to provide space for intercropping. However,
farmers are reluctant to thin the teak, resulting in low light intensity and limited space in
the understory [30]. Therefore, it is necessary to select low light-resistant tuber species
under teak shade (>5-year teak) for food productivity and optimization of understory space
in kitren.

Optimizing land with food crops is expected to increase food production [31]. In
general, many types of food crops are cultivated in open areas, but some tuber species
(arrowroot, canna and yam) are able to grow under the tree shade from 30% to 70% [18–22].
Tubers (arrowroot, canna and yam) are usually planted in agroforestry system under the
trees by the local community [23]. This tropical and perennial tuberous plant was underuti-
lized despite its potential as an alternative food source [24,25]. Arrowroot is a low-light
adaptive plant [32,33]. Arrowroot survives poor light environment and infertile land,
characteristics that are required for a shaded place [19]. Yam grows at 60–70% light inten-
sity [34], while canna is drought resistant and suitable for cultivation under shaded area
with low light intensity [35]. The highest production of canna tubers was in 50% shade [36].
The ideal management of annual and perennial crops in an agroforestry system varies by
biophysical, economic and social conditions [37].
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Gunungkidul, a regency in the Yogyakarta Province, Indonesia, has a 1485.43 km2

area with 64,382.50 ha of private forest land [38]. Limited cultivation has been effectuated
due to the high percentage of rock on soil surface, making farming on rocky dry land
more challenging [4]. The competition between annual and perennial plants is a potential
obstacle in adopting agroforestry in private forests for food crop production [32]. This
study aims to determine the adaptability of three species of tuber plants (arrowroot, canna
and yam) under the teak shade (5 years and 7 years). The specific objectives of the research
are to: (i) evaluate the potential of the three tuber species as understory crops for teak
intercropping and (ii) provide farmers with recommendations about tuber species selection
to be planted under teak shade. This research is expected to improve the development of
agroforestry as an option to provide local food from private forests, facilitate food security
for villagers and contribute to sustainable environmental management.

2. Materials and Methods
2.1. Research Site and Time

The research was conducted in private forests in Semin Village, Gunungkidul Regency,
Yogyakarta Province, Indonesia (Figure 1). The coordinates of the research location were
7◦53′57.2′′ S–110◦44′36.1′′ E. Three shade-resistant tuber species were planted in December
2019 and harvested in September 2020. Harvesting was carried out when the age of
tubers reached nine months. The site’s elevation was 230 m a.s.l. up to 325 m a.s.l. In
2020, the average daily temperature was 26.65◦ C, ranging from 17.3 ◦C to 35.5 ◦C; the
average air humidity was 82.17%, ranging from 79 to 84%; the rainfall was 2327 mm/year,
with a 5-month dry season [38]. The precipitation changed every year in the range of
1.175–2.489 mm/year (2010–2020) [38]. The research site still received low-intensity rain
until June 2020. In general, the Gunungkidul area has low rainfall, but in 2020, it rained
almost all year round, except for only 1 rainy day in July [38]. Semin Village is located in
the lowland dry agro-ecosystem with dry climate and has type D climate, according to
the Schmidt–Ferguson classification [39]. Agroforestry pattern has been cultivated on dry
land in private forests with rocky soil and highly rainfed with no irrigation. During the
dry months, the teak turns deciduous, while the tuber plants turn dormant with wilting
leaves. Those are the signs of tuber readiness for harvest (ripeness). Some areas of southern
Gunungkidul are covered by karst bedrocks with thin solum and have been deforested
since the 1800s. It has caused the area to become critical [40].

2.2. Research Method and Data Collection

This research began with focus group discussion with the farmer community (Forest
Farmer Group) in the research location (Semin village) to determine the preferred tuber
species, select the land patch (kitren) as the trial plot candidates and discuss the planting–
maintenance–growth measurement harvesting techniques and schedule. The smallholder
farmers performed teak agroforestry farming activities using labor from family members.
Occasionally, like the farmers’ local cultures in other areas [41–43], they reciprocally ex-
changed labor with neighbors in mutual cooperation to reduce the burden of labor cost. In
general, traditional agroforestry is subsistent and applied to relatively narrow land with
minimum and non-intensive silvicultural treatments and maintenance [30,44,45].

Land management was performed manually using hand plows, hoes, machetes, sick-
les, etc. The plot areas were owned by the farmers–members of the forest farmer group.
Planting, plot development and growth measurement were conducted together with the
community. Three tuber species were planted under the teak stands aged 5 years, 7 years
and in open area as control. The 5-year stand was planted with 3 m × 3 m spacing, and
the 7-year stand was planted with 2 m × 3 m spacing. In both teak stands, there had been
no thinning and pruning. In private forests, the teak understory has not yet been utilized
for intercropping. Arrowroot and canna were selected by the farmer group because they
are widely accessible on the market for the local flour-making industry. Yam was selected
because it is a local subsistence crop with a high local market demand.
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Site preparation was conducted by tilling the soil to 20 cm depth to construct ridges.
The ridges were 30 cm wide × 20 cm high; the distance between the ridges was 20 cm;
and the distance between the ridges and trees was 50 cm (Figure 2a). Plant spacing
between tubers was 50 cm, while the planting holes of 20 cm × 20 cm width × 10 cm
depth were made on the ridges. Each planting hole received 50 g (2 Mg/ha) of manure
as basic fertilizer. Rhizome seed, of average weight between 20 to 40 g, was planted in
each hole. The excavated soil was returned to the planting hole until the rhizome seeds
were completely buried. Weeding and mounding as routine maintenance were conducted
monthly for the first 4 months. Yams were staked at 1 month after planting or before vines
started crawling on the ground. This study used split-plot design with three cropping
patterns (open area, intercropping tubers in 5-year teak and 7-year teak) as the main plots.
Sub plots consisted of three tuber crops, namely arrowroot, canna and yam. The tuber
rhizome seeds were local varieties from several home gardens of rural community villages
in Gunungkidul. Therefore, there were 27 experimental units (3 main plots × 3 subplots
× 3 replications), with 900 tuber plants/species with a total 2700 tuber plants (Figure 2a).
However, those plots were still located in one village landscape (Figure 2c). Open area was
the area without teak stand that accepted full sunlight and often cultivated rainfed food
crops, whereas the 5-year and 7-year teak stands represented the area in the understory
layer of respective age of the teak stands (Figure 2b).

Data on microclimate and teak growth variables were obtained from direct measure-
ment (Table 1). Data on microclimate included sunlight intensity, air temperature and
relative humidity. Air temperature (◦C) and relative humidity (%) were measured using
a thermo-hygrometer. This tool was systematically placed on the imaginary points on
the ground representing the condition of each main plot (4 corner points and 1 middle
point). Light intensity measurement for each main plot was undertaken by placing the
luxmeter systematically under the trees (3 replications), between 2 trees (3 replications),
on the intersection point of quadrilateral between 4 trees (3 replications) and in the open
area (3 replications). The different age of teak stands results in different tree shade and
relative light intensity. Relative light intensity (RLI) represents the shade level in the three
cropping patterns as the main treatments (open area, 5-year teak and 7-year teak). Light
intensity was measured before tuber planting. Meanwhile, the soil characteristics derived



Agronomy 2022, 12, 449 5 of 20

from the analysis result in the soil laboratory. The data of soil characteristics consisted of
soil texture and macro nutrient content. Soil samples were taken compositely from each
plot with 5 systematic points representing the plot area (4 points in the corner and 1 point
in the middle). Soil samples were taken at 10–20 cm depth.
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Figure 2. (a) Experimental design of three shade-resistant tuber species (Ma: Maranta arundinacea, Ce:
Canna edulis and De: Dioscorea esculenta) in three planting patterns (A = 7-year teak; B = 5-year teak;
and C = tuber monoculture or open area); X = teak monoculture); (b) field condition before planting
and (c) sketch of the distance between trial plots.
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Table 1. Microclimate, soil properties and teak dimensional variables at the research site.

Variables
Plots

Open Area Teak (5 Years) Teak (7 Years)
BP AP BP AP

Microclimate
Relative light intensity (%) 100 45.13 - 38.76 -
Day temperature (◦C) 32.73 31.81 - 30.09 -
Day relative humidity (%) 48.19 49.39 - 52.67 -

Physical and chemical properties of the soil
Texture (%)
Sand 36.50 7.78 - 50.33 -
Silt 32.78 38.56 - 25.83 -
Clay 30.72 53.67 - 23.61 -
pH (H2O) 6.56 (n) 6.61 (n) - 6.25 (n) -
C-organic (%) 1.53 (l) 1.62 (l) - 1.73 (l) -
N-total (%) 0.10 (l) 0.09 (vl) - 0.09 (vl) -
K-available (ppm) 193.72 (vh) 127.22 (vh) - 239.83 (vh) -
P2O5-potential (mg/100 g) 27.94 (h) 83.11 (vh) - 29.83 (h) -

Dimension of teak
Tree height (m) - 8.35 8.78 12.21 13.26
Bole height (m) - 2.91 3.04 4.65 5.28
Tree diameter (cm) - 7.44 8.24 11.76 13.00
Crown diameter (m) - 2.29 2.65 2.71 3.4
Teak spacing - 3 m × 3 m 3 m × 3 m 3 m × 2 m 3 m × 2 m
Crown width (m2) - 32.43 38.57 60.64 86.11
Volume (m3/ha) - 34.44 43.61 225.05 240.46

Remarks: BP = Before Planting; AP = After Planting; n = neutral; l = low; vl = very low; h = high; vh = very high.

The data of teak dimension were total height, bole height, stem and crown diameter,
crown width and tree volume (m3/ha). The total height (m) and bole height (m) were
measured using a meter stick. The total height was measured from the ground surface to
the tip of the crown, and the bole height was measured from the ground surface to the first
branch. Stem diameter, or DBH (cm), was obtained from the ratio of the circumference
of the tree stem and Pi (3.146). Stem circumference was measured using tape measure
at breast height (1.37 m). The crown diameter (m) was measured using tape measure by
measuring the length of the widest and narrowest crown. The stand density of 5-year teak
was 1111 trees/ha, while the 7-year teak was 1667 trees/ha. Growth measurement of teak
was conducted before and after planting the tuber crops. Overall measurement, namely
relative light intensity (%), stem diameter (cm), crown diameter (m), crown area (m2) and
tree volume (m3/ha) were calculated using the following equation:

RLI =
TLI
OLI

100% (1)

BA = π

(
DBH

2

)2
(2)

CA = π

(
Crw

2

)2
(3)

where
RLI = Relative light intensity (%)
TLI = Light intensity under the teak trees
OLI = Open area light intensity (%)
BA = Basal area (m2)
CA = Crown area (m2)
π = 3.146



Agronomy 2022, 12, 449 7 of 20

DBH = Diameter (m)

Crw =
longest crown diameter + shortest crown diameter

2
(m)

Tree volume was calculated using a general formula, viz.:

V =
1
4

π ×
(

D
100

)2
× H × f (4)

Vha = ViD0 (5)

where
V = Tree volume (m3)
D = Diameter (cm) (breast height is 1.37 m)
H = Tree height (m)
f = Form factor = 0.7 [46]
Vha = Volume per ha (m3/ha)
Vi = Average volume
D0 = Initial seedling density (n/ha)
The observed tuber crop growth variables were plant viability (%), plant height, stem

diameter, number of shoots and number of leaves. Tuber plants were measured at 1 and
6 MAP (Months after Planted). The growth data were collected from 30 plants from each
plot, with total number of plants measured as much as 270 samples. Plant height (cm) was
measured using a meter stick, starting from the base of the stem at above ground level
to the tip of the longest plant leaf or the longest vine (for yam). The stem diameter of
arrowroot, canna and yam (cm) was measured using a caliper at 5 cm above the ground.
The number of shoots was measured by counting the total number of shoots or leafy stems
that grow on a tuber plant. The number of leaves was calculated by counting the total
number of leaves that grow on a plant clump (Figure 3).
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The variables of tuber production were number of tuber/plant (piece), tuber weight/piece
(g), tuber weight/clump (g), tuber weight/ha (Mg/ha), tuber length and diameter (cm),
and tuber starch content (%) (Figure 3). The number of tubers was obtained by calculating
the number of tubers produced per plant. Tuber weight/piece was obtained by weighing
fresh tubers using digital scale, one by one. Tuber weight per clump was the total weight
in one plant. Tuber weight/ha was the result of converting tuber weight per plot area to
ha. Tuber length (cm) was measured using tape measure, and tuber diameter (cm) was
measured using caliper. Tuber starch content was analyzed in the laboratory at the Food
Technology and Agricultural Products Examination Laboratory, Faculty of Agricultural
Technology, Gadjah Mada University.

2.3. Data Analysis

The effect of cropping pattern, which was represented by the RLI, on tuber species
growth and yield was then analyzed using a one-way analysis of variance (ANOVA), while
the effect on the starch content was analyzed using two-way ANOVA. Significant results
were further analyzed using the Duncan Multiple Range Test. Data analysis was conducted
using SPSS 20 [47].

The LER (Land Equivalent Ratio) was calculated only for one cycle of the tubers
intercropping (9 months). The LER approach [48] was used to determine the effect of
species’ interactions in agroforestry, with the following equation:

LER =
Ci
Cs

+
Ti
Ts

where
LER = Land Equivalent Ratio
Ci = production of tubers in agroforestry
Cs = production of tubers monoculture
Ti = production of teak in agroforestry
Ts = production of teak monoculture.

3. Results
Effect of Cropping Pattern on the Growth and Yield of Tuber Plants

The RLI values were 100%, 45.13% and 38.76% for the open area, under 5-year teak and
7-year teak, respectively. Cropping pattern or RLI had significant effects on tuber growth
and yield (Table 2 and Appendix A Table A1), especially on arrowroot height and diameter
at 1 and 6 MAP. The RLI difference only caused substantial effect on canna diameter at
1 MAP and on the number of leaves at 1 and 6 MAP. Yam had a notable difference in height
at 6 MAP and in the leaves number at 1 and 6 MAP.

The height of arrowroot under 7-year teak shade at 1 MAP was the highest compared
to other treatments on arrowroot. Nevertheless, at 6 MAP, the highest value was reached
by the arrowroot in open area. The diameter of arrowroot plant was the highest at open
area in both measurements. On average, the values of arrowroot plant growth variables in
open area were higher compared to both shaded areas (5- and 7-year teak), except for the
plant height at 1 MAP under 7-year teak shade. The values of arrowroot growth attributes
under 7-year teak at 6 MAP were the lowest compared to other treatments.

The height of canna plant was not affected by RLI. Canna plant height reached
16.96–21.66 cm in the three treatments at 1 MAP and 25.22–39.97 cm at 6 MAP. The RLI only
had considerable effect on the diameter of canna plant at 1 MAP. The diameter of canna
plant in open area reached the highest value 1.44 cm) compared to canna diameter under
teak shaded areas (0.96 and 1.14 cm). The number of canna leaves in open area at 1 MAP
was the highest (5.13 sheets) compared to teak shaded areas (4.19 and 4.32 sheets on 5- and
7-year teak, respectively). On the contrary, the number of canna leaves in shaded areas at
6 MAP was higher than in open area. The variables of growth in canna plants are different
from other tuber species.
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Table 2. The effect of RLI on the average growth variables of tuber plants at 1 and 6 MAP.

Variables and
Treatments

Species

Arrowroot Canna Yam

1 MAP 6 MAP 1 MAP 6 MAP 1 MAP 6 MAP

Plant viability (%)

Open area 100.00 100.00 100.00 25.56 a 100.00 23.33 a

5-year teak 100.00 100.00 100.00 43.33 ab 100.00 100.00 b

7-year teak 100.00 100.00 100.00 100 b 100.00 21.11 a

Plant height (cm)

Open area 27.16 ± 9.26 b 83.92 ± 26.43 c 17.00 ± 5.56 ns 25.22 ± 16.25 ns 120.33 ± 66.11 ns 191.33 ± 36.62 a

5-year teak 22.93 ± 5.41 a 68.36 ± 13.85 b 16.96 ± 5.93 25.99 ± 19.87 92.58 ± 28.06 247.52 ± 67.75 b

7-year teak 30.43± 8.68 c 34.65 ± 12.02 a 21.66 ± 6.20 39.97 ± 23.52 132.70 ± 86.17 177.83 ± 71.04 a

Diameter (cm)

Open area 1.23 ± 0.38 b 10.24 ± 1.84 b 1.44 ± 0.36 c 8.98 ± 2.86 ns 0.34 ± 0.13 ns 0.25 ± 0.05 ns

5-year teak 0.78 ± 0.20 a 5.63 ± 1.45 a 0.96 ± 0.26 a 8.07 ± 2.80 0.33 ± 0.06 0.29 ± 0.08

7-year teak 0.82 ± 0.27 a 5.67 ± 1.57 a 1.14 ± 0.36 b 8.55 ± 2.62 0.29 ± 0.11 0.23 ± 0.04

Number of shoots (pieces)

Open area 1.88 ± 1.25 ns 5.85 ± 2.36 ns 1.65 ± 0.75 ns 1.85 ± 0.93 ns 1.40 ± 0.76 ns 2.06 ± 1.66 ns

5-year teak 1.53 ± 0.94 3.08 ± 1.76 1.73 ± 0.75 1.75 ± 1.10 1.46 ± 0.69 1.87 ± 0.78

7-year teak 1.61 ± 1.06 2.09 ± 1.17 1.60 ± 1.01 1.64 ± 0.99 1.64 ± 0.87 1.48 ± 0.69

Number of leaves (sheets)

Open area 6.40 ± 1.47 c 8.07 ± 2.64 ns 5.13 ± 0.82 b 1.89 ± 1.07 a 33.27 ± 28.93 b 105.10 ± 52.74 b

5-year teak 5.69 ± 1.18 b 6.83 ± 2.36 4.19 ± 0.74 a 2.83 ± 1.10 b 15.62 ± 8.56 a 112.68 ± 54.83 b

7-year teak 4.97 ± 0.98 a 6.04 ± 2.91 4.32 ± 0.95 a 3.01 ± 1.07 b 33.40 ± 28.71 b 24.93 ± 18.75 a

Remarks: Numbers followed by different letters in the same column are significantly different, according to
Duncan Multiple Range Test (p < 0.05). MAP = Months After Planted; RLI = Relative Light Intensity.

The yam plants gained a notable highest height (247.52 cm) at 6 MAP under the 5-year
teak shade, despite negligible effects at 1 MAP. The number of yam leaves under 7-year
teak at 1 MAP was the highest (33.4 sheets), even though it was not significantly different
to the height of yam plants in open area (33.27 sheets). The 6 MAP measurementof yam
leaves number showed an opposite result where the yam under 7-year teak reached the
lowest number of leaves (24.93 sheets) compared to open area (105.1 sheets) and 5-year teak
(112.68 sheets). At 6 MAP, the average growth variables of yam under 5-year teak shade
reached the highest values, except for the number of shoots.

Appendix A Table A2 shows the ANOVA result for tuber production and dimension
variables. RLI had significant effect on tuber production variables of arrowroot and yam,
while for canna, it only had an effect on the diameter of tuber variable (Table 3). Moreover,
the RLI had considerable effect on starch content (Figure 4). Starch content is one of the
parameters of tuber quality. The weight of tubers/piece and the number of tubers/clump
on the canna were not recorded because the tubers are fused as one rhizome and cannot
be observed.

The dimension variables of arrowroot and yam tubers in open area were the highest
compared to other treatments, except for the yam diameter under 5-year teak. For canna,
the weight of tubers/clump and diameter of tuber under 7-year teak (59.71 g and 2.98 cm)
were the highest compared to other treatments.
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Table 3. The effect of RLI on average tuber crop yield variables.

Variables and
Treatments

Species of Tuber Plants
Arrowroot Canna Yam

Tuber weight/clump (g)
Open area 665.97 ± 182.45 b 26.58 ± 28.03 ns 587.30 ± 185 b
5-year teak 235.19 ± 73.76 a 39.97 ± 39.97 213.80 ± 87.14 a
7-year teak 111.36 ± 39.78 a 59.71 ± 22.86 115.91 ± 38.84 a

Tuber weight/piece (g)
Open area 75.74 ± 12.41 c - 103.85 ± 69.10 b
5-year teak 47.93 ± 13.60 b - 31.33 ± 10.97 a
7-year teak 28.81 ± 6.40 a - 28.81 ± 24.74 a

Tuber weight/Ha (Mg/ha)
Open area 26.64 ± 1.61 b 1.06 ± 0.25 ns 23.49 ± 3.45 b
5-year teak 6.21 ± 1.91 a 1.06 ± 0.70 5.65 ± 1.76 a
7-year teak 2.94 ± 0.56 a 1.58 ± 0.51 3.06 ± 0.39 a

Tuber length (cm)
Open area 19.52 ± 1.73 b 7.22 ± 5.60 ns 7.38 ± 1.99 b
5-year teak 14.27 ± 2.40 a 8.57 ± 8.57 4.75 ± 1.08 a
7-year teak 12.96 ± 1.74 a 12.24 ± 1.60 4.40 ± 0.70 a

Diameter of tuber (cm)
Open area 2.96 ± 0.15 ns 1.02 ± 0.64 a 3.57 ± 0.83 ns
5-year teak 2.33 ± 1.21 1.60 ± 1.60 a 3.62 ± 2.41
7-year teak 2.42 ± 1.57 2.98 ± 2.58 b 3.18 ± 1.41

Number of tubers/clump (pieces)
Open area 9.10 ± 2.06 b - 7.45 ± 2.46 ns
5-year teak 5.04 ± 1.73 a - 6.79 ± 2.26
7-year teak 3.96 ± 1.68 a - 4.67 ± 1.43

Remarks: Numbers followed by the same letter in the same column are not significantly different, according to
Duncan Multiple Range Test (p < 0.05); MAP = Months After Planted; RLI = Relative Light Intensity.
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Figure 4. The effects of RLI on starch content (%) of three tuber species. Columns followed by the
same letter are not significantly different (p < 0.05).

The starch contents of the three tuber species under three RLI treatments were signifi-
cantly different. The interaction between RLI and the species of tubers resulted in notable
difference in starch content (Appendix A Table A3). On further DMRT test result (Figure 4),
yam under 5-year teak shade obtained the highest percentage of starch (24.05%). Yam also
had the highest starch content compared to other tested tubers when planted in open area
(23.33%) and under 7-year teak (22.89%).
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The possible causes for the difference in starch content in the three species of tu-
bers were the genetic factor of the tuber species and the size of the rhizome seeds [49].
The research on rice also showed that different varieties of rice produced varied starch
content [50]. Furthermore, plant spacing (represented by RLI in this article) contributed
to influencing some variables of the chemical composition of the starch, such as starch
percentage, ash, ether concentration, gluten and carbohydrate content [51].

In terms of assessing the suitability of land management with tuber-based agroforestry
systems, LER calculations were carried out (Table 4). The LER values > 1 were found in
the teak agroforestry cropping pattern of arrowroot (1.65), canna (2.65) and yam (1.27)
under 5-year teak shade (RLI 45.13%). Furthermore, the greater shade of 7-year teak (RLI
38%) resulted in LER below 1, i.e., arrowroot 0.69 and yam 0.73. Unlike arrowroot and
yam, canna had the highest LER value under 7-year teak (2.01). According to [48], a mixed
cropping pattern with an LER value < 1 indicates that the combination is not profitable or
has low compatibility.

Table 4. LER (Land Equivalent Ratio) of intercropping teak and tubers.

No. Treatments
Land Equivalent Ratio

Arrowroot + Teak Canna + Teak Yam + Teak

1 Teak 5 years 1.65 2.65 1.27

2 Teak 7 years 0.69 2.01 0.73

4. Discussion

In general, the private forests that were utilized as research location were not managed
intensively [30]. The private forests received no fertilization for teak [52], no weeding [45],
no pruning and were rainfed [45,52]. Thinning meant harvesting big trees [53], and the tree
selection was cut down when farmers experienced financial hardship [53,54]. The normal
rotation for teak harvesting is 2–3 decades [28]. In general, the tree spacing of teak stands
on private forests is 3 m× 2 m or 3 m× 3 m. With relatively small crown cover, young-aged
teak (0–3 years) can be intercropped with seasonal crops. Without thinning and pruning,
the crown and tree density are expanding. It causes the light intensity under the stand to get
lower and means the annual crops cannot be cultivated. Most farmers in Gunungkidul do
not practice intercropping in the private forest/kitren. However, intercropping was applied
in home gardens and tegalan [28,29]. In practicing intercropping, the farmers carried out
soil preparation, weeding and fertilizing the seasonal crops. As a consequence, those had a
good impact on the growth of teak. A share of 72% of the smallholder of teak private forests
in Gunungkidul have used seeds from natural sapling [30], so the teak timber quality
was low [45].

4.1. Growth and Yield of Arrowroot (Maranta arundinacea L.)

The growth performance of arrowroot in open area was the highest compared to
under teak shade (Table 2). Arrowroot plants require more light, so that under 5-year teak
(45% light intensity) and 7-year teak (38% light intensity) growth and tuber production
will decrease. However, the plant’s height at 1 MAP under 7-year teak was the highest
compared to the plant’s height at 1 MAP under 5-year teak and in open area. Low light
intensity (RLI 38%) triggered auxin activity to elongate the plant’s height [33]. Under the
shade, the light intensity for photosynthesis decreased, which affected the development
of arrowroot tubers, such as biomass and starch content [55]. The weight of cultivated
arrowroot tubers is higher than those that grow naturally. This is because the shade is
denser in a natural environment [56]. However, arrowroot is able to adapt to low light
intensity of 30.56–56.05% (Table 5) [56]. The optimal growth is the result of photosynthesis
in the leaf area index in the form of the dry weight production of plants [56]. In nursery
scale, the average number of arrowroot leaves was the highest under artificial shade of 31%,
while the lowest was under 51% shade [33]. Variations in morphological and physiological
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adaptations, tuber yield and starch content of arrowroot are interdependent and controlled
by genetic and environmental factors, especially climate and soil [55].

This study attests arrowroot suitability at elevation of 230 m a.s.l., with rainfall of
2300 mm/year and dry rocky soil (without irrigation). Water greatly affects plant metabolic
processes, either directly or indirectly [57]. In Madura Island (Indonesia), with very low
rainfall (1202 mm/year) and very low soil nitrogen content, the potential of arrowroot
production is only 2.65 Mg/ha [58]. Arrowroot has been planted in Indonesia a long time
ago, with a production variation of 7–47 Mg/ha [59]. The low productivity of arrowroot in
Gunungkidul is mainly caused by dry land; therefore, it depends on rainwater [60]. Arrow-
root tuber is a starch, with starch production potential equaling to 1.92–2.56 Mg/ha [61]. In
this study, arrowroot production was relatively high in the open area (26.64 Mg/ha) and
had limited production under 5-year teak (6.21 Mg/ha) and below-the-standard produc-
tion under 7-year teak (2.94 Mg/ha). Arrowroot productivity will be lower along with
higher teak density [62]. The carbohydrates content on arrowroot tubers in teak dense
places is similar to open areas. Physicochemical and nutrient content of arrowroot is not
significantly different between monoculture and intercropping [63]. Although a previous
study indicated that arrowroot was a shade-resistant species productive at light intensity
of 30–56% (Table 5), in this study its growth and tuber production decreased under the teak
shade. The limiting factor for arrowroot production was light intensity.

4.2. Growth and Yield of Canna (Canna edulis Kerr.)

In this study, the highest (but statistically insignificant) survival and productivity of
canna was under 7-year teak shade (Tables 2 and 3). Leaves number growth in canna will
increase with the lower sunlight intensity or the greater teak shade. This has implications
for the production of tuber (weight, tuber diameter and tuber length), which improves with
the increasing shade of teak, although it is not significantly different. The productivity of
canna plants was not significantly different, but the highest average was under 7-year teak.
Growth is influenced by the leaf area and leaf assimilation [64]. This indicates that canna
can adapt to low light intensity under 7-year teak (38%). The high light intensity, which
is received by the chlorophyll, will damage the leaves, turning them yellow and causing
them to wither [65]. On dry land, the presence of trees will produce a microclimate that is
more conducive to understory production. Lower light intensity will reduce evaporation
and micro temperature. Decreased light intensity has insignificant effect on photosynthesis
rate in resistant shading species. As long as the plant can adapt, it will not have any effect
on the production. Shade intensity and harvest age have a significant effect on canna plant
height [36]. The growth of canna plants under Neolamarckia cadamba stands with a spacing
of 3 m × 3 m was better than under Falcataria mollucana with a distance of 2 m × 2 m [66].
Shade treatment also has a significant different effect on the weight of canna tubers, with
the highest average being under 50% shade [36].

The growth of canna on Falcataria mollucana shade (42%) was higher than in the
open area on the parameters of plant height, leave length, leave width and plant biomass,
but the treatment of shading did not significantly affect the tuber weight [35]. Tuber
production in 75% light intensity was higher than in the open area [65]. In another study,
50% light intensity resulted in higher tuber growth and production than in the open area
and 30% light intensity [36]. Under the stand with 62% light intensity, it resulted in better
tuber production than in the open area with a slight decrease in the carbohydrate and
protein content of the tubers [66]. Several studies showed that 38% to 75% of light intensity
resulted in better tuber production than in the open areas. In addition, the results of this
study showed that intercropping with teak resulted in higher canna carbohydrate content,
although it was not significantly different. In another study, the chemical content of canna
tubers (carbohydrates, fiber, fat, protein) was more influenced by genetic factors and the
duration of harvesting canna [36]. Increasing the productivity of canna can be applied
by administering organic and inorganic fertilizer and by a more intensive maintenance
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of agroforestry crops. Intercropping canna as understory of private forest is technically
feasible for increasing the community food availability [66].

4.3. Growth and Yield of Yam (Dioscorea esculenta L.)

The highest survival of yam plant was found under 5-year teak (100%). The growth of
yam in 5-year teak stands (RLI 45%) was the highest compared to 7-year teak (RLI 38%) and
open area (height, diameter and number of leaves) (Table 2). Yam plants had the highest
average number of leaves under 25% paranet shade and the lowest under 50% shade [67].
In this study, the production decreased as the light intensity decreased due to the teak shade.
The effect of shade treatment on the weight of yam tubers was significantly different, with
the highest average under 50% shade [67]. There is a tendency that optimizing the light
will boost plant growth, but not tuber productivity. Yam’s growth and production will give
better results in open areas, although it still produces quite good growth in 30–50% shade
(RLI 50–70%) (Table 5) [52]. In heavy shade (75% or RLI 25%), yam is not adaptable,
which is indicated by the production of fewer stolons and tubers [67]. An optimal plant
height of yam was found in treatment without shade [67]. The height of yam plants can
reach 10.90 m under the planting pattern with trees along the border, where the average
relative light intensity reaches 66.94 % [68]. In other shade-resistant tuber species, such as
konjac/Amorphophallus muelleri, the percentage of crown closure also has a significant effect
on the number of konjac’s bulbil [69]. However, this is not only influenced by the shade
of the teak but also the suitability of the requirements for where each type of tuber grows
with the physical environmental conditions of the study site (soil type, elevation, soil pH,
relative air humidity, rainfall and temperature) (Table 5). Yam in Kudus (Central Java) can
grow at 29–34 ◦C temperature, 50–79% humidity and 25,500 lux–67,800 lux light intensity,
together with other species, such as D. hispida, D. bulbifera, D. alata [70].

In this study, teak stands (RLI 38–45%) produced 115–213 g/plant of a yam tuber
weight. This result is greater than other research results under Acacia mangium, Euchaliptus
and teak [71]. The different species of tree stands had a significantly different effect on
tuber wet weight of yam [71]. The wet weight of tubers was under Eucalyptus pellita
(RLI 46.98%), which was 46.75 g/plant, under Acacia mangium (RLI 40.64%), which was
39.96 g/plant and under teak (31.62%), which was 19.39 g/plant [71]. These RLI data show
that greater intensity of light induces larger productivity of yam (up to 46.98% of RLI).
Furthermore, the qualification to maintain production was achieved at RLI 50–70% [34,70].

Table 5. Requirement of physical environmental conditions for the growth of three tuber species.

Site
Characteristics Soil Type Elevation

(m a.s.l.) Light Intensity (%) Soil pH Relative Air
Humidity (%)

Rainfall
(mm/Year) Temp. (◦C)

Site trial Litosol 230–325
5-year teak (45.13)
dan 7-year teak
(38.76)

5–6.5 79–84 2.327 17.3–35.5

Maranta
arundinacea Grumusol [72] 605–1.351 [32] 30.56–56.05 [55]

58 [35] 6.7 [72] 50–75 [55] 1.202 [58] 25–34 [55]

Canna edulis

Alluvial,
Yellow-red
podzolic [73]
Ultisol,
Sandy-Clay [74]

0–250 [36]
250–300
[75]

75 (for tuber weight)
and 50 (for vegetative
propagation) [65]
30–40 [35]
50 [36]
42 [76]

4.5–8 [74] 80.2 [35]
68–80.2 [36]

1120–2664 [36]
Resistant to dry
land and
efficient in the
use of N [77]

28.3 [35]
Resistant to
various air
temperatures in
the tropics [76]

Dioscorea
esculenta

500–2000 [34]
103–240 [70]

50–70% [67]
60–70% [34]

5.5–6.5 [34]
6.8 [70]

40% [34]
50–79% [70]

1.000–1.500 [34]
1.970–3.425 [70]

20–30 [34]
29–34 [36]

4.4. Enabling Smallholder of Agroforestry Practices

The LER value of the intercropping of the three types of tubers with 5-year teak
showed more than 1 (arrowroot (1.65), canna (2.65) and yam (1.27), but under 7-year teak,
LER > 1 was only produced at intercropping with canna (2.01) (Table 4). The cropping
pattern of intercropping tubers and teak is expected to be a recommendation for farmers.
This research only studied the growth and yield of shade-resistant tubers in one cycle. The
adoption of this planting pattern will provide the farmers with middle-term income, since
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the tubers can be harvested every 9 months. Intercropping arrowroot, canna and yam
tubers under 5-year teak was profitable, while under 7-year teak, it was only recommended
for canna. Although there are still limitations linked to growing annual crops under teak
stands, as indicated by lower levels of production and growth of arrowroot and yam, the
contribution of agroforestry (combination of the two crop commodities) in land utilization
is more suitable than monoculture. Similar to the results of intercropping jackfruit with
eggplant tubers, where LER > 1, the eggplant tuber production decreased due to low light
intensity, and jackfruit growth increased due to the effect of understory maintenance [78].
Eucalyptus + corn has LER > 1, while Eucalyptus + soybean has LER < 1 [79].

At the research location, the tuber crops are harvested every year because tubers are
the raw material for the home industry, which produces tuber flour, especially arrowroot
and canna. Wheat flour processing industry is still operating manually by women farmer
group. The selling price of arrowroot flour at the time of the study was IDR 50,000 to IDR
100,000. The results of the financial analysis of canna cultivation in Malang, East Java,
results in an R/C ratio = 3.05 [80], arrowroot cultivation in Malang, East Java, results in
an R/C ratio = 2.07 [81] and yam cultivation in Merauke results in a B/C ratio = 1.92 [82];
therefore, those are feasible to be cultivated. The agroforestry cropping pattern in Lumajang
Regency, East Java, has succeeded in further raising income (3 million to 10 million rupiah)
from various seasonal crops, namely cassava, corn, rice, cardamom and ginger [83].

However, agroforestry is still more profitable because it enables tuber and wood
production. Based on the planting pattern of teak and tubers, this study considers it
still necessary to require other silvicultural treatments for more optimal results. Crops
that were planted near trees had a reduced annual crop production [84], whereas wider
tree spacing would reduce competition. The maintenance of wood in the agro-plantation
system aims to increase the production and quality of wood and maintain the tillage area
for seasonal crops [85]. Thinning is recommended for reducing tree density at 4–6-year
teak (40–60% of thinning intensity) [85–87]. Thinning enhances the growth of residual
teak stand and food crop in intercropping, and it provides income for the tree grower [85].
Light settings in an intercropping pattern can be adjusted by removing dead trees and
diseased tree branches, manipulating the crown size and shape by pruning, maintenance to
anticipate the competition with the understory, singling and thinning [88]. In other studies,
pruning has proven to be effective at improving crop productivity in teak + cassava [89],
gmelina + corn [90], soybean + pine [91], and trees + seasonal plants [92]. Pruning can be
started when the teak reaches three years of age and applied at the beginning of the rainy
season (before planting the understory crops) [93].

Water, light and nutrient competition in agroforestry systems can be minimized by
intensifying silvicultural treatments and intensifying agriculture in agrosilviculture patterns
in order to remain multifunctional (food and pro-environment). Although the rate of
decomposition of half teak leaves is slow [94], leaf litter can be used as organic fertilizer
and a substitute for chemical fertilizers [95], and it can create a mulch for soil microclimatic
conditions [96]. The need for water and nutrients is anticipated by employing a more
intensive fertilization treatment (mainly organic fertilizer) to meet the needs of the two
constituent plants [74]. Arrowroot can yield 10 Mg/ha of tubers, provided that it is fertilized
with 100 kg/ha of Urea, 200 kg/ha of SP36 and 50 kg/ha of KCl [97]). Plant height and fresh
tuber weight of arrowroot can be improved with the application of 3.5 Mg/ha KCl [98].
The combination of 2 Mg/ha manure, 40 kg/ha urea, 50 kg/ha KCl, 50 kg/ha SP36 during
planting and 90 kg/ha urea, 100 kg/ha KCl at 3.5 MAP resulted in a significant difference
in canna growth and tuber yield [99]. The combination of 25% shade treatment and
30 kg/ha manure resulted in higher number of leaves and tuber weight of canna [65],
while a combination of 75 kg/ha N, 30 kg/ha P2 O5 and 100 kg/ha K2 O applied to yam
produced high tuber weight of 0.71 kg/plant [100]. It is feasible for farmers to increase food
production by optimizing the land under the teak stands. Intensification of agroforestry will
bring several advantages: (1) tuber crops will generate mid-term income; (2) pruning will
improve teak timber quality and increase the productivity of tuber crops; and (3) thinning
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will increase residual teak stand growth and food crop productivity. The contribution
of timber and non-timber products in the agrosilviculture system shows a harmonious
balance between plant diversity and income generation [101].

5. Conclusions

The intercropping trial on three shade-resistant tuber species with teak resulted in
different growth and productivity rate of tubers. The starch content of the three types of
tubers was not significantly affected by the RLI. This indicates that the quality of tuber pro-
duction under different treatments was similar. The production of canna tubers was most
consistent, regardless the RLI. Canna is recommended as the most shade-resistant under-
story crop for teak agroforestry with RLI values of 38% and 45%. In previous studies, canna
remained productive at 50% of light intensity. The tuber weight of arrowroot and yam was
affected by the RLI, as the tuber weight decreased alongside a decrease in RLI percentage.
However, tuber productivity is influenced by various factors, namely light intensity, soil
conditions, climate, cultivation methods (agriculture intensification + teak silviculture) and
cultivar varieties. This study provides a useful initial evaluation of the effect of 5-year teak
shade (45% of RLI) and 7-year teak shade (38.76% of RLI), with unthinned and unpruned
teak, on the productivity of three shade-tolerant tubers. Planting three shade-tolerant
tuber species to optimize the land use of the 5-year teak stands understory in dry land of
private forests (LER > 1) is a potential practice for generating annual income and producing
alternative food sources for rural farming communities. The contribution of agroforestry to
smallholder livelihoods is greater than monoculture (LER > 1). Further research is needed
to measure the effectiveness of: thinning and pruning on teak at several spacings; crop
maintenance intensification on increasing the productivity of food-producing tubers in
smallholder teak system.
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Appendix A

Table A1. ANOVA results on tuber plants variables.

Variables

F-Calculated

Arrow Root Canna Yam

1 MAP 6 MAP 1 MAP 6 MAP 1 MAP 6 MAP

Plant Height (cm) 9.06 * 115.08 ** 6.79 ns 3.73 ns 3.88 ns 11.51 *
Plant Diameter (mm) 24.35 ** 46.62 ** 11.39 * 2.44 ns 1.83 ns 5.73 ns
Number of shoots (pieces) 2.35 ns 16.51 ns 0.43 ns 0.44 ns 1.60 ns 1.25 ns
Number of leaves (sheets) 28.67 ** 2.38 ns 8.72 * 12.19 * 15.85 * 17.44 *

Remarks: MAP = Months After Planted; * significantly different at <0.05; ** very significantly different at <0.01;
ns = non-significant.

Table A2. ANOVA results on tuber productivity.

No. Variables
F-Calculated

Arrow Root Canna Yam

1 Tuber weight/clump (g) 79.65 ** 4.11 ns 32.46 **
2 Tuber weight/piece (g) 74.94 ** - 26.68 **
3 Tuber weight/ha (Mg/ha) 80.00 ** 4.02 ns 32.15 **
4 Tuber length (cm) 44.96 ** 3.57 ns 76.44 **
5 Tuber diameter (cm) 0.75 ns 24.49 ** 0.43 ns
6 Number of tubers/clump (pieces) 26.38 ** - 6.22 ns
7 Starch content (%) 2.36 ns 2.31 ns 0.58 ns

Remarks: MAP = Months After Planted; ** very significantly different at <0.01; ns = non-significant.

Table A3. ANOVA two-way result on starch content of tubers—557.

F-Calculated Treatments

Shades Species Shades × Species

0.28 ns 138.77 ** 3.17 *
Remarks: * significantly different at <0.05; ** very significantly different at <0.01; ns = non-significant.
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