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ABSTRACT
Keywords: From a socioeconomic and environmental standpoint, rubber cultivation is potentially important for
Hevea brasiliensis Colombia, because it not only constitutes an alternative to the traditional mining, agricultural, and
Ultisol livestock activities, but also a beneficial option in the substitution of illegal crops. Thus, there is need
Plant nutrition to determine the factors restricting the productivity of the species, particularly soil-related aspects.
Colombian soils In this context, the current research undertook the description and identification of soil physical and

chemical properties in three rubber plantations located in a region known as Bajo Cauca Antioquefio,
at the lower course of the Cauca river. The results indicate that these soils are classified as Ultisols,
they are deep, with acid reaction and low levels of soil organic matter. Essential elements also
exhibited low levels, except Cu. Fe and Al are also present in very high concentrations, while the
cation exchange capacity is limited. These observations alert on the need for agronomic management
techniques that allow the crop to express its full potential under conditions that are not very adequate
for its growth and development.

RESUMEN
Palabras clave: El cultivo del caucho es un rubro agricola de importancia ambiental y socioecondmica para Colombia,
Hevea brasiliensis por ser una alternativa diferente de las actividades mineras y agropecuarias tradicionales; incluso,
Ultisol representa una opcion beneficiosa para la sustitucion de cultivos de uso ilicito. Lo anterior muestra
Nutricion de plantas la necesidad de determinar los factores que restringen su produccion y la productividad de la

Suelos colombianos especie, con énfasis en lo relacionado al recurso edafico. En ese sentido, se hizo la descripcion y

la identificacion de las propiedades fisicas y quimicas del suelo de tres predios ubicados en el Bajo
Cauca Antioquefio dedicados a la explotacion de la euforbiacea. Los resultados indicaron que los
suelos son del orden Ultisol, profundos, de reaccidn cida y con contenido bajo de materia orgénica;
los elementos esenciales estan en niveles bajos, excepto el Cu. El Fe y el Al se encuentran en
cantidades muy altas, mientras que la capacidad de intercambio catiénico es limitada. Lo observado
alerta sobre la necesidad de aplicar técnicas de manejo agronémico que permitan que esta especie
exprese todo su potencial en condiciones que son poco aptas para su crecimiento y desarrollo.
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he rubber [Hevea brasiliensis (Willd. Ex A. Juss.)

Mull. Arg.] cultivated area in Colombia is currently

growing, with an average annual increase of 3928

ha for the period between 2002 and 2008, and a
total area of 45,000 ha in 2014 (Castellanos et al., 2009).
However, there is still a deficit of 12,000 yearly tons that
are needed to supply the 17,000 yearly tons demanded
by the domestic industry (Castiblanco, 2014). That is,
the country is not self-sufficient, since it imports 70%
of its domestic rubber consumption. A similar trend can
be observed at the world level, where a rubber deficit
of 170,000 to 200,000 tons is projected for the period
between 2005 and 2020 (Santacruz, 2008).

The current increase in the domestic and global natural
rubber demand makes the cultivation of rubber an
important segment of the national cropping activity. The
demand comes from the leather, automobile,and
chemical industries (67%) and from the manufacture
of latex-made products (11%, corresponding to, e.g.,
surgical, household and industrial gloves); other products
such as conveyor belts, hoses, gaskets, footwear,
adhesives and others represent 22% (Castellanos et
al., 2009; SADRA, 2011).

From a socio-economic standpoint, rubber cultivation
constitutes an important cropping activity for Colombia,
because it provides an alternative to the traditional
mining, agricultural and livestock activities. Furthermore,
it represents an alternative in the replacement of illegal-
crops, by generating one direct job and three indirect jobs
every four ha of the crop (STNCN, 2008; Castellanos et
al., 2009; SADRA, 2011).

According to UPRA (2015), Colombia has 18 144 457
ha with adequate conditions for rubber cultivation; but only
18.7% of them, have the best conditions from the physical,
socio-ecosystem and socio-economic point of view. The
remaining 81.3% are located in areas characterized by
low to average aptitude for the crop, with moderate to
severe limitations for its development. In the department
of Antioquia, the situation is very similar: out of 1 358 079
ha that are suitable for rubber cultivation, 13.6% exhibit
optimal conditions; 48.3% present average conditions
(predominantly those in the region of Urabd); while those
exhibiting low aptitude, which concentrate in the Bajo Cauca
Antioquefo (BCA) region, account for 38.1% of the total

area. Atthe departmental level, the edaphic characterization,
will allow to locate the soils with better aptitude for use.

Despite the above restrictions, Santacruz (2008), Castellanos
etal. (2009) and SADRA (2011) have found that the growing
demand for natural rubber at the local and global levels is
attracting not only for private investors (rubber growing
IRR is 16 to 18%), but also for the national government,
who are determined to strengthen the sector. This situation
constitutes an excellent opportunity for Colombia in the
sense of becoming self-sufficient in the medium and long
term, and even opens the possibility to move from rubber
raw material imports to exports.

To achieve this goal, it is necessary to overcome existing
technological constraints such as poor agricultural
management of plantations (particularly regarding nutrition
and the handling of biotic and abiotic factors), scarce use of
production and post-production technologies and innovations,
little information on latex agroindustrial management plans,
and limited research at the regional level. Consequently, it
is important to strengthen research, technical assistance
and technology transfer in order to develop and improve the
quality of the material thus produced. Also, it is necessary to
optimize the post-production processes and provide farmers
with adequate training. The comprehensive articulation
of these measures is likely to improve quality, overcome
both low yields and national production deficit, and achieve
exportable surpluses.

Antioquia has 4098 ha of rubber plantations, 13.5% of which
yield 1.2 t ha year”, which is within the world average
range (0.9to 1.3tha year”), butis low if compared with
the yields of India and Thailand (1.9 and 1.8 t ha'year?,
respectively) (Santacruz, 2008; Castellanos et al., 2009).
Another potential benefit derived from the establishment
of the species in this country is highlighted by SADRA
(2011), who state that by the year 2020 this crop
will be favoring the life conditions of 6000 families
in the Colombian rubber production strip, which
covers the departments of Antioquia and Cérdoba.
Moreover, this crop exerts a positive impact on the
environment through carbon (CO,) fixation, oxygen
release (O,), and other ecosystem services.

Adequate climatic conditions for the cultivation of rubber
in the country correspond to areas with annual rainfall
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between 2000 and 4000 mm, temperature above 24
°C, and sunshine higher than 1700 h year'. However,
plantations can be established in regions with medium
to low aptitude for the crop, wherein precipitation can be
either below or above the optimal range (1000 to 2000
and 4000 to 5000 mm year, respectively), temperatures
between 18 and 24 °C, and sunshine from 900 to 1700
h year' (UPRA, 2015).

Compagnon (1998) considers rubber as undemanding
crop with regards to soil characteristics. Having evolved
mainly on tropical soils (Martinez, 2007), rubber is highly
adaptable to the different climate and soil conditions of
the tropics, including extremely low fertility levels.

The necessary soil texture conditions for the proper
development of the root system of a rubber tree
should be loam to silty loam, appropriate structure,
and effective depth >150 cm, which facilitate good
moisture retention (Escobar et al., 2004; SENA, 2006).

With respect to pH, the species grows well in a range
of 4.5 to 5.5. Although, elevated pH levels are not
recommendable (Martinez, 2007), it is clear that at
lower levels of pH bases become scarce and use of
amendments (e.g., lime and gypsum) is needed, resulting
thus in increased production costs. Satisfactory organic
matter (OM) content in the first 20 cm soil layer is 3.0
- 4.0%, which guarantees C and N contents of 20 000
and 2000 kg ha, respectively. In this way, when the C/N
ratio ranges between 10 and 12, N release is favored
(Umoh et al., 2014).

Regarding the Effective Cation Exchange Capacity
(ECEC), Torres (1999) reports that well developed
plantations where found when this parameter did not
exceed 2 cmol kg™. In addition, this author states
that rubber can be planted on flat ground (which is
important from the standpoint of mechanization) or on
soils with slopes below 15%, following contour lines. In
both cases there have been satisfactory latex yields of
1.4 tha'year'.

Santana and Diaz (1999) mention that some of the soil
chemical characteristics in the BCA region favor the
development of rubber plantations, although there are
contrasting variations from one place to another, mainly
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determined by topography and soil management
differences.

Based on appropriate soil nutrient content standards for
rubber cultivation, it can be anticipated that low levels
of B (<0.6 mg kg'), Ca (<3.0 cmol_kg), P (<15 mg kg
') and K (<0.15 cmol_ kg™) (Azabache, 2012), as well
as high levels of Fe (>50 mg kg™), hinder the proper
development of rubber plantations in the BCA region
soils (Oku et al., 2012). Moreover, the low OM content
of these soils (<1.5%) is likely to constrain the proper
development of the crop (Torres, 1999).

From a pedogenetic point of view, Osman (2013) indicates
the climate as the fundamental factor in the process of soil
formation, specifically recognizing rain and temperature
regimes as the most influential factors. Similarly, Abreu
Jr, et al. (2003) indicate that good part of the humid tropic
soils exhibit high levels of nutrient leaching, coupled to
low natural fertility. According to the mentioned author,
this is the result of a combination of factors such as
strongly to extremely soil acidity, presence of available
and exchangeable Al, high P fixation capacity, low Ca,
Mg and K levels, low cationic and high anionic exchange
capacities, and elevated concentrations of some metallic
micronutrients such as Fe, Cu, Mn and Zn.

In that way, the characterization of soil physical-chemical
attributes is a key management tool in the improving of
agronomic processes and the increasing of productivity
and competitiveness of the rubber sector in the BCA
region. Currently, there is no detailed knowledge of
the rubber cultivated soils of the BCA region. The
closest approach corresponds to the general study of
soils and land cover of the Department of Antioquia,
conducted in 2007 by the Instituto Geogréfico Agustin
Codazzi (IGAC) at scales 1:100 000 and 1:25 000.

Allthese considerations highlight the need to identify the
limiting factors in the production and productivity of rubber
plantations in the Antioquia department, Colombia, Latin
America and other places in the world, primarily referring
to the soil. In this context, and considering that adequate
soil management and climate allow the species to express
its genetic potential and increase its efficiency and
competitiveness, the present research aimed to provide
a general characterization and taxonomic identification
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of the rubber-cultivated soils of the BCA region, and
to determine their agronomic potential under the agro-
ecological conditions of the region.

MATERIALS AND METHODS

Location

The characterization of the soils and their
physical and chemical attributes was carried out in three
representative rubber plantations of the BCA region. The
first site corresponds to Villa Gina (7°43'1.4"N,
75°30'36.1"W; 131 m of altitude; 3133 mm of annual
rainfall; and 27.0 °C of temperature), established in the
locality of Santa Clara, within the limits of the municipality
of Taraza. This property belongs to the Rubber
Growers Committee Association (Asociacion Comité de
Cultivadores de Caucho — ASCULTICAUCHO).

The second site corresponds to La Envidia (7°53'1.6”N,
74°50'14.2"W; 54 m of altitude; 3529 mm of annual
rainfall; and 27 °C temperature), established in the
locality of Quebrada La Ciénaga, within the limits of the
municipality of Nechi. The farm belongs to the Rubber
Growers Association of Cargueros and Bijagual -
ASCABIA.

The third site was located in La Golondrina (7°52'36.7”N,
74°57'5.5"W; 77 m of altitude; 2575 mm of annual
rainfall and 27.7 °C temperature established in the
locality of Bella Palmira, within the limits of the
municipality of Caucasia. The three farms are included
in the tropical rain forest (rf-T) ecological life zone
(Holdridge, 1987; Espinal, 1992).

Soil description

In each of the rubber plantations, a one-piece
combination Edelman auger was employed to take soil
samples at seven plots representing the topographical
variations of the area. Based on horizon A depth
contrasts, color assessed through Munsell table,
texture estimated by touch, and structure estimated
through aggregate size, one of the sampled plots at
each farm was selected to dig a pit of 1.5 m long x
1.2 m wide x 1.5 m deep. Characteristics such as soil
texture, color, structure, temperature, root distribution,
mottling, consistency, pore size, and amount, presence
of macroorganisms, anthropogenic (mining) activity,
signals of compaction, and horizon thickness were

described in situ, according to methodologies by USDA
(1993), Jaramillo (2002), IGAC (2007 b) and FAO
(2009).

Additionally, the following tests were performed in each
soil horizon: (a) reaction to hydrogen peroxide (H,0,),
in order to indicate the presence of decaying OM and/
or Mn; (b) reaction to 4% sodium fluoride (NaF) and
phenolphthalein impregnated filter paper to identify
the presence of allophanes or soil with andic conditions;
and (c) reaction to 10% hydrochloric acid (HCI),
to determine the presence of free carbonates. All these
evaluations followed guidelines of USDA (1993) and
Jaramillo (2002).

Field information was contrasted to soil maps prepared
by IGAC (2007a) for the municipalities of Taraza,
Nechi, and Caucasia, the guidelines of the American
Soil Taxonomy (USDA, 2006), and the taxonomic
system established by FAO (2006). This allowed
the classification and morphological, physical, and
chemical characterization of the areas of interest.

Determination of soil physical properties

Soil resistance to penetration (MPa) assessment
were carried out in situ from 0 to 0.30 m deep, making
use of a compaction meter (FieldScout SC900®).
Soil moisture (%) measurement was conducted from
0 to 0.90 m deep, using a FieldScout TDR 300 soil
moisture meter. For the construction of moisture
retention, porosity (%), bulk density (g cm®) and
hydraulic conductivity (cm min™) curves, undisturbed
samples were taken from the first 0.25 m of the soil
profile in PVC cylinders of 0.0762 m diameter and 0.10
m high. The soil columns thus obtained were taken
to the laboratory in closed metal boxes following ASTM
norm D4220 (2000). The analysis of these samples
was conducted in the laboratory of Soil Physics and
Conservation of the Universidad Nacional de Colombia
at the Medellin campus, following protocols by IGAC
(1990), USDA (1993), and Jaramillo (2002).

Soil fertility assessment

Soil samples for chemical analysis were taken from the
first 0.25 m of the soil profile with a one-piece combination
Edelman auger. Twenty-five to 30 subsamples made
up a composite sample following guidelines by IGAC
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(1990), Carrillo et al. (1995) and Gémez (2005). Chemical
determinations were carried out at the Soil Laboratory of
the Universidad Nacional de Colombia, Medellin campus.
The methods employed were: texture by Bouyoucos; pH
in water 1:1, weight/volume; Organic Matter content (%)
and organic C (%) by Walkey and Black; P (mg kg™') by
Bray Il and colorimetric method; K, Ca, Mg (cmol_kg™) by
ammonium acetate at pH 7.0 and atomic absorption; Fe,
Mn, Cu, Zn (mg kg"') by Olsen (0.5 M NaHCO, and EDTA)
and atomic absorption; B (mg kg'') extracted by hot water;
Al (cmol_kg) by 1 M KCl and atomic absorption; S (mg
kg") by 0.008 M monocalcium phosphate; NO, (mg kg
') by 0.025 M aluminum sulphate; NH, (mg kg”) (1 M
KCl); ECEC (cmol_ -kg') sum of exchangeable cations.
Details about the methods can be seen at IGAC (2006).

RESULTS AND DISCUSSION

Soil description

Table 1 shows the characteristics of the three studied
soils, which are representative of one of the major
landscape units of Antioquia, namely the plains and low

hills of the Cauca river basin. Resulting from ancient
alluvial deposits brought by the tributaries of the Cauca
river (Arbaux, 2003), this is one of the four main Colombian
landscape types (IGAC, 1995). The characteristics
observed at the sites of interest are the product of intimate
soil-landscape correlation, wherein the stability of the
geological formations and their constituent materials
contribute to the evolution of the soils (Malagén, 2003)
and represent the spatial and visual expression of the
environment (Mufioz-Pedreros, 2004). This physiography
is consistent with the views of Jaramillo (1996), who
refers to the presence of three contrasting terraces in
the region: a hilly and strongly dissected (upper) one,
a number of flat or little dissected (medium and low)
ones. These morphological differences are associated to
different degrees of evolution. The warm and humid climate
of the evaluated territory is described by Betancur et al.
(2009) as particularly complex, due to the influence of the
cyclonic curvature of the Caribbean waves, the proximity
to the slopes of the western mountain range, and the effect
of mid - latitude troughs.

Table 1. Relief diversity in three rubber planted areas of the lower basin of the Cauca River (Antioquia, Colombia).

Characteristic Villa Gina La Envidia La Golondrina
(Taraza) (Nechi) (Caucasia)

Landscape Flatland Hillside Terrace

Topography Slightly undulating Undulating Slightly undulating

Slope Slightly steep Moderately steep Slightly steep

Erosion type No Hydric: laminar Physical: crusting Water: laminar

Degree of erosion No Low Low

Climate Warm wet Warm wet Warm wet

Silace sloniness No No No

Water table (depth) Not found Not found Not found

Frequency and duration of floods ~ None None None

Soil depth Very deep Very deep Very deep

Effective depth Moderately deep Superficial Moderately deep

Soil moisture regime Udic Udic Udic

Soil temperature regime Isohyperthermic Isohyperthermic Isohyperthermic

Soil moisture condition Slightly wet Moderately damp Slightly wet

Edaphic climate Udic isohyperthermic Udic isohyperthermic Udic isohyperthermic

Ground cover Herbaceous Herbaceous Herbaceous

Cover height (cm) 30-35 35-40 30-35

Curent s Cooopiapelaal. (15800 Gragng i e

Diagnostic horizons

Epipedon: ochric
Endopedon: argillic

Epipedon: ochric
Endopedon: argillic

Epipedon: ochric
Endopedon: argillic
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The profiles shown in Figure 1 and explained in Tables
2, 3, and 4 allow identifying the soils under study as
Ultisols that resulted from sedimentary materials in hot
and humid climates. These soils usually present acid
reaction and exhibit red and yellow colors resulting from
the accumulation of iron oxide (Oballos and Ochoa,
2008; Sanchez and Rubiano, 2015). In the current study,
they generally exhibited good drainage, the dominant
textures are silty loam (Villa Gina and La Golondrina)

to be variable, the soils of Villa Gina standing out for
depths greater than 0.60 m, below which rubber trees
usually develop most of their roots (Azabache, 2012). In
the other two rubber plantations, the effective depth
is considered to be sub-optimal, which implies certain
restrictions that do not prevent the establishment of
rubber plantations. The soils of La Envidia stand out
for the vulnerability of their aggregates to external
dispersing agents such as water, wind or mechanical

and clay loam (La Envidia). Effective depth was found manipulation (Pérez, 1992).

Figure 1. Typical soil profiles in three rubber planted farms of the Colombian Bajo Cauca Antioquefio region. A. Villa Gina (Taraza); B. La
Envidia (Nechi); C. La Golondrina (Caucasia).

Table 2. Soil description of Villa Gina rubber plantation (Taraza).

Diagnostic

horizons / depth Description

Red color when moist (2.5YR 4/6); silty loam texture; fine and very fine, moderately blocky sub-angular
Ap structure; slightly plastic and sticky consistency when moist; many fine and very fine pores; many fine
00-20cm  andvery fine, superficially distributed roots; presence of macroorganisms; strongly acid pH (4.5); violently
effervescent reaction to decaying OM (H,0,); negative reaction to both free carbonates (HCI) and allophanes

(NaF); clear and smooth boundary.

Red when moist (2.5YR 4/8); silty loam texture; weak and very fine, blocky sub-angular structure; slightly

Bt plastic and moderately sticky consistency when moist; few very fine pores; very fine, superficially distributed
20-98¢cm  oots; no presence of macroorganisms; strongly acid pH (4.5); slightly effervescent reaction to decaying OM
(H,0,); negative reaction to both free carbonates (HCI) and allophanes (NaF); abrupt and smooth boundary.

Dark red when moist (10R 3/6); silty loam texture; massive, structureless; moderately plastic and very sticky
C1 consistency when moist; few very fine pores; few very thin roots; no presence of macroorganisms; extremely

98-128¢m  acid pH (4.2); negative reaction to decaying organic matter (H,0,), free carbonates (HCI) and allophanes
(NaF); abrupt and smooth boundary.

Co Yellowish red when moist (5YR 4/6); silty loam texture; massive, structureless; moderately plastic and

108-138cm VeV sticky consistency when moist; few very fine pores; very few and very fine roots; no presence of

macroorganisms; extremely acid pH (4.2); negative reaction to both free carbonates (HCI) and allophanes
(NaF).
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Table 3. Soil description of La Envidia rubber plantation (Nechi).

I_)lagnostlc Description
horizons / Depth
Dark yellowish brown when moist (10YR 4/6); clay loam texture; fine and very fine granular
A structure; slightly plastic and moderately sticky consistency when moist; few very fine pores; many
00- 1;’ om fine and very fine, superficially distributed roots; no presence of macroorganisms; extremely acid
pH (4.0); very slightly effervescent reaction to decaying OM (H,0,); negative reaction to both free
carbonates (HCI) and allophanes (NaF); gravel, rubble and quartz (1 to 5 cm @, 50%); gradual and
smooth boundary.
Yellowish red when moist (5 YR 5/8), with 10% mottling: yellowish dun (10YR 5/8), olive yellow (2.5Y
6/8), yellow (2.5Y 7/8); sandy clay loam texture; weak and very fine granular structure; moderately plastic
17 1?)t6 om and very sticky consistency when moist; few very fine pores; very fine, superficially distributed roots; no

presence of macroorganisms; extremely acid pH (4.0); negative reaction to decaying OM (H,0,), free

carbonates (HCI) and allophanes (NaF); gravel, rubble and quartz (1 to 5 cm @, 40%); abrupt and

smooth boundary.

Dark brown when moist (7.5 YR 5/8), with <5% red mottling (2.5YR 5/8); silty loam texture; massive,
C structureless; very plastic and very sticky consistency when moist; few very fine pores; very few and

106-132 cm very fine roots; no presence of macro-organisms; strongly acid pH (4.5); negative reaction to both free

carbonates (HCI) and allophanes (NaF); gravel, rubble and quartz (1.5 to 3 cm @, <5%).

Comment: Abundant presence of gravel, rubble and quartz was found from 33 to 101 cm deep, representing 50 to 60% of said layer. Quartz
was observed to be highly weathered all along the profile, probably due to the removal of materials as part of anthropogenic (mining) activity.
This might explain not only the presence of a deposit of gravel and rubble above the first layer of the profile, but also the large amounts of these
materials contained in the first horizons and diminishing or disappearing towards the deepest layers, thus making them easier to penetrate.

Table 4. Soil description of La Golondrina rubber plantation (Caucasia).

Diagnostic

horizons/Depth Description

Red color when moist (10R 4/6), with 10% reddish - black (10R 2.5/1) mottling; silty loam texture; moderate
to strong, fine and very fine sub - angular blocky structure; slightly plastic and sticky consistency when
Ap moist; many fine and very fine pores; many fine and medium sized, superficially distributed roots; no
00-22 cm presence of macro - organisms; extremely acid pH (4.0); very slightly effervescent reaction to decaying
OM (H,0,) negative reaction to both free carbonates (HCI) and allophanes (NaF); 5-10 mm @ gravel

(30%); smooth and clear boundary.

Red color when moist (10R 4/8), with <5% reddish yellow (7.5 YR 6/8) mottling; silty clay loam texture;
bt weak, very fine sub - angular blocky structure; moderately plastic and sticky consistency when moist; few
29.70 om very fine pores; very fine, superficially distributed roots; no presence of macroorganisms; extremely acid
pH (4.0); negative reactions to decaying OM (H,0,), free carbonates (HCI) and allophanes (NaF); 3-5

mm @ gravel (5%); gradual and smooth boundary.

Dark red color when wet (2.5YR 3/6); <5% dark brown (7.5 YR 5/6) mottling; silty clay texture; massive,
C1 structureless; very plastic and very sticky consistency when moist; very few fine pores; very fine,
70-110 cm moderately abundant roots; no presence of macroorganisms; extremely acid pH (4.0); negative
reactions to decaying OM (H,0,), free carbonates (HCI) and allophanes (NaF); 2 mm @ gravel (10%);

gradual and smooth boundary.

Red color when moist (10R 4/8), with <10% reddish yellow (7.5 YR 6/8) mottling; silty clay

G2 texture; structureless massive; very plastic and very sticky consistency when moist; few very fine

110-120cm  pores; very few and very fine roots; no presence of macroorganisms; extremely acid pH (4.0); negative
reactions to both free carbonates (HCI) and allophanes (NaF).

Comment: Mottling observed in the first layer may correspond to ashes resulting from burnt trees.
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Soil physical properties

Soil moisture underwent slight modifications along the vertical
soil profiles (Table 5). The lowest moisture content record
came from La Envidia, at the 0 - 30.5 cm deep
layer; while the highest one corresponded to La Golondrina
(atthe 61.0-91.5 cm deep layer). These observations can
be confirmed by comparing hydraulic conductivity (Table 6)
to soil moisture retention data (Figure 2). These results are
well explained by texture and soil structure, although water
retention can also be influenced by other biotic and abiotic
factors (Hernandez and Sénchez, 2012). In this regard, the
silty clay loam observed in La Envidia, together with the
presence of gravel, rubble and quartz from 17 to 106
cm deep (Table 2) and its low OM content (Table 7), all
adversely affect the water retention capacity of the soil
(Murray-Nufiez et al., 2011). In turn, this situation favors
the possibility that the rubber plantations established there
face stressful events in times of prolonged drought.

Mechanical resistance to penetration did not exceed
2.0 MPa in any case (Table 5), which is the critical
threshold above which radical growth is affected
(Martino and Shaykevich, 1994). Hence, this constitutes
a desirable soil attribute for the proper development
of plants. In this regard, the BCA region soils are

relatively advantageous for rubber plantations when
compared to those in other areas of the country where
the trees support the weight of grazing cattle (Rosas et
al., 2016). Regarding bulk density, the values shown
in Table 6 match those mentioned by Alvarado and Forsythe
(2005) for Ultisols and are consistent with expectations
for fine textured soils. The differences observed in this
parameter across the studied landscapes are inversely
correlated to OM contents (Table 7). In this sense, low OM
content observed at La Envidia contrasts with the elevated
value obtained at La Golondrina, a circumstance that leads
toincreased biological activity in the root zone, which, in tun,
favors the development of roots (Chinchilla et al., 2011). For
its part, porosity varied between 64.7% (Villa Gina), 63.4%
(La Golondrina) and 49.3% (La Envidia). This disparity is
attributed to the higher OM content and lower bulk density
values of Villa Gina and La Golondrina, as compared to
those recorded at La Envidia, involving dissimilarities
in form, grade and size of the aggregates (Cuevas et
al., 2006). Another observation related to porosity and,
therefore, to OM content, is the advantage that these
attributes confer to Villa Gina and La Golondrina. In effect,
water retention in the soil is a function of the specific surface
of each soil and, consequently, of pore amount, size and
distribution (Krull et al., 2004).

Table 5. Soil moisture content in three rubber plantations of the Bajo Cauca Antioquefio region (Colombia).

Farm Soil moisture Resistance to penetration

Depth (cm) (%) Depth (cm) (MPa)
0.0-30.5 32.1 0.0-10.2 0.7
Villa Gina (Taraza) 30.5-61.0 40.6 10.2-20.3 1.1
61.0-915 42.2 20.3-30.5 1.6
0.0-30.5 21.5 0.0-10.2 1.1
La Envidia (Nechi) 30.5-61.0 25.7 10.2-20.3
61.0-915 25.2 20.3-30.5
0.0-30.5 46.2 0.0-10.2 1.1
La Golondrina (Caucasia) 30.5-61.0 47.1 10.2-20.3 1.2
61.0-915 54.5 20.3-30.5 1.4

Table 6. Soil physical properties in three rubber plantations of the Bajo Cauca Antioquefio region (Colombia).

Hydraulic conductivity Bulk density Total porosity
Farm . :
(cm min™) (mg m?) (%)
Villa Gina (Taraza) 0.05 1.01 64.7
La Envidia (Nechi) >5.0 1.36 49.3
La Golondrina (Caucasia) 0.03 0.98 634
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Figure 2. Soil moisture retention curves from three rubber plantations in the Bajo Cauca Antioquefio region (Colombia). A. Villa Gina (Taraza);

B. La Envidia (Nechi); C. La Golondrina (Caucasia).

Soil fertility

Table 7 shows the nutrient content data of the soils under
study. Together with the udic moisture regime of the
region (Malagén, 1998), these results confirm the great
limitations of Ultisols, which include strong acidity (Table
2), Al toxicity, low ECEC and low fertility. OM content
was found to be low in Villa Gina and La Envidia, and
medium in La Golondrina, where this condition favors
the physical, chemical and biological properties of the
soil (Julca-COtiniano et al., 2006), in turn facilitating better
nutrient availability for rubber plantations. Moreover,
the low content of organic C makes BCA soils more
susceptible to erosion, due to the low degree of stability,
have a minimum capacity to retain moisture, minor gas
mobility and reduced biological activity (Martinez et al.,
2008).

The limited presence of nitrifying bacteria in Ultisols
results in poor nitrification, which, in tumn, determines
low N availability for rubber cultivation in the landscapes
under study (Salinas and Valencia, 1983; Montafio
and Sanchez-Yafhez, 2014). For the three rubber
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plantations, the laboratory analysis showed very low
P levels (2 mg kg), which are explained by the high
degree of weathering of Ultisols and the strong affinity of
this element with Fe and Al, with which it forms insoluble
precipitates (Chinchilla et al., 2011). In this case the
use of rock phosphate may be effective, particularly if
mycorrhizal fungi are inoculated because rubber plant
growth and nutrient uptake is promoted by them (Sosa
et al., 2009).

While La Golondrina showed the highest K contents,
the other two sites registered critical levels that are
probably affecting plant growth and crop yield by the
rubber trees planted there (Pervez et al., 2004). The
contents of Ca in the three studied landscapes were
found to be low (Villa Gina) to very low (La Envidia
and La Golondrina) (Minagricultura, 2014). In acid and
intensely weathered soils the deficiency of this mineral,
together with low P availability and Al toxicity, certainly
limits fertility, since it constitutes a chemical barrier that
prevents root growth and reduces both microorganism
populations and their activity (Salinas and Valencia,




1983). Mg was found to be at very low levels in the
three studied rubber plantations, which is related to the
high degree of weathering and the washing of bases
observed in the region (Paniagua-Vasquez and Toruno-

Gutiérrez, 2004). The concentration of S was medium
at Villa Gina and La Envidia, while its deficiency in La
Golondrina may be due to the high solubility exhibited
there by this nutrient (Salinas and Sanz, 1981).

Table 7. Soil chemical characteristics in three rubber plantations of the Colombian Bajo Cauca Antioquefio region.

Element Villa Gipa La Envidia La Golond_rina
(Taraza) (Nechi) (Caucasia)
OM (%) 2.8 1.6 3.3
OC (%) 1.6 0.9 1.9
N-NO, (mg kg') 8 1 6
N-NH, (mg kg") 30 19 30
P (mgkg™) 2 2 2
K (cmol_kg™) 0.10 0.03 0.33
Ca (cmol_kg™) 3.3 0.1 0.79
Mg (cmol_kg) 1.5 0.04 0.88
S (mgkg") 19 16 3
Mn (mg kg™) 28 1 21
Zn (mg kg™) 2 1 1
Cu (mgkg”) 5 1 2
B (mg kg 0.17 0.17 0.33
Fe (mg kg) 14 213 124
Al (cmol_kg™) 0.2 1.6 6.5
ECEC (cmol_ kg™) 5.1 1.8 8.5

Regarding micronutrients, a marked deficiency of Mn was
observed in the soils of La Envidia, probably resulting from
the acidity of the substrate, which tends to dissolve this
metal (Matini et al.,, 2011) and this has been leached out
from the soil. Regarding Zn, its outstanding deficiency in
the soils of La Envidia and La Golondrinais attributable to
the sandy nature of the soil, acidity and low OM content
(Oku etal., 2012). In contrast, the concentration of Cu was
found to be at acceptable levels in Villa Gina and La
Golondrina, perhaps because the slightly higher levels
of organic C observed there increased the content of
this nutrient (Mohd-Aizat et al., 2014). The soil available
B content was found to be very low in the three rubber
plantations, probably because this element is adsorbed
onto the surfaces of Fe and Al oxides, which reduces
its availability (Salinas y Valencia, 1983; Calbaceta and
Molina, 2006). It is worthwhile noting the elevated levels
of Fe and Al. The former, which is responsible for the red
color that features the studied soils, is released from their

primary minerals and then progressively oxidized (Malagon et
al.,, 1995). In turn, Al results from advanced soil weathering,
which releases Al ions from the network formed by clay
silicates (Casierra-Posada and Aguilar-Avendafio, 2007).
These ions when present in the soil interfere the transport
and usage of essential nutrients (P, K, Ca, and Mg) and
inhibit microbial processes that supply nutrients to the plant
(Campillo and Sadzawka, 2008).

Finally, the low ECEC observed in the present study
correlates with clay mineral composition and very low
organic C content. In Ultisols, the clay fraction is mainly
composed of kaolinite or oxyhydroxides of Fe and Al, while
the sand and silt fractions are dominated by quartz and
minor amounts of mica, feldspar, ferromagnesium and
other weathering resistant minerals. This results in soils
with limited ECEC and restricted supply of bases, both
resulting from mineral weathering (Prasetyo et al., 2001;
Durango, 2014).
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CONCLUSIONS

The rubber planted soils of the Bajo Cauca Antioquefio
region are deep and well drained. Through typological
analysis, they can be said to belong to the order
Ultisols. Iron accumulation gives them a red and
yellowish hue. They are very acid and possess low natural
fertility. Their texture was generally found to be silty loam
and clay loam. Their content of OM and exchangeable
bases is low, as well as the availability of P and K. The
levels of Fe and Al are very high. Their mineralogical
composition and low content of organic C contribute to
low ECEC values. Notwithstanding, the studied area
is potentially useful for the development of perennial
plantations such as rubber. An adequate agronomic
management of these soils should be aimed at obtaining
sustainable productivity. As such, it must be capable of
developing and maintaining fertility through liming, OM
incorporation and appropriate application of the correct
amounts of phosphate and potassium fertilizers as well
as biofertilizers based on arbuscular mycorrhizal fungi.
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