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The effect of roots confinement on the relative growth of roots and canopy of

Opuntia ficus-indica

Summary

The influence of soil volume on roots and canopy growth performance of cactus pear (Opuntia
ficus-indica) was studied at Palermo University. In November 2014, 1-year-old Opuntia ficus-
indica cladodes were planted in five different volumes of soil 50, 33, 18, 9 and 5 Liters. Three
replicates (plants) per pot size were dug out at 6 and 12, 18 and 24 month intervals, thus in
total, there were 5 x 3 x 4= 60 experimental plots. The resulting experimental design was a
completely randomized design with combinations of two factors, soil volume and month of the
sampling, with three replications. Roots of each plant were washed and visually divided into
three groups depending on their diameters: Fine roots less £ 2 mm; medium roots (2-5 mm);
large roots >5 mm, the roots of each group was manually separated and measured. Roots
surface area was measured using image processing VegMeasure software®. Root volumes were
calculated from surface area and root length by assuming that roots are cylindrical. Root
measurements were taken prior to root dry mass estimation. Cladode surface area, thickness,
number of new cladodes, cladodes fresh and dry mass were measured and recorded for each
plant. Roots: shoot mass, root density, root length density and specific root length were
calculated. Mother cladode and roots starch content estimation was performed using the
perchloric acid method while the natural signature of 6C and the roots turnover was
determined depending on the portion of C in soil that was derived from the cactus pear root.
Results indicated a significant effect of soil volume and sampling dates and their interaction
(P<0.01) on: total roots length, roots surface area, dry mass, volume, specific roots length, the
large roots surface area, medium roots surface area, dry mass of the large, medium roots,
number second generation cladodes, canopy dry mass, total canopy surface area, carbon
isotopic signature 8 **C and carbon derived by roots per soil unite. Whereas, root density, roots
length density, fine roots dry mass, total number of cladodes, mother cladodes and roots starch
content and roots turnover were significantly affected by soil volume and sampling dates only.

Increasing the soil volume enhanced the total roots length, surface area, roots dry mass, and



total roots volume. However, the smallest soil volume showed stable roots growth over time in
terms of the total roots length, total surface area and the total roots volume, as well as the
total dry mass. In contrast, soil volume restriction enhanced root density as well as the root
length density and the specific root length. On the other hand, the large, medium and fine roots
dry mass and surface area and length tended to increase with the soil volume. The number of
the first generation cladodes was affected by the soil volume restriction. The lower number of
the second generation cladodes produced in the lower soil volume, plants in the smallest soil
volume stopped producing new second generation cladodes after the first sampling date.
Moreover, the total number of the new cladodes increased with soil volume over time and
ranged between (3-15 cladodes per plant). Linear canopy dry mass increases were observed
with respect to the soil volume increase. The roots: canopy dry mass and the roots volume:
canopy dry mass ratios increased with the soil volume increase, this is because of positive effect
of the soil volume increase on both roots and canopy. Results showed an increase in starch
accumulation in both roots and the mother cladodes along with soil volume decrease.
Furthermore, there was an increasing negative ">C signature values over time as result of the
contribution of cactus pear root (CAM-C) to the soil organic matter (C3-soil). The CAM-C
contribution increased from 27 C (g of soil kg™) in the biggest soil volume to 57 C (g of soil kg™)
in the smallest soil volume. This can be explained by the higher roots mortality in the small soil
volume which increased the turnover percentage with time ranging between (10-15.4%). These
results suggest that the limitation of soil availability has resulted in root and canopy growth

limitation and greater root turnover.



1. Introduction

Arid and semi-arid regions cover approximately 30% of the world’s continental surface (Nobel,
1994). Arid and semi-arid regions are a challenge to conventional cropping systems because of
limited or erratic rainfall, poor soils and high temperatures (Le Houérou, 1996). Productivity in
these areas can be increased by the cultivation of adapted crops such as Opuntia species,
especially cactus pear (Pimienta-Barrios and Mufioz-Urias, 1995). Cactus pear or prickly pear
(genus Opuntia) is a member of the Cactaceae family (Reyes Aguero et al. 2005) that has more
than 1500 known species worldwide (Hegwood, 1990). Opuntia species are Crassulacean acid
metabolism (CAM) plants that convert water to biomass four fold more efficiently than either
C4 or C3 plants. In addition to being a drought tolerant fruit crop (Galizzi et al. 2004; Gugliuzza
et al. 2000), they have multiple uses for both humans and animals (Nefzaoui and Ben Salem,
2000). They can contribute to sustainable food production, especially in countries with large
arid and semi-arid lands (Felker and Inglese, 2003). Opuntias have developed phenological,
physiological, and structural adaptations to the arid areas characterized by drought, erratic
rainfall and poor soils. Cactus pear (Opuntia ficus-indica. (L) Mill) has gained an important place
in the agricultural systems as a fruit, forage and fodder provider, particularly in subsistence
agriculture where they have a comparative advantage for their capacity to grow with minimal
agronomic inputs and for their resistance to drought. As a good candidate for arid and semi-
arid area ecosystems, this plant could be planted in rocky areas or in areas where the soil
volume is limited due to the high level of soil erosion resulting from the loss of plant cover that
is associated with land degradation.

Soil volume restriction or root pruning has been reported to result in significant reduction of
canopy growth of the trees (Bravdo et al. 1992; Myers, 1992), changes in the root system
activities and morphology (Aphalo and Rikala, 2003). Thus, the knowledge of the effect of the
root restriction on Opuntia ficus-indica roots and canopy behavior is required to pursue the
potential of this species where soil depth or volume is limited.

This study investigated the effect of soil volume restriction on below and above ground
growth of Opuntia ficus-indica through understanding the limit imposed by root confinement

via different soil volumes and architecture on root and canopy growth. We hypothesized that
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the reduction of soil volume would result in a reduction of root growth, that in turn, would
reduce the canopy growth. This is likely to be related to slower root turnover and starch

accumulation.
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2. Review of the literature

2.1. Roots and canopy growth and interaction on permanent plants
2.1.1. Root: canopy ratio
Roots and above ground canopy functionally support each other’s and maintain an active
balance in biomass (roots:shoots ratio) which reflects relative richness of above-ground
resources (light and CO,) compared with root-zone resources (water and nutrients) (Poorter et
al. 2012a). Whole-plant growth rates and measures such as root: shoot ratio are thus an
outcome of developmental stage and of environmental influences. In plants the belowground
environment is often inhospitable and restrictive to tree root growth. Obstacles to a healthy
root system are frequently mentioned as the primary cause for a wide range of tree growth and
health problems (Hawver and Bassuk, 2006). Change in root: shoot ratio during a plant’s life
cycle is noticeable, but growth rates of roots and shoots continually adjust to resource
availability and environmental conditions. Functional balance theory suggests that plants
reallocate carbon and other nutrients among active tissues to obtain resources that most limit
growth (Brouwer, 1983). Another theory suggests that plants assign resources among organs to
optimize whole plant growth (Bloom et al. 1985). These theories suggest plants adapt to
produce a specific root: shoot ratio but this ratio will move to balance resources limiting growth
with a degree of flexibility (Shipley and Meziane, 2002). Root: shoot ratio is an indicator to
show the plant reaction to growing conditions it changes with plant growth and development in
addition to shifting in response to limiting resources above and below ground. Therefore, care
must be taken to account for plant size and ontology, especially when evaluated on young
plants (Miiller et al. 2000). Along with shoot reaction to above-ground conditions effects, root
biomass is influenced by below-ground conditions where low availability of nutrients and water
resources usually leads to greater root: shoot ratio. Significant relationships between water and
root development were observed (Masmoudi et al. 2007). Reports showed that root
distribution can be significantly affected by the neighboring trees and the soil characteristics
such as soil texture and depth (Fernandez et al. 1992) in addition to roots adapt to the available

root zone and bloom within the potential root zone (Connor and Fereres, 2005). Root extension
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is also associated with the available carbohydrate amounts (Dichio et al. 2002) and the
phenological growth stage. Rapid growth is also observed in spring and autumn and new shoot
growth. Low carbohydrate resources results in reduced canopy growth and root length in trees
and can affect the root: shoot: ratio as a result of competition between shoots, flowers, fruits
and roots (Dichio et al. 2002). Reduction of root-canopy ratio implies a systematic reduction of
the capacity of roots to absorb water.
2.1.2. Perennial plants roots system

Roots represent half of the plant, they supply growing plants with water and minerals, play
important roles in carbohydrate storage and hormonal signaling, and physically anchor trees in
the ground (Kozlowski and Pallardy, 1997). Roots are a key organ for plant adaptation to
variable environments and therefore for biodiversity (Cornwell and Grubb, 2003). Root as
systems are essential components of global ecosystems the Belowground Net Primary
Productivity ranges from 40 to 85 % of the total NPP (Scurlock and Olson, 2002). More recently,
roots have been thoughts to be one of the major sources for plant signaling, not to mention
their possible role as ‘brain diffuse like system’ of the plant (Mancuso, 2005). They show a high
extent of plasticity in terms of development in response to changes in the local environment
conditions of the soil. On the other hand, the root systems of perennial plants are complex due
to its functions and roles, this system is not one structure but rather involve two, and some-
times three, main types of root structure: coarse woody roots (the large diameter roots), those
represent the largest part of the root system biomass and serve functions of perennial organs,
carbohydrate and nutrient storage during the season, these large roots serve to anchor the
plant and to support lateral roots (Comas et al. 2013). Moreover, they play important role in
the transportation of water and nutrients to above ground plant parts. The second root
structure type is the fine roots of woody plants. These roots epitomize most of the surface area
of the root system and serves as the responsible organ for water and nutrient uptake (Waisel
and Eshel, 2002). However, they are limited to the terminal two root segments (first and second
branch orders counting back from root tips), and have a key role in foraging for belowground
resources (Guo et al. 2008). Finally, fine (or lateral) roots that relate to the capacity of the plant

to absorb water and nutrients, especially in cases where there is competition for resources
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(Robinson, 2001). Those roots are the most active portion of the root system as they comprise
the majority of the length and surface area of these root systems in woody plants (Rewald et al.
2011). Fine roots are usually categorized into arbitrary size classes (e.g., roots 0 to 1 or O to
2mm in diameter) (Pregitzer et al. 2002). In general, fine roots are less than 2mm in diameter
and include mycorrhizae (Zhang et al. 2008). Fine roots are an important and dynamic
component of all terrestrial ecosystems, they can account for a significant portion of ecosystem
net primary productivity (Pregitzer et al. 2002).
Root structure in terms of diameter distribution is also important at the ecosystem level. As
they have vital role through contributing to the soil porosity through controlling the size of
pores. These pores, which have specific physical and chemical properties (Read et al. 2003), are
used as micro-habitats by the micro-faunas, as well as by specific microbial communities
(Lavelle et al. 2004).

2.1.3. Restricted soil volume effects:

2.1.3.1. Root volume
Rooting volume can be considered as a resource by itself (McConnaughay and Bazzaz, 1991).
Root restriction due to reduction in rooting volume can affect whole plant growth through
chemical signals (Aiken and Smucker, 1996). Therefore, a rooting volume value can be
considered as an environmental gradient. Mechanical restrictions imposed on root growth and
structure by container volume is a central matter of concern in plants (Dominguez-Lerena et al.
2006; Aphalo and Rikala, 2003). Root restriction reduces growth with no effect or an increase in
shoot/root biomass ratio (Clemens et al. 1999). The effect of root restriction in conifer species
has been studied in several species separately (Dominguez- Lerena et al. 2006; South et al.
2005; Lamhamedi et al. 1998). Growth response to reduced rooting volume might be species-
specific (Climent et al. 2008).

2.1.3.2. Plant growth habits
The plant shows characteristic and behavioral differences in growth habit under root
restriction compared to the one under normal field cultivation (Zhu et al. 2006). Restricted soil
volume for root growth can have limiting effects on overall plant growth and influence plant

responses (Hess and De Kroon, 2007). Therefore, root restriction might be considered as one
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type of the physical stress for plant roots. Plants experience many physiological and
morphological changes in response to reduced rooting volume, which can affect transplant
qguality and performance. Root restriction and container size may affect all roots and shoot
growth, biomass accumulation and partitioning, photosynthesis, leaf chlorophyll content, plant
water relations, nutrient uptake, respiration, flowering, and yield. Plant responses to reduced
soil volume have been reported for a wide range of plant species, with some conflicting data
(Poorter et al. 2012b). Root restriction can increase root mass and the amount of fibrous roots
(Wang et al. 2001). The effect of the root restriction may affect shoot growth through
additional metabolism processes (Ismail and Noor, 1996). For example, root restriction might
alter plant water balance and consequently affect leaf growth (Peterson et al. 1991). It has
also been proposed that the reduction of plant growth under root restriction may be
caused by a decrease in the synthesis and translocation of growth substances from the
roots (Ismail and Davies, 1998). Root restriction resulted in many physiological changes
such as carbohydrate metabolism (Ronchi, et al. 2006), nutrient uptake (Yang et al. 2007),
transpiration (Ray and Sinclair 1998) and hormone production (Liu and Latimer, 1995).

In general, trees are exposed to multiple stresses. To sustain their growth, trees must either use
an extensive strategy and invest assimilates, which leads to an increase in biomass and length in
the fine root system, or a concentrated approach, with morphological adaptations of the fine
roots (L6hmus et al. 2006). Morphological adaptations of the fine roots allow plants to survive
even under severe soil conditions (Ostonen et al. 2006). However, different tree species seem
to have different strategies for improving the mineral nutrition of the plant (Comas et al. 2002;
Comas and Eissenstat, 2004). Increasing specific root length is one of the possible fine root
morphological parameters (intensive strategy), which increases the volume of soil exploited per

unit biomass invested in the fine roots.

2.2.  Structure, growth and function of roots and canopy in Opuntia ficus-indica
2.2.1. Opuntia ficus-indica roots system
Roots are that part of the plant that develops and grows downward into the soil, this part is

anchoring the plant and absorbing nutrient and moisture. Roots play very important roles in the
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pant life cycle, starting from the germination and during the whole plant life. The task becomes
very significant especially in the dryland ecosystems which are considered as very fragile
systems since they are susceptible to various forms of degradation and have low amounts of
soil organic matter, nutrients and severe water limitations (Ferrol et al. 2004). Dry land species
must have morphological and genetic characteristics that enable them to survive under such
conditions. Some of this characteristics must related to the roots systems especially that these
systems are subjected to prolonged droughts that are interrupted by irregular and often light
rainfall (Nobel and Huang, 1992). Opuntia species have developed phenological, physiological
and mechanical adaptations for growth and survival in arid environments where water is a vital
factor for the survival of other plant species. Cactus pear (Opuntia ficus-indica) plants is one of
Opuntia species that could be good candidate for such environments. These plants display
Crassulacean acid metabolism (CAM), whereby these plants open their stomates and take up
CO; at night, when temperatures are lower and humidity higher than during the daytime. This
results in reduced water loss that enable them to withstand drought (Felker et al. 1997).
Indeed, they are highly efficient in the use of water and take up water at very low soil-water
contents (De Kock, 2001; Reynolds and Arias, 2001; Snyman, 2004a, 2005). Due to their shallow
and widespread root system (Snyman, 2006), cacti are able to exploit limited rainfall to their
fullest potential (Snyman, 2005).
2.2.2. Opuntia ficus-indica root structure

The root system of cactus pear is very complex and it exhibits different kinds of roots (Snyman,
2004a). In general, different types of roots can be classified according to their developmental
origin. The root that develops from the embryonic radicle is termed a primary root or true root
or tap root. Later, when the primary root reaches a certain length, lateral roots are produced.
Any root formed on another root is considered a lateral root. The tap root system consists of
the tap root and its branches. When a root is formed on an organ other than a root, it is termed
an adventitious root, the group of adventitious roots and their branches constitute adventitious
root system. According to Snyman (2004b, 2005), the root system of O. ficus-indica is very
complex and may has four kinds of roots: (1) Primary roots: formed from a primary skeleton of

barely fibrous roots, 20 to 30 cm long, which very soon increase in thickness, by secondary
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growth, to form a periderm. When the root skeleton is kept dry for some time and then re-
watered, absorbing roots appear from hidden buds within few hours to act swiftly to the
moister event (Dubrovsky et al. 1998). The ways of adventitious root development in O. ficus-
indica has shown that the fine lateral roots on the tap root die off with age. This process
stimulates cell division in the parenchyma root tissues and the formation of meristem spots
with adventitious roots (Gibson and Nobel, 1986). This fine and fragile mass of roots is formed
from short and branched rootlets, completely covered with root hairs. Also, different kinds of
ectomycorrizae, most of them of the vesicular-arbuscular type, grow together with the short
and branched rootlets. What is more, the ability to produce adventitious roots is also useful for
clonal propagation of O. ficus-indica and other agronomic species (Le Houérou, 1996). (2)
Absorbing roots: which are formed within a few hours as the lateral buds rapidly respond to the
advent of moisture have been named as “rain roots” by Gibson and Nobel (1986). They develop
from the hidden latent bud in the cortex of the older roots. These “rain roots” die off as soon as
the soil dries (Passioura, 1988). (3) Root spurs: which according to Boke (1980) are those that
develop from the most bulky mass of roots as clusters. The spur base of O. ficus-indica exhibits
a crown of appending-like bracts and, contrary to Boke's description (1980), the roots
developed from the spur in Opuntia ficus-indica are of two classes: short, gross and fleshy, with
plenty of root hairs; and of the rest, two or three slender and long ones, similar to the
absorbent root system. It is not known whether the short roots die off or mature with time. (4)
Roots developing from areoles: these roots develop when the areoles are in contact with soil.
At the onset of their development, they are gross and without root hairs; they have a
prominent caliptra, with the epidermal cells forming bract-like appendages. The growth of the
young roots is very rapid; they become slender with a cortex three to four cells thick, and are
covered by many root hairs. In some of these type of cells, water deficit induces the formation
of a higher number of endodermal cells with Casparian Bands closer to the root tip (De Micco
and Aronne, 2012).
2.2.3. Opuntia ficus-indica roots function
Roots provide essential functions including the uptake of water and nutrients for plant growth,

serve a role as storage organs and anchor the plants to the soil. According to their function and
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position within a root system cactus roots can also be categorized. Preston (1900, 1901a)
described the differences between anchoring and absorbing roots in different cactus species
and defined some functional differences in these root types related primarily to the thickness of
the vascular cylinder (Preston, 1900, 1901). Cannon (1911) used this approach, stating that
anchoring roots can be: vertically oriented, deeply penetrating, taproots; or (2) horizontally
oriented, supporting roots. Generally, water storage capacity (capacitance) is relatively small in
cactus roots compared to shoots (Nobel, 1996). For succulent roots, however, the capacity is
greater than for nonsucculent roots, and may be comparable to that of the water-storage
parenchyma in stems. Water-storage tissue in succulent roots has the ability to withstand a
high degree of dehydration without irreversible damage, and may also help prevent water loss
and decrease root shrinkage during drought. In addition to storing water, cactus roots
frequently accumulate starch. To accommodate starch reserves, the roots of some species
acquire a distinct morphology.
2.2.4. Root distribution in the soil

Opuntia ficus-indica has a shallow and fleshy root systems occurring mainly in the upper layers
of the soil, where the water content is changeable (Waisel et al. 1996). Root distribution may
depend on the type of soil and management (Snyman, 2005). In case of good soil environments,
the tap-root develops, down to 30 cm into the soil. However, when the soil is dry, fleshy side
roots develop from the tap-root to take up soil moisture deeper into the soil. Yet, in all kinds of
soil, the majority of the masses of absorbing roots are found in the upper soil layers, with a
maximum depth of 30 cm, but spreading laterally about 4 to 8 m away from the plant base, this
shallow root distribution not only helps to absorb light rainfall, but also gives the cactus the

ability to compete with other plants (Dougherty et al. 1996).

2.3.  Opuntia ficus-indica canopy
The Cactaceae family includes approximately 130 genera and 1500 species. The Opuntias
are the most important due to their utility (Flores-Valdez and Osorio, 1996). Being member
of CAM family, Opuntia has the potential to produce large quantities of biomass in water-

limited condition (Felker et al. 2006). On the other hand, CAM species showed an average
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increase in biomass productivity of 35% in response to a doubled atmospheric CO,
concentration (Drennan and Nobel, 2000). This indicates that there will be increase in the
potential area for cultivation of CAM species along with the concentration of atmospheric CO,
increase (Drennan and Nobel, 2000). Within the genus Opuntia, Opuntia ficus-indica is the
most important species as a multiple use crop for food and feed especially in arid and semiarid
lands during periods of drought and shortage of forage plants (Le Houérou, 2000; Judrez
and Passera, 2002).
2.3.1. Opuntia ficus-indica canopy growth

Globally drylands occupy 41 percent of the earth’s land surface (IUCN, 2008). These ecosystems
are described as very sensitive systems since they are vulnerable to various forms of
degradation (Ferrol et al. 2004). Cactus pear has great potential to improve the productivity in
arid and semi-arid areas (De Kock, 2001). This plant has the capacity to still extract water,
coming from the night dew that cover the upper part of soil, due to their root systems (Snyman,
2004b). These traits enable these crop to survive in areas with 200 to 300 mm rainfall (Brutsch,
1988). On the other hand, Opuntia ficus-indica well-defined with low root:shoot ratio (0:14 on a
dry mass basis; Nobel 1988) in addition to low respiratory cost for both root growth and
maintenance (Nobel et al. 1992). Due to these specifications, Opuntia ficus-indica may be a
good candidate to contribute to the sustainable production system that will increase the
efficiency and economic viability of small and medium sized farms of lower income farmers to
enhance the food security of populations in these areas (Nefzaoui et al. 2014).

Opuntia ficus-indica is shrubby or tree-like plant up to 6 m high, usually with well-developed
trunks. Stem segments vary and can be broadly obovate or oblong to speculate, flattened, 20-
50 cm long, 20-30 cm wide, green colour, covered by a very thin waxy layer, areoles 2-5 cm
apart. Glochids falling away early, spines absent or (2-7) per areole, 0.5-1.0 cm long, weak
whitish. Flowers yellow, rarely orange, 6-8 cm long and 5-10 cm in diameter during anthesis.
Fruit with numerous (c. 30-40) areoles, with glochids, rarely with spines, tuberculate, ovoid to

oblong, 6 (-8) cm long, 3 (-5) cm in diameter, yellow, orange, pink, green or reddish.
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2.3.2. Opuntia ficus-indica as a forage
Opuntia ficus-indica is a very productive plant, under natural conditions, it can produce 180 t
ha™yr’ fresh weight which is equal to 20 t dry matter ha™ yr'’. The high water content in cactus
can help to solve the livestock watering in the dry area (Dubeux et al. 2015). Under sufficient
irrigation this productivity can reach 40 t dry matter ha™ yr'* when the water is available (Garcia
de Cortazar and Nobel, 1991). Globally, cactus is widely used as a forage in Mexico, South
Africa, Tunisia, and Brazil (Mondragon-Jacobo and Perez-Gonzalez 2000; Felker et al. 2006).
Nutrient values of Cactus (Opuntia spp.) depends on the genetic characteristics of the species
or clones, the age of the cladode, the cladode sampling location, the cladode harvesting season,
and the growing conditions, such as soil fertility and climate (Nefzaoui and Ben Salem, 2001).
Cladodes are high in water, carbohydrate, ash and vitamins A and C, but they are low in crude
protein (CP) and fiber (Le Houérou, 1996; Batista et al. 2003). They exhibit a high palatability
(Nefzaoui and Ben Salem, 2002).
2.3.3. Opuntia ficus-indica for fruit production

Opuntia ficus-indica is widely cultivated in arid and semi-arid regions worldwide with increasing
importance as a fruit crop (Inglese et al. 2009). The fruit yield of cactus pear is extremely erratic
and yields vary greatly due to many causes: environmental conditions, genotypes and their
interactions, orchard management and practices (Potgieter, 2007). Under rain-fed conditions
with 400-600 mm per year, fruit yields may range between 1-5 t ha™* under traditional practice
systems and up to 15-30 t ha™ with intensive practice systems (Monjauze and Le Houérou,
1965). Fruit yield is expected to increase from planting until it reaches the maximum when the
plant is fully mature at five year age (Potgieter, 2007). Flowers develop from areolae along the
cladode crown on one-year old cladodes whereas new cladodes usually develop on older
cladodes (Inglese et al. 1994). The cladodes fertility is affected by environmental conditions,

plant and cladode age, and dry matter (DM) accumulation (Valdez-Cepeda et al. 2013).

2.4. Soil organic carbon (SOC) and roots turnover
Soils constitute the greatest stock of terrestrial organic carbon (Batjes, 1996). Soil organic

carbon (SOC) is related to atmospheric CO, levels (Lal, 2004) and can be affected by land-use
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and management (McCulley et al. 2005). Human interference is affecting the global ecosystem
which is affecting the SOC (Canadell et al. 2007). When land cover changes from one type to
another, there can be changes in the plant root, soil fauna, soil microorganisms, and soil
conditions which can severely alter the soil carbon stock (Lv and Liang, 2012). Thus, research on
SOC dynamics is valuable to estimate the impact of these changes on SOC (Post and Kwon,
2000). The natural abundance of different isotopic forms of carbon 6 is widely used to study
soil carbon dynamics as affected by plants (Desjardins et al. 2006; West et al. 2010). Due to the
differences in the 6%C signature. This technique has been used to assess the sources of SOC
and to determine the SOC turnover rate (Boutton et al. 2009; Kuzyakov and Larinova, 2005).
There are many factors that affect the tree root biomass and turnover including: temperature,
nutrient availability, soil acidity and water availability (Eissenstat et al. 2000; Lauenroth and Gill,
2003; Leuschner and Hertel, 2003). Among these factors, roots (mainly the fine roots) are
thought to be the most important factor that contributes substantially to the global terrestrial
carbon (C) cycle and that are a major reservoir of C (Vogt and Persson, 1991). Fine roots
represent a significant percentage of net primary productivity (Hobbie et. 2010). The
decomposition of theses roots is assumed to serve as a potential soil C source (Raich et al.
2010). Fine roots have a much shorter lifespan than coarse roots, as a consequence, their
biomass varies both seasonally and due to changing environmental conditions (Cheng and
Bledsoe, 2002), ensuing high annual turnover rates (Gaul et al. 2008; Eissenstat et al. 2000).
Contrary, coarse roots are more important to long-term ecosystem productivity due to slow
root decomposition and turnover of carbon (Raz-Yaseef et al. 2013; Langley et al. 2003).
Another major factor that affect the SOC dynamics abandonment is the climate (Alberti et al.
2011) in addition to abiotic factors can also affect root growth and SOC (Brye et al. 2004;
Alvarez and Lavado, 1998). Moreover, the SOC content can be changed both quantitatively and
gualitatively depending on the source of the organic carbon released by different crop plants
(Novara et al. 2014). Cactus pear showed high adaptation and fast biomass growth under harsh
condition and could be a good option to increase the SOC in drier environments, however, the
contribution of this crop to SOC was found to be low (Navara et al. 2014) which could be the

result of low root: shoot ratio.
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2.5. Starch and Nitrogen
Carbohydrates are the primary products of photosynthesis (Taiz and Zeiger, 2006). Some of the
first carbohydrates produced by photosynthesis in perennials are the simple sugars (Pallardy,
2008). Later on these simple sugars are converted into storage forms of energy. Sucrose is the
main carbohydrate used to transport sugars to other plant parts (Taiz and Zeiger, 2006). Starch
is an important carbohydrate and is considered to be the major carbohydrate reserve in woody
plants (Pallardy, 2008). Starch can be used as source of energy by plants for different processes
such as reproduction, maintenance, storage, or growth (Lilly, 2001). Roots and stems are known
to be essential for carbohydrate storage in several tree species (Kaelke and Dawson, 2005). The
amount of carbohydrate stored in the roots changes seasonally, with the lowest reserves in
spring after bud flush and the highest reserves late in the season or during dormancy
(Landhdusser and Lieffers, 2003), mainly because carbohydrates are frequently undergoing
conversion from one form to another (Pallardy, 2008) as plant can use them to produce energy
(Nelson and Cox, 2005). The seasonal pattern changes of starch levels vary among species
(Johansson, 1993) and different environmental condition such as temperature (Pallardy, 2008;
Kaipiainen and Sofronova, 2003). Moreover, these changes seem to be affected by nutrient
availability, particularly nitrogen (Adams et al. 1986), and starch accumulation seems to have

negative relationship with plant N-status (Rytter and Ericsson, 1993).
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3. Materials and Methods

3.1. Experimental condition
The study was conducted during the period May 2014 — August 2016 in the Agricultural Faculty
of Palermo University (38° 7' 4.0800" N 13° 22' 11.2800" E, 29 m a.s.l). The climate is typical
Mediterranean semi-arid with an average annual rainfall of approximately 700 mm. The dry
period of the year can extend to seven months (April-October).

3.1.1. Cultivation of Opuntia ficus-indica cladodes
One-year-old Opuntia ficus-indica cladodes of the cultivar “Gialla” obtained from Palermo
University (36.5 £ 0.5 cm long, 19 £ 0.2 cm wide) were cut and dried for two weeks in the shade
to allow healing of the wounded areas. Five different sizes of pots, 50, 33, 18, 9 and 5 Liters,
were filled with dry fine, sandy loam soil (A (< 0.002 mm) = 9.9 %, L (0.002-0.05 mm) = 13 %, S
(0.05-2 mm) = 77.2 %). Field capacity was 35% and wilting point 20% (g/g). (Soil had a pH of 6.8
and contained about 80 g kg™* organic matter, 10 g kg™’ total Nitrogen). At the end of May 2014,
cladodes were planted in pots with half of their length in the soil. Plants were watered regularly
throughout the season (when the temperature increases from spring through summer) to
maintain soil water content and to avoid any visible sign of water stress. Four different
sampling dates were used (6, 12, 18 and 24 months). For each sampling date, three planted
replicates (pots) were set up, thus in total, there were 5 x 3 x 4 = 60 pots. Three control pots
with only bare soil treated the same way as the planted pots (i.e. same amount of water) were
assigned in order to estimate the soil organic carbon (SOC) accumulation and C isotopic
signature in the bare soil in each growing period.

3.1.2. Experimental design
The experimental design was a completely randomized design in possible combinations of the

two factors, soil volume or pot size and month of the sampling, with three replications.

3.2. Data Collection
For each sampling dates, three pots from each size were selected randomly in each pot size,

plants were dug out carefully. The samples for the soil were collected from each pot, samples
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were passed through 2 mm sieve to obtain roots (2 mm diameter), dried and stored before SOC
and 6"C determination. To avoid root damage or loss during harvest, each plant was swamped
in a water bath for 5-30 min and then was lightly shaken to release them. The root system was
separated from the soil, under a gentle water jet, using a sieve to collect any root fragments
detached from the system. This process was continued until all visible sand and soil particles
were removed. Particles that adhered to strongly to the roots were manually removed. Roots
were separated from mother cladodes areoles (where they developed from), drained of the
access water then they were stored in a refrigerator at 4 °C for later measurements and
analysis, the root morphology estimations were taken prior to root biomass measurements.
Depending on the age, cladodes of each plant were numbered and separated. Number of the
areoles that developed roots were recorded for all mother cladodes.

3.2.1. Soil samples, soil organic carbon accumulation and C isotopic signature

measurements

The §'C and SOC of bulk soil, root biomass of cactus pear and soil before cactus pear planting
(C3-C soil) were measured using an EA-IRMS (elemental analyser isotope ratio mass
spectrometer Carlo Erba Na 1500,model Isoprime (2006), Manchester, UK.). The reference
material used for analysis was IA-R001 (Iso-Analytical Limited wheat flour standard, "*C Vienna
Pee Dee Belemnite (V-PDB) = -26.43 %o). IA-R0O01 is traceable to IAEA-CH-6 (International
Atomic & Energy Agency, cane sugar, 8">C V-PDB = -10.43 %o). IA-R001, IA-R005 (Iso-Analytical
Limited beet sugar standard, 8">C V-PDB = -26.03%o), and IA-R006 (Iso-Analytical Limited cane
sugar standard, 8">C V-PDB = -11.64 %.) were used as quality control for the analysis. The C
isotope results are expressed in delta (8) notation and 8"°C values are reported in parts per
thousand (%) relative to V-PDB standard.
Natural abundance of §"3C was used to determine the portion of C in soil that was derived from

the cactus pear root. This portion were calculated by the mixing equation (Gearing, 1991):

. 853 Chew —613C
New carbon derived (Ncd) = new old

(Eq. 1)
613Cbiomass newspecies_513cold
and

0ld Carbon derived (Ocd) =1 - Ncd (Eq. 2)
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where Ncd is the fraction of C derived from new vegetation (cactus pear), 8BChew is the isotope
ratio of the soil sample, 8 Chiomass new species 1S the isotope ratio of cactus pear, and 83Coq is the
isotopic ratio of the soil before cactus pear plantation (Cs-C soil).

Under cactus pear the Ncd corresponds to CAM-C portion and Ocd correspond to Cs-C portion.

The root turnover was calculated for each soil volume according to the following equation:

New C derived*S0OC
Root weight*Cyroot

Root turnover (%) = *100 (Eq. 3)

where the SOC is the C content in the bulk soil for each pot (g); and C root is the concentration

of C in the root biomass (g kg™) and Root weight is root dry weight (g) in each pot.

3.2.2. Roots Measurements

3.2.2.1. Roots length
Roots of each plant were divided visually into three groups depending on its diameter: fine
roots less £ 2 mm, Medium roots (2-5 mm) large roots > 5 mm. The roots of each group were
measured with a ruler to a precision of 1 mm. The whole root system was calculated as the sum
of the lengths of all groups.

3.2.2.2. Roots surface area:
Roots surface area was measured using VegMeasure software . VegMeasure is a Digital
Vegetation Charting Technique (DVCT) developed based on computerised vegetation
measurement program by the Department of Rangeland Ecology and Management at Oregon
State University and the International Center for Agricultural Research in the Dry Area (ICARDA)
(Louhaichi et al. 2010).
The three spectral reflectance bands (RGB) of the digital color camera are ratioed by the
software to create meaningful classes. This technique allows customization of the images.
Vertical roots images were taken using COOLPIX AW110 digital camera equipped with a 28-mm
lens. The camera was mounted to a camera stand that was designed for mounting the camera

for laboratory testing. The base board has a non-reflective dull black surface. The column is 760
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mm in height marked with scales for height determination. A hand-operated camera armed
conveniently adjusts the camera up and down horizontally. To minimize the overlapping, roots
from each category were divided into small portions, and spread carefully on a black board to
minimize overlaps then pictured. The dimensions of each image were 4608 x 3456 pixels and
the size was about 6 Mb in JPG format. The camera lens was 35 cm from the black board
surface. One pixel in the digital image represented 0.013 mm? at the board surface.

Estimates of yellowness (% yellow roots surface cover) were calculated from the digital camera
images using supervised classification technique in VegMeasure software” (Johnson et al. 2009;
Louhaichi et al. 2001). The colors from the obtained digital camera picture was interpreted by
the software to create two meaningful classes. In this case manual classification of roots surface
area and the black board surface area were set up for the images. After uploading all images
few images were selected to set the threshold for each class. The pixels for each category in the
image having the same value would be displayed with a distinct color. Statistics” button
displayed values of each category and remains unclassified, by adding more colors to each
category unclassified value getting lower and lower. In this study this value was 0%, this means
all the colours in the original picture were added to its category. At this stage these

classifications were applied to all images.

a. Original image b. Processed image
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Figure 1. Estimation of root surface area using a digital camera mounted on a monopod 35 cm above the
surface: (a) original image captured with the equipment, (b) extracted image of the roots from the

digital image using image processing using VegMeasure program

Figure 1 shows the original and proceed pictures for one of the root images. The output folder
is containing the processed images and a summary excel file that illustrates the name of each
image and the values (%) of the classification for each category. The total surface area of yellow
roots from the image classification was calculated by summing the total area occupied by pixels
classified as roots surface area. These values were multiplied by m “3.14” assuming the roots
have cylindrical shapes. Classification accuracy was assessed using the accuracy assessment tool
in VegMeasure© through computing the error matrix and the Kappa Index of Agreement. This
latter is commonly used in remote sensing classification to assess the degree of success of a
classification technique. The error matrix permits measurement of overall accuracy, category
accuracy, producer’s accuracy and user’s accuracy (Congalton, 1991).

3.2.2.3. Root volume
Root volumes were calculated from surface area and root length (or) by assuming that roots are
cylindrical. After finishing the roots measurements, three random subsamples from each pot
roots were weighed and dried in a forced-draft oven at 75 °C for 72 h and the dry weight for
each group was calculated.
For the root starch content three other samples were taken from each group in each pot dried
at 50 °C for 72 h and sent to the laboratory.

3.2.3. Canopy measurements
In each sampling date cladodes of each plant in each pots were counted and numbered
according to its age. Cladodes were clustered into three groups: mother cladodes, first
generation cladodes and second generation cladodes. The total number of the cladodes in each
group was recorded.
For each cladode in each group the following measurements were taken: cladodes surface area,

cladodes thickness, cladodes fresh and dry weight
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3.2.3.1. Cladodes surface area (cm?)
The width and length of each cladode were measured. The maximum cladode width (W) was
the widest point perpendicular to the half part of the cladode, and the length (L) was the
distance from one end to the other end along the longest axis of the cladode.
These values were used to estimate the area of the cladode using the formula of the ellipse:

X =(W/2)*(L/2)* i (Eq.3)

where:
X = estimated area; W = width, minor axis; L = length, major axis; and n = 3.14

3.2.3.2. Cladodes thickness (mm)

The cladodes thickness was measured in mm with a vernier caliper.

3.2.3.3. Cladodes fresh and dry weight
The fresh weight of each cladode was taken, three subsamples of each cladodes were cut
weighed and dried in a forced-draft oven at 75 °C for 72 h to estimate the dry weight. To
estimate the starch content two samples were taken from each mother cladode: one from
below soil and one from above soil part weighed, and dried in oven at 50 °C.

3.2.4. Calculated data
For each individual plant, the following parameters were calculated:
The root: shoot ratio was calculated (Dry weight for roots/dry weight for canopy= root/shoot
ratio); root length density per soil unite (RLD) (total root length/soil volume cm L™?); the specific
root length (SRL) (the total root length /the root biomass cm g™); and BVR is the plant biomass
at certain rooting space volume, BVR was estimated (total plant biomass: soil volume ratio; g L’
') (Trubat et al. 2006; Sorgona et al. 2005; Kerstiens and Hawas, 1994).

3.2.5. Starch and nitrogen content analysis
Starch contents were measured using by the perchloric acid method. The prepared tissue was
first extracted with boiling ethanol to remove interfering sugars and to gelatinize the starch
granule. Next, the starch was solubilized by extracting the tissue in perchloric acid. This was
accomplished in several ways, which included soaking or immersing the sample in acid (PA1),

percolating acid through the sample (PA2), or percolating the sample and then precipitating
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starch with Kl (PA3) (Hassid and Neufeld, 1964; Hoffpauir, 1956; McCready et al. 1950; Pucher
et al. 1948). The solubilized starch solution was then reacted with a mixture of concentrated
sulfuric acid and anthrone to hydrolyze starch to glucose and produce a color product that was
quantified colorimetrically on a spectrophotometer (Yemm and Willis, 1954; Viles and
Silverman, 1949).

To quantitate N-content in mother cladode and the roots tissues, samples were digested in a
CEM microwave oven using H,SO4 H,0, H,0, and HCIO,4, Following digestion, a sensitive

colorimetric assay for ammonium is used to estimate N-content (Cataldo, 1974).

3.3.  Statistical Analysis
Effects of soil volume and month of the cut were examined in terms of variability. The total
variation in response, e.g. root length, was partitioned in terms of soil volume, month of cut
and their interactions and presented as analysis of variance (ANOVA) table including p-values
indicating significance of the main effects (soil volume and month of cut) and their interaction.
The estimated mean values of these factors were obtained along with their standard errors.
Furthermore, since soil volume and months of cut are quantitative factors, the relationship
between response and these factor levels were examined using polynomial regressions. The
two factors main-effects and interactions were partitioned into single degrees of freedom. All

analysis was carried out using Genstat.
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4. Results

4.1. Root measurements

Results indicate a significant effect of soil volume and sampling dates and their interaction
(P<0.01) on total root length, root surface area, the large roots (Root with diameter > 5 mm)
surface area, medium roots surface area, root dry mass, dry mass of the large and medium
roots, root volume, specific root length (SRL) and BVR. Fine roots dry mass, root density and
roots length density were significantly affected by soil volume and sampling dates. While, fine
roots surface area was affected significantly by the soil volume only, neither by the sampling
date nor by the soil volume X sampling date interaction.

Total root length

The effect of the soil volume on total root length was already noted by the end of the first six
months after planting (Fig. 2). The root length segregated into two groups of slow length
increase (5, 9 and 18 Liters soil volume) and high length increase (in the largest pots 33 and 50
Liters). The highest roots length was observed after 24 months of planting in the highest soil
volume (18405 * 987) while the lowest was in the smallest soil volume during the sampling

time (2753 + 978).
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Figure 2. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates

18

(6, 12, 18 and 24 months) on the total roots length (cm) per plant of Opuntia ficus-indica. Data are

presented as means + SE (N=3 plants)

Among the small containers, plants in 5 Liters soil volume exhibited the lowest root length
values during in the four sampling dates (6, 12, 18, and 24 months). Nevertheless, the
differences between the two largest soil volumes in terms of the roots length were recorded
during the last two sampling dates (18 and 24 months).

Total root surface area

The roots of the plants grown in the large pots recorded higher surface area than that observed
by the plants in small pots. The plants sampled after 18 and 24 months after planting had
higher root surface area compared to the plants sampled after 6 and 12 months of planting
(P<0.01). The root surface area ranged between 5639 to 757 cm? (90% reduction) with the
highest value of plants sampled from the largest soil volume after 24 months and the lowest
values of plants grown in 6 Liters soil volume and sampled after six months of panting (Fig. 3).
During the first 12 months there were no significant differences between 50 and 33 Liters soil
volume that had the highest values. Root surface area in lower soil volumes 18 and 9 Liters was
significantly different from 12 months after planting onwards. Root surface area in the smallest

soil volume was always the lowest.
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Figure 3. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates

I
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(6, 12, 18 and 24 months) on the total roots surface area (cm?) per plant of Opuntia ficus-indica. Data

are presented as means * SE (N=3 plants)

In terms of quantitative data, root surface area in 50 Liters soil volume doubled over the time of
the experiment, while only a marginal increase occurred in 33 Liters soil volume from 6 to 12
months after planting. Root surface area in 18 and 9 Liters showed a decrease during the last
measurement, 24 months after planting, while root surface area in the smallest pots did not
show any significant change during the experiment.

Large root surface area

Large roots surface area increased positively with soil volume over time, it was approximately
constant between 6 and 12 months of sampling dates but increased significantly by the third
and fourth sampling date (18 and 24 months). A significant effect of the soil volume restriction
on the large roots surface area was recorded in the third and fourth sampling dates (18 and 24

months).
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Figure 4. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
(6, 12, 18 and 24 months) on large roots surface area (cm?) of Opuntia ficus-indica. Data are presented

as means + SE (N=3 plant)

The highest roots surface varied from (319 cm?) in the last sampling date for the plants raised in
the largest soil volume (50 Liters) to (17 cm?) for the smallest soil volume in the second
sampling date (12 months) (Fig. 4). A linear regression between the large roots surface area and
large roots volume, large roots length was carried out, resulting in coefficient of determination
of (0.95). This result suggest a strong relationship between large roots surface area and these
two parameters.

The medium root surface area

Medium roots surface area had approximately the same trend of the large roots surface area.
The significant effect of the soil volume on this parameter was shown in the four sampling
dates, the largest soil volume resulted in plants having lager medium surface area in the four
sampling dates. However, no significant differences were observed between the two (33 and 50
Liters) soil volume in the first sampling dates (Fig. 5). Medium roots surface area didn’t differ
significantly between the 6 and 12 months and between 18 and 24 months. The medium
surface area of the plants sampled after 18 and 24 months of planting was greater than the

ones in the plants sampled after 6 and 12 months (P<0.001). The linear regression between the
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medium roots surface area and medium roots volume; medium roots surface area and medium
roots length showed very strong positive relationship with coefficient of determination of (0.96

and 0.94 respectively).
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Figure 5. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
(6, 12, 18 and 24 months) on medium roots surface area (cm?) of Opuntia ficus-indica. Data are

presented as means + SE (N=3 plant)

Fine root surface area

A significant effect of the soil volume on the fine roots surface area was observed from the first
sampling date (6 months). No differences were recorded between the two largest soil volume
(33 and 50 Liters) in the first two sampling dates. Nevertheless, this difference became large
and significant in the third and fourth sampling date. The lowest fine roots area (522 cm?), was
recorded in the plants grown in the smallest soil volume (5 Liters) (Fig. 6). Likewise, for the large
and medium roots surface area, strong and positive relationship were found between the fine
roots surface area and fine roots length and fine roots volume when regression analysis was
applied, the values of 0.91 and 0.94 coefficient of determination for fine roots length and fine

roots volume respectively.
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Figure 6. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates

(6, 12, 18 and 24 months) on fine roots surface area (cm?) of Opuntia ficus-indica. Data are presented as

means + SE (N=3 plant)

Total root dry mass

Final dry weight values of plants grown in 5 Liters soil volume were about 85% lower than those
grown in the largest soil volume (50 liters) (Fig. 4). The total roots dry mass of the plants grown
in the two largest soil volumes (50 and 33 Liters) increased with sampling dates. However, the
plants grown in the (18, 9 and 6 Liters) showed relative stable dry weight over sampling dates
(Fig. 7). After 24 months of planting roots of the plants grown in the 50 Liters showed the
highest roots dry mass (206 g) while plants grown in 5 Liters soil volume recorded the lowest

roots dry mass.
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Figure 7. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates

(6, 12, 18 and 24 months) on the total roots dry mass (g) per plant of Opuntia ficus-indica. Data are
presented as means + SE (N=3 plants)

Large root dry mass

A significant increase of the large roots volume related to soil volume increase was observed
starting from the six-month-old plants. This increase was not significant for the 12 months’
plants. This increase was clear and significant in the plants of 18 and 24 months age. The plants
grown in (50 Liters) soil volume exhibited the large highest roots dry weight in the four
sampling dates with values ranged between 114 g in the fourth sapling date to 11 g in the
second sampling date. over time, big roots dry weight was separated into two groups of low dry

weight (6 and 12 months) and high dry weight (18 and 24 months) (Fig. 8).
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Figure 8. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
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(6, 12, 18 and 24 months) on large roots dry mass (g) of Opuntia ficus-indica. Data are presented as

means * SE (N=3 plant)

Medium root dry mass

Linear and positive significant relationship between the soil volume and the medium roots mass
was observed in the second, third and fourth sampling dates. This relation was not linear in the
first sampling date. The plants with highest medium roots dry mass were the plants grown in

the (50 and 33 Liters) (Fig. 9).
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Figure 9. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
(6, 12, 18 and 24 months) on medium roots dry mass (g) of Opuntia ficus indica. Data are presented as

means + SE (N=3 plant)

In the last three sampling dates, plants grown in (50 Liters) recorded the highest mass of
medium roots while the lowest was recorded for the plants raised in (5 L) soil volume. The
medium roots dry mass varied between 63 g (50 L soil volume, 24 months sampling date)to5 g
(5 Liters soil volume, 6 months sampling date). Medium dry mass values increased significantly
after the firs sampling date, however, this mass was decreasing during the last two sampling
dates. The highest significant values medium dry weight was observed in the second sapling
date (Fig. 9).

The fine root mass

Data in Figure (10) showed the linear positive and significant effect of the soil volume on the
fine roots mass, during the for sampling dates with the highest fine roots mass as recorded in
the largest soil volume. No significant differences were observed between the soil volume 33
and 50 Liters in the first two sampling dates. However, this difference becomes clear and
significant in the last two sampling dates. The highest mass of the fine roots (38 g) was obtained
from the plants placed in the largest soil volume and harvested after 24 months of the planting.
No clear trend of the fine roots dry mass over time observed, the highest significant fine roots
mass was recorded in the second sampling date. Similar values for the fine roots mass were

observed in the first, third and fourth sampling date.
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Figure 10. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling
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dates (6, 12, 18 and 24 months) on fine roots dry mass (g) of Opuntia ficus-indica. Data are presented as

means + SE (N=3 plant)

Total root volume

Significant increase of the root volume was observed with the soil volume increase during the
four samplings dates (Fig. 11). The highest roots volume was recorded in the plants sampled
from the largest pot size after 24 months of planting, it was (20, 46 and 56% greater than the
roots volume values of the plants grown in the same pot size sampled after 6, 12 and 18
months of planting date respectively. No significant changes of roots volume over time were

observed in the plants grown in the smallest soil volume (5 Liters).
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Figure 11. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling
dates (6, 12, 18 and 24 months) on the total roots volume (cm?) per plant of Opuntia ficus-indica. Data

are presented as means * SE (N=3 plants)

Root density

Root density values ranged between 43 cm?/L and 167.6 cm>/L. Among the four soil volumes,
the plants grown in the smallest soli volumes (5, 9 Liters) exhibited the greatest roots density,
together with a significant decrease 24 months after planting. There was an increase in root
density with plant age (6, 12, 18 months). However, this increase was stopped at the last
sampling date (24 months) and no significant differences were found between the root density
in the third and fourth sampling date (Fig. 12).

Specific root length (SRL)

There was no clear trend for the soil volume effect in the first sampling date. Plants grown in
(33, 18 and 9 Liters had similar specific roots length which were higher (p< 0.001) than the ones
observed in the plants grown in 5 and 50 Liters. However, this trend became clearer in the
following three cuts. Both soil volume and sampling date had negative effect on the specific
roots length. The highest value was recorded in the plant placed in the lowest soil volume (5L)
after 12 months of planting, while the highest value was recorded in the last sampling date for

the plants in the largest soil volume (Fig. 13).
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Figure 12. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling
dates (6, 12, 18 and 24 months) on the total Root density (cm>L?) of Opuntia ficus-indica. Data are

presented as means + SE (N=3 plants)
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Figure 13. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling
dates (6, 12, 18 and 24 months) on specific roots length (SRL) (cm g™*) of Opuntia ficus-indica. Data are

presented as means + SE (N=3 plants)

Root length density (RLD)
Roots length density was decreased with the soil volume increase (Fig. 14). Plants grown in

smaller soil volume (5 and 9 Liters) had a more extended root significantly twice or more roots
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length density greater than those raised in bigger soil volumes (50 and 33 Liters). No significant
differences were observed among the plants sampled after (12, 18 and 24 months) which was

significantly higher than the one sampled in 6 months after planting.
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Figure 14. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) on roots length density (RLD)

(cm/L) of Opuntia ficus-indica. Data are presented as means * SE (N=12 plants)

BVR (Total Plant Biomass: Soil volume ratio) (g L™)

BVR values ranged from 3.2 for the pot size 9 L in the first sampling date to 30.8 in pot size 33 L
at the last sampling date (Fig. 15). Pot size effects started when BVR exceed 2 g/L. As the values
of BVR for all the treatments in the four sampling dates were more than 2, this means the plant

growth was affected by the pot volume. This effect was increasing over time.
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Data are presented as means + SE (N=3 plant)
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4.2. Root system structure
Soil volume and sampling dates and their interaction significantly affected (p< 0.001) the large
roots (Root with diameter > 5 mm) surface area, medium roots surface area, dry mass of the
large, medium roots. Yet, fine roots dry mass was affected by the soil volume and the sampling
date only. While, fine roots surface area was affected significantly by the soil volume only,

neither by the sampling date nor by the soil volume X sampling date interaction.

4.3. Canopy measurements

The soil volume, sampling dates and their interaction had significant effects on the number of
second generation cladodes, dry mass of canopy and total canopy surface area. The number of
the first generation cladodes was significantly affected by the soil volume. No effect of the
sampling dates or the interaction of the soil and the sampling date was recorded. However,
total number of cladodes was affected by the soil volume and the sampling dates but not by
their interaction. Soil volume and the sampling dates X soil volume interaction showed
significant effects on the total number of the areoles developed roots.

Number of the first generation and second generation cladodes

Plants placed in the largest soil volume significantly produced the highest number of the first
generation cladodes in the four sampling dates. The highest value was in the second sampling
date (6 cladodes) while the lowest number (2 cladodes) was for the plants raised in (18 Liters)
soil volume in the second sampling date. Overall, no clear correlation was observed between
the (33, 18, 9 and 5 Liters) soil volumes and number of first generation cladodes (Data is not

shown).
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Figure 4. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
(6, 12, 18 and 24 months) on number of the second generation cladodes per plant of Opuntia ficus-

indica. Data are presented as means * SE (N=3 plant)

On the other hand, the soil volume had a clear effect on the number of the second generation
cladodes. Plants placed in the smallest soil volume (5 Liters) stopped producing new second
generation cladodes after the first sampling date. The highest number of the second generation
cladodes was recorded in the plants of the largest size 50 Liters after 24 months of planting
(55% more than 33 Liters) (Fig. 16).

Total number of the cladodes

The soil volume restriction tended to have clear effects on the total number of the new
cladodes, the number ranged between 3-16 cladodes, as expected the highest number was
produced by the plants raised in the highest soil volume and the lower number was in the

lowest soil volume. These trends were similar with the four sampling dates (Fig. 17).
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Figure 5. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
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(6, 12, 18 and 24 months) on number of the total number of cladodes per plant of Opuntia ficus-indica.

Data are presented as means + SE (N=3 plant)

Dry mass of canopy

Linear and positive effect of the soil volume on canopy dry mass was observed. Plants placed in
the highest soil volume produced the highest dry mass in the third sampling dates (898 g)
compared to 52 g dry mass of the plants placed in 5 Liters soil volume and sampled after six
months of planting. Dry canopy mass was increased over time, the highest value was recorded
in the third and fourth sampling dates, nevertheless no significant differences were observed

between these two sampling dates (Fig. 18).
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Figure 6. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates

I

Months

lpaee

(6, 12, 18 and 24 months) on dry mass of canopy (g) of Opuntia ficus-indica. Data are presented as

means + SE (N=3 plant)

Total canopy surface area

Total canopy surface area was affected significantly by the soli volume; a linear and positive
relationship was observed in the four sampling dates, the total surface area varied from 9053
cm? (highest soil volume in the second sampling date) to 527 cm? (lowest soil volume in the
third sampling date) (Fig. 19). The sampling date affected the total canopy surface area
significantly, however no clear trend over time was noticed. The highest value was observed in
the second sampling date followed by the first sampling date, the plants sampled in the third

dates produced the lowest total surface area.
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(6, 12, 18 and 24 months) on total canopy surface area (cm?) of Opuntia ficus-indica. Data are presented

as means * SE (N=3 plant)

Number of the areoles developed roots

Soil volume and the sampling dates X soil volume interaction showed significant effect on the
total number of the areoles developed roots. Plants placed in highest soil volume enabled
higher number of areoles to produce roots (64, 65, 72 and 65) in the four sampling dates (6, 12,

18 and 24 months) respectively (data is not shown).
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4.4. Roots: canopy ratios

Root: shoot dry mass ratio

Root mass: canopy mass ratio is another variable that give indicator about the balance extend
between the roots and canopy. The results showed clear and significant impact of the soil
volume on this ratio. The differences among the four sampling dates were not noticeable.
Positive and linear relationship between soil volume and root: shoot ratio where observed in all
the two treatment interaction in the third and fourth sampling date. The values of this ratio

ranged between 7.7 to 37 % (Fig. 20).
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Figure 8. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and four different sampling dates
(6, 12, 18 and 24 months) on Root dry mass: canopy dry mass ratio (g/g) of Opuntia ficus-indica. Data

are presented as means * SE (N=3 plant)

4.5. Relationship between Opuntia ficus- indica root and canopy variables
Positive and significant correlation between canopy mass and the fine, medium and large roots
volume were recorded. The medium roots seemed to contribute the most to the canopy mass
(r=0.78) followed by the biggest root (r=0. 67), the last one was the fine roots (r=0.57). The
large and the medium roots area had high significant correlation to the canopy dry mass (r=
0.77; 0.72 respectively p<0.001). Fine, medium and large roots length correlated positively with
the canopy mass (r) ranged between 0.72 for the large and medium roots length to 0.60 for the

fine root length (p<0.001).
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Opuntia ficus-indica root turnover

The 6"C value of soil before cactus pear plantation was -25.6%o0 and increased after the
plantation due to the addition into the soil of organic matter from cactus pear through root
turnover (6'°C value of cactus pear root= -21%o). The 6">C value of soil was significantly affected
by soil volume, sampling dates and their interaction. §C of soil ranged between -25.4%o to -
22.5%o0, with the lowest value in soil sampled in the first sampling date and the highest values in
soil sampled after 24 months (Fig. 21). The §"C significantly increased with the soil volume

increase (p< 0.001).
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Figure 9. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) and three different sampling
dates (6, 18 and 24 months) on carbon isotopic signature & *C (%) of Opuntia ficus-indica. Data are

presented as means + SE (N=3 plant)
Results of carbon derived by roots per soil unit and the root turnover were affected significantly

by the soil volume and sampling dates; the highest percentage of SOC derived by root was

found in the smallest soil volume, while the lowest was found in the largest soil volumes. The
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carbon derived (from Opuntia ficus-indica roots) ranged between 0.27 gC kg™soil to 0.57 g kg™
soil (Fig 22).

The contribution of the carbon derived from the cactus plants to the soil increased over time,
the highest value was after 24 month since planting (0.78 g C kg™ soil) which was almost 4

times more comparing to the concentration derived after 6 month since plantation (Fig. 22).
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Figure 10. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) on Carbon derived by roots g C

kg”'soil of Opuntia ficus-indica. Data are presented as means + SE (N=3 plant)
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Figure 11. Effect of three different sampling dates (6, 18 and 24 months) on Carbon derived by roots (C

(g of soil kg™)) of Opuntia ficus-indica. Data are presented as means + SE (N=3 plant)

51



Roots of the plants placed in the smallest soil volume had higher turnover rate (% per year)
comparing to the ones planted in the bigger soil volume; the root turnover rate increased by
36% with a reduction of soil volume by ten times (Fig. 24). The Opuntia ficus indica roots
turnover rate increased over time. The highest rate was observed after 2 years of planting

(9.6%) while the lowest rate observed after 6 months of planting (2.7%) (Fig 25).
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Figure 12.Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) on roots turnover rate (% per

year) of Opuntia ficus-indica. Data are presented as means * SE (N=3 plant)
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Figure 13. Effect of three different sampling dates (6, 18 and 24 months) on roots turnover rate (% per

year) of Opuntia ficus-indica. Data are presented as means * SE (N=3 plant)
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4.6. Starch and Nitrogen content

Starch content in the mother cladodes

Mother cladode and roots starch content were affected significantly by the soil volume but not
by the sampling date and soil volume X sampling date interaction. Soil volume restriction
increased the starch contact of the mother cladode. No significant differences were found
among the three smallest soil volumes (18, 9 and 5 Litres) but with the soil volumes 33 and 50

Litres which has lower starch content (Fig. 26).
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Figure 14. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) on starch content in the mother

cladodes (mg g™) of Opuntia ficus-indica. Data are presented as means + SE (N=12 plants)

Starch content in the roots
The root starch contact increased linearly with the soil volume decrease with values ranged
between 7.7 to 12.7 mg in the roots of the plants grown in the smallest soil volume (5 Liters) to

7.2 mgin the plants grown in 33 Litres (Fig. 27).
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Figure 15. Effect of five different soil volumes (50, 33, 18, 9 and 5 Liters) on starch content in roots (mg

g™) of Opuntia ficus-indica. Data are presented as means + SE (N=12 plants)

Nitrogen content mother cladodes (p1g/g)
There was no effect of the soil volume, sampling date and the interaction on the nitrogen
content in the mother cladode. The values ranged between 121 pg/g in the mother cladode of

the plants planted in 9 Liters to 148 ug/g in the mother cladode of the plants of 18 Liters.
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5. Discussion

5.1. Roots measurement
Many soil volume restriction trials were conducted where plants grown in pots. Restricted soil
volume had limiting effects on overall plant growth and influence plant development. Root
system growth was inhibited by soil volume restriction: the total roots length; surface area, dry
mass, and volume were affected and decreased due to this restriction. This is consistent with
previous studies for a number of plant species growing under restriction to rooting space (Hess
and De Kroon, 2007; Ronchi et al. 2006; Zhu, et al. 2006). Previous reports explained this
reduction in roots system as a results of lower resources supply like nutrient acquisition
(Poorter et al. 2012b); low carbohydrate resources (Dichio et al. 2012) and the soil temperature
increase due to the small pot size (Xu et al. 2001). The influences of the soil volume restriction
on the root growth seem to change over time. In this study, this influence became relevant
staring the 6-month old plants, this effect increased over time for the large soil volume, this in
agreement with Endean and Carlson (1975). Nevertheless, the smallest soil volume showed
stable roots growth in terms of the total roots length; total surface area; the total roots volume,
and total dry mass. This can be explained by the fact that the large soil volume has more
nutrient supplies that can support this growth while it is limited in the small soil volume
(Poorter et al. 2012a), especially that the differences among the different soil volumes become
clearer over time. In contrast, soil volume restriction enhanced root density as well as the root
length density. Generally, these two parameters have been used as potential indicators of the
mineral nutrition (Majdi, 2001). These results agreed with (Inglese and Pace, 2000) who claimed
significant increase of Opuntia ficus- indica root density with soil volume restriction increase.
Under environmental stresses, trees must use an adaptive strategy in order to sustain and
increase soil exploration in order to improve nutrition (Lohmus et al. 2006). This later can be
achieved through different mechanisms such as: increasing root length; increasing root
branching; increasing specific root length (SRL) when compared to optimal conditions (Lynch,
2007; Gahoonia and Nielsen, 2004; Lynch and Brown, 2001). Our data showed that SRL has

increased with root confinement. Usually plants with high SRL show high uptake rates of water

56



(Eissenstat, 1991) and nutrients (Comas et al. 2002; Reich et al. 1998) which impacted the
whole plant growth in general. The findings in this work were the same as those reported by
(Snyman, 2007) who stated SRL values within the ranges reported here. Root length density
(RLD) is another important determinant of plant water and nutrient acquisition. RLD is a good
indicator of the impact of the cultural practices on root development in the soil. In this study
we observed that root length density values increased with soil volume restriction, meaning
that the plant develops more roots when soil/nutrient sources is not available. BVR as (total
plant biomass: rooting volume ratio; gL "), has been used only by Kerstiens and Hawes (1994).
Our results showed higher BVR values than the threshold reported by Poorter et al. (20123, b),
who suggest that to prevent constraints of pot volume on plant growth, the plant biomass to
soil volume ratio (BVR) at harvest should not exceedl gL, we notice that the effect of pot size
soil/ volume is clearly noticeable in this experiment.

The large roots were essentially the main roots that developed from the areoles. Generally
these roots are gross and without root hairs (Snyman, 2004b, 2005). The main roots dry mass
and surface area increased with the soil volume after 18 and 24 months of planting but not in
the early stages of growth. The large roots surface area actually had a strong linear relationship
with large roots volume and large roots length. This illustrated that all the previous parameters
follow the large roots surface area. These roots serve to anchor the plant and to support lateral
roots as well as carbohydrate and nutrient storage during the season (Comas et al. 2013). The
higher surface area and the dry mass values related to the soil volume increase might be linked
to the large roots length increase as well as the thickness. This in turn is related to the
resources availability. The large roots length values found in this study were higher than the
values found by (Snyman, 2007) which is most likely due to the longer experimental period.

Fine roots are those roots that serve as the responsible organ for water and nutrient uptake
(Eissenstat and Yanai, 2002). Fine roots categorized according to their size classes (diameter < 2
mm in diameter) (Pregitzer et al. 2002). These roots are defined on a functional basis as the
main means for resource uptake (nutrients and water). In the current work, the peak fine roots
growth was found after 12 months of planting. Contrary, there was not much changes in the

fine roots production after that. Under our experimental conditions, bloom (flowering) stage
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took place at June, which is the end of the rapid shoot growth where the maximum fine roots
growth reached. Previous research has shown, the peak in root growth in trees may occur
before the rapid growth of the shoot in the spring, during the vegetative termination stage in
the summer, or after the shoot stops growing in the fall (Wang, 2005; Wang et al. 1997). Fine
roots surface area, length and volume found to be affected by the soil volume restriction. The
fine roots production was impacted by soil volume positively. On the other hand, the medium
roots dry mass followed the same trend of the fine roots dry mass while the medium roots
surface area followed the same large roots surface area approach, this is applicable to medium
roots volume and length as strong linear relationship was found between the medium roots
surface area and its length and volume. Nevertheless, our findings were in agreement with the
finding of Nobel et al. (1994) regarding the effect of the soil volume on the surface area of the
main and lateral roots (medium and fine roots), and with Bauhus and Messier, 1999 and Rewald
et al. 2011 who claimed that the length and surface area and volume of the root systems, was
affected positively with the soil volume increase. Comparing to other roots variables, fine root
length appears to be a better indicator for determining root production and loss and reflects
root growth characteristics more than total roots length (Johnson et al. 2001), while the
thickness and dry mass of the main roots seem to be better indicator for the root system

growth.

5.2.  Opuntia ficus-indica canopy
The number of the first generation cladodes was affected by the soil volume restriction, but not
by the sampling date. These results could be explained by the different root growth in relation
to the pot size and with the decomposition rate of root biomass. The first generation cladodes
appeared from mother cladodes at the same time for all the plants, and this happened mostly
for one time. If there is any new growth, this will be produced from the areoles of the first
generation cladodes. The effect of the soil volume on the number of the first generation
cladodes didn’t have any clear trend. However, there was with the second generation and the
total cladodes number. The lower the soil volume, the lower number of the cladodes produced.

The number of the cladodes of the largest soil volume was at least 30, 44, 48 and 48 %, higher
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than the plants in the pot size 33, 18, 9 and 5 liters respectively ranging between (3 to 15
cladodes per plant). Plants in the smallest soil volume stopped producing new second
generation cladodes after the first cut. These results could be explained by the low resources
availability in the small soil volume led plants to reduce their canopy growth (Berdanier and
Clark, 2016). The low number of the cladodes led to low canopy surface area in the small soil
volume, the surface area is a vital trait as it affects the daily net CO, uptake and the
photosynthesis capacity (Terashima et al. 2011).

The canopy dry weight was affected by the soil volume with a linear dry mass increase with soil
volume increase, this agrees with Nobel et al. (1994). The soil volume increase led to increase in
roots surface area and canopy surface area as well, this could lead to greater water and
nutrients uptake that will enhance the canopy growth and development (Nobel et al. 1994).
The canopy dry mass ranged between (52 -898 g plant or kg h™). These values were less than
the values reported previously (Snyman, 2006) and this could be related mainly to the soil
volume restriction effect as in most of the previous research experiments were conducted
under field condition. The root: canopy dry mass increased with the soil volume increase. This is
because of positive effect of the soil volume increase on both roots and canopy. The values we
obtained in this study were higher than those obtained by Nobel (1998) and Snyman (2006)
findings. This could be as a result of roots density and biomass per soil unite increase as a result

of nutrient supply decrease which enhance the fine roots growth (Hertel et al. 2013).

5.3.  Opuntia ficus-indica root turnover
The restricted soil volume affects the resource availability as the larger soil volume contain more
nutrients then the small one (Guillermo et al. 2013). In general, the low nutrient availability may
lead to low uptake. This decrease in nutrient uptake is presumably one of the primary reasons for
acceleration of root turnover due to reduced root longevity (Gaul et al. 2008; Eissenstat et al. 2000).
Root density and biomass per soil unit increased with decreasing nutrient supply, this probably
represents a compensatory fine root growth response to low uptake rates that lead to reduction in
mean fine root age and replacement by new ones with thinner diameter and larger surface area

(Hertel et al. 2013). This could be an efficient function to optimize the cost-benefit ratio of fine
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roots production per resource unite (Ostonen et al. 2007; Eissenstat et al. 2000; Eissenstat and
Yanai, 1997). The reduction of the root longevity will increase the supply of organic carbon (g)
derived by roots into the soil. As a result, the decrease in nutrient uptake is presumably one of the
primary reasons for acceleration of plant root turnover due to reduced root longevity (Gaul et
al. 2008; Eissenstat et al. 2000) which reflect higher plant roots turnover. This is in consistent with
our results regarding the higher specific roots length that were observed in the roots of the plants
raised in small soil volume reflecting thinner and longer roots which was combined with great
amounts of carbon (g) derived by roots in the soil unit (kg). The results showed decrease of the
negative 8"°C values over time which is due to the contribution of cactus pear root (CAM-C) to
the soil organic matter measured in the pot (Cs -soil) as the more negative values of §>C means
lighter in mass in the soil unite (O'Leary, 1988). The Contribution % of CAM-C to total soil
carbon (new carbon derived) was useful to understand the root turn over in different soil
volume. This relative value provides, in fact, the contribution of CAM-C biomass to total SOC for
the unit weight of soil. The CAM-C contribution increased from 0.27 C g of soil kg™ in the
biggest pot to 0.57 C g of soil kg™* in the smallest pot. This can be explained by the higher roots
mortality in the small soil volume which increase the turnover percentage per time which
ranged between (10-15.4 %). This result was higher than the finding of Novara et al. (2014)
which again could be explained by soil volume restriction that affects the nutrient availability
and hence higher root turnover.

Drylands cover over 40% of the earth’s land surface (IUCN, 2008). Land degradation occurs in all
continents and will remain an important global issue for the 21* century (Nefzaoui et al, 2014).
This is due to its adverse impact on agronomic productivity, the environment, and its effect on
food security and the quality of life (Eswaran et al, 2001) Agronomists and soil scientists
support claim that land is a non-renewable resource and some adverse effects of degradative
processes on land quality are irreversible, e.g. reduction in effective rooting depth. Thus, there
is a need to identify low input plant species that can flourish under limiting condition and
particularly soil volume. Cactus pear is a species that has shown great potential to withstand
under degraded ecosystems characterized by limited resources. Based on the findings of this

study, one can report that cactus pear enhances accumulation of soil organic carbon and make
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better use of shallow soils. Therefore as practical management cactus pear is recommended
wherever the soils are too shallow, too stony, too steep, too sandy or the climate is too dry for
practical farming. Furthermore, cactus pear is a strategic option to improve rangeland and
convert marginal soils to productive lands and mitigate land degradation in the arid and semi-

arid areas.

5.4. Starch and Nitrogen content
The soil restriction enhanced the starch accumulation in both roots and the mother cladodes.
The highest accumulation found in the smallest soli volume. Generally, Opuntia, does not
develop new cladodes under stress (Pimienta-Barrios et al. 2002, 2003). Plants raised in the
small soil volume stopped giving second generation cladodes after 12 years of planting, this
seemed to have a kind of dormancy. Plants during dormancy tend to accumulate more starch
(Landhédusser and Lieffers, 2003). The starch accumulation was higher in the mother cladodes
comparing to the roots, this indicate the importance of the mother cladodes as a source-sink
for both roots and shoots. The mother cladode nitrogen content was not affected by the soil

volume.
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6. Conclusion
Not many studies have been conducted on Opuntia ficus-indica root dynamics under soil
limitation conditions. In recent years there has been increased interest in this crop for fodder
and fruit in the dry area. Thus, there is a need for more such studies so that the adaptability
and performance of different species and cultivars under different environmental conditions
can be quantified. The common thoughts that cactus pears need low inputs to give high yields.
Yet, this statement is not entirely true, despite the fact that cactus pear can survive where
many other crops cannot. Therefore, the importance of appropriate inputs regarding soil
volume, water, light and temperature are vital to get high yield or at least to understand the
performance of this plant under any of the previous factors limitations. Main findings presented
in this research study suggest that root restriction can substantially affects the roots and
canopy growth of Opuntia ficus-indica. Soil volume restriction resulted in reduction of canopy
growth and canopy dry matter accumulation of cactus pear. This reduction was associated to a
lower cladode number and surface area. On the other hand, the total roots length, surface
area, dry mass, and volume were inhibited by the soil volume restriction. The soil volume
decrease has impacted the growth and the surface area of the main roots negatively, while an
increase in lateral roots (fine) growth in the soil volume unite, specific root length, root density
as well as the root length density took place. The higher SRL values would indicate high uptake
rates of water and nutrients while the RLD is a good signal of the impact of the cultural
practices on root development in the soil. In other word plant develops more roots when
soil/nutrient sources are not available. The general conclusion can be made that the root
system of this plant is not as stable as one would have expected, but is perhaps more adaptable
to environmental conditions and to the stage of the plant growth also to the time plants has
been grown in this restricted soil volume, this effect seems to be minor or moderate at the
early stages of the plant growth but increase later. The more lateral roots and finer root system
per soil volume of Opuntia ficus- indica seems to be a kind adaptive strategy in order to enable
the plants sustain and increase the roots surface area in order to increase, improve and explore

new nutritive resources. The root: canopy dry mass ratio increased with the soil volume
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increase but with higher values than the ones reported in the previous studies, due to roots
density and biomass per soil unite increase.

In this study, we evaluated the effect of the soil volume restriction on SOC derived from the
roots which reflect the plant roots turnover. Using an approach based on natural differences in
8C of plants with C3 photosynthesis. Our findings have some implications for the
understanding of carbon turnover and organic matter stabilization under the soil volume
restriction conditions, the results have shown that, the restricted soil volume enhanced the
increasing the C stock derived from the roots from 0.27 C g of soil kg™ in the biggest soil volume
to 0.57 C g of soil kg™ in the lowest soil volume. On the other hands, the starch accumulation in
both roots and the mother cladodes was increased with the soil volume restriction increase.

To conclude, plants under stress tend to have higher proportion of roots that can compete
more effectively for soil nutrients, this will affect the growth of the canopy shoots. The plants
use the above ground resources to maintain and produce more roots, this end up with limited
canopy growth and more starch and turnover in the roots. In this trial, the plants placed in the
smallest soil volume (5 Liters) stopped producing new second generation cladodes after the
first sampling date. Afterwards, all the investments were put into the roots growth and starch
accumulation in both mother cladode and roots resulting in the highest percentage of the roots
turnover. This result confirmed the importance of the Opuntia ficus-indica as a potential plant
that can survive under low soil volume. This plant has the ability to balance its growth and stay
alive under the harsh environments. In addition, the plant can provide reasonable organic
carbon amount that improve the quality of the soil and ecosystems.

Having said that, more research is required to explore the interaction between many

environmental factors effecting the cactus pear growth and behavior.

63



References

Adams MB, Allen HL, Davey CB. 1986. Accumulation of starch in roots and foliage of loblolly
pine (Pinus taeda L.): effects of season, site and fertilization. Tree Physiology 2:35-46.

Aiken RM, Smucker AJM. 1996. Root system regulation of whole plant growth. Annual Reviews
of Phytopathology 34: 25-346.

Alberti G, Leronni V, Piazzi M, Putrella F, Cairota P, Peressotti A, Pissi P, Valentini R, Gristina L,
La Mantia T, Novara A, Rihl J. 2011. Regional Environmental Change 11(4):917-924.

Aphalo PJ, Rikala R. 2003. Field performance of silver-birch planting-stock grown at different
spacing and in containers of different volume. New Forests 25: 93-108. Batista AM,
Mustafa FA, Mcallister T, Wang Y, Soita H, Mckinnon JJ. 2003. Effects of variety on chemical
composition, in situ nutrient disappearance and in vitro gas production of spineless cacti.
Journal of the Science of Food and Agriculture 83:440-445.

Batjes NH. 1996. Total carbon and nitrogen in the soils of the world. European Journal of Soil
Science 47(2):151-163.

Bauhus J, Messier C. 1999. Soil exploitation strategies of fine roots in different tree species of
the southern boreal forest of eastern Canada. Canadian Journal of Forest Research 29:260-
273.

Berdanier AB, Clark JS. 2016. Divergent reproductive allocation trade-offs with canopy exposure
across tree species in temperate forests. Ecosphere 7(6).e013133.

Bloom AJ, Chapin FS, Mooney HA. 1985. Resource limitation in plants - an economic analogy.
Annual Review of Ecology 16:363-392.

Boke N. 1980. Developmental morphology and anatomy in Cactaceae. BioScience 30:605-610.

Boutton TW, Liao ID, Filley TR, Archer SR. 2009. Belowground carbon storage and dynamics
accompanying woody plant encroachment in a subtropical savannah. In: Lal R, Follet R.
(Eds.), Soil Carbon sequestration and the greenhouse effect. Soil Science Society of
America, Madison, WI, pp. 181-205.

Bravdo BA, Levin |, Assaf R. 1992. Control of root size and root environment of fruit trees for

optimal fruit production. Journal of Plant Nutrition 15(6-7):699-712.

64



Brouwer R. 1983. Functional equilibrium: sense or nonsense? Netherlands Journal of
Agricultural Science 31:335-348.

Brutsch MO. 1988. The role of prickly pear in less developed agriculture First National
Symposium on Fruit Production from Spineless Prickly Pear, University of Pretoria, South
Africa.

Brye KR, West CP, Gbur EE. 2004. Soil quality differences under native tallgrass prairie across a
climosequence in Arkansas. The American Midland Naturalist 152(2):214-230.

Canadella JG, Le Quéré C, Raupach MR, Field CB, Buitenhuis ET, Ciais P, Conway TJ, Gillett NP,
Houghton RA, Marland G. 2007. Contributions to accelerating atmospheric CO2 growth
from economic activity, carbon intensity, and efficiency of natural sinks. PNAS. 104:18866-
18870.

Cannon WA. 1911. The Root Habits of Desert Plants. Publication 131, Carnegie Institution of
Washington, Washington, D.C.

Cataldo A. 1974. Analysis by digestion and Colorimetric Assay of total nitrogen in plant tissues
high in nitrate. Crop Science 14(6):854-856.

Cheng XM, Bledsoe CS. 2002. Contrasting seasonal patterns of fine root production for blue
oaks (Quercus douglasii) and annual grasses in California oak woodland. Plant Soil 240:263-
274.

Clemens S, Kim EJ, Neumann D, Schroeder JL. 1999. Tolerance to toxic metals by a gene family
of phytochelatin synthases from plants and yeast. EMBO Journal. 18:3325-3333.

Clements T, John A, Nielsen K, Chea V, EarS, Meas P. 2008. Tmatboey Community based
Ecotourism Project, Cambodia. Wildlife Conservation Society, New York.

Comas |, Coscolla M, Luo T, Borrell S, Holt KE, Kato-Maeda M, Parkhill J, Malla B, Berg S,
Thwaites G. et al. 2013. Out-of-Africa migration and Neolithic coexpansion of
Mycobacterium tuberculosis with modern humans. Nature Genetics 45:1176-1182.

Comas LH, Becker SR, Cruz VMV, Byrne PF, Dierig DA. 2013. Root traits contributing to plant
productivity under drought. Frontiers in Plant Science 4:442.

Comas LH, Bouma TJ, Eissenstat DM. 2002. Linking root traits to potential growth rate in six

temperate tree species. Oecologia 132:34-43.

65



Comas LH, Eissenstat DM. 2004. Linking fine root traits to maximum potential growth rate
among 11 mature temperate tree species. Functional Ecology 18:388-397.

Congalton RG.1991. A review of assessing the accuracy of classification of remotely sensed
data. Remote Sens Environ 37:35-46.

Connor DJ, Fereres E. 2005. The Physisology of adaptation and yield expression in olive.
Horticultural Reviews 34:155-229.

Cornwell WK, Grubb PJ. 2003. Regional and local patterns in plant species richness with respect
to resource availability. Oikos 100:417-428.

De Kock GC. 2001. The use of Opuntia as a fodder source in arid areas of South Africa. In:
Mondragon, C. and Gonzalez, S. (eds.). Cactus (Opuntia spp.) as forage. FAO Plant
Production and Protection Paper, 169. pp. 73-90.

De Micco V, Aronne G. 2012. Occurrence of morpho-anatomical adaptive traits in young and
adult plants of the rare mediterranean cliff species Primula palinuri Petagna. The Scientific
World Journal, pp. 1-10.

Desjardins T, Folgarait PJ, Pando-Bahuon A, Girardin C, Lavelle P. 2006. Soil organic matter
dynamics along a rice chronosequence in north-eastern Argentina: evidence from natural
3¢ abundance and particle size fractionation. Soil Biology and Biochemistry 38(9):2753-
2761.

Dichio B, Romano M, Nuzzo V, Xiloyannis C. 2002. Soil water availability and relationship
between canopy and roots in young olive trees (cv Coratina). Acta Horticulturae 586:255-
258.

Dominguez-Lerena S, Herrero Sierra N, Carrasco Manzano |, Ocafia Bueno L, Pefiuelas Rubira JL,
Mexal JG. 2006. Container characteristics influence Pinus pinea seedling development in
the nursery and field. Forest Ecology and Management 221:63-71.

Dougherty MK, Southwood DJ, Balogh A, Smith EJ. 1993. Field aligned currents in the jovian

magnetosphere during the Ulysses flyby Planet. Space Science Reviews 41:291-300.Drennan

PM, Nobel PS. 2000. Responses of CAM species to increasing atmospheric CO, concentrations.

Plant, Cell and Environment 23:767-781.

66



Dubrovsky JG, North GB, Nobel PS. 1998. Root growth, developmental changes in the apex, and
hydraulic conductivity for Opuntia ficus-indica during drought. New Phytologist 138:75-82.

Eissenstat DM, Yanai RD. 1997. The ecology of root life span. Advances in Ecological Research
27:1-62.

Eissenstat DM, Yanai RD. 2002. Root life span, efficiency, and turnover. Plant Roots: The Hidden
Half (eds Y. Waisel, A. Eshel and U. Kafkafi), pp. 221-238. Dekker, New York.

Eissenstat DM, Wells CE, Yanai RD. Whitbeck JL. 2000. Building roots in changing environment:
implications for root longevity. New Phytologist 147:33-42.

Eissenstat DM. 1991. On the relationship between specific root length and the rate of root
proliferation: a field study using citrus rootstocks. New Phytologist 118:63-68

Endean F, Carlson L. 1975. The effect of rooting volume on the early growth of lodgepole pine
seedlings. Canadian Journal of Forest Research 5:55-60.

Eswaran H, Lal R, Reich PF. 2001. Land degradation: an overview. In: Responses to Land
Degradation, Bridges EM, Hannam ID, Oldeman LR, Pening de Vries FWT,Scherr SJ,
Sompatpanit S, (Eds.), Proc. 2" International Conference on Land Degradation and
Desertification, Khon Kaen, Thailand. Oxford Press, New Delhi, India.

Felker B, Yazel JJ, Short D. 1996. Mortality and medical comorbidity among psychiatric patients:
A review. Psychiatric Services 47(12):1356-1363.

Felker P, Inglese P. 2003. Short-term and long-term research needs for Opuntia ficus-indica
utilization in arid areas. Journal of the Professional Association for Cactus Development
5:131-151.

Felker P, Singh GB, Pareek OP. 1997. Opportunities for development of Cactus (Opuntia spp.) in
arid and semi arid regions. Annals of Arid zone 36(3):267-278.

Fernandez JE, Moreno F, Martin-Aranda J, Fereres E. 1992. Olive-tree root dynamics under
different soil water regimes. Agriculture Mediterranean. 122:225-235.

Ferrol N, Calvente R, Cano C, Barea TM, Azcon-Aguilar C. 2004. Analysing arbuscular mycorrhizal
fungal diversity in shrub-associated resource islands from a desertification threatened

semiarid Mediterranean ecosystem. Applied Soil Ecology 25(2):123-133.

67



Flores-Valdez CA, Osorio GA. 1996. Opuntia-based ruminant feeding systems in Mexico. FAO
International Technical Cooperation Network on Cactus Pear.
http://www.fao.org/AG/againfo/resources/documents/frg/conf96htm/flores.htm

Gahoonia TS, Nielsen NE, Joshi PA, Jahoor A. 2001. A root hairless barley mutant for elucidating
genetic of root hairs and phosphorus uptake. Plant and Soil 235:211-219.

Galizzi FA, Felker P, Gonzalez C, Gardiner D., 2004. Correlations between soil and cladode
nutrient concentrations and fruit yield and quality in cactus pears, Opuntia ficus-indica in a
traditional farm setting in Argentina. Journal of Arid Environments 59:115-132.

Garcia de Cortazar, V, Nobel PS. 1991. Prediction and measurement of high annual productivity
for Opuntia ficus-indica. Agricultural and Forest Meteorology 56:261-272.

Gaul D, Hertel D, Borken W, Matzner E. Leuschner C. 2008. Effects of experimental drought on
the fine root system of mature Norway spruce. Forest Ecology and Management 256:1151-
1159.

Gearing JN. 1991. The Study of Diet and Trophic Relationships through Natural Abundance *C.
In: Coleman DC, Fry B. (Eds.), Carbon isotope techniques. Academic press, San Diego, pp.
201-218.

Gibson AC, Nobel PS. 1986. The Cactus Primer. Cambridge (MA): Harvard University Press.

Gugliuzza G, La Mantia T, Ingelese P. 2000. Fruit load and cladodes nutrient concentrations in
cactus pear. Proceedings of the Fourth International Congress on Cactus pear and
Cochineal. Acta Horticulturae 51:221-224.

Guillermo P. Murphy, Amanda L. File, Susan A. Dudley., 2013. Differentiating the effects of pot
size and nutrient availability on plant biomass and allocation. Botany 91(11):799-803.

Guo DL, Xia MX, Wei X, Chang WJ, Liu Y, Wang ZQ. 2008. Anatomical traits associated with
absorption and mycorrhizal colonization are linked to root branch order in twenty-three
Chinese temperate tree species. New Phytologist 180: 673-683.

Hassid W, Neufeld E. 1964. Quantitative determination of starch in plant tissue. Methods in

carbohydrate chemistry 4:33-36.

68



Hawver G, Bassuk N. 2006. Soils: The key to successful establishment of urban vegetation. pp.
137-152. In: Handbook of urban and community forestry in the Northeast. 2nd edition. J.E.
Kuser (Ed.). Springer Publishing.

Hegwood DA. 1990. Human health discoveries with Opuntia sp. (Prickly pear). Scientia
Horticulturae 25:1515-1516.

Hertel D, Strecker T, Miller-Haubold H, Leuschner C. 2013. Fine root biomass and dynamics in
beech forests across a precipitation gradient - is optimal resource partitioning theory
applicable to water-limited mature trees? Journal of Ecology 101:1183-1200.

Hess L, De Kroon H. 2007 Effects of rooting volume and nutrient availability as an alternative
explanation for root self/non-self-discrimination. Journal of Ecology 95: 241-251.

Hobbie SE, Oleksyn J, Eissenstat DM, Reich PB. 2010. Fine root decomposition rates do not
mirror those of leaf litter among temperate tree species. Oecologia 162:505-513.

Hoffpauir C. 1959. Report on starch in plants. Journal - Association of Official Analytical
Chemists. 39: 423-42.

Inglese P, Gugliuzza G, Liguori, G. 2009. Fruit production of cultivated cacti: a short overview on
plant ecophysiology and C budget. Acta Horticulturae 811:77-86.

Inglese P, Pace LS. 2000: Root confinement affects canopy growth, dry matter partitioning,
carbon assimilation and field behaviour of Opuntia ficus-indica potted plants. Acta
Horticulturae 516(11):97-105

International Union for Conservation of Nature (IUCN). 2008. The nature of drylands: Diverse
ecosystems, diverse solutions. Eastern and Southern Africa Regional Office. Nairobi, Kenya.

Ismail MR, Davies WJ 1998. Root restriction affects leaf growth and stomatal response: the role
of xylem sap ABA. Scientia Horticulturae 74(4):257-268.

Johansson T. 1993. Seasonal changes in contents of root starch and soluble carbohydrates in 4-
6-year old Betula pubescens and Populus tremula. Scandinavian Journal of Forest Research.
8:94-106.

Johnson MG, Tingey DT, Phillips DL, Storm MJ. 2001. Advancing fine root research with

minirhizotrons. Environmental and Experimental Botany 45:263-289.

69



Judrez MC, Passera CB. 2002. In vitro propagation of Opuntia ellisiana Griff. and acclimatization
to field conditions. Biocell. 26:319-324.

Kaelke CM, Dawson JO. 2005. The accretion of nonstructural carbohydrates changes seasonally
in Alnus incana ssp. rugosa in accord with tissue type, growth, N allocation, and root
hypoxia. Symbiosis 39:61-66.

Kaipiainen LK, Sofronova Gl. 2003. The role of the transport system in the control of the source-
sink relations in Pinus sylvestris. Russian Journal of Plant Physiology 50(1):125-132.

Kerstiens G, Hawes C. 1994. Response of growth and carbon allocation to elevated CO2 in
young cherry (Prunus avium L.) saplings in relation to root environment. New Phytologist
128:607-614.

Kozlowski TT, Pallardy SG. 1997. Physiology of woody plants. San Diego: Academic Press.
Vegetative growth pp. 35-67.

Lamhamedi MS, Bernier PY, Hébert C, Jobidon R, 1998. Physiological and growth response of
three sizes of containerized Picea mariana seedlings outplanted with and without
vegetation control. Forest Ecology and Management 110:13-23.

Landhausser SM, Lieffers VJ. 2002. Leaf area renewal, root retention and carbohydrate reserves
in a clonal tree species following above-ground disturbance. Journal of Ecology 90:658-665.

Langley JA, Hungate BA. 2003. Mycorrhizal controls on belowground Liter quality. Ecology
84:2302-2312.

Lauenroth WK, Gill R. 2003. Turnover of root systems. Root Ecology. Ecological Studies. 168 (eds
H. de Kroon & E.J.W. Visser), pp. 61-90. Springer, Berlin.

Lavelle P, Bignell D, Austen M, Brown Y, Behan-Pelletier V, Garey J, Giller P, Hawkins S, Brown
G, John St. M, Hunt B, Paul E. 2004. Vulnerability of ecosystem services at different scales:
role of biodiversity and implications for management, in Sustaining Biodiversity and
Functioning in Soils and Sediments, DH Wall, Ed., Island Press, New York.

Le Houérou HN. 1996. The role of cacti (Opuntia spp.) in erosion control, land reclamation,
rehabilitation and agricultural development in the Mediterranean Basin. Journal of Arid

Environments 33:135-159.

70



Le Houérou HN. 2000. Utilization of fodder trees and shrubs in the arid and semiarid zones of
West Asia and North Africa. Arid Soil Research and Rehabilitation 14:101-135.

Leuschner C, Hertel D. 2003. Fine root biomass of temperate forests in relation to soil acidity
and fertility, climate, age and species. Progress in Botany 64:405-438.

Lilly SJ. 2001. Arborists’ certification study guide. International Society of Arboriculture,
Champaign, IL.

Liu AM, Latimer JG. 1995. Water relations and abscisic-acid levels of watermelon as affected by
rooting volume restriction. Journal of Experimental Botany 46: 1011-1015.

L6hmus K, Truu J, Truu M, Kaar E, Ostonen |, Alama S, et al. 2006. Black alder as a perspective
deciduous species for reclaiming of oil shale mining areas. In: Brebbia CA, Mander U ,
editors. Brownfields Ill. Prevention, assessment, rehabilitation and development of
Brownfield sites. Southampton: WIT Press. pp 87-97.

Louhaichi M, Johnson MD, Woerz AL, Jasra AW, Johnson DE. 2010. Digital charting technique
for monitoring rangeland vegetation cover at local scale. International Journal of
Agriculture and Biology 12:406-410.

Lv H, Liang Z. 2012. Dynamics of soil organic carbon and dissolved organic carbon in Robina
pseudoacacia forests Journal of Soil Science and Plant Nutrition. 12 (4):763-774.

Lynch JP, Brown KM. 2001. Topsoil foraging-an architectural adaptation of plants to low
phosphorus availability. Plant and Soil 237:225-237.

Lynch JP. 2007. Roots of the second green revolution. Australian Journal of Botany. 55: 493-512.

Majdi H. 2001. Changes in fine root production and longevity in relation to water and nutrient
availability in a Norway spruce stand in northern Sweden. Tree Physiology. 21:1057-1061.

Mancuso S. 2005. Gli apici radicali come centri di comando della pianta: lo stato "neural-simile"
della zona di transizione. | Georgofil, vol. 8, p. 23-44, ISSN: 0367-4134.

Masmoudi A, Ayadi N, Boudaya S, Meziou TJ, Mseddi M, Marrekchi S, Bouassida S, Turki H,
Zahaf A. 2007. Clinical polymorphism of cutaneous leishmaniasis in centre and south of
Tunisia.Bulletin de la Société de Pathologie Exotique 100:36-40.

McConnaughay KDM, Bazzaz FA. 1991. Is physical space a soil resource? Ecology. 72:94-103.

71



McCready R, Guggolz J, Silviera V, Owens H. 1950. Determination of starch and amylose in
vegetables, application to peas. Analytical Chemistry 22:1156-1158.

McCulley RL, Burke IC, Nelson JA, Lauenroth WK, Knapp AK, Kelly EF. 2005. Regional patterns in
carbon cycling across the Great Plains of North America. Ecosystems 8(1):106-121.

Mondrdgon-Jacob C, Perez-Gonzalez S. 2000. Genetic resources and breeding cactus pear
(Opuntia spp.) for fodder production. Proceedings of the Fourth International Congress on
Cactus pear and Cochineal. Tunisia. Acta Horticulturae 51:87-93.

Monjauze A, Le Houérou HN. 1965. Le role des Opuntia dans I'economie agricole Nord-
Africaine. Extrait du Bulletin de I'Ecole Nationale Superieure d’ Agriculture de Tunis. Sept-
Dec. 85-164.

Myers SC. 1992. Root restriction of apple and peach with in-ground fabric containers. Acta
Horticulturae 322:215-219.

Nefzaoui A, Ben Salem H. 2000. Opuntia: a strategic fodder and efficient tool to combat
desertification in the WANA Region. CACTUSNET Newsletter: 2-24

Nefzaoui A, Ben Salem H. 2002. Forage, fodder, and animal nutrition. In: Cacti: Biology and
Uses, Nobel, P.S. (ed.). University of California Press, Berkeley, CA, USA, pp. 190-210

Nefzaoui A, Louhaichl M, Ben Salem H. 2014. Cactus as a Tool to Mitigate Drought and to
Combat Desertification. Journal of Arid Land Studies 13:121-124.

Nelson DL. Cox MM. 2005. Lehninger principles of biochemistry. W.H. Freeman and Co., New
York.

Nobel PS, Alm DM, Cavelier J. 1992. Growth respiration, maintenance respiration and
structural-carbon costs for roots of three desert succulents. Functional Ecology 6:79-85.
Nobel PS, Cui MY, Miller PM, Luo YQ. 1994. Influences of soil volume and an elevated CO2 level
on growth and CO2 exchange for exchange for the crassulacean acid metabolism plant

Opuntia ficus indica. Physiologia Plantarum 90:173-180

Nobel PS, Huang B. 1992. Hydraulic and structural changes for lateral roots of two desert

succulents in response to soil drying and rewetting. International Journal of Plant Sciences.

153:5163-5170.

72



Nobel PS. 1988. Environmental biology of agaves and cacti Cambridge University Press, New
York, New York, USA.

Nobel PS. 1994. Remarkable Agaves and Cacti. Oxford University Press, New York.

Nobel PS. 1996. Ecophysiology of roots of desert plants, with special emphases on agaves and
cacti. In: Plant Roots: The Hidden Half, 2nd ed. (Y. Waisel, A. Eshel, and U. Kafrafi, eds.).
Marcel Dekker, New York. Pp. 823-844.

Novara A, Pereira P, Santoro A, Kuzyakov Y, La Mantia T. 2014. Effect of cactus pear cultivation
after Mediterranean maquis on soil carbon stock, 8"C spatial distribution and root
turnover. Catena 118: 84-90.

O'Leary MH. 1988. Carbon Isotopes in Photosynthesis. BioScience 38(5):328-336

Ostonen |, L6hmus K, Alama S, Truu J, Kaar E, Vares A, et al. 2006. Morphological adaptations of
fine roots in Scots pine (Pinus sylvestris L.), silver birch (Betula pendula Roth.) and black
alder (Alnus glutinosa (L.) Gaertn.) stands in recultivated oil shale mining and semi-coke
areas. Oil Shale 23:187-202.

Ostonen |, Ldhmus K, Helmisaari HS, Truu J, Meel S. 2007. Fine root morphological adaptations in
Scots pine, Norway spruce and silver birch along a latitudinal gradient in boreal forests. Tree
Physiology 27:1627-1634.

Pallardy SG. 2008. Physiology of woody plants. 3rd ed. Academic Press, New York.

Passioura JB. 1988. Water transport in and to roots. Annual Review Plant Physiology and
Molecular Plant Biology 39:245-265.

Peterson TA, Reinsei MD, Krizek DT 1991. Tomato (Lycopersicon esculentum Mill, cv 'Better
Bush') plant response to root restriction: 1. alteration of plant morphology. Journal of
Experimental Botany 42:1233-1240.

Pimienta-Barrios E, Gonzdlez del Castillo-Aranda ME, Nobel PS. 2002. Ecophysiology of a wild
platyOpuntia exposed to prolonged drought. Environmental and Experimental Botany
47:77-86.

Pimienta-Barrios E, Mufioz-Urias A, Gonzalez del Castillo-Aranda ME, Nobel PS. 2003. Effects of
benomyl and drought on the mycorrhizal development and daily net CO, uptake of a wild

platyOpuntia in a rocky semiarid environment. Annals of Botany 92:1-7.

73



Pimienta-Barrios E. 1994. Prickly pear (Opuntia spp) a valuable fruit crop for the semi-arid lands
of Mexico. Journal of Arid Environments 28:1-12.

Poorter H, Bihler J, van Dusschoten D, Climent J, and Postma JA. 2012b. Pot size matters: a
meta-analysis of the effects of rooting volume on plant growth. Functional Plant Biology
39:839

Poorter H, Niklas KJ, Reich PB, Oleksyn J, Poot P, Mommer L. 2012a. Biomass allocation to
leaves, stems and roots: meta-analyses of interspecific variation and environmental
control. New Phytologist 193:30-50

Post WM, Kwon KC. 2000. Soil carbon sequestration and land-use change: processes and
potential. Global Change Biology 6:317-327.

Potgieter JP. 2007. The influence of environmental factors on spineless cactus pear (Opuntia
spp.) fruit yield in Limpopo Province, South Africa. MSc thesis submitted to the University
of the Free State, Bloemfontein, 120p

Pregitzer KS, DeForest JL, Burton AJ, Allen MF, Ruess RW, Hendrick RL. 2002. Fine root
architecture of nine North American trees. Ecological Monographs 72:293-309.

Pregitzer KS, Deforest JL, Burton AJ, Allen MF, Ruess RW, Hendrick RL. 2002. Fine root
architecture of nine North American trees. Ecological Monographs. 72:293-309.

Preston CE. 1900. Observations on the root system of certain Cactaceae. Botanical Gazette
30:348-351.

Preston CE. 1901. Structural studies on southwestern Cactaceae. Botanical Gazette. 32:35-55.

Pucher G, Leavenworth C, Vickery H. 1984. Determination of starch in plant tissues. Analytical
Chemistry 20: 850-853.

Raich JW, Russell AE, Valverde-Barrantes. 2009. O. Fine root decay rates vary widely among
lowland tropical tree species. Oecologia 161:325-330.

Ray ID, Sinclair TR. 1998. The effect of pot size on growth and transpiration of maize and
soybean during water deficit stress. Journal of Experimental Botany 49: 1381-1386.

Raz-Yaseef N, Koteen L, Baldocchi DD. 2013. Coarse root distribution of a semi-arid oak savanna
estimated with ground penetrating radar. Journal of Geophysical Research Biogeosciences

118:135-147.

74



Read DB, Bengough AG, Gregory P J., Crawford JW, Robinson D, Scrimgeour CM, Young IM,
Zhang K, 2003. Plant roots release phospholipid surfactants that modify the physical and
chemical properties of soil. New Phytologist 157:315-326.

Reich PB, Walters MB, Tjoelker MG, Vanderklein D, Buschena C. 1998. Photosynthesis and
respiration rates depend on leaf and root morphology and nitrogen concentration in nine
boreal tree species differing in relative growth rate. Ecology 12:395-405

Rewald B, Ephrath JE, Rachmilevitch S. 2011. A root is a root is a root? Water uptake rates of
Citrus root orders. Plant, Cell and Environment 34:33-42.

Reyes-Agliero JA, Aguirre-Rivera JR, Hernandez MH. 2005. Systematic notes and detailed
description of Opuntia ficus-indica (L.) MILL. (Cactacea). Agrociencia 39:395-408.

Reynolds SG, Arias E. 2001. Introduction. In: Mondrago” n-Jacobo, C., Pe’rez-Gonza’ lez, S.
(Eds.), Cactus (Opuntia spp.) as Forage. FAO Plant Production and Protection Paper 169,
146pp.

Robinson D. 2001. Root proliferation, nitrate inflow and their carbon costs during nitrogen
capture by competing plants in patchy soil. Plant Soil 232:41-50.

Ronchi CP, DaMatta FM, Batista KD, Moraes G, Loureiro ME, Ducatti C. 2006. Growth and
photosynthetic down-regulation in Coffea arabica in response to restricted root volume.
Functional Plant Biology 33:1013-1023

Rytter L, Ericsson T. 1993. Leaf nutrient analysis in Salix viminalis energy forest stands growing
on agricultural land. Z Pflanzenernaehr Bodenkd 156:349-356

Scurlock JMO, Olson RJ. 2002. Terrestrial Net Primary Productivity: A Brief History and
Worldwide Database. Environmental Reviews 10(2):91-109.

Shipley B, Meziane D. 2002. The balanced-growth hypothesis and the allometry of leaf and root
biomass allocation. Functional Ecology 16:326-331.Snyman, HA. 2004a. Effect of various
water applications on root development of Opuntia ficus-indica and O. robusta under
greenhouse growth conditions. Journal of the Professional Association for Cactus
Development 6:35-61.

Snyman HA. 2004b. Effect of water stress on root growth of Opuntia ficus-indica and O.

robusta. Proceedings of South African Journal of Animal Science 34:101-103.

75



Snyman HA. 2005. A case study on in situ rooting profiles and water-use efficiency of cactus
pears, Opuntia ficus-indica and O. robusta. Journal of the Professional Association for
Cactus Development 7:1-21.

Snyman HA. 2006. A greenhouse study on root dynamics of cactus pears, Opuntia ficus-indica
and O. robusta. Journal of Arid Environments 65:529-54

Snyman HA. 2007. Root studies on cactus pears, Opuntia ficus-indica and O. robusta along a
soil-water gradient. Hasseltonial3:46-75.

Sorgona A, Abenavoli MR, Cacco G. 2005. A comparative study between two citrus rootstocks:
effect of nitrate on the root morpho-topology and net nitrate uptake. Plant Soil 270:257-
267.

South DB, Harris SW, Barnett JP, Hainds MJ, Gjerstad DH. 2005. Effect of container type and
seedling size on survival and early height growth of Pinus palustris seedlings in Alabama,
USA. Forest Ecology and Management 204:385-398.

Taiz L, Zeigher E. 2006. Plant physiology. 4th ed. Sinauer Associates Inc., Sunderland, MA.

Terashima |, Hanba YT, Tholen D, Niinemets, U. 2011. Leaf Functional Anatomy in Relation to
Photosynthesis. American Society of Plant Biologists.155(1):108-116.

Trubat R, Cortina J, Vilagrosa A. 2006. Plant morphology and root hydraulics are altered by
nutrient deficiency in Pistacia lentiscus (L.). Trees (Berl) 20:334-339.

Valdez-Cepeda RD, Blanco-Macias F, Magallanes-Quintanar R, Vasquez-Alvarado R, de Jesus
Mendez-Gallegos-Vazques S. 2013. Fruit weight and number of fruits per cladode depend
on fruiting cladode fresh and dry weight in Opuntia ficus-indica (L.) Miller variety ‘Rojo
pelon’. Scientia Horticulturae 161:165-169.

Viles F, Silverman L. 1949. Determination of starch and cellulose with anthrone. Analytical
Chemistry 21:950-953.

Waisel Y, Eshel A. 2002. Functional diversity of various constituents of a single root system. In:
Waisel Y, Eshel A, Kafkafi U, editors. Plant roots: The hidden half. 3rd ed. New York: Marcel
Dekker. pp. 157-174.

Waisel Y, Eshel A. Kafkafi U. 2001. Plant Roots: the Hidden Half, third edition, revised and

expandd, 2001. Marcel Dekker, New York, Basel, Hong Kong.

76



Wang CQ. 2005. Growth rule of year-on and year-off apple trees and recommended cultivation
practices. J. Shanxi Agr. Sci. 33:35-39.

Wang LQ, Wei QP, Tang F, Shu HR. 1997. Annual dynamic pattern of new roots of apple trees. J.
Shandong Agr. Univ. 28:8-14.

Wang S, Okamoto G, Ken H, Lu J, Zhang C. 2001. Effect of restricted rooting volume on vine
growth and berry development of Kyoho grapevines. American Journal of Enology and
Viticulture 52:248-253.

West JB, Bowen GJ, Dawson TE, Tu KP. 2010. Isoscapes: understanding movement, pattern and
processes on earth trough isotope mapping. Springer, New York, NY.

Xu G, Wolf S, Kafkafi U. 2001. Interactive effect of nutrient concentration and container volume
on flowering, fruiting, and nutrient uptake of sweet pepper. Journal of Plant Nutrition
24:479-501.

Yang TZ, Zhu LN, Wang SP, Gu WJ, Huang DF, Xu WP, Jiang AL, Li SC. 2007. Nitrate uptake
kinetics of grapevine under root restriction. Scientia Horticulturae 111:358-364.

Yemm E, Willis A. 1954.The estimation of carbohydrates in plant extracts by anthrone.
Biochemical Journal 57:508-514.

Zhang D, Hui D, Luo Y, Zhou G. 2008. Rates of Liter decomposition in terrestrial ecosystems;
global patterns and controlling factors. Journal of Plant Ecology. 1:85-93.

Zhu LN, Wang SP, Yang TY, Zhang CX, Xu WP. 2006. Vine growth and nitrogen metabolism of

‘Fujiminori’ grapevines in response to root restriction. Scientia Horticulturae 107:143-149.

77



