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Summary

1 Summary

Measurement of in situ grown and completely excavated coarse root systems (five
individuals per species) from Grewia flava DC (Tiliaceae), Strychnos cocculoides
BAk, Strychnos spinosa LAM (Loganiaceae) and Vangueria infausta BURCH
(Rubiaceae) were used to derive several parameters describing explorative and
exploitative features of the selected species. Additionally, systematic soil sampling
was carried out to achieve information about morphological patterns of fine roots and
data about spatial fine root distribution. Comparisons between fine root and coarse
root characteristics are considered and correlations, concerning the spatial
distribution of both entities, are calculated. Main focus was addressed to species-
dependent architectural differences in order to select 'suitable’, i.e. less competitive
rooting patterns, sought-after for integration into sustainable agroforestry systems.

Each coarse root system was reconstructed with means of semi-automatic digitising
in order to obtain 3-D models and to calculate the spatial distribution of root length
density (RLD) and root volume density (RVD), respectively. With the aid of 3-D
reconstruction it was possible to extract a large amount of information serving for
various quantitative analysis. Apart from morphological and architectural distinctions,
fractal characteristics, topological parameters, supplemented by link lengths analysis,
dependencies between diameter and branching, as well as scaling relations were
investigated, founded on a precise data basis. Furthermore, the spatial information
was useful to quantify and assess several aspects of "exploration" and "exploitation",
also including efficiency considerations, in order to estimate the potential competition
of the selected species with agroforestry crops.

Measurements of fractal dimension D were conducted for comparison of space filling
patterns and also to detect species-dependent differences. Discretisation of
reconstructed spatial patterns, aided by the software GROGRA, made it possible to
determine fractal box counting dimension D of complete, three-dimensional coarse
root systems, thus bringing an improvement compared to recent literature where
fractality was mostly investigated in small, herbaceous plants and using only 2D-
projections. However, the box counting dimension D, of two-dimensional projections
was also calculated, in order to compare both measurements with each other.
Although the box counting dimension - for D and D, - yields only very condensed
information about spatial organization of the branching structure, results confirm
different rooting strategies already obtained by visual inspection in the field and are
also in accordance with other parameters obtained.

Going beyond the commonly used topological parameters, two new indices, q, and
Qp, related to the well-known graph-theoretical altitude a and mean topological depth
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b, were developed. The introduction of these normed indices, confined to the interval
[0;1], takes the different sizes of coarse root systems into account and ensures
independence from planarity assumptions. Topological analysis was additionally
complemented with analysis of external and internal link lengths. As topology also
influences the source acquisition, the idea was born to compare architectural and
topological features with the ability of exploration and exploitation. However,
conscious that the used notions are normally not explicitly defined in the literature
and also often used ambiguously, several quantitative methods, already established
and applied in several investigations, were tested on the sample trees. An attempt
was undertaken to clarify both notions and to apply already established parameters
to the investigated coarse root systems and also to fine root samples.

The exploration index E(0) and the exploitation index E(¢) were introduced and
applied to coarse root systems as well as to fine root samples. In order to analyse
potential competition of the coarse roots, the following parameters were additionally
introduced: In an attempt to approximate soil volume explored by coarse roots, the
parameter number of explored cells NEC was used. With the exploration efficiency
EE and the new parameter generalized efficiency of exploitation GEE(¢), efficiency
aspects of exploration and exploitation, respectively, are also quantified. Thus,
definitions from the literature, describing explorative and exploitative aspects, were
further extended and generalized, in order to clarify commonly used notions.

Analysis of fine roots was carried out with digital image-analysis, using subsamples
to measure the morphological parameters length, surface area, volume and average
diameter of fine root samples, as well as the planar box counting dimension Dyy.
Correlations between morphological parameters and dry weight (Dwt) were used to
approximate whole fine root distribution and to evaluate species-specific differences
in terms of competition.

The variation of ages and therefore different spatial extension of each single root
system were taken into account by introducing an individual soil volume ISV adapted
to each individual coarse root system. This volume was determined by the horizontal
spread of the coarse roots and the coring depth of the fine root samples (80 cm).
This accurate determination was beneficial, because a differing fine root distribution
was detected inside and outside the ISV, and the considered rooting depth proved to
adequately represent whole coarse root systems.

Clear distinctions arising from the analysis of the box counting dimension D have
shown that coarse root systems from Strychnos cocculoides, with distinctively lowest
values, were most contrasting with those from Vangueria infausta. In this regard
Grewia flava and Strychnos spinosa have to be considered as intermediate species.
Apparent evidence that D values were well correlated with RLD are in agreement
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with the interpretation that the box counting dimension measures the tendency to fill
space.

Findings from the topological assay, expressed as g, and q, values, resulted in
evident differences, indicating that coarse root systems from Strychnos cocculoides
were most of all approaching a "herringbone" branching pattern whereas Vangueria
infausta, and Grewia flava, did more approximate a "dichotomous" configuration.
Strychnos spinosa stands between both extremes. Results about mean exterior link
lengths (l;) are in close agreement with the above mentioned distinctions on
branching patterns: samples from Strychnos cocculoides, representing the most
herringbone-like type, and even S. spinosa, representing more intermediate patterns,
were characterized by distinctively higher mean values, in contrast to the more
dichotomous coarse root samples. Hence, the distinctive branching patterns are also
correlated with the metric parameter /.. In contrast, no species-specific differences
were found for mean interior link lengths I The empirical test of the theoretical
assumption of Leonardo’s rule, not yet tested on other coarse root systems,
confirmed the "pipe stem theory" with reasonable accuracy. Furthermore, the relation
between root collar diameter and total coarse root length respectively volume, often
discussed but seldom applied to empirical data, yielded good correlations,
independent of the considered species. However, analysis of a tapering rule, based
on the theory of elastic similarity, did not show convincing results.

Comparing the values from the exploration index E(0) for a rooting depth between 0
and 80 cm, fine and coarse root distribution from Strychnos cocculoides turned out to
be the least explorative species as opposed to the most competitive Vangueria
infausta. Looking only at the fine roots, E(0) values for both Strychnos species, were
similarly low, indicating low competition levels, whereas a clearly transitional stage
was assigned to Grewia flava samples. Vangueria infausta, as the most competitive
representative, could be separated from all other species, and Strychnos cocculoides
was still significantly different from the intermediate Grewia flava, For the coarse
roots, variable and significant species-dependent differences were observed for E(0),
dependent on varying rooting depth. Considering a soil depth between 0 and 80 cm,
Strychnos spinosa and Grewia flava were clearly standing between the most
contrasting species Strychnos cocculoides and Vangueria infausta. Dependent on
rooting depth, differences between the investigated species were even more
pronounced for the upper soil layers. These differences lessened with increasing
rooting depth. This can be explained by already decreasing values for E(0) of coarse
roots for Grewia flava and Vangueria infausta samples for a depth below 40 cm,
whereas values of exploration indices were continuously increasing for both
Strychnos species with increasing soil depths. In terms of NEC, Grewia flava and
Vangueria infausta, with distinctively highest values, 'compete with each other' for a
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superior position. But significant species-specific differences for NEC were only
achieved when age was considered as a covariate. Looking at the efficiency of
exploration (EE), compared with E(0) respectively NEC, it can be assumed that
highly explorative species gain their outstanding status only with high efficiency,
whereas those with low explorative ability do not reach this level of efficiency.

Regarding exploitation by fine roots, clear species-dependent differences (expressed
as k values) occurred: Vangueria infausta, with highest value of exploitation, could be
significantly distinguished from all other investigated species. Less distinct results
were attained for the exploitation index for the coarse roots. E(¢) did not induce a
clear ranking between the species. In contrast, for the parameter GEE(¢), also only
applied to coarse roots, estimating the efficiency of exploitation, showed clear
distinctions between the species, independent of considered ¢ values. Strychnos
cocculoides was assigned the lowest mean value as opposed to Grewia flava.
Ranking between the species was similar to that from EE, indicating that efficiency of
exploration and efficiency of exploitation are closely related with each other.

In general, the results presented here do not support the frequently discussed
hypothesis that a clear trade-off between exploration and exploitation exists. In the
majority of cases, Strychnos cocculoides was always most contrasting with
Vangueria infausta. Depending on the considered parameters Grewia flava and
Strychnos spinosa were assigned intermediate patterns with more or less affinity to
one of both extremes. These trends were well associated with topological
distinctions, indicating a more herringbone configuration for both Strychnos species.
Hence, features that clearly favour low competitive attitudes (deep rooting with
pronounced tap root, associated with weakly branched laterals and even weak
development of fine roots). In most instances, either Grewia flava or Vangueria
infausta were most contrasting to Strychnos cocculoides. Comparing these results
with the output from topological analysis, the observations coincide with a
dichotomous branching configuration, associated with an intensive and dense
network of roots, especially in topsoil layers. Hence, among the investigated species
Strychnos cocculoides can be clearly favoured for the integration into simultaneous
agroforestry systems. Whereas shallow rooting architecture, additionally associated
with high explorative and exploitative potential and also with an intensive fine root
development, contributes to a high potential competition with agroforestry crops.
Samples from Strychnos spinosa stand between both extremes, but here, too,
dependent on the considered parameters, the species can express a more or less
competitive potential. Some tentative conclusions, concerning the general
construction plans of coarse root systems, can be drawn: topological distinctions
seem to be obviously associated with different morphological and/or architectural
patterns, features that clearly affect explorative and exploitative behaviour. This also
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determines the extend of species-dependent potential belowground competition.
Whether this is a general construction plan also inherent to other species, can be
elucidated only with further investigation. Comparison between coarse and fine root
characteristics confirmed a tendency towards a 'common strategy'. For example,
intensity of fine root development, easily obtained in the field, seem to be suitable to
predict certain architectural features of their coarse root systems (and vice versa).
These patterns can be used to estimate explorative and/or competitive ability of the
species. The existence of contrasting branching patterns of co-occurring species can
be interpreted as an effective means of spatial and/or temporal sharing of soil-
derived sources. These distinctive features might be exceptionally important in arid
and nutrient-poor habitats. Although it cannot be concluded which branching pattern
is definitely more advantageous, the information gained supports decisions for the
selection of 'suitable' species with low competition for simultaneous agroforestry
systems.

The present work demonstrates that complete excavation combined with systematic
core sampling can be a suitable method to obtain detailed information about the
composition of whole root systems and to distinguish species-related differences.
With the help of this approach it was possible to confirm the theory of contrasting
rooting patterns in the same habitat. With the data obtained, species could be
classified according to their potential competition with agroforestry crops.



General Introduction

2 General Introduction

The main focus of the present work was to distinguish rooting patterns of in situ
grown species, Strychnos cocculoides BAK, S. spinosa LAM (Loganiaceae), Grewia
flava DC (Tiliaceae) and Vangueria infausta BURCH (Rubiaceae). These indigenous
fruit trees are an important food source, especially for people practising subsistence
dryland farming, because they yield crops even when arable agriculture fails,
improving food security for rural households. Therefore, their suitability for integration
into simultaneous agroforestry systems is of vital interest. In order to ensure
sustainable yield benefits, a combination between trees and crops is necessary
where spatial and temporal sharing between soil-derived resources is possible
(Cannell et al. 1996). But for a possible co-existence with annual crops their rooting
patterns must be 'suitable' in terms of competition. For integration of potential
perennials into agricultural systems it is recommended that competition between
trees and crops can be reduced by selecting species with limited lateral root
extension and/or deep rooting species. Therefore, species-dependent rooting
patterns were analysed, in order to evaluate the suitability of the investigated species
for simultaneous agroforestry systems.

But, the key question appeared: May co-occurring species develop only similar or
even contrasting rooting patterns when grown in the same habitat? Proceeding from
the assumption that distinctive patterns of rooting architecture might occur, different
parameters were tested, aiming at quantitative methods, mainly discussed under the
aspect of competition.

Several agroforestry research efforts, however with contrasting results, have not yet
managed to conclude which factors, either above or belowground, are more
important for a successful co-existence of perennials and annual crops (e.g. Singh et
al. 1989, Ong et al. 1991, Rao et al. 1991, De Costa and Chandrapala 2000a,
2000b). But results tend to indicate that belowground competition increases with
severe drought conditions (Ong et al. 1991).

Main attention is turned to the investigation of whole root systems, including
information on fine root distribution as well as architectural aspects of entire coarse
root systems. But thought has also been given to aspects of complementarity
considering potential soil conservation.
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3 Monographs of tree species

Grewia flava DC.
Tiliaceae (Brandy Bush, Velvet Raisin, Wild raisin, Wild currant).

Mostly a common shrub with numerous thin branchlets up to 2 m tall that can even
develop into a small tree up to 4 m height. It is widely distributed and native to dry
deciduous woodland and bushveld in the southern African region, in particular in the
Kalahari (Palgrave 1977). This species appears mainly on sandy soils and is found
from Zambia to Kwazulu-Natal. In undisturbed areas, it commonly appears beneath
Acacia erioloba trees, indicating their propagation through frugivorous birds (Schurr
2001). But, also indigenous browsers as well as domestic life stock are considered
as potential seed propagators, presumably accounting for a more homogeneous
encroachment of Grewia flava into tree interspaces (Mphinyane 2001). The influence
of domestic livestock, which promotes an evenly distributed spatial population
through accelerated and uniform dispersion of seeds, is currently discussed. Both
types of seed dispersal seem to be an important determinant of Grewia
encroachment. Grewia flava, as a heavily browsed species, especially during the dry
season, is known to coppice profusely.

The smooth bark is dark grey or grey-brown to black. Bark fibres may be used to
make ropes and to weave baskets. Branches are used as walking sticks and San
people used to make their bows and arrows from this species. Small branches with
frayed ends can be even used as toothbrushes (Palgrave 1977). Pegs from twigs,
driven into the ground, are used as protection against lightning.

The upright held leaves are greyish-green with fine hairs on the upper side and a
more dense hair cover at the paler green bottom side. The elliptic or oblanceolate
leaves are quite small (length: 1.4 — 7 cm, width: 0.7 — 2.5 cm).

The yellow, star-shaped flowers (approximately 1.5 cm in diameter) appear in short
branched axilliary heads between October to March (Palgrave 1977).

The almost spherical fruits, approximately 10 mm in diameter, ripen from February
onwards, and can be gathered until August, turn into red- or orange-brown when ripe.
They are eaten in large quantities, because they have more flesh than other Grewia
species, or even sold in some (Matsheng) villages (Taylor and Moss 1982). The
sweet and also slightly astringent fruits, with only a thin layer of flesh, are directly
eaten or dried and then ground or mashed, soaked in water, to produce a porridge. In
certain areas dried fruits are used to brew a beer (Kgadi-traditional beer) or distil a
type of brandy (Palmer and Pitman 1972, Giess 1985). Stamped fruits, mixed with
dry locusts, are greatly esteemed as delicacy by Tswana people. Dried and crushed
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seeds are used in porridge. Additionally, Terfeza pfeilii, a potato-like fungus that lives
in symbiosis with Grewia flava, has to be considered as a serious by-product
(Palgrave 1977).

Strychnos cocculoides BAK.

Loganiaceae (Corky-bark Monkey Orange, Monkey Orange, Bush Orange, Wild
Orange)

An occasional tree up to 5 (8) m in height with a compact rounded crown, growing on
both deep and loamy sands. This, fairly fast growing, species occurs in woodlands,
mixed forests, deciduous woodlands, lowlands, and Miombo woodlands (FAO 1983).
Preferred sites are deep sandy soils as well as rocky hill slopes (Palmer and Pitman
1972), but this species is also growing on black to dark-grey clays and yellow-red
loamy sands (FAO 1983). Its distribution comprises large parts of Africa (also
equatorial regions) and is also native to southern Africa (Wehmeyer 1966, Fox and
Norwood-Young 1982, Taylor 1986). Due to its value as fruit-bearing species, S.
cocculoides is retained and protected, even when fields are cleared. Therefore, it can
be considered as a semicultivated species. It prefers open growing conditions,
indicating high light demands. Therefore, weeds and climbers need to be removed
until trees are established. In a study from VPR & D (Mateke 2001) it was shown, that
shade can have a positive effect on the development of young seedlings, however, a
prolonged shelter increases attacks of powdery mildew. As seeds do not germinate
readily, pretreatment of soaking seeds in hot water (24 — 48 h) is recommended for a
successful germination (Regional Soil Conservation Unit 1992), but sowing season
might also cause different germination rates. Seedlings can be raised in a nursery
and planted on a cleared site. However, rapid transplanting from seedling bags is
essential for an undisturbed development of the root structure. In the wild, annual
fires soften the seed coat and accelerate germination. However, saplings need to be
protected from fire. Also vegetative propagation, through coppicing and root suckers,
by wounding the tree (fire, trampling animals), is reported to be easy.

The broadly ovate-oblong to almost circular and leathery leaves are opposite and
conspicuously 5-veined from the base. Leaf size ranges from approximately 2.5 to 5
cm length and 1.5 to 4 cm width. The upper surface is sometimes roughly hairy but
mostly without hairs and then shiny, while the bottom side is paler green and dull.

The small flowers, about 5 mm in diameter, are green to creamy white, appear during
the rainy season as aggregated terminal dense clusters (up to 3.5 cm) on short
lateral branchlets.

The hard, circular, woody-shelled and distinct white speckled fruits are smooth, about
7 to 10 cm in diameter, turn from dark green to yellowish or orange when ripe.
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However, fruits from superior phenotypes might even reach a diameter of 15 cm
(Taylor 1986). Ripe fruits have a pleasant taste. The sweet fruit flesh is sucked from
the kernel and is popular, especially amongst younger people because it is sweeter
than the flesh of S. pungens. If eaten in large quantities though, it can cause stomach
pain and diarrhoea. The fruits are also used for distilling a strong spirit. The specific
name, indicating ‘like a small grain’ refer to the smaller fruits of the type specimen.
The large bony seeds, which are said to be poisonous (Palmer and Pitman 1972, v.
Koenen 1996), are covered by a white edible fruit flesh. Fruits ripen during the dry
season (April to August); this process can take up to a year. Within the genus, S.
cocculoides is considered to be the best in terms of eating quality (Palgrave 1977).
Ripe fruits emit a delicate aroma reminiscent of the spice clove. Fruits are sought
after, and therefore, in Namibia green fruits are harvested and buried in sand pits
(called ete), in order to ripen in the warm sand but also to reduce competition with
other fellow human beings for that fruits. Ungrafted trees are reported to produce first
fruits within 4 to 5 years. Yield in the wild is estimated with 300 to 400 fruits per tree.

This species can be easily recognized through its distinctive corky, lengthwise and
deeply ridged bark, which is creamy-brown. Main branches are quite thick and armed
with strong curved spines. Smaller branches are often ending in a terminal spine.

A dye, prepared from fruits, serves to colour trays and containers, to provide
protection from insect attacks. The middle part of the bark is used to cure stomach
pain. It is cooked in water and the decoction is drunk. Fresh leaves are used for
healing wounds: pounded, mixed with water and heated, a tincture is applied that
dries out wounds and protects them from getting infected. Drinking a mixture of
unripe, mashed fruits, which are soaked for a certain time in water, induces vomiting
within a short time, probably caused by substances of the green shell. Ripe pulp,
mixed with honey or sugar is used to treat coughing. The root can be chewed to
alleviate eczema and is an alleged cure for gonorrhoea (FAO 1983).

The wood is white and tough, rather soft, and pliable. It is used primarily for building
materials and tool handles (Palgrave 1977).

Strychnos spinosa LAM.

Loganiaceae (Elephant Orange, Monkey Ball, Natal Orange, Spiny Monkey Ball,
Spiny Monkey Orange, Kaffir Orange)

A semi-deciduous tree up to 7 m in height. In Madagascar this species is considered
as an indicator plant of degraded grassland.

The bark is ground and taken as a remedy for poisoning people inflicted by
witchcraft.
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Fruits from S. spinosa are distinctively bigger than those of S. cocculoides. They are
as large as a quince, with a gourd-like shell full of large flat seeds imbedded in the
fleshy pulp. Beside S. cocculoides, fruits from this species are most popularly
consumed. Both are considered as the better tasting ones within that genus
(Palgrave 1977). Unripe fruit can be to some people poisonous. As a significant
amount of trade in wild fruits at urban markets exists, S. spinosa has also to be
mentioned as another promising species with great potential for domestication.
Similar to the above described S. cocculoides, this species is also widely distributed
throughout Africa. Removing seeds from fruit flesh and soaking them in water is
recommended for a successful germination.

Regarding the fruits, the confusion between the two species, S. cocculoides and S.
spinosa, may well be deliberate: S. spinosa is generally claimed to have the more
delicious fruit, but this is a fallacy cunningly encouraged by the local people. In fact S.
cocculoides has unquestionably the more delectable flavour and hope, in this
manner, the deliberate confusion is made to safeguard this species and enjoy its fruit
themselves (Palgrave 1977).

Several parts are traditionally used. Roots are used in production of eardrops and
also used as a remedy for fevers and inflamed eyes. A decoction of fruits is used to
cure stomachache and treat bronchitis. Pulp from ripe fruits, is either eaten fresh or
dried and stored for later use. It is somewhat acid and said to be delicious, because it
also contains citric acid. Shells remaining after pulp has been extracted are used for
crafts and musical instruments. The inner skin of fruit shells contains valuable oils
that have potential in cosmetics. Whereas unripe fruits and also seeds are used to
induce vomiting to treat snakebite victims. Strychnine and strychnine alkaloids, which
have been identified, are believed to be the active ingredients for treatment against
snakebite. Leaf infusions provide lotion for sore eyes and also other analgesic
remedies are made from decoction of leaves.

Vangueria infausta subsp. infausta BURCH.
Rubiaceae (Wild medlar, False medlar).

This usually multi-stemmed large bush, or less often, a small deciduous tree, reaches
a height of approximately 2 to 6 (12) m depending on soils and moisture. It grows on
all kinds of deep sand, preferably in thick shrubby areas very often in the shade of
larger species. Due to its fruits, this species is popular throughout the savannah
woodlands of Eastern and Southern Africa (e.g., Fox and Norwood-Young, 1982).
The dark green and felt leaves are opposite, soft and densely covered with hairs. The
small flowers (diameter about 6 mm) form greenish yellow clusters, which appear
from October to January. The fruits are almost circular, up to 4 cm in diameter,
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turning from green to brown-orange when ripe (Palgrave 1977). Ungraftet trees are
reported to bear fruits within the first 8 months. The raw, soft, slightly mealy pulp
tastes similar to wild apple, but also reminds to fig fruits. However, it is sweet and
refreshing and is well liked. They have a thin skin and contain several (1-3) longish
seeds, which are covered by an orange flesh (Palmer and Pitman 1972). Fruit size
varies in a wide range (2.5 to 5 cm). As an average, an adult tree produces
approximately 1500 fruits. Observations on field trials have shown good
performance, because two year old trees with a height of 1.3 m bore already as
much as 400 fruits. This result may be very encouraging for domestication of V.
infausta (Taylor et al. 1986). However, drought or erratic rainfall causes fruits to
abort. Fruits ripen from January onwards and can be gathered up to May. A sporadic
germination is reported, which can be reduced by scarifying the seeds or with
treatment of hydrogen peroxide (Msanga and Maghembe 1989). Here too, the rate of
germination depends on the season when seeds are sown.

When the fruits start getting dry from April onwards, they are soaked in water for a
certain time, then boiled and mashed to prepare a kind of porridge. Fresh fruits
cannot be stored for more than a week, but sun dried they can be stored for almost
one year. The fruit is an important food source with high potential for commercial use.
Due to its species name ‘infausta’, except from the fruits, other products are not used
for domestic purposes, because of spiritual beliefs.

Among the investigated species, Vangueria infausta has shown highest preference to
VAM, however, with variations of infection, depending on site and seasonal
conditions (Bohrer 2001, Bohrer et al. 2001). These results suggest, that success of
this species highly depends on Interactions with VAM fungi.
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4 Results and Discussion

4.1 Methods

In order to quantify whole root system composition, knowledge about coarse root
architecture as well as information from the fine root distribution and their morphology
are required. Aiming at species-specific differences of root architecture of four co-
occurring tree species, coarse root systems from five individuals per species were
manually excavated. Additionally, before excavation of each single root system,
systematic core sampling was carried out. For more detailed description of the
methods see Publication | and Il.

Coarse and fine root spatial characteristics were used to identify and quantify
similarities as well as differences in the rooting behaviour of co-occurring species.
Coordinates from each systematic core sample can be correlated with any arbitrary
coordinate from the corresponding coarse root system. This spatial information was
used to calculate nearest neighbour relations between fine root distribution and the
position of coarse roots. As core samples were either located within or outside the
soil volume enclosed by coarse roots, the determination of an individual soil volume
(ISV) was defined to determine different patterns of fine root distribution (cf.
Publication Il and IV). Hereby, the combination of reconstructing whole coarse root
systems with the additional integration of fine root sampling data presents a new
technique in order to obtain more detailed information about whole root system
architecture. With the possibility of comparing different entities, common as well as
contrasting patterns between and within the species could be determined.
Furthermore, several theoretical assumptions are applied to coarse root systems (cf.
Publication | and II).

4.2 Site description and climate

The investigation site was located in Central District of Botswana between longitude
26° 36.26' — 36.70' E and latitude 22° 25.09' — 25.30' S. Sample trees were naturally
grown in an untilled habitat. Deep aeolic sands, with an arid moisture regime (Soil
Survey Staff 1999), form the soils, Typic Torripsamments (LCBG). A low fertility
status, especially in organic and iron content, is characteristic for that region.

The climate can be described as arid with mean annual precipitation reaching
approximately 650 mm in the extreme northeast, with a clear decrease towards
southwest (about 250 mm). The country, prone to drought, receives the majority of
rainfalls in the summer months, between October and April, generally as scattered,
high intensity, short-duration thunder showers. The mean annual rainfall for the
Serowe region reached approximately 400 mm.
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Temperature variations are extreme throughout the year and also vary greatly within
the daily cycle. In winter, daytime temperatures above 20 °C are reached, but in the
early hours of the morning they can drop to about 0 °C. Temperatures during the
summer vary from 12-15 °C during the early morning to 30-40 °C in the late
afternoon.

The vegetation of the investigation site, a tree savannah, belongs to the Terminalia
sericea, Lonchocarpus nelsii | Acacia erioloba association. This ‘Northern Kalahari
Tree and Bush Savannah’ is a widespread vegetation zone on sandveld.

4.3 Morphological distinctions

Obvious morphological differences were found for both, coarse and fine root
patterns. In terms of coarse root architecture, Grewia flava and Vangueria infausta
have to be regarded as shallow rooting species with a dense network of structural
roots. In contrast Strychnos cocculoides turned out to be a deep rooting species, with
only a weak development of lateral coarse roots whereas Strychnos spinosa, with a
more intensive development of structural roots, shows an intermediate type (cf.
Publication | and ).

Distinctive morphological features were found for the fine roots. Furthermore, the
proportion of fine root containing cores E(0) was highest for Vangueria infausta and
lowest for Strychnos cocculoides samples, whereas values for E(0) from Strychnos
spinosa was only marginally higher than those from the latter mentioned species. In
terms of fine root containing cores, Grewia flava turned out to be an intermediate
type. Additionally, in terms of fine root surface area, Vangueria infausta signficantly
exceeded mean values from all other investigated species. More detailed information
can be found in Publication Il and IV.

4.4 Fractal Aspects

Since Mandelbrot's (1977) seminal work, the complexity of forms and patterns in
nature is often described in terms of fractal geometry. With the introduction of non-
integer dimensions, this method provides a more integrated measure of plant
architecture and growth than can be provided by traditional Euclidean geometry. (cf.
Publication | for theory of fractals).

4.4.1 Coarse roots

The fractal characteristic was analysed by determining the three-dimesional box
counting dimension D on the complete coarse root systems. Strychnos cocculoides,
with apparently the weakest coarse root system development, contrasted most with
Vangueria infausta. Grewia flava and Strychnos spinosa did not reveal significant
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differences neither from each other nor from all remaining species. Hence, their root
systems have to be considered as intermediate. (cf. Publication I).

As most studies only apply planar projections of the fractals (Berntson 1996), results
were also compared with the planar box counting dimension D,,. Both dimensions
were positively correlated with each other and D,, was not systematically diminished
from three dimesional assumptions. Hence, it can be assumed that the two-
dimensional model does not misrepresent this aspect in the three-dimensional
situation. However, more investigations are necessary to confirm these assumptions.
Nevertheless, significant differences in D point at obviously contrasting rooting
patterns in the same habitat.

As the fractal analysis is well-known as a useful tool to quantify different patterns of
space occupation, results were further compared with different degrees of exploration
and exploitation (cf. Chapter 5).

4.4.2 Fine roots

Mean values for the box counting dimension of fine roots for the planar projections
showed no significant inter-species differences. However, an inverse trend was
observed, when mean values of D,, from fine roots for the single species were
compared with either D or Dy, from the whole coarse root systems. High mean values
for Dy, of fine root samples were correlated with low values for D respectively D, of
the coarse root systems and vice versa, probably indicating a multifractal behaviour
(Mark and Aronson 1984, Kaye 1989, Mandelbrot 1989).

4.5 Topological and metrical aspects

Topological as well as metrical parameters of the coarse root systems were also
analysed. Additionally to the already well established topological distinctions
herringbone and dichotomous two new indices (qa, q») were introduced. The analysis
was further complemented by examination of link lengths analysis, diameter and
scaling relations. (cf. Publication II).

In addition, some well-known hypotheses about geometry and scaling relations (e.g.
pipe stem theory, tapering rules), with main emphasis on the relationship between
proximal root diameter and several size-dependent parameters were analysed. As
those theories are mostly used in theoretical models, however, often without
empirical basis, confirmation or rejection of these assumptions were placed in the
foreground.

Strychnos cocculoides with the highest mean values for q, and gy, indicating a nearly
herringbone structure, whereas Grewia flava and Vangueria infausta, with
distinctively lower values for q, and q,, approach more to dichotomous patterns.
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Strychnos spinosa was shown to be an intermediate type. Differences between the
species were even more pronounced for this analysis than for the classical
topological parameters (Fitter 1987), using altitude a or mean topological depth b.

Results from link lengths analysis yielded species related differences for external link
lengths (lg), dividing the considered species into two subgroups: Strychnos
cocculoides and S. spinosa vs. Grewia flava and Vangueria infausta. However,
internal link lengths (/;) did not reveal species-dependent differences.

The pipe stem theory, dating back to Leonardo da Vinci, could be confirmed for the
investigated coarse root systems with reasonable accuracy (cf. Publication II).

The relationship between proximal root diameter vs. root length and root volume,
respectively, corroborated several assumptions of various models (e.g., van
Noordwijk 1994, Spek and van Noordwijk 1994). However, the path length analysis
(McMahon and Kronauer 1976), originally derived from mechanical self-similarity
assumptions in tree crowns, did not yield convincing results (Publication II).

4.6 Exploration and Exploitation

In order to quantify the method, estimating exploration and exploitation, based on the
definition of Hughes et al. (1995) was applied. Where possible, parameters were
used in an analogous manner, applying them for both entities, coarse and fine roots.
The definition of the terms exploration and exploitation is however not a trivial issue,
because these expressions are often used in an ambiguous sense with different
context or meaning. In analogy to Hughes et al. (1995), the following parameters are
analysed: The "exploration index" E(0), defined as the proportion that contains any
root in relation to the potential soil volume where roots may occur. Whereas the
"exploitation index" E(¢) quantifies the fraction of soil volume that is enclosed by
roots, exceeding a specified, arbitrary threshold value ¢. Value for ¢ can be any
parameter, either the density of root length (RLD), root surface area (RAD) or root
volume (RVD).

Both indices, primarily adopted to fine roots, were tested on fine root samples and
further extended and applied to coarse root systems. Furthermore, the parameters
"exploitation potential' (Berntson 1994) and "exploitation efficiency" (Fitter 1987,
Fitter et al. 1991) were only tested for the considered coarse root systems. However,
as defined by Hughes et al. (1995), the exploitation potential, defined as the sum of
each root surrounding soil volume, and also the exploitation efficiency, expressed as
relation between sum of depletion zone volume and total root system volume,
quantify exploration rather than exploitation. Therefore, some of the parameters were
renamed according to the notions of exploration and exploitation used by Hughes et
al. (1995): instead of exploitation potential the term NEC (number of explored cells),
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estimated as cubic cells surrounding each single coarse root, was coined. The notion
exploitation efficiency is subsequently termed as exploration efficiency (EE). (cf.
Publication 1V, Table 1). The main intention was that new definitions enabling
rigorous distinctions between the terms as well as the analysis enables further
elucidation of the frequently used but so far not clearly defined terms “exploration”
and “exploitation”. As a consequence of this systematisation, a new index
determining the efficiency of exploitation — generalized exploitation efficiency
(GEE(¢)) — was also introduced and adopted for the coarse root systems. The
parameter GEE(¢) was defined as the ratio between the amount of grid cells n(¢)
containing roots with RVD > ¢ and total root volume, it clearly characterizes
exploitative patterns. (cf. Publication Il and 1V).

4.6.1 Morphology, Exploration and Exploitation by fine roots

Instead of commonly used root length densities (RLD), root surface area densities
(RAD) were used to describe morphological features of the fine roots. Morphological
analysis was carried out using digital image analysis. Furthermore, species-
dependent differences in the spatial distribution were investigated. Due to
morphological distinctions and also in order to describe physiologically important
parameters RAD appeared as a more adequate parameter than RLD (cf. Publication
[r).

In terms of both RAD and E(0), highest mean values were always reached for
Vangueria infausta, which was most contrasting with fine roots samples from
Strychnos cocculoides in both parameters. Mean values for E(0) from Grewia flava
samples were between both extremes and those from Strychnos spinosa were close
to that of S. cocculoides, pointing at a close genus-relation. However for RAD,
Grewia flava had the lowest mean values, due to numerous, but very thin capillary
fine roots (Publication III).

Therefore in terms of fine roots, expressed either as RAD or E(0) Vangueria infausta
has to be considered as most competitive whereas Strychnos cocculoides, with low
values for both parameters, and additionally a spatial concentration of coarse roots,
that favours the accumulation of fine roots in deeper soil layers were clearly most
contrasting (cf. Publication 1V).

Exploitation by fine roots, expressed as E(¢), has shown that the least explorative
species Strychnos cocculoides had also lowest exploitative ability, whereas the most
explorative species Vangueria infausta was also most exploitative. Similar to the
results on exploration, Grewia flava and Strychnos spinosa represent intermediate
types (cf. Publication IlI).
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4.6.2 Spatial distribution, Exploration and Exploitation by coarse roots

For exploration and exploitation of coarse root systems the parameters root length
density (RLD) and root volume density (RVD) were used. As the architecture of
structural roots determines the spatial extension of the entire root system, root length
has to be considered as the primary factor. Furthermore, RVD was also considered,
as the root volume is mainly responsible for the re-generation of new roots and is
therefore responsible for the potential competition of root systems. Especially in
terms of exploitation, this parameter seemed to reveal more reliable results, it was
therefore incorporated in the parameters determining exploration efficiency (EE) and
generalized efficiency of exploitation (GEE(¢)) (cf. Publication 1V).

For the cumulative percentage of root length (PRL) and only considering the top soil
layers (0-20 cm), two contrasting groups - Grewia flava and Vangueria infausta, with
distinctively higher values vs. both Strychnos species - could be distinguished. But
with increasing rooting depth, only Strychnos cocculoides could be separated from
the other species. Also the horizontal distribution revealed similar results (Publication
V).

As a consequence of the above described distribution of PRL, similar contrasting,
species-dependent differences were also found for the exploration index E(O).
Regarding different rooting depths, distinctions were more pronounced for upper soil
layers, but until a rooting depth between 0 and 80 cm, Vangueria infausta turned out
to be the most and Strychnos cocculoides the least explorative species. Strychnos
spinosa and Grewia flava, with almost similar values for E(0), were located between
both extremes (Publication V). This result suggests a 'common strategy' between
fine and coarse roots for the single species.

In contrast to the commonly discussed trade-offs between exploration and
exploitation (cf. Fitter 1985, Berntson 1994), the correlation between exploration
efficiency (EE) and number of explored cells (NEC) was clearly positive. However,
the different scales - coarse root systems vs. small herbaceous plants might be the
cause of contrasting results. In terms of exploration efficiency, Grewia flava has to be
considered as more efficient than the more explorative Vangueria infausta
(expressed as E(0)), although both yielded similar values for the exploration index
E(0). When NEC was analysed, age had to be included as a covariate in order to
detect species-dependent differences (Publication V). Possible advantages and
disadvantages of deep vs. shallow rooting patterns (cf. Schwinning and Ehleringer
2001) and consequences of the distinction between herringbone and dichotomous
rooting patterns (cf. Fitter, 1987, Fitter et al., 1991) are further discussed in
Publication IV.
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The parameter E(¢), suitable for the distinction of the species in terms of fine roots,
did not yield significant results when applied to coarse root systems. However, the
new index GEE(¢), introduced in order to quantify the efficiency of exploitation,
revealed clear species-dependent differences. Analogous to the results of exploration
efficiency (EE), similar ranking was achieved for the parameter GEE(¢), with
maximum values for Grewia flava and minimum values for Strychnos cocculoides.
Therefore, it can be concluded that species efficient in exploration are also efficient in
exploitation (Publication 1V).

Patterns for the relationship between the vicinity of coarse and fine roots were
obviously different, depending on the location of soil cores (inside or outside the ISV).
Therefore, the individual soil volume (/SV) turned out to be very useful in order to
detect species-related and species-independent differences in the spatial distribution
of fine roots. Results generally coincide with investigations from Gersani et al. (2001),
discussing interplant and intraplant interactions, and also with conclusion from
Tardieu et al. (1992), investigating the tendency of root clumping.

All parameters with their abbreviations, used to analyse different rooting patterns,
and the significant species-related distinctions imposed by them are summarized in
Table 1.

Further comparisons between the results presented in Chapter 4.3 — 4.6 were made
in order to accept or reject hypotheses about common and/or contrasting features
between and within the species (cf. Chapter 5).
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Table 1. Recapitulating overview of different analysed parameters from fruit tree species
Grewia flava (G.f.), Strychnos cocculoides (S.c.), Strychnos spinosa (S.s.) and Vangueria
infausta (V.i.) with investigations based on entire coarse root systems (total), individual soil
volume (/SV) or on fine roots (fine roots).

parameter  ranking of species species separable (ANOVA) remarks

D S.c.<G.f.<S.s.<V.i S.c.vs. V. total

Dy, S.c.<G.f.<S.s.<V.i S.c.vs. V.i. total

Dy V.i.<G.f.<S.s.<S.c. None fine roots

E(0) S.c.<S.s.<G.f.<V.i S.c. vs. V.i. coarse roots

E(0) S.c<Ss<Gf<Vi Vi vs.all Sc.vs. Gf. ‘;g‘\e/)“"’ts (inside

E(0) S.c<Ss<Gf<Vi. V. vs.al fine roots (outside
ISV)

E(9) S.c.<G.f.<V.i.<S.s. None ISV (¢=2.5)

k V.i<S.s.<S.c<Gf. Vi vs.al k obtained from £(¢)
fine roots

EE S.c.<S.s.<V.i.<G.f. G.f.vs. all, S.c. vs. V.i. ISV

GEE(¢) S.c.<S.s.<V.i.<G.f. G.f.vs. all, S.c. vs. all ISV (¢p=2.5)

NEC S.c.<S.s.<V.i.<Gf. None ISV

RLD S.c.<S.s.<G.f.<V.i S.c. vs. V.i. ISV

RLD S.c.<S.s.<G.f.<V.i V.. vs. all total

Qa S.c.>S.s.>G.f.>V.i S.c.vs. all total

(o] S.c.>S.s.>V.i>Gf. S.c.vs. all total

Is S.s.>S.c.>G.f.>V.i. S.c.&S.s.vs. GFf& V.i. total

l; G.f.>S.c.>S.s.>V.i. None total
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5 Supplementary comparisons

Digitising and computer-based analysis techniques of whole coarse root systems
proved to be very advantageous to obtain valuable 3D information. With the help of
this database, useful information was obtained in order to analyse fractal dimensions,
branching patterns, scaling relations and also explorative and exploitative features of
the investigated species. It was possible to quantify distinctive features of the coarse
root architecture and to describe species-dependent rooting behaviours. Additionally,
data about fine root cores, which also contained spatial information, complemented
the research. The combination of both data sets, completely excavated coarse root
systems with spatial data from systematic fine root sampling, therefore revealed
useful insight into details about entire root system structure. This method was
suitable in order to distinguish species related differences, used to evaluate potential
competition of the investigated species.

With the different quantitative methods it was possible to separate clearly contrasting
rooting strategies within a plant community of co-existing species. This result
confirms the assumption that species with complementary and dissimilar rooting
architecture compete less and thus become preferred neighbours (Rundel and Nobel
1991). In addition it also confirms the view of other investigations, that distinct plant
life-forms utilize different soil moisture input (Cohen 1970, Noy-Meir 1973, Cody
1986, Smith and Nobel 1986). For over 90 years this hypothesis has been supported
by data comparing root distribution and water relations of co-occuring species in the
same habitat (Canon 1911, Walter and Stadelmann 1974, Smith et al. 1997).

Throughout the spectrum of considered parameters (fractal dimension, topology,
exploration and exploitation), the results showed a consistent picture concerning the
ranking of the species. Particularly, S. cocculoides always turned out to be the
'weakest' conspecific in comparison to Grewia flava or Vangueria infausta. However,
both last mentioned species sometimes rival with each other for the position as the
'strongest' competitor, especially, when aspects of exploration or exploitation are
considered (Publication | - 1V). But comparisons between different indices,
sometimes revealed divergent patterns for the single species which were not easy to
interprete.

Characteristics of fine root samples for the considered species have underlined that
'‘common strategies' exist between coarse and fine roots within the same species. It
seems that a general construction plan, initiated in the development of fine roots,
continues through the ontogeny of the indiviudals. But other, contrasting patterns
between fine and coarse roots (e.g. mean values for D, for fine roots and mean
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values for D of coarse roots) indicate changes of the rooting patterns with increasing
age.

Detailed information about different aspects, including fractals, topology, exploration
and exploitation characteristics, are outlined in Publications | - IV. An integrating
overview of the above mentioned subjects is given in the subsequent paragraphs
with cross-correlations between the parameters from different chapters.

5.1 Fractal dimension and Topology

The relationship between topological parameters (g, and q,) and the box counting
dimension D for the coarse roots did not reveal strong results. However, the
comparison did show better results as that with their corresponding unnormalized
parameters altitude a and mean topological depth b. Thus the normed parameters
seem to be more reliable than the classical topological parameters. The negative
correlation clearly indicates that less intensively space filling root structures, i.e.
herringbone patterns, characterized by higher values of the topological indices, were
assigned to individuals with lower D values.

Further negative trends were obtained comparing the parameters external (l.) and
internal link lengths (I;) with the box counting dimension D. As link lengths are closely
related with topological patterns, this result is not surprising, too, as a more
herringbone configuration is typically characterised by longer external links
(indicating less branching intensity) and this feature is accompanied by lower values
of D. However, it has to be emphasised that the above described trends are not
associated with tight correlations. They point at trends which can be explained with
the nature of the parameters, but fractal dimension as well as the topological indices
show a considerable amount of variation which cannot be explained by other
parameters and are thus clearly to be regarded as independent variables, measuring
different features of spatial architecture of root systems.

Not surprisingly the magnitude (vo) as well as the total number of links (v) show a
positive, though not very strong, correlation when compared with D.

Conscious of the fact that the box counting dimension (D or D,,) only yields
condensed information, it was possible to statistically separate the more intensively
space filling species Vangueria infausta from Strychnos cocculoides. This contrasting
position of both species was maintained in the majority of the cases, independent of
other considered parameters.
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5.2 Fractal dimension and Exploration

5.2.1 Coarse roots

Comparisons between the fractal characteristics of the whole root systems (all
species and individuals were pooled) with the exploration index E(0) of the coarse
roots revealed an interesting relationship. Although the box counting dimension D
was calculated for whole root systems, regression results between D and the
exploration index E(0) were slightly better when a rooting depth between 0-80 cm (r?
= 0.43, respectively 0-60 cm: r* = 0.48) was considered than for the entire root
systems (r? = 0.41). Similar results were obtained when D and RLD were compared.
Here too, coefficients of determination were slightly better for considerations of the
ISV (r? = 0.48) than for entire root systems (r? = 0.46). However, considering each
single species, a distinct and persuasive positive trend was only found for Strychnos
cocculoides (r* = 0.85) and Vangueria infausta (r* = 0.54). Unincisive correlations
were obtained for samples from Strychnos spinosa (r* = 0.05) and Grewia flava (r* =
0.03), the latter showing even a negative trend. But these results corroborate once
again that with considerations for a restricted soil volume, whole root systems can be
adequately represented when the restricted soil volume is calculated for an
appropriate rooting depth.

No connection was found between D and other explorative (NEC, EE) or exploitative
(E(¢), GEE(9)) parameters of the coarse root systems, independent whether the
entire root systems or only the /SV was considered. A conclusion was drawn that the
box counting dimension D can be a useful, but only rough estimator of complexity of
spatial structures, that fails to quantify distinctive rooting architectures and therefore
also lacks the ability to exactly predict possible differences in the potential
competition.

5.2.2 Fine roots

Surprisingly, a comparison between mean values for the fractal dimensions from fine
roots (Dyy) did show a clear inverse trend with mean values from E(0) obtained from
fine roots. This indicates that species with highest values of D,,, implying a more
intensive space filling character, were least explorative, whereas high values of E(0)
seem to be represented by fine root samples with lower values for the box counting
dimension. As E(0) is defined as the proportion of soil volume that contains any
roots, species with low percentage seem to develop fine roots with more intensively
space filling patterns (expressed as Dyy), in order to gain maximum resource input
from a restricted soil volume. With other words, species which can afford high
expenditure do not 'care' about an intensive and thorough use of the resources,
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expressed as less space filling fine root arrangement (i.e., lower D,, values). This
result might also coherently explain the distinct distribution of fine roots in relation to
the vicinity of the coarse roots (Publication IV). More explorative species (e.g.
Vangueria infausta and Grewia flava) can afford to scatter their numerous fine roots
within a larger distance from the neighbouring coarse roots than less explorative
species with additionally low amount of fine root containing cores.

5.3 Topology and Exploration

Mean values from E(0) for the coarse root systems (/SV) of the single species
performed strongly with an inverse correlation with mean values of q, (r?= 0.82). This
result points to the fact, that herringbone branching patterns (with high values of g,),
in contrast to dichotomous ramification, are closely related with low exploration
ability. In other words, in terms of coarse root distribution the most explorative
species Vangueria infausta yielded lowest values for q,, whereas individuals from the
least explorative Strychnos cocculoides had highest mean values of g,. Here too,
values for g, from Grewia flava were similar to those of Vangueria infausta, indicating
a more dichotomous structure, whereas values for Strychnos spinosa, once again,
indidcate an intermediate type.

Another interesting aspect is the comparison between external link length (l¢), a
metric parameter, but closely related to topological distinctions, and E(0). Here too, a
negative correlation between the mean values for the single species is obvious. And
this trend stands in close agreement with the common assumptions about topological
features: lower values of E(0) which are assigned to the herringbone type with
typically longer external links stand in contrast to the characteristic dichotomous
pattern.

All other topological parameters did not reveal any interesting behaviour when
compared with the results of the exploration index from coarse roots.

5.4 Exploration and other parameters

5.4.1 Coarse roots

A comparison between E(0) and RLD of coarse root systems yielded, independent of
the species, a clear linear relationship with good regression results (r? = 0.99). Similar
results were also obtained when different layers of rooting depths were considered.
However, this result is not surprising but clearly indicates that, independent of the
species and the occupied soil volume, the amount of cubes containing any roots is a
quite good approximation of the sum of root lengths.
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The relation between exploration and exploitation regarding coarse and fine roots is
thoroughly discussed in Publication IV.

5.4.2 Fine roots

Values from E(0) for the fine roots were for all of the investigated species similar in
ranking with the exploration index from coarse roots. This result indicates that a
'‘common strategy' between both entities can be assumed. In addition, the
relationship between the exploration of fine roots with other parameters anaylsed are
outlined in Publication IV.
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Structure and fractal dimension of root systems of four co-

occurring fruit tree species from Botswana

Abstract

Coarse root systems of four different fruit tree species from southern Africa were
completely excavated and semi-automatically digitized. Spatial distributions of root
length were determined from the digitally-reconstructed branching systems.
Furthermore, the fractal characteristic of the coarse root systems was shown by
determining the box-counting dimensions. These quantitative methods revealed
architectural differences between the species, probably due to different
ecophysiological strategies. For fine root samples, which were taken before digging
out the whole systems, fractal analysis of the planar projections showed no
significant inter-species differences. Methodologically, the study underlines the
usefulness of digital 3-D reconstruction in root research.

1. Introduction

Investigations of root structure of tropical tree species are few. However, information
on the rooting structure of locally and economically important species can be of great
benefits. This is especially the case for fruit trees, where knowledge of root structure
can provide a solid basis for sustainable use and integration into agriculture.

Qualitative architectural analysis was first developed for tree crowns by Hallé et al.
[22]. Similar work on roots, aiming at an understanding of root system architecture as
an indicator of growth strategy, was initiated by several authors, e.g. [18, 20]; see [5,
6, 11, 13, 17, 23] for studies on root systems of conifers. Morphological studies on
root systems of angiosperms of temperate regions, e.g. [32], and on palms [24, 26]
have also been carried out. Digitizing and computer-based analysis techniques can
considerably improve the efficiency and reproducibility of such investigations (e.g. [3,
7, 25]). Numerous dynamic models of root growth have been developed on these
grounds in the past [4, 8, 9, 31, 36].

Various attempts have been made in the literature to quantify aspects of order in the
growth forms of vegetation. One approach, dating back to the seminal work of
Mandelbrot [33], determines the fractal dimension of a given morphological structure
in space. Provided the fractal dimension is well-defined for the structure under
consideration, it serves as a measure of occupation of space at different length
scales and as an indicator of certain forms of self-similarity (see [14] and [16] for
mathematical details). Besides its application to various abiotic structures [1], the
concept of fractal dimension has been applied to above-ground branching patterns of
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trees [41, 44, 45, 40, 29], to rhizomatous systems [40] and to root systems of several
plant species. Berntson [2] gives a review of the attempts to determine fractal
dimensions of root systems. Beginning with Tatsumi et al. [42], Berntson [2] notes
that in all reviewed work dealing with real root structures (not just with abstract
growth models), dimension estimation was only applied to planar projections of the
root systems. Eshel [15] was to our knowledge the first to determine a fractal
dimension d of a complete root system embedded in full 3-D space. He made
equidistant gelatin slices of a single root system of the dwarf tomato Lycopersicum
esculentum and used image processing and manual box counting to estimate d for
the full system and for horizontal and vertical intersection planes.

For our sample root systems from four different tree species, we use a technique for
complete digital reconstruction of 3-D branching systems. With such a "virtual tree"
[38], all sorts of topological and geometrical analysis, amongst them fractal
dimension estimation, can be carried out with ease. Similar digital plant
reconstructions have been realized for the above-ground parts of a walnut tree [39]
and for the root system of an oak tree [12]. Godin et al. [19] also develop techniques
for encoding, reconstructing and analyzing complete 3-D plant architectures. In our
study, 3-D reconstruction of root system architecture serves as a means to identify
and to quantify differences in the rooting behaviour of four different species growing
under similar environmental conditions. We present only a small subset of the
possible analysis options available for digital plant reconstructions; much more can
be done.

2. Materials and Methods

2.1 Site description

The investigation site is located on sandveld near Mogorosi (Serowe Region, Central
District, Botswana) between longitude 26° 36.26' and 26° 36.70' E and latitude from
22° 25.09' to 22° 25.30' S. The vegetation can be described as bushveld with Acacia
spp. and Terminalia spp. as characteristic species. The soils, mainly originating from
sandstones, can be, according to the USDA-Soil Taxonomy, characterised as poorly
developed Entisols. A very low fertility status, especially in organic carbon, even in
the surface horizon, and low iron contents are characteristic in that region. The low
amount of rainfall [10], which is about 430 mm/yr, and, additionally, high
evapotranspiration, also during the growing season, are responsible for low crop
yields.
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2.2 Recording of root structure

The architecture of in situ grown coarse root systems of the fruit tree species
Strychnos cocculoides [Loganiaceae] (Mogorogorwane), Strychnos spinosa (Morutla)
and Vangueria infausta [Rubiaceaea] (Mmilo) as well as from the shrub Grewia flava
[Tiliaceae] (Moretlwa) was studied. "Coarse roots" were defined by a diameter > 3
mm. For roots below this threshold, a reconstruction of spatial orientation and
branching would not have been possible with our method.

Five coarse root systems of each species were investigated. The whole coarse root
systems were excavated by manual digging. After exposure of the roots, they were
divided and permanently marked with white ink into segments of different length, at
each point where growth direction changed. The vertical angle and the magnetic
bearing (azimuth) of each segment was determined and their individual length was
recorded by a digital compass (TECTRONIC 4000, Breithaupt, Kassel — Germany)
creating an ASClI-file (L-file).

After measurement of the original position in the field, the coarse roots were removed
and the diameters of each single segment of the complete root system measured
with a digital caliper (PM 200, HHW Hommel — Switzerland) creating a corresponding
file (D-file) to each L-file.

Both raw data sets (L- and D-files) were merged by an interface software creating the
final code for reconstruction. For encoding the full geometrical and topological
structure of the root systems (lengths, orientations and diameters of all segments and
mother-segment linkages) we used the dtd code (digital tree data format [28, 30]).
The dtd files, each representing one complete root system, were generated semi-
automatically as described above, and served as input for the software GROGRA 3.2
[28, 29] for 3-D reconstruction of the excavated systems.

The GROGRA software is suitable for reconstruction of a three dimensional
topological and geometrical structure, so that a visual comparison between reality in
the field and the generated description files from measurements can be obtained.
Furthermore, GROGRA provides several algorithms for different types of analysis of
3-D branching structures (determination of root density in given spatial grids, fractal
dimension, tapering, classification according to branching order). Here we
concentrate on overall root system structure and on fractal analysis; an investigation
of tapering and cross-section areas will be presented in a forthcoming paper.

To describe the internal topology of the branching systems, a developmental
topological concept of branching order was used: The order of the tap root (if it
exists) is 0, and an n-th order root has branches of order n+1. The branching order
was calculated for each segment automatically by GROGRA.
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2.3 Fine roots

Before excavation of the coarse roots, systematic fine root sampling was carried out
around every tree with a soil auger (@ 80 mm, volume 1 litre). Ninety six samples per
tree were collected. Core samples were taken on the cross points between three
concentric circles (r = 1, 2, 3 m) with eight centripetal lines (N, NE, E, SE, S, SW, W
and NW) in four depths (0-20, 20—40, 40—-60 and 60—-80 cm). Roots were removed
by dry sieving and separated from roots originating from other species. For
morphological analysis, 15 fine root samples per tree were chosen randomly and
fixed in isopropanol. Fractal analysis of the fine roots was carried out using a flat bed
scanner (HP 4Jc) with the software WinRHIZO 3.10.

2.4 Fractal dimension analysis

Fractal dimension can be conceived as a measure how intensely an object fills the
space [1]. A value of 1 corresponds to a single Euclidean line, 2 to a planar object,
and a value of, say, 1.5 characterizes an object filling "more" space than a line, but
‘less” than a plane. For practical purposes, the fractal dimension is commonly
approximated by the box counting dimension D [16]. D is estimated by
superimposing a mesh consisting of cubic boxes with length s (= resolution or scale
of the mesh), and by determining the number N(s) of boxes containing a part of the
object under consideration (Figure 1). This counting is repeated for a set of scales
from a given range, and D is obtained as the negative slope of the regression line in
the log-log plot of N(s) versus s (e.g. [1]), see Figure 2.
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Figure 1. Projection of an analysed root system in the 150 mm resolution grid.
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For determining the regression line, we used unweighted least squares, though the
data points in the box-count plot are not independent from each other and the
statistical error will normally not be uniform in s. The obtained coefficients of
determination R? are therefore usually higher than with independent data points; the
models appear to fit better than they actually do [37, 43]. We nevertheless applied
the simple least-squares procedure, since the determination of statistical precision of
dimension estimators is a rather exacting task and was realized in the literature only
under simplifying assumptions [21, 43]. Moreover, it is problematic to compare fractal
dimensions estimated with different methods or obtained from different ranges of
scales [16]. Hence our numerical results have to be relativized, but can give some
information when compared with each other, since we used a fixed set of scales for
all samples.
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Figure 2. Doubly logarithmic plot of number of boxes (N) vs. resolution (s).

We have decided to use a lowest grid resolution of 1 m, which falls just under the
order of magnitude of the overall root system extension, and a highest resolution of
15 cm, which lies in the order of magnitude of the mean interbranching distance
occurring in our samples (cf. Table 1). Pretests have shown that when using even
higher resolutions, the obtained dimension value becomes unstable and eventually
falls to a value near 1. Like for other natural phenomena, and in contrast to
mathematically defined self-similar sets, a fractal behaviour can be obtained only
within a limited range of scales [27]. Between the two extremes, we have added only
three further resolution values (50, 30, 20 cm) to keep the amount of calculation time
reasonable. A sensitivity analysis carried out at one of the samples showed no gain
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of precision of the obtained dimension value when 10 more intermediate resolutions
were used — an observation which is in accordance with theory [21].

In addition to the box-counting dimension D calculated on the basis of the 3-D
reconstruction of the coarse root systems, we have determined the dimension Dy, of
the parallel projection of the whole system into a horizontal plane, using the same set
of grid resolutions.

2.5 Determination of tree age

Tree age was estimated by counting the number of rings at the root collar. Root collar
sections were carefully sanded and the number of rings counted using a binocular.
As the Serowe area has only one rainy season per year, each ring was considered to
be one year’s growth.

3. Results

3.1 General description of the root systems excavated

Table 1 gives an overview on basic parameters of all the investigated root systems.
All data were calculated with the help of GROGRA 3.2 [28].

Analysis of growth rings showed that the trees have a wide range of ages: Grewia
flava (13-25 years), Strychnos cocculoides (13-29 years), Strychnos spinosa (12—-20
years) and Vangueria infausta (19—-36 years). As a consequence, parameters like the
root collar diameter (27—-140 mm), the total root length (11-207 m), the extension in
North-South-direction (1.1-10.0 m) as well as in West-East-direction (0.7-10.1 m)
and the maximal radial extension (1.2—6.0 m) varied strongly between individuals in a
species (see Table 1). Although all the excavated root systems represent different
ages, species-dependent characteristics could be identified.

3.2 Description of root systems

To demonstrate the typical features, two root systems of each species with different
ages were chosen. One lateral view (Figure 3) and one view of each root system
from above (Figure 4) is shown. The lateral view shows the system from the south,
i.e. west is on the left and east on the right hand side.

In Grewia flava coarse root systems (Figure 3), most of the first order laterals were
almost horizontally orientated and concentrated in the upper soil layers, even when a
deep tap root had developed. Long first order laterals showed downward growth only
at distance from the shoot base. Vertical roots were mostly second or even higher
order roots. Long tap roots were sometimes present but were not typical for a Grewia
root system. Adventitious roots, originating from the shoot, were a typical feature of
old Grewia flava root systems.
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Table 1. Basic parameters of individual root systems excavated.

(=2

ibd’) rid®) & rvd®)
[mm] [cm/dm3] [cm®cm?]

age cd’) trf’) rma') Zmax)

species id") [yr] [mm] [m] [m] [m]

bmax

203 25 97 191 57 23 3+ad 656 0.0806 0.0035
, 206 21 65 73 33 26 3+ad 459 0.0842 0.0033
Grewia 213 18 58 59 33 3.2 3 554 0.0522 0.0016

flava 214 14 32 20 16 20 3+ad 183 01219  0.0032
215 13 27 8 15 20 2+ad. 33 0.0579 0.0019
mean 18 56 70 31 2.4 377 0.08 0.003
std 50 282 724 17 05 174.1 0.03 8.8 10"
median 18 58 59 3.3 23 459 0.08 0.003
405 23 56 38 25 20 3 23 0.1011 0.0065
409 15 67 25 44 15 2 97 0.0263 0.0031
Strychnos 412 17 48 19 39 1.9 2 161 0.0207 0.0018
cocculoides 455 29 8 51 34 17 3 406 00814  0.0068
426 13 44 21 30 1.8 2 103 0.0403 0.0027
mean 19 57 31 34 1.8 158 0.05 0.004
std 6.5 109 13.5 0.74 0.2 71.4 0.04 2.310°
median 17 56 25 34 1.8 103 0.04 0.003
501 20 72 114 6.0 17 2 426 0.0577 0.0029
508 12 60 43 42 3.1 2 396 0.0248 0.0021
Strychnos 509 17 40 11 14 2.1 2 39 0.0764 0.0073
spinosa 510 15 64 49 28 1.3 2 138 0.1595  0.0096
511 12 44 35 27 17 2 194 0.0880 0.0038
mean 15 56 50 34 2.0 239 0.08 0.005
std 34 136 384 18 0.7 194.1 0.05 3.210°
median 15 60 43 28 1.7 194 0.08 0.004
706 36 140 207 51 25 5 309 0.1032 0.0062
, 708 21 8 52 36 24 4 178 0.0520 0.0030
Vangueria 711 19 48 25 17 13 3 142 0.2037 0.0106
infausta 712 25 60 25 12 1.8 4 120 0.2817  0.0123
713 25 70 35 15 1.1 4 252 0.4132 0.0177
mean 25 81 69 26 1.8 200 0.21 0.010
std 6.6 359 782 1.7 0.6 70.1 0.14 57107
median 25 70 35 1.7 1.8 178 0.20 0.011
1) Identifying number of individual 7) Inter branching distance (mean of all branching
%) Root collar diameter orders)
%) Total root length %) Root length density (rld = trl/mtrmax’ Zmas)
4) Maximal radius of the whole root system 9) Root volume density
5) Maximal depth of the whole root system (rvd = total root volume/ rid =trI/nrmaxzzmax)

®) Branching order; ad: adventitious roots

In contrast to the other investigated species, individuals from both Strychnos (Figure
3) species developed a pronounced and deeply penetrating tap root showing
intensive secondary growth.

In the case of S. cocculoides the first order laterals were inserted along the whole tap
root, with no obvious pattern of longer or shorter roots. Most of the long first order
laterals are bow-shaped because of change in growth direction with time.
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TN

19 years Vangueria infausta 36 years

Figure 3. Lateral view of coarse root systems from Grewia flava, Strychnos cocculoides,

Strychnos spinosa and Vangueria infausta in different age classes. Scale 1:100.

The typical Strychnos spinosa root architecture had similar features to that of S.
cocculoides (intensive tap roots), but showed a strong decline in length of first order
roots from upper to deeper soil layers, which clearly distinguishes both species. The

branching intensity was extraordinarily low, as the coarse roots did not develop roots

of higher branching order than 2 in all the excavated individuals.

In comparison to the above described species, the first order roots of Vangueria
infausta showed a more plagiogeotropic growth direction. First order roots of

Vangueria infausta are more frequently and intensively branched into second and
higher order roots than the other species investigated. Coarse roots from this species

develop a relatively dense network.
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13 years Grewia flava 25 years
15 years Strychnos cocculoides 29 years

12 years Strychnos spinosa 20 years

X

19 years Vangueria infausta 36 years

Figure 4. View from above of four coarse root systems from Grewia flava, Strychnos
cocculoides, Strychnos spinosa and Vangueria infausta in different age classes. Scale 1:200.

We checked the tightness of correlation between age and other basic parameters.
For the number of terminal roots, total root length and collar diameter, respectively,
vS. age, clear linear dependencies governed the total population of investigated root
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systems (R? = 0.58, 0.42, 0.61 respectively). When the fitting was done for each
species separately, the correlation did normally increase (R? between 0.63 and 0.98),
with the exception of Strychnos spinosa with a weak age dependence of the number
of terminal roots and of total root length (R? = 0.24, resp. 0.34), and with the
exception of both Strychnos species in the case of collar diameter vs. age (S.
cocculoides: R?=0.33, S. spinosa: R?=0.15).

For other global parameters, like rooting depth and maximal radius of the system, as
well as for root length density and mean interbranching distance, no clear age trend
could be statistically identified in the total population, though some of these
parameters were well correlated with age when only the representatives of one
species were considered (Strychnos cocculoides: R? = 0.61 and 0.78 for root length
density and root volume density increasing with age, resp., and in Grewia flava and
Vangueria infausta: R? = 0.77, resp. 0.73, for mean interbranching distance growing
with age).

3.3 Quantitative analysis of coarse root systems

For quantifying distinctive features of the coarse root architecture and for description
of species-dependent rooting behaviour, the horizontal and vertical distribution of the
lengths of the coarse roots is shown (Figures 5 and 6). Since the different ages of the
selected trees lead to a considerable variation of horizontal and vertical extension of
the single root systems, all values are always expressed as percentage of the total
root length of the whole system.

Although all the species differed in root architecture, radial distribution is quite similar
in all four species. For all species a maximum of root length density was found near
to the center, i.e. within 0.5 m distance from the trunk. However, a high variation was
found between individuals of Grewia flava (stdos m = 28.3) and Vangueria infausta
(stdos m = 22.6). Furthermore, both of these species show a second peak of variation
at a distance of 1.5 m for Grewia flava (std15 » = 6.5) and at 2.0 m for Vangueria
infausta (std2p m = 28,3). In contrast, both Strychnos species have a more
homogeneous radial distribution of coarse roots with a lower range of variation. This
was more pronounced in Strychnos spinosa (stdos m = 12.4) than in S. cocculoides
(stdos m = 6.4), which shows the most homogeneous radial coarse root distribution
(stdmin = 0.3, 350 < d <400 cm) among the investigated species (Figure 5).
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Figure 5. Radial distirbution of
coarse roots from Grewia flava
(G.f.), Strychnos  cocculoides
(S.c.), Strychnos spinosa (S.s.)
and Vangueria infausta (V.i.).

Contrary to the radial distribution of the coarse roots, the vertical distribution shows
marked differences between species. Wheras Grewia flava, Strychnos spinosa and
Vangueria infausta reach their maximum root length in a depth of 40 cm, Strychnos
cocculoides exhibits a peak of coarse root density in a depth of 100 cm (Figure 6).
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3.4 Fractal geometry

3.4.1 Coarse roots

Figure 6. Vertical distribution of
coarse roots from Grewia flava
(G.f.),  Strychnos  cocculoides
(S.c.), Strychnos spinosa (S.s.)
and Vangueria infausta (V.i.).

The fractal dimension was approximated by the box counting dimension (D). The
value of D can range from 0 to 3; the value of O occurs for an empty space or for a
point-like structure, whereas the value of 3 is obtained when a three dimensional
space is completely filed. D can be interpreted as a measure of the spatial
distribution of coarse root systems. The results of dimension analysis are shown in
Table 2. The values of D are dependent on the chosen range of scaling (150—-1000
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mm in all cases). The R? for the underlying log—log relation was in all cases around
0.99, hence in the considered range of resolutions the root systems can be seen as
fractals. The same holds for their projections into a horizontal plane (xy-plane), with
D,, as the resulting box counting dimension. Since the root systems differ
considerably in their spatial extension, in the last column of Table 2 we show the
number of boxes N checked at highest resolution during the 3-D.

The mean value of the box counting dimension shows clear differences between
Strychnos cocculoides with the lowest and Vangueria infausta with the highest D.
This was confirmed by a one-factor ANOVA with subsequent least-significance-
difference test, indicating a difference between these two species at the 5% level.

Table 2. Fractal analysis of the whole coarse root systems of four co-occurring species (3D).

species id1) D D,, N
203 1.40 1.38 77452
_ 206 1.46 1.45 14616
Grewia 213 1.40 1.42 19712
flava 214 1.28 1.34 4080
215 1.30 1.13 990
mean 1.37 1.34
Std 0.08 0.13
405 1.50 1.35 7308
409 1.17 1.09 12375
Strychnos 412 1.26 1.28 11550
cocculoides 425 1.37 1.32 15624
426 1.22 1.22 12506
mean 1.3 1.25
Std 0.13 0.1
501 1.43 1.41 31464
508 1.24 1.28 30240
Strychnos 509 1.41 1.33 1456
spinosa 510 1.55 1.52 6561
511 1.33 1.38 8004
mean 1.39 1.38
Std 0.12 0.09
706 1.60 1.56 31212
. 708 1.33 1.43 12800
yanguerla 711 1.34 1.45 3420
infausta 712 1.62 1.39 2080
713 1.66 1.50 2448
mean 1.51 1.47
Std 0.16 0.07

1) Identifying number of individual

However, the different ages of our investigated coarse root systems could also
influence D. When data from all species were considered in one analysis, the box
counting dimension was found to correlate positively with age (R? = 0.44) (Figure 7).
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This age-dependent increase of D seems to be strongly apparent in Grewia flava (R?
= 0.63) and Strychnos cocculoides (R? = 0.55) but less pronounced in Vangueria
infausta (R? = 0.41) and Strychnos spinosa (R? = 0.30). An analysis of covariance
with the species as factor and age as covariable indicated a significant positive
influence of age on D. The box counting dimensions of Strychnos cocculoides and
Vangueria infausta, now at the 1% level were significantly different.

However, in view of the low number of replicates for the individual species, further
investigations will be necessary to fully assess the relationship between age and
fractal dimension.

We tried to relate the box counting dimensions of the individual coarse root systems
(Table 2) also to other global parameters characterizing the root systems (cf. Table
1). The correlation to D was particularly strong in the case of root length density ¢
. (simply defined as total root length, divided by the volume of the smallest cylinder
containing the root system), the coefficient of determination being R?= 0.51 when all
individuals are considered together. Figure 8 shows that this relationship is even
closer when only the two Strychnos species are considered separately, and that
shape and tightness of the regressions differ considerably between the four species.
Root volume density (sum of root segment volume divided by volume of containing
cylinder) shows also a clear correlation to D (R? = 0.52) for all 20 individuals taken
together (diagram not shown), with similar differences between the species. For other
global attributes (total length, maximal radius, maximal depth, collar diameter, mean
interbranching distance) the relationships to D are only weak (R? between 0.01 and
0.20).

The box counting dimensions D obtained from full 3-D analysis did not differ by more
than 0.23 from the corresponding values D,, (mean: 0.03, std: 0.09) from 2-D
analysis of the projections in the xy-plane (Figure 9, R? = 0.57). Statistically, the
resulting regression line could not be separated from the angle bisector D = Dy, (p =
0.25).

3.4.2 Fine roots
Table 3 shows results from the calculation of Dy, for the projected fine roots. The
used range of grid resolutions was from 0.05 to 3.0 mm. Between the species, no

significant differences in the Dy, value for the fine roots are apparent.

Table 3. Fractal analysis of fine root samples (2-D).

species N mean (D,y) std (Dy,)
Grewia flava 35 1.42 0.14
Strychnos cocculoides 28 1.48 0.12
Strychnos spinosa 44 1.46 0.09
Vangueria infausta 59 1.41 0.06
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4. Discussion

The analysis suggests that the investigated species, although growing under the
same environmental conditions, have different rooting strategies which are

expressed in the architectures of the coarse root systems.

Both Strychnos species show a tendency towards deep rooting behaviour. The
ecophysiological advantage may be to obtain access to water deep in the soil profile.

The development of coarse root systems in Grewia flava is initially shallow. We
suggest that Grewia flava may be able to utilize periodic rain fall, especially low
quantities, before the water is evaporating from the soil. Additionally, this feature aids
a better nutrition supply from the organic upper horizons. Vangueria infausta shows
an intermediate strategy.
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Figure 7. Age vs. box counting dimension D from Grewia flava, Strychnos cocculoides,
Strychnos spinosa and Vangueria infausta, with regression line for each species.

On the base of quantitative analysis with GROGRA 3.2, it was possible to test
mathematical models at reconstructed virtual 3-D structures obtained from in situ
measurements. Especially the fractal analysis seems to be a useful tool to quantify
the exploration of a three dimensional space in a given range of scales, although the
obtained box-counting dimensions have to be relativized in view of our artificial
diameter threshold of 3 mm. In a study of above-ground branching patterns of trees,
where all segments down to the smallest diameter were measured (see [29] for
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details), we applied a fractal analysis with the same set of resolutions on a full
system and on a system where all branches weaker than 3 mm were removed. The
resulting dimension was diminished by 0.22 by the removal. We assume that the
necessary correction of D will be of the same order of magnitude in the case of our
root systems, yielding a "true" D approximately between 1.5 and 1.75. However,
some uncertainty remains as the root branching patterns differ considerably from the
above-ground patterns considered in the cited study.
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5 5
.l r=0.10 . =086
£ £
L L
£ £
5 S
= 3 = 3
g £
2 2
[} ()
=l hel
< <
5 2 B 2
<5 <5
o) o}
] k]
<4 * e

1 1

L [}
A4 .
00 00 -
11 13 15 17 19 11 13 15 17 19
box counting dimension D box counting dimension D
Strychnos spinosa Vangueria infausta
5 5
| =072 | rP=0.39 .

root length density [cm/cm?]
root length density [cm/cm?]

1.1 173 1,‘5 1‘.7 1.9 1.1 1‘.3 1,'5 177 1.9

box counting dimension D box counting dimension D

Figure 8. Root length density vs. box counting dimension D from Grewia flava, Strychnos
cocculoides, Strychnos spinosa and Vangueria infausta, with regression line for each
species.

But, the comparison of different values of D obtained with the same method and
under the same restrictions can still indicate different degrees of exploration of the
soil, with potential applications on agroforestry systems: The fractal dimension could
be one possible indicator for competition between adjacent roots as well as for a
more or less strong exploitation of soil resources.

The comparison of the D values with the D,, values obtained from the projections of
the root systems into the horizontal plane (Figure 9) shows that both dimensions are
correlated, and that — over the range of scales considered, — Dy, is not systematically
smaller than D. However, 43% of the variation of D cannot be explained by D,,.

Hence, a considerable loss of information occurs when only the (easier obtainable)

47



Structure and fractal dimensions of root systems

dimension of the planar projection is calculated instead of carrying out the full 3-D
analysis. However, our findings suggest that the results are not necessarily much
worse when an even simpler method of soil exploration assessment is used to
replace 3-D fractal analysis, i.e. the determination of overall root length density o (cf.
Figure 8). Here, 49% of the variation of D remain unexplained, which is not much
more than in the case when Dy, is used to predict D. However, the apparent species-
dependence of the relationship between & and D, and the small number of

investigated individuals, make a further confirmation of these results desirable.

Figure 9. Correlation of box
® vi counting dimension D (spatial) vs.
t s D, (planar projection) from Grewia
» se  flava (G.f.), Strychnos cocculoides
o o (S.c.), Strychnos spinosa (S.s.)

box counting dimension D (spatial)

104 . . . . . . and Vangueria infausta (V.i.) ,
oo e e solid line: linear regression, dotted
box counting dimension Dxy (planar projection) |ine: D = ny-

In the case of our fine root samples, we were restricted to a 2-D analysis method, i.e.
we could only determine D,,. The fine root samples do not show any significant
differences in the box counting dimension between the species, whereas the coarse
root systems do. A discrepancy in fractal dimension between coarse and fine root
scale seems to occur at least for Grewia flava and Strychnos cocculoides, possibly
due to a multifractal behaviour of the root systems, which is not unusual in natural
phenomena [27, 34, 35].

The low variation of the average Dy, for fine root samples (1.41-1.48) between the
species could be interpreted as an indicator of a species-independent rooting
strategy. It seems that fine roots try to reach a certain value under almost similar
environmental conditions which may be an optimum value under these growth
conditions. Further comparison with similar analyses under different climatological
and pedological conditions is needed for an interpretation of this almost constant
value for Dy,.

Results from the analysis of the fractal dimension of the coarse root systems were
consistent with the field observations. Strychnos cocculoides with the apparently
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weakest root system had the lowest box counting dimension D. The maximum value
of D for Vangueria infausta is in agreement with the branching orders and the
branching intensity. These root systems are most intensively exploring the three
dimensional space. However, the values of the box counting dimension for Stychnos
spinosa and Grewia flava are surprising. From observations in the field it was
expected that the latter had the more intensive coarse root system, whereas fractal
analysis did not show a significant difference between these species. Surprising is
that a higher branching order (maximum for Grewia flava: 3, Strychnos spinosa: 2)
seems to be not necessarily a good indicator for the intensity of exploration of the
soil.

When these results are considered, one has to keep in mind that the fractal or box
counting dimension gives only a very condensed information about the spatial
organization of the branching systems in the soil. To gain knowledge about factors
influencing the activity of individual root meristems and about the ecophysiological
strategies followed by the different species during the complete course of
ontogenesis, dynamic studies including the observation of growing roots at different
moments in time are probably necessary. We had to restrict ourselves to "static"
descriptions. However, static observation also has advantages once the digital
reconstruction is performed for a sample of root systems, characteristic features of
the branching systems can be quickly detected and precisely quantified.
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Topology, scaling relations and Leonardo’s rule in root systems

from African tree species

Summary

Aspects of root architecture, including topology, link length, diameter and scaling
relations, were analysed in excavated coarse root systems of three field-grown fruit
tree species (Strychnos cocculoides Bak., Strychnos spinosa Lam. and Vangueria
infausta Burch.) and the fruit-bearing shrub Grewia flava DC. We investigated the
root systems using semi-automatic digitizing and computer-based 3-D reconstruction
techniques. Topological analysis was carried out to investigate branching patterns as
basic determinants of root architecture. New topological indices were developed and
revealed significant differences among the species. The different architectural
strategies can be explained in terms of cost—-benefit relations and efficiency in soil
resource exploration and exploitation. In addition, some well-known hypotheses
about geometry and scaling, most of them previously unverified by empirical
observations on root systems, were tested. For practical applications, the main
emphasis is on the relationship between proximal root diameter, an easily
determined parameter, and several parameters describing the size of the whole root
system. We also tested the "pipe stem" theory, essentially dating back to Leonardo
da Vinci, which underlies many models and which we found conformed to our
measurement data with reasonable accuracy. A physiological consequence of the
"constant cross-sectional area rule" may be a certain homogeneity of hydraulic
architecture throughout root systems.

1. Introduction

Investigation of tree roots is laborious and time consuming. Root systems of trees
have, therefore, been much less frequently studied than aerial parts. In this paper,
information about topology and geometrical scaling in coarse roots of fruit tree
species native to Southern Africa are presented. Root systems of the fruit trees
Strychnos cocculoides Bak., Strychnos spinosa Lam. and Vangueria infausta Burch.,
as well as one shrubby species, Grewia flava DC., were investigated. Beside
gathering information about these rarely investigated plants, we wanted to develop
new techniques of root structural reconstruction and analysis. We also evaluated
some well-known hypotheses about topology and scaling that might be of general
interest in root system research, but are seldom tested empirically. We place this
study in the context of functional and structural modeling of plants (Sievanen et al.
1997, Cruiziat 1998), topological analysis (Fitter et al. 1991, Berntson 1997) and the
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assessment of strategies for soil exploration and exploitation (Gandar and Hughes
1988, Hughes et al. 1995).

Topology

Topological properties of root systems have received considerable attention in the
literature (Fitter 1985, 1986, 1987, Fitter and Stickland 1991, Spek and van
Noordwijk 1994, Bert et al. 1998). They are believed to influence the efficiency and
costs of resource exploitation in terms of carbon required for root segment
construction (Fitter 1986, Fitter et al. 1991). One of the main goals of topological
analysis is to find out whether habitat conditions lead to evolutionary adaptations in
branching behavior and rooting strategy.

Various theoretical approaches to evaluating topology have been developed (Fitter
1985, 1986, van Noordwijk et al. 1994, Berntson 1997) and have been compared on
theoretical grounds (Berntson 1995), but practical applications have, in most cases,
been restricted to herbaceous plants (Fitter 1986, Fitter and Stickland 1991).
Furthermore, some of the topological indices developed to compare root systems of
different sizes show either an unstable oscillating behavior in random simulations
(Berntson 1995) or are based on randomness assumptions that were originally
developed for planar networks (see Werner and Smart 1973) and are inadequate for
3-D branching systems (Fitter 1986).

One of the most often cited topological distinctions is that between "dichotomous"
and "herringbone" branching patterns (Fitter 1986, 1987, Fitter et al. 1991, van
Noordwijk et al. 1994, Lynch 1995, Berntson 1997). We introduce two new indices to
quantify branching patterns in the continuum between these extremes, and apply
them to reveal species-specific characteristics of the root systems we investigated.
This approach is complemented by the analysis of exterior and interior link lengths.
These are metric values, but they are closely related to topological structure. The
graph-theoretical background to our topological analysis is outlined in the Theory
section below.

Diameter and branching

When examining metric properties of root systems, the question arises how the
diameters before and after branching nodes are related to each other. Leonardo da
Vinci claimed in his notebook that the cross-sectional area of a trunk or branch of a
tree is equal to the sum of the cross-sectional areas of the branches at any higher
level (Richter 1970). Locally, this means that in each branching node where n
daughter branches emerge, the diameter d before the node is related to the
diameters d; (i = 1, ..., n) (Figure 1) of the daughter segments by:
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d*=3a? 1)

For a system of conducting tubes with negligible flow resistance, this condition
enables equal flow rates throughout the system. Equation 1 was used in a large
number of models of plant functioning and growth (e.g., Shinozaki et al. 1964,
Perttunen et al. 1996) and was popularized under the names "pipe stem theory"
(John Ruskin, see MacDonald 1983) or "pipe model." Examples of theoretical
considerations building on Equation 1 are Mendés France (1981) and Long (1994).

Various generalizations of Equation 1 have been considered. One of them is:
d*=>d} (2)
i=1

where the paramete A is called the diameter exponent of the system (Mandelbrot
1983). Murray (1927) observed that in a number of aboveground tree branching
systems that have been investigated, weight was approximately proportional to d2°,
where d is the proximal diameter. From this he concluded (using additivity of weight
in the branching nodes) that = 2.5 should hold constant. However, his argument was
too simple, because weight is additive only if the contribution of the mother segment
of the branches is neglected. Recalculating A, Mandelbrot (1978) obtained a value of
2, thus confirming Leonardo's rule.

Figure 1. Principle of Leonardo’s rule, which is expressed mathematically in Equation 1.

Surprisingly, direct empirical estimations of A are rare. Mandelbrot (1983) mentioned
a reexamination of data obtained by McMahon and Kronauer (1976) from three tree
crowns, yielding a A near 2 or slightly below. An examination of three young Picea
abies (L.) KARST. crowns (Anzola Jurgenson 1998) showed no significant deviation
from A = 2. We are unaware of corresponding investigations of root systems.

Another generalization of Equation 1, utilized by van Noordwijk et al. (1994) and
Spek and van Noordwijk (1994) in theoretical studies, is:

d?=ad d?, (3)
i=1
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with a proportionality factor oo > 0. We checked Equations 2 and 3 with our root
system data.

Scaling relations

There is much in the literature about scaling relationships and allometries of whole
plants or plant organs; see, e.g., Niklas (1994) for a general overview. We were
motivated to investigate the tapering of our roots by the work of McMahon and
Kronauer (1976) on branch tapering in tree crowns. They related the diameter d of a
segment, taken at some point in the branching system, to the average length L, of all
paths going from that segment distally to a branch tip.

From the theory of elastic similarity, they deduced a relationship of the form
d=v(Lp +1p)?, with constants v, Iy and B and with B = 1.5, which was confirmed by their
empirical data. Because the mechanical argument does not apply to root systems,
the question arose whether the same relationship with a possibly different value of 3
(or a different form of regression equation between d and L,) holds for roots.

Another relationship, perhaps of greater practical significance, is that between the
diameter d of a segment and the total length sum L of all roots distal to that segment.
A tight correlation between these values, applied to the diameter at the root collar or
to the diameters of the main roots near the collar, could be useful in estimating total
root length. On the basis of self-similarity assumptions and Equation 3, van
Noordwijk et al. (1994) and Spek and van Noordwijk (1994) obtained a proportionality
between L and d?in artificially constructed branching patterns. However, they did not
seek empirical confirmation of this relationship in the field.

Recently, West et al. (1997) derived scaling relations for vessel systems from the
principle of minimal hydraulic resistance and from self-similarity assumptions. Their
model coincided with empirical evidence from cardiovascular and respiratory systems
of animals, and they claimed to have found "a general model for the origin of
allometric scaling laws in biology." Applied to the mass m of the organism or organ to
be fed and to the proximal diameter d of the supplying vessel, their model predicts
the relation d = Am¢, where A and ¢ are constants and € = 3/8. We checked this
relationship on the root systems by inserting the sum of the volumes of all root
segments for m, assuming that this total volume is proportional to m, and root collar
diameter for d.

Theory
Graphs of branching patterns

Topology studies the adjacency properties of objects, ignoring their metric sizes (e.qg.,
lengths, angles, diameters). From the topological viewpoint, a root system is a graph
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in the sense of graph theory (e.g., Deo 1974), i.e., an object consisting of vertices
and edges (links), each connecting two vertices. A graph is completely described by
the information specifying which vertices are connected by an edge and which are
not. Because we have found no anastomosis in our root systems, we can further
restrict the class of graphs to so-called "trees", that is, graphs without cycles. The
root collar, where the aboveground part of the plant begins, corresponds to a special
vertex of the underlying graph, known in mathematical terminology as the root of the
tree. However, to avoid confusion, we refer to the mathematical root, which in our
application is the root collar or the shoot, as the base vertex. In our topological
drawings the base vertex will be represented by an empty circle. The base vertex can
serve to assign a unique direction to every link giving rise to a so-called directed tree.
In our analyses, we assume a distal orientation of the system, biologically
corresponding to the flow of assimilates from the shoot to the root tips (Figure 2 (the
arrows are omitted in subsequent figures)).

Each link not emerging from the base vertex has indegree 1 (i.e., it is adjacent to one
mother link in the proximal direction), and links can have various outdegrees,
indicating the number of adjacent daughter links in the distal direction (Figure 2). We
denote by vk the number of links of outdegree k (k = 0, 1, 2...). When we omit the
base vertex, we have an equal number v = vy + v4 + v» + ... of vertices and links.

In the literature, root systems are usually represented by binary trees, i.e., by trees
where every link has outdegree 2 or 0, and every vertex corresponds to a
dichotomous branching node or to a root tip. However, in our field observations we
found situations where two successive root segments had very different
morphological characteristics, e.g., when an old axis had stopped apical growth but
was the mother segment of a single, much younger reiterative root. In these cases
we assigned a higher botanical order to the reiterative root, and we did not merge
segments of different order to a single link. As a consequence, we obtained some
links of outdegree 1 in our topological graphs. Furthermore, there were cases where
several branches emerged from the same mother segment at nearly identical
positions (distance of branching nodes < 5 mm), and we refrained from inserting
artificial "minilinks" only to maintain the binary branching law. Hence we have some
links of outdegree 3 or higher. This leads to a loss of mathematical elegance for the
sake of realism. However, the number of these "exceptional" links remained limited,
and binary branching can still be considered the normal case.

In binary trees, the number v, of exterior links (often referred to as the magnitude of
the tree, e.g., Fitter 1986) determines the number v of all links:

v=2v,-1 (4)
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(e.g., Deo 1974, Tucker 1980). In our general case, we must modify Equation 4 by a
correction term or discrepancy (9):

v=2v,-1+0, (5)
with

5= (2-k), (6)

Only "exceptional" links contribute to & (notice that v, makes no contribution in
Equation 6), and, in contrast to v4, all v with k> 2 have a negative coefficient.

X

Figure 2. Example of a directed graph representing a root
system topologically. Terminology: X is the base vertex, b, e,
f, g are exterior links, a, c, d interior links, where a has
outdegree 3, ¢ outdegree 2, and d outdegree 1. The
topological depth of b is 2 (measured always from X), that of
e,fand gis 3.

Topological indices

The most obvious topologically extreme branching forms in the binary case occur, on
the one hand, for the complete dichotomous pattern with 2" exterior links of equal
distance to the base, and on the other hand, for a single axis with only one exterior
link emerging at each vertex (herringbone pattern; Fitter 1986, 1987, van Noordwijk
et al. 1994). To quantify the position of an arbitrary binary tree between these
extremes, it is necessary to define a topological equivalent of "rooting depth". The
topological depth of an exterior link is the number of links in the unique directed path
from the base vertex of the graph to the end vertex of the link in question (see Figure
2; terminology in accordance with the notion of "depth-first search" in computer
science, e.g., Grimaldi 1989). The maximal topological depth or altitude (a) of a
directed tree is the number of links in the (topologically) longest directed path. This
parameter, which is in the binary case minimal for the complete dichotomous and
maximal for the herringbone pattern, is named diameter (Fitter 1986) or altitude
(Fitter 1987, Fitter et al. 1991, Berntson 1995) in the literature on root research and
height in most textbooks on graph theory or discrete mathematics (e.g., Deo 1974,
Liu 1977, Tucker 1980, Grimaldi 1989). Somewhat reluctantly, we continue to use the
term altitude here. As a second parameter, we calculate the mean topological depth
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b of a directed tree as the average topological depth of all exterior links. Parameter b
is of the same order of magnitude as a, and it is related to p., the sum of all
pathlengths from the base to the exterior links, which is often used in the literature
(exterior pathlength: Fitter 1986, total exterior pathlength: Fitter and Stickland 1991,
total external path length: Berntson 1995, path length: Deo 1974), by:

b:pe/vo

The range of possible values of a and b grows with the magnitude v, of the root
system. To enable comparisons of branching patterns of different sizes, Fitter (1985)
introduced indices based on expected values of a and p. under a specific random
model (Werner and Smart 1973). However, this model was derived for networks in
geography and only makes sense for planar patterns. Unfortunately, the precise
expected values and confidence intervals calculated by Berntson (1995) are also
based on this planarity assumption and are therefore inappropriate for 3-D root
branching patterns. We decided to avoid randomness assumptions; instead, we
simply normed both parameters a and b by a linear transformation, making their
minimal and maximal values for binary trees (given by Knuth 1973, Fitter 1986) 0 and
1, respectively. The explicit definitions of both resulting normed indices q, and qp,
that are confined to the interval [0; 1] for binary trees (but can take values beyond
these limits if v4 > 0 or v3 > 0), are:

a—1-1Ibv, b—1-1Ibv,

T = 1= lby, b= T )/ 2= v — b,

where Ib vo ( = In vo/In 2) is the binary logarithm.

The behavior of these indices is demonstrated in Figure 3 for the six possible binary
trees for which one link emerges from the base. The pattern to the lower right is the
herringbone type, corresponding to q, = q» =1, whereas the value g, = g, = 0 would
occur only for a perfectly dichotomous pattern.

The value of g, follows a more continuous course between the extremes compared
with q,. Furthermore, Berntson (1995) identified the related parameter pe in a series
of growth simulations using the Monte-Carlo technique as that with the least erratic
and most size-independent and stable behavior among several other topological
indices. We therefore advocate the use of qp, but in our empirical study we have also
calculated a (and q,) because of its simple definition.

Two further parameters related to topological structure are the mean lengths of
exterior and interior links. Fitter (1986, 1987) and Fitter and Stickland (1991)
intensively investigated these link lengths and their relation to water and nutrient

supply.
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gb g:?gg 3:?% g:ggg F.igure 3. The Six top.ologically di_stinct
binary trees with vy, = 6 distal edges (links),
together with their respective altitude a,
mean topological depth b and with the
corresponding normed indices q, and qp.
They represent the range from dichotomous
to herringbone branching. The parameter b
(or qp) allows a better distinction between
the types than parameter a, though both a
and b fail to distinguish between the two
upper leftmost types. Notice that the

a5 > 6 theoretical minimum g, = g, = 0 is not

92 0586 0.586 1.0 o .

b 40 2167 4333 reached in this case because 6 is not of the

9, 0.555 0.777 1.0 form 2".

2. Materials and Methods

The study site is located on sandveld near Mogorosi (Serowe Region, Central
District, Botswana) between longitude 26°36.26" and 26°36.70’ E and latitude from
22°25.09’ to 22°25.30° S. For a more detailed site description see Oppelt et al.
(2000).

The architecture of in situ-grown coarse root systems of the fruit tree species
Strychnos cocculoides (Loganiaceae), Strychnos spinosa and Vangueria infausta
(Rubiaceae), as well as from the shrub Grewia flava (Tiliaceae) was studied. Coarse
roots were defined as roots that exceed a threshold diameter of 3 mm. A
reconstruction of spatial orientation and branching below that value was not possible.

Each species was represented by five coarse root systems, which were excavated by
hand. Each exposed root was divided into segments of variable length, according to
changes in growth direction or at positions where daughter roots were emerging, and
marked with white ink. The spatial orientation (vertical and horizontal angle) as well
as the length of each segment in its original position was determined with a digital
compass (TECTRONIC 4000, Breithaupt, Kassel, Germany) and automatically
recorded (L-file).

After spatial measurements, coarse roots were removed, the diameter of each
segment measured with a digital caliper (PM 200, HHW Hommel, Switzerland), and
the data recorded in a D-file corresponding to each L-file.
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Grewia flava #206 21 years Strychnos cocculoides #405 23 years

0.5m 0.5m
— —
Strychnos spinosa #511 12 years Vangueria infausta #708 21 years

Figure 4. Lateral view of four reconstructed root systems (graphical output from GROGRA).
The age of each tree is also indicated.

Both raw data sets (L- and D-files) were merged by self-authored interface software,
creating the final code for reconstruction. As a basis for the topological description of
the branching systems, a developmental botanical concept of branching order was
applied: the order of the tap root (if it exists) is 0, and an nth order root has branches
of order n + 1. The branching order was calculated for each segment automatically.
For encoding the full geometrical and topological structure of the root systems
(lengths, orientations and diameters of all segments and mother-segment linkages)
we used the digital tree data format (dtd code, Kurth 1994). The dtd files, each
representing a complete root system, were generated semi-automatically as
described above.

The software GROGRA 3.2 (Kurth 1994) was used to reconstruct the architecture of
individual root systems from the data files in the form of a linked list data structure.
Lateral views of one example root system of each species, obtained from the
software as graphical output, are shown in Figure 4.

The GROGRA software can extract different kinds of graphical and numerical
information from the virtual 3-D structures. Metric information about each root
segment and about the whole system was written into tabular files and processed
with the SPSS data analysis software (SPSS 8.0, SPSS Inc., Chicago, IL) and
Statistica v. 5 (StatSoft Inc., Tulsa, OK). Topological analysis was enabled using a
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transformation function in GROGRA, which was originally devised as an interface for
a numerical water-flow simulator for tree crowns (Frih and Kurth 1999). It unifies
each chain of subsequent unbranched root segments of the same botanical order
into one link. Afterwards, the lengths of all links were artificially reduced to one to
enable topological depth calculations with the same algorithms that had previously
yielded the metric pathlengths.

3. Results

Coarse root systems from Grewia flava were characterized by an intensive shallow
network of slowly tapering first-order laterals. Structural roots with higher branching
orders developed mostly in a vertical direction, and exploited deeper soil layers.
Functionally, these replaced the frequently absent taproot. An intensive development
of adventitious roots, especially on older individials, was observed.

In contrast to the other root systems investigated, both Strychnos species were
characterized by a deep and prominent taproot, as a result of secondary growth.
Branching intensity was low and branching orders did not normally exceed 2, so that
they can be described as weakly exploiting root systems. Both species are
distinguished by their vertical root distribution. Strychnos cocculoides showed the
maximum amount and horizontal extent of first-order laterals in deeper subsoil layers,
whereas Strychnos spinosa showed a greater horizontal extension of lateral roots
with a high concentration in the topsoil.

In contrast, root systems of Vangueria infausta showed higher branching intensity.
First-order laterals were distinctly shorter and branched rapidly into higher orders.
Most laterals initiated in the horizontal plane, but changed with time to a more vertical
orientation. If present, taproots tapered rapidly, never reaching great depth (Figure 4,
see also Oppelt et al. 2000).

Quantitative characteristics of all the root systems investigated are given in Tables 1
and 2.

Topological indices

Figure 5 shows the results of the calculation of the topological indices g, and g
(numerical values given in Table 1), grouped according to species.

64



Topology, scaling relations and Leonardo’s rule

Table 1. Topological parameters of the root systems of each sample tree.

species tree age v') 7% L) a’) b%  q.%5 )
203 25 252 138 -23 23 941 011 0.02
206 21 127 78 -28 10 409 0.04 -0.1
g “j;""a 213 18 100 54 -7 16 809 02 0.6
214 14 47 23 2 11 474 031 -0.11
215 13 37 20 -2 13 645 052 0.18
mean 182 1126 63 124 146 656 0.24 0.01
sd 497 8634 49.2 1415 522 223 019 0.12
405 23 92 50 7 31 13.6 058 0.36
409 15 39 20 0 16 99 073 075
Strychnos 42 17 25 13 0 12 762 088 09
cocculoides
425 29 76 38 1 23 126 053 045
426 13 28 14 1 12 779 078 0.82
mean 19.4 52 268 06 188 103 0.7 0.66
sd 6.54 3021 1596 251 817 273 0.14 0.24
501 20 127 73 -18 33 182 0.39 0.36
508 12 48 26 -3 15  8.08 046 027
Strychnos 509 17 16 9 1 5 38 017 -0.16
Spinosa
510 15 86 48 9 27 131 049 034
511 12 67 35 2 22 118 055 044
mean 152 688 382 66 204 11 041 0.25
sd 342 4155 24.08 7.09 1085 538 0.15 0.24
706 36 371 188 4 18 11 0.05 0.03
708 21 114 61 7 16 936 017 0.1
Vangueria 711 19 75 35 6 16 863 034 0.19
infausta
712 25 92 48 -3 19 10 03 0.18
713 25 123 60 4 17 108 019 0.16
mean 252 155 794 -28 172 996 021 0.13
sd 6.57 122.2 6438 817 1.3 099 0.11 0.07

' v = Number of links

2\, = Number of exterior links

® § = Discrepancy (see Introduction)

* a = Altitude (maximal topological depth)

® b = Mean topological depth

6 Ja 9» = Normed values corresponding to parameters a and b

Both indices are closely correlated with each other (Pearson’s r = 0.92). A one-
factorial ANOVA with species as factor showed a highly significant effect on g, (F =
11.2, p = 0.00033) and q» (F = 11.7, p = 0.00026). This effect was even more
pronounced when the age of the tree was considered as a covariate (qa.: F = 20.5, p
=1.4 x 10-5; qp: F=14.7, p = 9.8 x 10-5). The root system of Tree 509, a Strychnos
spinosa specimen with clear reiterative growth because of damage and an unusual
growth habit, had atypically low topological indices compared with the other four S.
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spinosa root systems. When this abnormal specimen was omitted from the analysis
of covariance, the significance of the species effect was further enhanced (q.: F =
273, p =4 x10-6; q»n: F=24.7, p =7 x 10-6). A closer look at the numbers (least
significant difference test) showed that all species (except Grewia flava versus
Vangueria infausta) could be separated from one another at the 5% level using either
ga or gp (Tree 509 removed; Statistica post hoc tests). In particular, the two Strychnos
species, tending to a herringbone structure, differed markedly from the two other
species. Figure 6 demonstrates this difference in topological architecture in
Strychnos cocculoides (Tree 412; upper part of figure) and Vangueria infausta (Tree
711; lower part) root systems, both shown in their metrical (left) and topological (right)
reconstruction. The age of the corresponding trees was 17 and 19 years,
respectively. Both topological indices had a tendency to decrease slightly with age
(R(qa, age) = —0.50, R(q», age) = —0.28).

1.0

Figure 5. The topological
21 indices q, (empty bars) and
g» (black bars) of the root
systems investigated. G.f.
0.01 = Grewia flava, S.c. =
Strychnos cocculoides, S.s.
= S. spinosa, V.. =
Gf. Sc. Ss. Vi, Vangueria infausta.

topological indices
~

I

As an alternative topological index, Fitter (1985, 1986, 1987) investigated the slope
that a collective of root systems exhibits in a diagram where altitude a is plotted
against magnitude vo. We performed this type of analysis for the subset of the
Strychnos samples contrasted to the other species (diagram not shown) and
obtained a difference corroborating our finding that the two Strychnos species
differed considerably in root system topology from the Grewia and Vangueria
specimens that were investigated.
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Table 2. Geometrical parameters of the root systems of each sample tree.

species tree cd')  Fmal) L% LY Vo) 1% ;")
203 97 5708 190509 2568 8304 851 641
206 65 3267 73076 1257 2884 652 454
Grewia 213 58 3349 58991 1906 1769 614 562

flava
214 32 1603 19723 1078 522 538 306
215 27 1506 8419 587 274 305 136
mean 55.8 3087 70144 1479 2751 592 419.8
sd 28.21 1708.3 72410.2 770.4 3275.7 197.8 202.4

405 56 2480 38247 1430 2443 644 144
409 67 4385 24505 2238 2932 920 326
Strychnos 412 48 3880 18930 2495 1509 1113 372
cocculoides
425 68 3417 50814 2428 4248 976 361
426 44 3020 20849 2282 1407 876 613
mean 56.6 3436 30687 2175 2526 905.8 363.2
sd 10.85  739.1  13549.7 429.2 11455 171.4 167.3
501 72 5990 113735 2279 5682 1345 288
508 60 4230 42970 2737 3643 1262 462
Strychnos spinosa 509 40 1447 10545 1863 1011 769 517
510 64 2758 49307 1569 2083 901 160
511 44 2738 34700 1594 1487 768 245
mean 56 3433 50251 2008 2961 1009 334.4
sd 13.56 17361 38413.9 497.5 1860.4 2758 150.2
706 140 5070 207137 2526 12440 718 394
708 86 3642 51750 1929 2989 580 309
Vangueria infausta 711 48 1708 24645 1442 1282 412 255
712 60 1247 24825 895 1084 366 164
713 70 1547 34910 1058 1496 361 210

mean 80.8 2643 68653 1570 3858 487.4 266.4
sd 35.91  1651.7 78198 666.5 4855.8 156.7 89.3

' ¢d = Root collar diameter (mm)

2 Imax = Maximal radial extension of the system (mm)
® | = Total coarse root length (mm)

4 L, - Mean path length (mm)

® V = Total coarse root volume (cm?®)

® |, = Mean exterior link length (mm)

" |, = Mean interior link length (mm)
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view (left side) and in
the form of a
topologically equi-
valent pattern with

‘% Figure 6. Examples of
two contrasting root
|0.5_m| systems in their metric

ga = 0.879
s = 0.906

approximately  equal
link lengths (right
side). Upper part: A
Strychnos cocculoides
(Tree 412) with nearly
herringbone topology,
lower part: A
Vangueria infausta
2 my (Tree  711)  with
intensive dichotomous
Qa = 0.342 branching in some

b = ?-195 parts of the system.

Link lenghts

The same distinction emerges for the metric parameter mean exterior link length (/)
(empty bars in Figure 7, cf. Table 2). An ANOVA with species as single factor yields a
highly significant effect on . (F = 7.31, p = 0.0027) that becomes even more
pronounced when age is included as a covariate (F = 8.44, p = 0.0016). A post hoc
test enabled a statistical separation of all species from each other at the 5% level,
except for the two pairs Grewia flava versus Vangueria infausta and Strychnos
cocculoides versus S. spinosa. In contrast, mean interior link length (/; black bars in
Figure 7) showed no difference between species, regardless of whether age was
included as covariate (F = 0.97 and 0.82, respectively; p > 0.4).

68



Topology, scaling relations and Leonardo’s rule

1400
1200 |
E 1000
£ Al
P i _
o 800
C
9 .
€ s00 || | ]
[
3
£ 400 Figure 7. Mean exterior
link length I, (empty bars)
200 teri and mean interior link
[ Jextarior length /; (black bars) for
0 Bl interior €ach of the root systems

Gf. Sec. Ss. Vi investigated.

Leonardo’s rule

We estimated the diameter exponent from Equation 2 for each root system
separately and for the whole population of branching nodes, by nonlinear regression
analysis (iterative Hooke-Jeeves coordinate search, independent control with quasi-
Newton method; Statistica 5). The iteration converged in all cases and explained a
large part of the variance (see left half of Table 3). Because the oldest and largest
root segments were potentially linked to rotten parts of the system that could not be
measured, we also conducted the analysis for the subsample of branching nodes
where the mother segment did not exceed a threshold diameter of 20 mm (right-hand
half of Table 3), thus focusing on the younger parts of the system. Generally, the
resulting average best-fit exponent (2.29 and 2.18 for the unresticted and restricted
samples, respectively) did not contradict the theoretical assumption of Leonardo’s
rule (A = 2).

Adopting this value for A, we checked linear regressions between ad? and an:wd"z for
all branching nodes. These gave tight fits for all individual root systems. Statistically,
it was not possible to prove or disprove that the proportionality factor o (cf. Equation
3) is 1 and the intercept 0. However, no systematic deviation from these values was
detected (see Table 4).
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Table 3. Nonlinear regression results for the diameter exponent. Abbreviation: CD =
coefficient of determination.

All d<20

Tree A CD A CcD
203 3.02 096 323 0.92
206 198 091 258 0.68
213 161 096 248 0.89
214 143 051 258 0.68
215 165 056 258 0.68
405 6.27 091 265 0.96
409 1.7 096 1.51 0.93
412 1.81 096 3.07 0.93
425 198 099 169 09
426 158 097 143 0.83
501 2.39 0.98 1.84 0.92
508 2.11 098 256 0.9
509 1.84 0.87 123 0.87
510 238 0.97 1.9 0.96
511 2.04 098 164 095
706 2.08 0.98 248 0.92
708 274 0.66 208 0.92
711 365 095 221 0.89
712 181 098 189 097
713 177 099 196 092

mean 2.29 0.9 2.18 0.88
sd 1.08 0.15 0.55 0.09

Length and diameter

At the level of whole root systems, we related the root collar diameters cd to the total
length, L, of the measured roots. The value of L was obtained by adding the lengths
of all root segments. The linear regression of log cd (independent variable) versus
log L (dependent) yielded a slope of 1.95 (intercept 1.15, r?=0.75, n = 20; see Figure
8). This is close to the allometric exponent 2 proposed by van Noordwijk et al. (1994)
for the relationship between base diameter and total length.

Table 4. Results of regression for Leonardo's rule. Dependent variable: d? independent: sum
of d? of all daughter segments.

species slope intercept r
Grewia

flava 1.13 -29.4 0.89
Strychnos 1.00 179  0.90
cocculoides

Strychnos 1.02 57 097
spinosa

Vangueria 0.92 46.4  0.94
infausta

mean 1.02 7.3 0.93
sd 0.09 32.4 0.04
total population 0.99 28.0 0.92
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Diameter can also be related to root size in topological terms. Replacing total length
L by the number of links v, we compared log cd with log v (cf. Spek and van
Noordwijk 1994). The resulting regression was somewhat less tight (slope 1.61,

intercept —0.98, r?=0.62) than in the case of log L.
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Figure 8. Logarithms of root collar
diameter (cd) and total coarse root
length (L) of all 20 investigated
root systems, together with the
best-fit regression line (see text).

The relationship between diameter and length can also be studied at the level of
individual root segments within a system. Besides the total length L distal to a given
segment, we used GROGRA to calculate the mean distal pathlength L, (values in
Table 2) and maximal distal pathlength Lmax (not shown). Both L, and Lmax typically
exhibited a broad scattering when plotted against root segment diameter. Tentative
nonlinear fitting of the equation d = y(L, + lo)* from McMahon and Kronauer (1976)
yielded generally unconvincing results (slow convergence; and the shape of the
scatterplot was poorly reflected by the regression curve). Total distal root length L
showed a better correlation to segment diameter, particularly when only small
diameters were considered (e.g., Figure 9).
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Figure 9. Diameter d and total
distal root length L of all
segments with 3 < d < 15 mm
from a Grewia flava coarse
root system (Tree 213). Shown
also is the linear regression L =
-1823 + 583 d (r*=0.81, n =

diameter [mm]

3 4 5 6 7 8 9 10 11 12 13 14 15 1323) for this individual root

system.
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Correlation was not improved when d was replaced by d? in the linear regression
approach for L. Only for the largest and oldest segments was the fit better in the

quadratic case.

Root volume and diameter

At the level of whole root systems, we found a good correlation between log (root
collar diameter) and log (total coarse root volume), shown in Figure 10 (slope 2.19,
intercept 2.47, r*= 0.84, n = 20). The slope of the regression lines (o in the relation V
= 0d®) was relatively stable among the four species investigated.

7.5

log (root volume [mm?])

Figure 10. Logarithms of root
collar diameter (cd) and of total
® et root volume (V) of all 20 root

5.0 . . . systems investigated, together
" 1o '8 20 22 with the best-fit regression line
log (collar diameter [mm]) (see text).

4. Discussion

In a methodological sense, our study — together with earlier results from the same
data (Oppelt et al. 2000) — demonstrates the large amount of information that can be
extracted from one architectural database by means of 3-D reconstruction and
analysis. Until now, the advantages of detailed 3-D reconstruction of branching
structures have mainly been appreciated in studies of aboveground plant architecture
(Sinoquet and Rivet 1997, Godin et al. 1999). The diverse pieces of information are
like a puzzle from which a picture, giving better insight into structural and functional
aspects of plant architecture, can emerge. Furthermore, the architectura data can be
the basis for simulation studies (e.g., Fruh and Kurth 1999 for aboveground
structures).

When our data are compared with results from the literature, our restriction to coarse
roots (d > 3 mm) has to be taken into account. Most published studies on root system
topology consider small seedlings in which all roots, including the finest, were
measured. The topology of fine root branching could differ from the patterns found at
the coarse root scale. The differences that we identified in our root systems between
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fractal dimensions at coarse root and fine root scales (Oppelt et al. 2000) indicate
that such a structural gap between the two scales might exist for topology as well.

The large values of average exterior and interior link lengths in our study (ranging
from 14 cm to 1.3 m), which lie almost one order of magnitude greater than values
reported by Fitter (1987) for a number of herbaceous plants and tree seedlings, are
probably also due to our omission of roots < 3 mm.

In a qualitative sense, it is well-known that a deep taproot with little lateral growth is
adapted to dry environments (Epstein 1973). In quantitative simulation studies, Fitter
et al. (1991) found that herringbone root systems have a higher exploitation efficiency
in terms of soil volume accessed, but require more carbon for construction compared
with dichotomous patterns of equal magnitude. Hence the herringbone pattern is
likely to be favored when soil resources limit growth. We conjecture that in the case
of our sample trees — all grown under arid conditions — the two Strychnos species are
more specifically adapted to extreme drought than the other two species
investigated. This is consistent with the observation that both Strychnos species
exhibit a distinct xeromorphic habit in their leaf morphology, whereas Grevia flava
and Vangueria infausta show less pronounced xeromorphic crown features. Root
system topology and exterior link lengths thus appear to be indicators of
ecophysiological differences in drought adaptation.

Because the root systems considered in this study have also been investigated for
their fractal dimension D (see Oppelt et al. 2000), the question arises whether D is
related to topological parameters. In fact, the topological index g, is negatively
correlated with D (r = —0.56): the more a root system conforms to the herringbone
pattern, the lower its space-filling potential and its fractal dimension. However, our
findings also show that a considerable amount of variance of D cannot be explained
by purely topological properties (all other parameters calculated in this study showed
a weaker correlation with D than that obtained for q,). Hence the fractal dimension D
remains a characteristic in its own right, integrating topological and geometrical
properties of a whole root system (Fitter and Stickland 1992).

The diameter exponent of most of the root systems we investigated was close to the
ideal value of 2, indicating preservation of cross-sectional area in the branching
nodes. Thus, application of Leonardo’s rule in models of secondary growth and
hydraulic function, which is quite common in the literature, is corroborated — at least
for coarse roots. Given the high hydraulic conductivity of coarse roots (Riedl 1937,
Fahn 1964, Lafolie et al. 1991), this amounts to a homogeneity of flow velocity
throughout the system, provided there is a constant proportion of functional xylem in
all coarse roots.
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Van Noordwijk et al. (1994) and, more generally, West et al. (1997) derived several
scaling laws from the theoretical assumptions of self-similarity and preservation of
flow. These laws were confirmed quite well when we checked them at the level of
whole root systems. Total length of coarse roots is roughly proportional to cross-
sectional area of the root collar, as predicted by van Noordwijk et al. (1994), and a
particularly stable fit was found between total volume of coarse roots and collar
diameter (Figure 10), although the exponent of the diameter in this relation, 2.19,
deviates slightly from the theoretical value of 2.67 predicted by West et al. (1997).
Our number of replicates was too small for statistical security at the whole-system
level, but nevertheless it seems possible to use root collar diameter as a predictor of
total coarse root length and biomass on the basis of these scaling relations.

However, the picture becomes more complex when the lengths and diameters inside
the root system are considered. Our exemplary Figure 9 shows considerable
variance, but also some traces of structured patterns in the data. Simple power laws
like those proposed by McMahon and Kronauer (1976) or van Noordwijk et al. (1994)
seem inadequate to describe these structures. The distribution of link lengths in the
root system is much more complicated than these authors assumed in their self-
similar models. Crawford and Young (1990) suggested that, in branching systems of
higher plants, a spectrum of scale factors, which itself has a fractal signature, may
operate. Our data do not contradict this assumption. Our topological results suggest
that the architecture of the sample systems has features that do not fit into the
standard self-similar branching models. Morphological features like developmental
axes, reiteration or functional differentiation of root segments may contribute to this
internal complexity.

Conclusions

The architectural comparison of four species has revealed significant differences,
resulting in a coherent picture: the two Strychnos species tend to have a root system
topology conforming nearly to the herringbone pattern and large unbranched zones
at the distal ends of their root axes. This is in accordance with the general
appearance of these root systems (Figure 4; see also Oppelt et al. 2000) and
indicates an explorative strategy of root system architectural development, whereas
Grewia flava and Vangueria infausta, have a topology tending to dichotomous or
intermediate patterns and shorter exterior links that may possibly exploit smaller
volumes of soil more thoroughly.

It will be necessary, however, to complement our study by investigations of fine root
distribution, because the diameter threshold of 3 mm prevented a direct calculation of
exploited soil and total root biomass. Nevertheless, the pattern of coarse roots sets
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structural constraints on the extent and locations of fine root development, and thus
has implications for resource capture and efficiency of growth.

Our empirical test of cross-sectional area preservation supported the pipe stem
theory, justifying the use of this simple rule in simulation models.

Likewise, some scaling laws deduced from theoretical considerations, particularly
that of West et al. (1997), were confirmed by our data and can be used to predict
parameters of whole coarse root systems from root collar diameter. However, a
closer consideration of the inner structure of the root systems revealed more
complicated patterns that could not be expressed in simple allometric relations.

Generally, we believe that further improvements in our understanding of root system
architecture, beyond the characteristics described in this study, can be obtained only
if ontogenetic development is taken into account (Colin-Belgrand et al. 1989,
Raimbault 1991). Root architecture results from an interplay between endogenous
growth laws and opportunistic reactions (Atger 1991). Dynamic studies of growing
root systems are, however, difficult and rare, particularly in the case of large trees;
therefore, it makes sense to extract as much information as possible from the static
data at our disposal.
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Contrasting rooting patterns of some arid-zone fruit tree species

from Botswana - l. Fine root distribution

Abstract

To assess the possible degree of root competition from fruit trees which could
potentially be used in agroforestry systems, fine root density of fruit trees Strychnos
cocculoides BAK., Strychnos spinosa LAM. (Loganiaceae) and Vangueria infausta
BURCH. (Rubiaceae), as well as from the shrubby species, Grewia flava DC.
(Tiliaceae) was investigated. Vangueria infausta had the highest fine root densities in
both vertical and horizontal extensions. In Vangueria infausta fine root density
decreased with increasing soil depth. For the other species in the 80 cm soil profile
investigated, no significant changes in fine root density with soil depth were found.
For Strychnos cocculoides almost no fine roots were detected in the upper soil
horizon (0-20 cm). Using fine root surface area densities, exploration and exploitation
indices were calculated. Vangueria infausta had the highest value of the exploration
index compared to the other species. For use in agroforestry systems Vangueria
infausta was estimated to be the most competitive of the investigated species,
whereas Strychnos cocculoides seems to be the less competitive. Strychnos
cocculoides has additionally spatial arrangements of fine roots favourable for
agroforestry, slowly increasing with depth and additionally low concentrations in
upper soil layers.

Introduction

Indigenous fruit tree species are becoming an increasingly important nutritional
source, and there is considerable interest in incorporating fruit trees into agroforestry
systems. As fine roots are responsible for water and nutrient uptake, in arid regions
with high competition between crop plants and trees for water, information about
spatial fine root distribution is essential for an effective design and management of
simultaneous agroforestry systems (Ong et al. 1991). In order to consider the
practical consequences of interaction processes, to evaluate their suitability for
managed systems (van Noordwijk et al. 1996), this information is also needed to
predict the 'competitive’ and 'complementary' influence of tree species.

Various approaches can be found in the literature to quantify above and belowground
interactions between trees and crops (Ong et al. 1991, Daniel et al. 1991). Blsgen
(1905) first distinguished "intensive" from "extensive" tree root systems, according to
the extent of soil volume exploited. The question has arisen how species-related
differences, which are easy to observe but difficult to quantify, can be described with
useful parameters. In this context two most commonly used notions — "exploration"
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and “exploitation™ — were developed to describe different distribution patterns of root
growth. These terms were coined to gain valuable information on tree root systems,
to quantify different strategies for acquisition of belowground resources and to
characterize potential competition as well as complementarity between trees and
annual crops. However, their definition is not trivial and definitions often vary.

Fitter (1985) and co-worker (Fitter and Stickland 1991) assessed exploration and
exploitation efficiency of root systems with different topological structures in
simulation experiments. Berntson (1994) presented a model based on size-
dependent and size-independent aspects of root system architecture in terms of
depletion volume. Van Noordwijk et al. (1996) defined lengths of the longest
(deepest) root as a rough indicator of exploration and the total length or surface area
of live roots as a parameter quantifying exploitation.

In the work presented, fine root distributions of in situ grown fruit trees Strychnos
cocculoides BAK., Strychnos spinosa LAM. (Loganiaceae) and Vangueria infausta
BURCH. (Rubiaceae), as well as from the shrub Grewia flava DC. (Tiliaceae) were
analysed. Motivated by the work of Gandar and Hughes (1988) and Hughes et al.
(1995) we have developed their exploration and exploitation index, in order to
describe species-dependent differences in rooting strategies. The species
investigated in this work produce fruit and are important to rural people, especially
those practising subsistence dryland farming. These indigenous fruit trees yield crops
even in poor rainfall years when arable agriculture fails, improving food security for
rural households.

Here we present the results concerning fine roots. In Part I, exploration and
exploitation indices of coarse root architecture and relations between coarse and fine
root distribution are presented.

Material and Methods

Site description and sample trees

The investigation site was located on sandveld near Mogorosi (Serowe Region,
Central District, Botswana) between longitude 26° 36.26' and 26° 36.70' E and
latitude from 22° 25.09' to 22° 25.30' S, i.e. samples were located within an area of
about 1.4 km?. The analysed species were growing on a "Typic Torripsamment” (cf.
Soil Survey Staff 1999) with a low fertility status and a poor water holding capacity.
Summer rainfall with low precipitation rates — 323, 471 [mm * year™'] within the years
1997 and 1998 respectively — are characteristic for this region.

Sample trees were naturally grown in an untilled habitat. A threshold between coarse
and fine roots was set at 3 mm, because a reconstruction of the original position of
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coarse roots below this value would not have been possible. Each species was
represented by five replicates. Analysis of growth rings at the root collar showed that
the sample trees have a wide range of ages: Grewia flava 13-25 years, Strychnos
cocculoides 13-29 years, Strychnos spinosa 12-20 years and Vangueria infausta 19-
36 years (Oppelt et al. 2000). With the exception of Vangueria infausta all species
have xerophytic leaf structures.

Fine root sampling

Before manual excavation of the coarse root systems (Oppelt et al. 2000, see also
Part Il), systematic fine root samples were taken with a soil auger (core tube 80 mm
in diameter and 200 mm in length, with a 1l volume). Four horizontal lines (N-S, NE-
SW, E-W and SE-NW, i.e., delimiting eight sections of 45°), crossing each other at
the root collar, were determined with a compass. Along each line, samples were
taken at a horizontal distance of 1, 2, and 3 m from the tree center and up to a depth
of 80 cm (four cores). Thus, independent of the size of each tree, 96 fine root
samples were taken per individual.

Fine roots were hand-sorted from the soil cores by means of dry sieving, visually
inspected to remove fine roots from other species as well as coarse roots from the
investigated and other individuals. Fine roots from Grewia flava are dark black and
those from Vangueria infausta are distinctively red, roots from these species were
easily identified and separated. Fine roots of Strychnos species are moderately thick,
approximately 1 mm, and were easily seen. With the exception of grass roots, which
could be clearly distinguished and easily separated, fine roots from other tree species
seldom occurred in the rooting zones of our sample trees. Cores were sieved through
a consecutive set of sieves with aperture sizes ranging from 2 mm to 0.1 mm, in
order to avoid loss of fine roots. Through this intensive sieving, the very fragile dead
roots were completely destroyed and excluded from our samples. Due to the wide
distance between the excavated specimens and because trees of the same species
had a scattered distribution at the investigated sites, the probability of getting fine
roots from other individuals of the same species was considered negligible. Before
dry weight from all fine root samples was determined, randomly chosen samples, at
least 15 per individual, if available, were stored in isopropanol for digital image
analysis. Dry weight was determined after the roots had reached a constant weight at
70° C.

Digital image analysis of fine root samples

Digital image analysis with a flat bed scanner (HP 4c) and the software WinRHIZO
3.10b (http://www.regent.qc.ca/) was applied to estimate the parameters root volume,
surface area, root length and average diameter. The root samples were then dried
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and the relationship between dry weight and the above parameters determined. As
the core tube contained one litre of soil, the obtained sums of root length per sample
were multiplied by 10 for estimation of root length density, RLD [m m™], while the root
surface area (RAD) had to be divided by 10 to obtain S/-units [m? m™].

Exploration and exploitation indices of fine root samples

In contrast to other investigations calculating root-length densities (RLD) in order to
quantify rooting patterns, e.g. Gandar and Hughes (1988), Hughes et al. (1995), we
decided to use root surface area densities (RAD) instead. This decision was justified
by two reasons. As our results from linear regression yielded far better correlations
between dry weight (Dwt) and surface area than between dry weight and length of
fine root samples, the use of RAD leads to more reliable calculations. Furthermore, in
terms of nutrient and water uptake, we consider the root surface area as a more
suitable physiological parameter than the root length. For example this parameter is
used for a normalized measure of root conductance (Nardini et al. 2000). Fine root
dry weight and linear regression results from digital image analysis were used to
calculate root surface area density (RAD) for each sample, based on regressions
obtained for each species separately. For calculation of mean values for fine root dry
weight and RAD cores without fine roots were included. In analogy to Gandar and
Hughes (1988) and Hughes et al. (1995), an exploitation index E(¢), defined as the
proportion of soil volume which contains roots at RAD > ¢, where ¢ is an arbitrary
threshold, was estimated for the investigated species. E(0) is the proportion of soil
volume which is explored by any roots (i.e., RAD > 0) and is called exploration index.

Contrary to Hughes et al. (1995), where independent of the size of coarse root
systems a fixed 'standard soil volume' was used, we determined an 'individual soil
volume', based on the spatial extension of coarse roots and the coring depth (80 cm)
(cf. Oppelt et al. 2000, 2001). Based on the horizontal projection, the individual
coarse root systems were divided into four quadrants along the separating directions
N-S and W-E. Within each quadrant one coarse root with the maximum extension
was selected and its outermost X and Y coordinates were used to calculate the area
of the bounding rectangle of the quadrant. The 'individual soil volume' (ISV) was
defined as the sum of the four bounding rectangles, multiplied by coring depth. By
considering the occupation of each quadrant separately, we obtained a gross
measure of occupied volume taking spatial heterogeneity into account, and at the
same time easier to determine than more refined parameters like e.g. the volume of
the convex hull. Of course, our 'individual soil volume' is not rotation invariant. Based
on this calculation we determined a theoretical number of core samples that are
located within the ISV occupied by coarse roots. Within this coarse root space, we
calculated or estimated, as far as not otherwise stated, mean values of fine root
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parameters Dwt and RAD. Thus, based on core sampling, we obtained information
about explored soil volume and how it is exploited within our restriced soil volume.
Theoretical (estimated) RAD values obtained from correlation of dry weight with
parameters from the digital image analysis were used to enlarge the data set on
which the calculations of E(0) and E(¢) are based.

As the chance of containing roots increases with increasing sampler size, it has to be
mentioned that values for E(¢) and E(0) are relative indices which depend on the
volume of cores. Our cores were one litre. Statistical analysis was done with the help
of the Statistica 6.0 software (http://www.statsoft.com/).

Results

Relationship between morphological parameters

In an attempt to extrapolate the fine root dry weights to other morphological
parameters, the root volume, surface area, root length, and average diameter,
estimates obtained from digital image analysis were compared to the root dry weights
(Table 1). No a-priori partitioning into diameter classes was applied. For all species
the best correlations were found between dry weight and root volume. A less tight,
but still suitable, correlation was found between dry weight and surface area. Root
length was, due to heterogeneous diameter distribution, only poorly correlated to dry
weight, except for Vangueria infausta. The correlation between fine root surface area
and dry weight was subsequently used for extrapolation of root surface area density
RAD [m? m™®] per soil volume.

Table 1. Linear regression for fine root biomass (independent variable) vs. other root
characteristics (dependent variables) obtained by digital image analysis (dependent variable
= a + b* weight) of four arid-zone fruit tree species from Botswana.

species N RY% root volume surface area total length aver. diameter
P 0 [cm?] [cm?] [cm] [cm]

b a r b a r b a r? b a r?
,Ef;“f;"’a 35 38 1.16 0.02 095 387 19 087 860 161 025 0.19 0.06 0.19

Strychnos

) 26 87 263 -0.01 097 438 19 079 221 141 0.02 0.87 0.05 0.77
cocculoides

Strychnos 47 98 4152 003 088 39.6 2.7 063 417 172 004 050 006 0.52
Spinosa
Vangueria g5 33 502 003 090 160.1 2.0 0.84 10453 13.6 0.73 0.00 0.05 0.00
infausta
Total 190 43 195 0.02 0.88 1409 1.4 073 8906 81 060 0.05 0.06 0.02

Dwt  fine root dry weight [g 10”°] — indpendent variable
N number of samples analysed by digital image analysis
R% percentage of total cores containing fine roots
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Obvious differences in the correlations revealed species-dependent characteristics:
In Vangueria infausta fine root dry weight was more strongly determined by fine root
length, whereas in the two Strychnos species it was to a greater degree determined

by average diameter (cf. Table 1 and Figure 1).

Differences between the species

If only core samples containing fine roots were considered (including samples from
outside the ISV), highest mean values of fine root dry weight per species were found
for Strychnos cocculoides (60 mg Dwt I, sd = 83.8, N = 30) and for Vangueria
infausta (70 mg Dwt I, sd = 75.2, N = 275). In contrast, Grewia flava (30 mg Dwt I,
sd = 68.3, N = 91) and Strychnos spinosa (36 mg Dwt "', sd = 44.5, N = 48) had
similar lower mean dry weight values, which were significantly different from those of
Vangueria infausta and Strychnos spinosa (ANOVA, o = 0.05). But in terms of fine
root surface area (RAD), Vangueria infausta, with significantly higher mean values
(16.0 cm? I'"), could be separated from all the other species (values between 3.7 and
4.2 cm? I'"). Thus, considering only samples from digital analysis (N = 190), fine root
surface area from Vangueria infausta exceeded mean values from all other
investigated species by factors between 3.8 and 4.3. However, in further analysis
means were also calculated using all samples including void cores. Furthermore, a
distinction between samples either from the ISV or including all cores (i.e., RAD > 0)
was made.
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Using samples from the ISV only, for both parameters (Dwt and RAD), Vangueria
infausta could be clearly separated from the other species (ANOVA, o = 0.05). Fine
root dry weight was much higher (factor 4.2 - 6.9) compared to the other species. In
terms of fine root surface area, Vangueria infausta exceeded that of Grewia flava by
a factor of 8 and both Strychnos species by factors of around 13. Similar results were
obtained when core samples from outside the individual soil volume were included in
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our analysis. Based on these data alone, Vangueria infausta has to be considered as
potentially the most competitive (cf. Table 2).

Table 2. Mean and maximum values from digital image analysis for total length, surface area
and volume of fine root samples for some arid-zone fruit tree species from Botswana.

species N root volume surface area total Ien%th aver. diameter
P [em? dm'3] [em? dm'3] [em dm™)] [em]

mean max sd mean max Ssd mean max sd mean max sd
g\‘f;‘”a 35 0.09 052 0.12 42 197 26 210 590 17.6 007 021 0.04

Strychnos 56 040 068 0.14 37 117 22 150 381 90 008 024 0.05
cocculoides

Strychnos 47 008 033 007 41 112 160 188 414 9.0 007 017 0.03
spinosa

Vangueria g5 50 005 020 16.0 707 4.2 1045 4185 1085 005 0.4 0.02
infausta

N number of samples analysed by digital image analysis
sd standard deviation

Influence of tree age

As core samples from the investigated species originated from individuals of different
age classes, the question arises whether ontogenetic aspects influence mean fine
root dry weight and fine root surface area. Except for Grewia flava and Strychnos
cocculoides, which showed a negative influence of age on mean fine root Dwt
respectively RAD, the other species showed slightly positive correlations between
age and fine roots (samples from ISV). These correlations did even deteriorate when
all samples were included in our analysis. However, due to the fact that degrees of
determination were always low and that the investigation is based on a small number
of individuals, a clear influence of age on Dwt respectively RAD could not be
determined. In a regression analysis (applied to samples from one species) with fine
root dry weight or RAD as dependent variables and age as the independent variable,
clear significant regression coefficients for age were determined only for Vangueria
infausta and Grewia flava. Hence the age of the rootstocks can generally not be used
to predict mean dry weight or surface area of fine root samples. This is in contrast to
results obtained by Hughes et al. (1995) on smaller crop plants, and with fixed
standard soil volume.

Spatial distribution of fine roots

In order to test for species-dependent differences of vertical and horizontal fine root
density, one-factorial ANOVA tests between single species were carried out. With or
without the inclusion of covariates (distance and depth), all species could be
statistically separated from Vangueria infausta (o = 0.05). The vertical distribution of
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mean RAD for the four species is shown in Figure 2. For the RAD, Vangueria
infausta always showed significantly higher values independent of the considered
profile depth (ANOVA, o = 0.05). For the other species no significant changes in RAD
with soil depth could be shown. In the case of Strychnos cocculoides, apart from one
core sample located outside the ISV, no fine roots could be detected in the upper soil
horizon (0-20 cm) — cf. Figure 2 and Figure 3.
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05 10 15 [ (G.f.. Grewia flava, S.c.: Strychnos
? ; ' i i, cocculoides, S.s.. Strchnos spinosa,
RAD [m? m?] V.i.: Vangueria infausta).

The horizontal distribution of fine roots also showed some species-dependent
differences at 0-80 cm soil depth. If we consider only core samples from the ISV, fine
root densities (RAD) and their standard deviations decreased with horizontal
distance. In terms of RAD Vangueria infausta samples had always significantly
higher values than those from the other species independent of their distance
(ANOVA, o = 0.05). Hence, horizontal fine root density of Vangueria infausta greatly
exceeded those of the other species at all distances from the root collar at a depth of
0-80 cm (cf. Figure 3).
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In the upper soil layers (0-20 and 20-40 cm) Vangueria infausta showed high fine
root densities with, in comparison to the other species, the most pronounced
decrease with horizontal distance from the stem (Figure 4). Also here, compared to
the other species and independent of horizontal distance, mean RAD values from
Vangueria infausta samples revealed significant differences for the upper soil layers.
The relative RAD values for the top soil layer (0-20 cm), did not vary greatly between
the species Grewia flava (31%), Strychnos cocculoides (0%), Strychnos spinosa
(38%) and Vangueria infausta (40%). The inclusion of deeper soil layers (0-40 cm),
did not influence the variation between the species (Grewia flava 58%, Strychnos
spinosa 63% and Vangueria infausta 72%). Here, too, Strychnos cocculoides
showed the lowest values (33%) in terms of RAD. In all cases differences between
the species were always more pronounced when RAD was considered in comparison
to Dwit.

20 3
%9 0-20 cm 20-40 cm
R By i
— 15 & & K3
T B b
& S K Figure 4. Horizontal distribution of
] B P . .
£ 10l B K o h mean fine root density expressed as
. p] p] [ e .
Q s & &3 root area density (RAD) from the most
| p] o ey . .
= s o o contrasting species Strychnos
b b e ol . .
051 B B K & cocculoides (S.c.) and Vangueria
& pe] pe] b o . . .
s K s infausta (V.i.) from ISV for different
P e L s .
v o C rooting depths (0-20 cm: left bars,
2 5 25 ol B
o WA B o O 0 o m kol

S.c. respectively 20-40 cm: right bars) and
R&d V.. varying distances (1-3 m) from the root

1 2 3
distance [m] collar.

Soil exploration and exploitation assessed by fine root samples

Results of exploration indices, E(0), calculated as the proportion of core samples
containing fine roots (within the [SV) revealed species-related differences.
Calculation of E(0) for each species showed that Vangueria infausta had always a
higher mean value of exploration index compared to the other species. Furthermore,
Strychnos cocculoides with considerably lower mean values for E(0) could be
statistically separated from the remaining species. For example, considering a
rooting depth between 0 and 80 cm, 81% of the Vangueria infausta samples taken
from the individual soil volume contained fine roots. Values of E(0) for Grewia flava
and Strychnos spinosa samples were already considerably lower (41% and 21%
respectively), the lowest value was shown by Strychnos cocculoides (17% of the
cores included fine roots), indicating the lowest exploration ability (cf. Table 3).
Looking at these data with respect to their spatial variability, species-dependent
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differences are even more pronounced. Whereas Grewia flava and Strychnos
spinosa showed the lowest variability for different soil depth (£ 2% respectively +
6%), exploration indices from Vangueria infausta (+ 10%) decreased with increasing
soil depth, while samples from Strychnos cocculoides (= 16%) showed a contrasting
trend. A clear ranking between the species, especially for the top soil layers (0-40
cm), was obvious (S. cocculoides < S. spinosa < G. flava << V. infausta). Differences
between the investigated species in mean E(0) are less clear with increasing depth.
However, exploration indices from Vangueria infausta have always shown
significantly higher values for a soil depth between 0 and 40 cm. At deeper soil
layers, Vangueria infausta showed statistically higher mean values for E(0) than all
other species, with the exception of Grewia flava at 0-20 and 60-80 depth. In the
case of Strychnos cocculoides values from soil layers between 0 and 40 cm differed
significantly from all values of Vangueria infausta samples, due to considerably lower
mean values.

Table 3. Mean values for exploration index E(0) and parameters for exploitation index E*(¢)
expressed as k value) in the exponential model obtained from fine root samples from
Botswana.

species Nisv n(0) E@©) sd) N, -k sd’) P,
Crowia 9% 39 041 040 91 032 176 092
Styafinos 104 18 017 002 30 023 127 097
f;%‘;’;’;"s 108 23 0.21 007 48 033 038 097
[angueria 176 143 081 023 275 007 035 0.99

Nisy  total number of samples from individual soil volume (/SV)

n (0) number of samples containing fine roots within the ISV

E(0) quotient n(0)/N,sy

sd')  standard deviation for £(0) for all individuals of same species

N, number of samples with an arbitrary value < ¢

-k exponent of fitting equation, see text, for a range of RAD: 1 — 60 cm? I
sd 2) standard deviation for E*(¢) with all individuals pooled

Pmp coefficient of determination of the relation measured vs. predicted

In terms of potential competition with co-existing crop plants, expressed as relation of
core samples within the ISV containing fine roots in different soil layers (values from
all individuals per species were pooled), our investigation revealed the following
results. Whereas in the case of Strychnos cocculoides no cores containing fine roots
were found in the top soil layer (0-20 cm), the remaining species did not show
pronounced differences (Grewia flava: 26%, Strychnos spinosa: 26% and Vangueria
infausta: 28%). Extending this to soil layers between 0 and 40 cm, the above
mentioned differences between the species are still obvious: only 17% of all fine root
containing samples are present here in the case of Strychnos cocculoides. In the
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case of the remaining species approximately half of the cores contained fine roots for
the depth between 0 and 40 cm — Grewia flava (49%) Strychnos spinosa (52%) and
Vangueria infausta (54%). When we took all (i.e., also including samples from
outside ISV) fine root containing samples into account, the relationship between the
species did not change drastically. Considering the portion of cores with RAD > 0, all
species, except Strychnos cocculoides, had quite similar percentage of fine root
containing cores for a soil depth between 0 and 40 cm.

As individual values of E(0) showed considerable variation, especially for Grewia
flava and Vangueria infausta (cf. Table 3), the influence of ontogenic development
was estimated. An analysis of regression with age as independent and E(0) as
dependent variable was carried out. The results showed a significant influence of root
stock age on E(0) for all individuals (p = 1.3x10°, 12 = 0.28). In contrast, in a similar
analysis no influence of the season when the samples were taken (p = 0.20) could be
detected. Thus, similar to the investigation of Hughes et al. (1995), our analysis
confirms the dependency between E(0) and root stock age.

For calculation of the exploitation index, all fine root samples, i.e. also those which
originated from outside the ISV, were taken into account because a larger database
was necessary for this purpose. A transformation E*(¢) = E(@)/E(0) = n(¢)/n(0), where
n(¢) is the number of core samples with RAD > ¢ and n(0) is the number of root
containing core samples, was carried out to normalise the exploitation index. By non-
linear least-square regression, a coefficient k was obtained to describe the
dependency between ¢ and E*(¢) in the form E*(¢) = e’ (Hughes et al., 1995). High
values for k imply a rapid decline in E*(¢) for increasing threshold values .
Consequently, low k-values indicate a wide range of ¢ and therefore higher mean
values of RAD with a more intensive exploitation of a considered soil volume (cf.
Table 3 and 5).

As minimum and maximum values for RAD between the species did vary in a wide
range, we could compare the species only for a common range of RAD. Independent
of any restriction or considering only a common range of ¢-values, all of the
investigated species could be clearly separated in terms of the k value from
Vangueria infausta. Additionally, only looking to common ¢-values, another significant
difference could be detected between Grewia flava and Strychnos cocculoides.
Differences were least pronounced in comparison to Grewia flava (p = 0.013), while
the differences between Vangueria infausta and Strychnos cocculoides (p = 0.009)
and S. spinosa (p = 0.004) were most pronounced (cf. Table 4 and Figure 5). Thus,
in addition to the obvious differences in the degree of exploration, quantitative
examination of fine root exploitation showed differences between the species.
Vangueria infausta had significantly higher mean values for fine root dry weight and
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RAD. Strychnos cocculoides had the lowest exploitation and exploration indices
among the investigated species. Strychnos spinosa and Grewia flava, with a slightly
more intense fine root development than Strychnos cocculoides, are intermediate

species.

A
& \\A
{u g . o
= Sk Figure 5. Exploitation index of root
h o Gf e area density (RAD) in the log-
o Se \\ transformed version. E*(¢) vs. ¢ for
"o S8 ~. ] each of the investigated species (G.f:
“a VUE Grewia  flava, S.c. Strychnos
i cocculoides, S.s.: Strchnos spinosa,
20 40 80 V.i.: Vangueria infausta) with displayed
¢ [em?] regression lines.

It is not surprising that frequently a considerable amount of core samples containing
fine roots were also found far beyond the spatial extension of coarse roots (Oppelt et
al. 2000). Core samples with fine roots located outside the ISV occurred most
commonly in Vangueria infausta (75%), but also frequently in Grewia flava samples
(54%), in contrast to both Strychnos species (12-23%).

Table 4. Exploitation index E*(¢) for fine root surface area of some arid-zone fruit tree
species from Botswana.

E*(9)
() Grewia Strychnos Strychnos Vangueria
[sz |-1] flava cocculoides spinosa infausta
60.0 - - - 0.01
30.0 - - - 0.11
20.0 - - - 0.21
15.0 0.01 0.03 - 0.29
12.0 0.03 0.07 - 0.36
10.0 0.03 0.10 0.02 0.43
8.0 0.03 0.10 0.08 0.52
4.0 0.18 0.43 0.48 0.80
2.0 0.88 0.73 0.81 0.98
1.0 0.93 0.83 0.98 1.00
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Discussion

In an investigation of the geometry of the coarse root systems of the four co-
occurring species clear differences between the species were shown (Oppelt et al.
2000, 2001). For both investigations of root ecology and possible agroforestry
applications, to fully evaluate the rooting strategies of the considered species,
estimation of fine root distribution is essential. This investigation has again revealed
clear differences between the species in terms of fine root density. Furthermore, the
study shows that systematic core sampling can be a useful tool for quantitative
estimation of rooting strategies in terms of exploration and exploitation. With these
results obvious species-specific differences in the potential competition with co-
existing crops can be detected.

In comparison to other investigations (Hughes et al. 1995, Gandar and Hughes 1988,
Ong et al. 1991) very low root length density values (RLD) were found at our sites (cf.
Table 2). This may be a result of the plants being native to an extremely arid
environment, i.e., as adaptation to or consequence of severe drought conditions.
Additionally, it has to be mentioned that most studies use a threshold value for fine
roots < 2 mm (cf. McKenzie et al. 2001), but in our study a diameter of 3 mm was
used to distinguish coarse roots from fine roots. Therefore, care has to be taken in
comparing results from other investigations with our (already) low values that would
be even more reduced when using a smaller threshold value.

Root dry weight per volume soil is a commonly used parameter to estimate root
distribution, as it is easily determined. However, our results clearly show that root dry
weight only poorly reflects the differences in fine root morphology found between the
species (Figure 1). Both, root length density and root surface area, are important
factors for hydraulic properties, but the relationship between Dwt and root length
was, with the exception of Vangueria infausta, not strong enough to calculate reliable
root length densities for the investigated species. Therefore we decided to
concentrate on RAD as a parameter representing morphological as well as
physiological features. Vangueria infausta clearly had a higher fine root biomass
compared to the other species, but this difference was amplified if the surface area of
the roots was considered.

The investigation of exploitation index demonstrates the high exploitation of soil by
the Vangueria infausta fine root system compared to the other three species. In
addition, Vangueria infausta had the highest incidence of fine roots found outside the
spatial extension of the coarse roots. These numerical data and the exploration index
confirm the impression gained in field investigation that Vangueria infausta forms a
root system that intensively explores the soil volume rooted, and can be
distinguished from the other species. A comparison between exploration, expressed
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as E(0), and exploitation, quantified as k-value, revealed the following results:
Vangueria infausta has a low k-value, indicating a high exploitative potential.
Additionally, this species did also show highest explorative ability. The other species,
with approximately 3-fold higher k-values, are representing fine root patterns with
obviously lower exploration and also exploitation ability. Although Hughes et al.
(1995) used RLD instead of RAD, the negative correlation between mean E(0) and
mean k-values is also in agreement with their results. Therefore the question arises
whether a high exploration ability, which can be easily determined by core sampling,
indicates already rooting patterns with high potential exploitation and vice versa.
Additionally, our results from coarse root patterns revealed a similar ranking between
the species concerning exploration, but in terms of exploitation, no species-
dependent differences were found (cf. Part Il).

The obvious species-related differences in exploration and exploitation by fine roots
can be seen as supporting the results of a previous study of branching patterns of
coarse roots (Oppelt et al. 2001). A comparison of the coarse root and fine root
patterns suggests that species with coarse roots with more "dichotomous" branching
patterns may develop a more intensive fine root system in order to explore the soil
volume more thoroughly. In contrast a weak fine root development seems to be
correlated with a "herringbone" coarse root structure, occupying a quite large soill
volume with low amounts of fine roots and only low branching intensity.

The results show that both coarse root and fine root patterns can vary greatly even in
co-occurring species adapted to extreme drought. Furthermore, extremely
contrasting rooting strategies, high vs. low exploration and/or exploitation, seem to
appear on sites with similar environmental conditions. Therefore, contrasting rooting
patterns might be an effective strategy of coexisting plants: spatial sharing of below-
ground resources, especially under conditions where water and nutrients are
severely limiting factors (Noy-Meir 1973, Smith and Nobel 1986, Shmida and
Burgess 1988). In addition, this hypothesis has been supported by comparing the
rooting habits and water relations of species co-occuring in the same environment,
e.g. Cannon (1911), Walter and Stadelmann (1974), Smith et al. (1997).

Colonisation with mycorrhizas facilitates both nutrient, especially P, and water uptake
by plants (Ruis-Lozano and Azcon 1995). With the exception of Grewia flava all other
species investigated have shown arbuscular mycorrhizal associations, however only
Vangueria infausta was highly mycorrhizal (cf. Bohrer et al. 2001), primarily
dependent on environmental conditions. Adequate P nutrition is known to greatly
increase drought tolerance of plants (Graham and Sylvertson 1984).

Some of the results from Schwinning and Ehleringer (2001) about pulse-driven water
uptake are in contrast to our observations concerning the vertical root distribution.
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Fine root distribution, especially in Vangueria infausta, have shown comparatively
high root densities in the top soil layers, so we can not confirm the prediction by
Schwinning and Ehleringer (2001) that much less shallow root biomass is needed to
extract shallow soil water in sandy soils.

Under the aspect of practical applications for agroforestry systems, Vangueria
infausta must be considered as the most competitive one between the investigated
species in terms of RLD and RAD, whereas Strychnos cocculoides seems to be the
less competitive. Strychnos cocculoides has additionally spatial arrangements of fine
roots favourable for agroforestry, increasing with depth and low concentration in top
soil layers, forming a root safety net (Cadisch et al. 1997). The minor accumulation of
fine roots in the upper soil horizons would suggest that in terms of root competition it
is highly favourable for growing with annual crops.

This study shows the differences that can occur in the fine roots of co-occurring tree
species growing under arid and low nutrient conditions. Clearly, adaptation to arid
conditions can occur with highly explorative fine root systems as well as with less
explorative systems. Rooting patterns are also influenced by other limiting soil
factors, not only aridity. In addition, aboveground adaptations to low water availability
have to be taken into account, as within a plant water loss and water acquisition must
be in balance. Different aboveground morphologies as found in these species
(Oppelt et al. 2001) may require different belowground morphologies. However, the
different spatial patterns of fine roots clearly have consequences for possible
incorporation in agroforestry systems.
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Contrasting rooting patterns of some arid-zone fruit tree species

from Botswana - Ill. Coarse root distribution

Abstract

Spatial coarse root distribution of the in situ grown species Strychnos cocculoides
BAk., Strychnos spinosa LAM. (Loganiaceae), Vangueria infausta BURCH.
(Rubiaceae) and Grewia flava DC. (Tiliaceae) was investigated. The woody roots
provide the scaffolding for fine roots, and thus underpin potential competition with
fine roots of other species. We developed a method for quantitative description of
spatial patterns of coarse roots and correlated fine root distribution with the spatial
arrangement of the coarse root systems. In order to estimate different exploration
and exploitation strategies, we used the spatial distribution of structural roots within
the "individual soil volumes" (ISV) of each root system, and compared the results with
other published parameters. We defined a new parameter, "generalized efficiency of
exploitation" GEE(¢), unifying different notions from the literature. Among all the
investigated species and dependent on the considered parameter, either Vangueria
infausta or Grewia flava had the highest mean values of exploration, hence they
could clearly be separated from both Strychnos species. For the exploitation indices,
no significant differences were found. However, the generalized efficiency of
exploitation GEE(¢) was again different between the species. For correlations
between coarse and fine roots, the restriction to the ISV was useful to increase the
strength of correlations.

Introduction

Although in the field of root research the terms “exploration” and "exploitation” are
frequently used expressions, no generally accepted definitions can be found for
these terms. Due to the lack of a unique definition, they are applied as more or less
intuitive terms in most of the literature. For example, van Noordwijk and co-workers
used a very simple definition: they determined the length of the longest (or deepest)
root as a rough estimation for "exploration", whereas the "exploitation" is expressed
as total length or surface area of live roots (van Noordwijk et al. 1996). In contrast,
Berntson (1994), Fitter et al. (1991) and Fitter (1987, 1991a) have much more
detailed notions in mind when they calculate "exploitation efficiency" and "exploitation
potential". Both Fitter and Berntson concentrated either on cost-benefit relationships
of root growth (Fitter 1991b, Fitter et al. 1991) or on exploration and transport
characteristics of root systems in connection with topological and geometrical
properties (Fitter 1985, 1987; Berntson 1994). However, most of the investigations
were conducted at small herbaceous plants. As structural roots determine the
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distribution of fine roots, the architecture of the coarse roots must also be considered
to estimate the suitability of certain woody species for agroforestry systems (cf. Fitter
1985). Hence, in addition to an examination of the potential root competition
expressed as exploration and exploitation indices of fine roots (cf. Part I), we also
investigated and quantified the spatial distribution of structural roots. In analogy to
our quantification of exploration and exploitation by fine roots and extending the
definitions introduced by Hughes et al. (1995), we apply these definitions to coarse
roots in order to quantify competition as well as complementarity aspects.

It is well-known that root interactions are an important issue in agroforestry research
since root competition is one of the critical factors for the success or failure of
simultaneous agroforestry systems (Schaller et al. 2003). But contrary to most root
research, focusing either on coarse or fine roots, the present study analyses both
sorts of roots at the same individuals. Additionally, we are also aiming at basic
correlations between coarse and fine roots. Our main intention in this investigation
was to estimate and compare the potential belowground competition of selected
species, which might be useful for commercial and ecological purposes and thus
valuable to be integrated into a sustainable concept (c¢f. Ong et al. 1991, van
Noordwijk et al. 1996).

Material and Methods

Site description

The investigation site was located in Central District of Botswana between longitude
26° 36.26' — 36.70" and latitude 22° 25.09' — 25.30'. Sample trees were grown on
deep sandy Entisols with no diagnostic horizons (sandveld). According to Soil Survey
Staff (1999) this type of soil belongs to the subgroup of "Typic Torripsamments"”
(LCBG) with rapid infiltration but low water holding capacity. Therefore precipitation
moistens the soil to a greater depth than other soils with an aridic moisture regime.

Coarse root sampling

A detailed description of the investigation site and of the five excavated individuals of
each species can be found in Part | and Oppelt et al. (2000, 2001). As minimum
threshold for coarse roots a diameter of 3 mm was chosen, because a reconstruction
of the structural roots below this value would not have been possible. Each coarse
root system was excavated by manual digging. Starting at the root collar and moving
in a distal direction changes in vertical and in horizontal direction of each single root
segment was measured, until the threshold value of 3 mm was reached. After these
measurements, roots were removed at their ramification base to measure the
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diameters of each segment. For a more detailed description of data processing see
Kurth (1994, 1998) and Oppelt et al. (2000, 2001).

Spatial analysis of coarse roots

In order to analyse and quantify the 3-D data of the structural roots, we used the
software GRODISC (Dzierzon 2003, Dzierzon and Kurth 2002) to obtain information
about spatial coarse root patterns. Values of root length (RLD) and root volume
(RVD) densities are obtained by superimposing an imaginary mesh of cubic cells
over the three dimensional extension of the whole root system. Based on this
calculation we obtained information about the number n(0) of cells which contain
parts of the root system. Furthermore, cells including coarse roots were classified
according to their total root length or root volume, in order to estimate n(¢) values for
soil exploitation.

Exploration and exploitation by coarse roots

Due to different interpretations of the expressions "exploration" and "exploitation" we
attempted to develop a reasonable and comprehensible definition for these terms.
For this purpose we tested the approach used by Hughes et al. (1995), namely their
definition of exploitation index E(¢), which is defined as the proportion of soil volume
which contains a quantity of roots higher than a given threshold value ¢. The range of
¢-values for RLD was between 1 and 100 cm and the threshold for RVD ranged from
0.1 to 200 cm®.

E(0) is the proportion of soil volume which is exploited by any roots (i.e., RLD > 0)
and is called the exploration index. Hence, these parameters quantify the soil volume
potentially depleted by roots. The key idea behind these definitions is that the
presence of only a single root in a given portion of soil volume is already sufficient to
"explore" that soil portion, whereas for "exploitation" a minimum amount ¢ of root
length (or volume) inside the soil portion is required. Of course, both indices depend
on the choice of the considered unit of soil volume (grid cell). In addition we
considered the parameters called "exploitation efficiency" by Fitter (1987, further
developed by Fitter et al. 1991) and "exploitation potential”, tested on actual, but far
smaller root systems by Berntson (1994). "Exploitation potential" was defined as the
sum volume of the depletion zone around each single root (cf. Berntson 1994). On
the basis of the distinction made by Hughes et al. (1995) between "exploitation" and
"exploration", this root-surrounding volume is, however, a parameter quantifying
exploration rather than exploitation. We approximated this volume by the number
n(0) of grid cells containing any root and call the approximation "number of explored
cells" (NEC). The "exploitation efficiency" was defined by Fitter (1987) and Fitter et
al. (1991) as the ratio of total root-system depletion zone volume to total root system
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volume. Adopting the viewpoint of Hughes et al. (1995) again, this parameter must
also be interpreted to quantify the efficiency of exploration rather than exploitation.
Therefore, we called this parameter "exploration efficiency" (EE). In analogy to E(¢),
we define the generalized efficiency of exploitation GEE(¢) as the ratio between the
amount n(¢) of grid cells containing roots with RVD > ¢ and total root volume, where
¢ is a given threshold value. EE turns out to be the GEE(¢) for the special case ¢ = 0.
Table 1 gives an overview of our parameters. Grid lengths of 10 cm for the
determination of NEC, EE and GEE(¢) was used, thus each cube contained one liter
of soil.

Table 1. Parameters used to quantify exploration and exploitation of soil and relations to
definitions from literature

Expression Formula Source
n(0)
exploration index — E(0) N Hughes et al. (1995)
n(¢)
exploitation index — E(¢) N Hughes et al. (1995)
number of explored cells — Berntson (1994): "exploitation
NEC n(0)  potential"

o n0)  Fitter (1987, 1991)
exploration efficiency — EE Vot "exploitation efficiency”
generalized efficiency of M . )
exploitation - GEE(g) Vo this article

) I'max OF  van Noordwijk (1996):
radius or depth of root system Zimax "exploration”
Z RLroot "

total root length or surface or van Noordwijk (1996):
area SAR oot "exploitation"

E(0) — approximated proportion of soil volume containing roots (i.e., RLD > 0)

N — total number of grid cells

n(0) — number of grid cells containing roots

E(¢) — approximated proportion of soil volume filled by amount of roots > threshold value ¢
n(¢) — number of grid cells containg roots > ¢ (i.e., RLD > ¢)

V.00t — SUm of root volume of the coarse root system

Imax OF Zmax — maximum radial extension, resp. depth of coarse root system

2Rl0r OF ESAR, 40t — sUm of root length, resp. total root surface area of coarse roots

Correlations between coarse and fine roots

As the spatial distribution of the structural roots was known from excavation, we tried
to correlate our data from fine root coring with different parameters of the whole
coarse root system. The horizontal extension of the coarse roots and the coring
depth (80 cm) were used to calculate an "individual soil volume" (ISV) for each
individual (cf. Hughes et al, 1995). Based on this data we determined the number of
core samples that are located within the ISV (for a more detailed description see part

).
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All investigated parameters were analysed using one-way ANOVA (o = 0.05) and
least-significance difference tests, using the species as grouping variable. When
necessary, the factor "age" was included as a covariate in order to analyse species-
dependent differences. The software STATISTICA 6.0 was used to carry out the
analysis.

Correlations between above and below-ground parameters

Above ground features, which can be easily determined (e.g., crown projection,
crown volume and root collar diameter) were compared with coarse root patterns with
means of linear regression models.

Results

Spatial patterns of coarse roots

We analysed the coarse root systems for varying sets of rooting depths and
horizontal distance. The following strata were distinguished: Top soil layer (0-20 cm),
deeper layers (0-40 cm) as well as the rooting depth up to 80 cm. Maximum depth of
coarse roots was reached by a specimen of Grewia flava (320 cm) and minimum
depth by a Vangueria infausta coarse root system (112 cm). As individual root
systems had a wide range of age and therefore differed considerably in their total
coarse root lengths, we calculated the percentage of total root length (PRL) located
in different soil layers for each single individual for the sake of easier comparison.

80
60 §§ %ég F_igu.re . 1. Vertical coarse rgot
= o §§ B3 distribution expressed as cumulative
S, i N b PRL for some arid-zone fruit tree
T 40 s §§§5 species from Botswana (G.f.: Grewia
Q K §§§§§§ flava, S.c.: Strychnos cocculoides,
” E§§§ §E§§§§ & Gf SS: Strychnos spinosa and V.i.
e §g§:§ S. c Vangueria infausta); letters on top of
S §E§§§§ mS.s €ach bar denote whether means are
ot BN it 5.8 slet v Significantly  different from ( one
: another at p < 0.05 (Least

rooting depth [cm] significance difference test).

The vertical distribution of relative coarse root lengths (cumulative PRL) for the four
species (mean values for each species) is shown in Figure 1 (see also Oppelt et al.,
2000). If only the top soil layers (0-20 cm) are considered, two contrasting groups
were obvious, one with high relative root length densities, containing Grewia flava
(25%) and Vangueria infausta (24%), the other with distinctively lower values,
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containing both Strychnos species (5-9%). Although both Strychnos species show a
relatively high increase of PRL with increasing soil depth, (0-40 cm), Strychnos
cocculoides (15%) can still be separated from all the other remaining species.
However, Strychnos spinosa (34%) differs significantly in its PRL values only from
Vangueria infausta (54%). With further increase in depth (i.e., 0-80 cm), Strychnos
cocculoides can still be statistically separated from all other investigated species,
until a rooting depth of one meter was reached. In terms of vertical coarse root
accumulation, Strychnos cocculoides contrast the most with with all the other
species, independent of the considered rooting depth (cf. Table 2 and Figure 1).

Table 2. Different F and p values of ANOVA from mean vertical distribution of (cumulative)
PRL for coarse root systems of some arid-zone fruit tree species from Botswana for different
rooting depths.

rooting
depth [cm] F P
0-20 6.21 0.005
0-40 9.14 0.001
0-80 6.88 0.003

Analysis of horizontal coarse root distribution (cumulative PRL) was carried out with
increasing horizontal distance from the root collar (incremental steps of 100 cm), for
the different layers of soil depth: 0-20, 0-40 and 0-80 cm (cf. Figure 2).
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Figure 2. Horizontal coarse root distribution (a: < 100 cm, b: < 200 cm) for different sets of
rooting depths expressed as cumulative PRL for some arid-zone fruit tree species from
Botswana (G.f.: Grewia flava, S.c.: Strychnos cocculoides, S.s.: Strychnos spinosa and V.i.:
Vangueria infausta); letters on top of each bar denote whether means are significantly
different from one another at p < 0.05 (Least significance difference test).

A one-way ANOVA with species as factor showed in terms of horizontal and vertical
coarse root distribution that the investigated species can be clearly divided into two
subgroups: Grewia flava and Vangueria infausta show shallow rooting with relatively
high accumulation of coarse roots in the upper soil layers. Increase of PRL of these
species tailed-off markedly below a soil depth of approximately 40 cm. In contrast,
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both Strychnos species, especially S. cocculoides, show a markedly different pattern
of PRL (cf. Table 3 and Figure 2).

Table 3. Different F and p values of ANOVA from mean horizontal distribution for varying
rooting depths (expressed as cumulative PRL) for coarse root systems of some arid-zone
fruit tree species from Botswana.

horizontal

distance [cm]

0-100
F p

0-200
F p

0-300
F p

0-20
0-40
0-80

4.54 0.017
5.71 0.007
272 0.079

0.62 0.620
4.76 0.019
5.31 0.011

0.07 0.832
1.79 0.27
4.46 0.035

rooting
depth [cm]

Exploration by coarse roots

In terms of different exploration strategies, a one-way ANOVA with species as factor
revealed significant differences of the exploration index E(0) for all considered rooting
depths (i.e., 0-20, 0-40 and 0-80cm). In contrast to both Strychnos species, with
constantly increasing E(0) values for increasing rooting depth, the other species
showed decreasing exploration values for a soil depth below 40 cm (cf. Table 4 and
Figure 3). Here, too, S. cocculoides differed the most to the other species.
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0.08

E(0)

Figure 3. Mean values for vertical distribution
of the exploration index E(0) for different
. rooting depths of some arid-zone fruit tree
1S.s. species from Botswana (G.f.: Grewia flava,
S.c.: Strychnos cocculoides, S.s.: S. spinosa
and V.i.: Vangueria infausta).
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Exploration efficiency and number of explored cells

A comparison between exploration efficiency (EE) and the number of cells explored
(NEC) revealed a positive correlation (* = 0.78) with minimum values for S.
cocculoides and maximum values for G. flava. The analysis of EE (cf. Fitter 1987,
Fitter et al. 1991, Berntson 1994), calculating the volume of explored soil per unit
volume of root, revealed clear species-dependent differences. Grewia flava exhibits
the highest exploration efficiency, followed by Vangueria infausta, Strychnos spinosa
and Strychnos cocculoides. (total root systems: ANOVA o = 0.05, F = 12.9, p =
1.56x107*; ISV: ANOVA o = 0.05, F = 12.6, p = 1.76x107*). In terms of NEC, which
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approximates the volume of soil exploited from the number of cubes occupied by any
roots, no obvious species-dependent differences can be found (/ISV: ANOVA o =
0.05, F=0.92, p = 0.45, total root systems: ANOVA o = 0.05, F = 0.44, p = 0.73). But
when we include the age of the root system as a covariate to NEC, results improved
drastically for the influence of species as a factor for considerations of the restricted
soil volume (F = 11.92, p = 3.8x10™), cf. Figure 4.

Table 4. Mean values of exploration index E(0) for coarse root systems of some arid-zone
fruit tree species from Botswana; letters adjacent to each mean denote whether means are
significantly different from one another at p < 0.05 (Least significance difference test).

depth [cm] __ 0-20 0-40 0-80

Grewia 0068 ab 0071 ab 0.056 ab
flava

Strychnos 545 0026 ¢ 0033 b
cocculoides

Strychnos 1019 b 0045 bc 0055 ab
spinosa

Vangueria 078 5 0096 a 0075 a
infausta

Intuitively, and in agreement with the investigation of Berntson (1994), the correlation
between NEC and total coarse root length is strong (r* = 0.997) independent of the
considered species. Also a good, but slightly less tight fit was achieved between
coarse root volume (r* = 0.90) for the total root system and NEC, thus confirming
Berntson's results (cf. Berntson, 1994). But a separation between the species did
further enhance the correlation results. In contrast, no size dependent parameters
were found to correlate well with exploration efficiency EE. Independent of species
and rooting strategy, a certain root length, and to a lower degree also root volume,
occupies a similar amount of space, expressed as n(0), which can also be used as
an equivalent to the volume of soil explored by structural roots (NEC).
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Figure 4. Relationship between age
(independent) vs. number of explored
cells (NEC) for some arid-zone fruit
oGt tree species from Botswana (G.f:
Grewia  flava, S.c.: Strychnos

800
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Figure 5. Spatial relation between coarse root patterns and location of cores, either
containing (e) or without (o) fine roots for different layers of rooting depths from some arid-
zone fruit tree species from Botswana.

Exploitation by coarse roots

In order to quantify E(¢) we used the parameter "root volume". Differences between k
values (exponents relating ¢ and E(¢), see Part I) for the single species were quite
low. Hence, in contrast to the investigations of fine roots, species could not be
statistically separated from each other. But comparisons between k values must be
done carefully, because the used underlying parameters are different (SAR for fine
roots and RLD for coarse roots). Most pronounced differences of the exploitation
index between the species occurred at smallest threshold values, but were not
significant at the 5% level. For these small values of @, E(¢) is obviously hardly
distinguishable from E(0) and does not give new information. On the other hand,
when we consider larger values of ¢, the differences between the exploitation indices
become even smaller (cf. Table 6). However, clear separations between the species
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were found for the generalized efficiency of exploitation GEE(¢) defined as the ratio
between n(¢) and sum of root volume (Vo). Differences between the species were
most pronounced for ¢ =2 cm? (p = 2.2x10°) and ¢ = 2.5 cm? (p = 2.3x10°) and least
distinct for higher as well as lower threshold values. Considering the whole spectrum
of ¢ values, between 0.05 and 20 cm?, significant differences between the species
were found for all cases where ¢ < 10 cm® The most contrasting species were
Grewia flava, with always highest, and Strychnos cocculoides with lowest mean
values for GEE(¢).

The determination of the rough estimators for "exploration" and "exploitation" used by
van Noordwijk (1996) yielded significant results only for the parameter "total root
length". In this case a rough indicator for exploration is assumed to be given by the
longest (we used the maximum radial extension) or deepest root. In both cases, even
with "age" as a covariate, no significant influence of the species could be extracted.
Likewise, for total length and total surface area of the coarse root systems, size
dependent covariates have to be included. Here, results did strongly improve only for
total root length when age was included as a covariate (F = 4.07, p = 0.03), but not
for total surface area (F = 3.04, p = 0.07). Total root length showed clear positive
correlations with the parameters NEC and E(0) which we used to quantify the
exploration ability. This is not at all surprising given the definition of NEC (i.e., n(0)),
which can be seen as a discrete version of total root length. Hence the total root
length, introduced by van Noordwijk (1996) as an estimator of "exploitation", is in fact
related to explorative abilities when we maintain the meaning of "exploration" and
"exploitation" adopted from Hughes et al. (1995) and does not yield substantial new
information compared with our exploration index E(0). The same holds, to a lesser
degree, for total coarse root surface area.

Table 5: Spatial distance relation for the nearest neighbours between coarse roots and fine
root containing cores for some arid-zone fruit tree species from Botswana.

. outside

species ISV ISV
N minfem] sd N min [cm] sd

Grewia 39 826 41 52 764 150
flava
Strychnos 18 822 31 12  7-51 13.3
cocculoides
Strychnos 23 816 1.7 25 756 137
spinosa
Vangueria 143 7-48 7.3 132 7-76 17.1
infausta

Morphological features of coarse root systems

One of the most obvious morphological differences, which clearly distinguishes the
coarse root systems of the investigated species, is the existence of a very
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pronounced tap root in both Strychnos species. As this feature is well-known to be an
adaptation to arid conditions of some species, we tried to find quantitative differences
between the species and we calculated the relative amount of the tap root volume in
relation to the total coarse root volume. Grewia flava and Vangueria infausta have
only shown a minor relative contribution of the tap root volume (both 23%) compared
with both Strychnos species. Because of the predominance of the relative tap root
volume of Strychnos cocculoides (66%) this species can be statistically separated
from all the other investigated species (ANOVA, o = 0.05, F= 8.8, p = 0.001).

In terms of radial extension Grewia flava and Vangueria infausta were always more
homogeneous in their radial spread of coarse roots than both Strychnos species. As
a consequence many of our root system size dependent parameters revealed quite
good patterns for the first mentioned species, while results for both Strychnos
species for the same factor(s) did considerably deteriorate.
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Figure 6. Distance relation between cumulative number of fine root containing cores (F) for
some arid-zone fruit tree species from Botswana (G.f.. Grewia flava, S.c.. Strychnos
cocculoides, S.s.: Strychnos spinosa and V.i.: Vangueria infausta) from (a) inside and (b)
outside the ISV.

Correlations between coarse and fine roots

In Figure 5, one sample of each investigated species is presented to show the spatial
relation between coarse root patterns and the location of cores, either void or
containing fine roots, for different layers of depth. This example shows that the
spatial correspondence between the location of coarse and fine roots must be
regarded as a difficult issue. Far beyond the spatial range of coarse roots, cores
containing fine roots were frequently found in the case of Vangueria infausta (75%),
and Grewia flava (54%, cf. part I). This result might not be surprising, because these
species have also shown relatively high exploration ability (for coarse and fine roots
as well) and therefore a relatively high amount of cores containing fine roots can be
expected also outside the ISV. Both Strychnos species, with distinctively lower

111



Contrasting rooting patterns — Il. Coarse roots

exploration indices, also revealed lowest relative amount of fine root containing cores
(S. cocculoides 12%, S. spinosa 23%) from outside the ISV.

Table 6. Mean values for different parameters of exploration and exploitation of some arid-
zone fruit tree species from Botswana (calculated for the ISV); letters adjacent to each mean
denote whether means are significantly different from one another at p < 0.05 (Least
significance difference test).

. E(9) GEE(¢)

NE E(0 EE

specles ¢ ©) =2.5cm? =2.5cm?
mean mean mean mean mean

Grewia 619 a 0056 a 332 bed 0016 a 91 bed

flava

Strychnos —— 4a0 5 0033 d 80 ad 0012 a 27 acd

cocculoides

Strychnos 457 5 0055 a 164 a 0025 a 57 ab

Spinosa

Vangueria  ges o 0075 b 202 ab  0.023 a 64 ab

infausta

Nearest neighbour relations, i.e. distance between fine root containing cores and
adjacent coarse roots, were analysed in order to assess the local coupling of
exploration by coarse and fine roots. Distinctive and common features of the
investigated species were found (cf. Table 5, Figure 6). For all the investigated
species, and within the ISV, most of the cores containing fine roots (Vangueria
infausta: 77%; remaining species: >90%) were located in the immediate vicinity (< 10
cm) of coarse roots. Outside the spatial range of the coarse roots, 75% from
Strychnos cocculoides fine root samples were located within a distance to coarse
roots lower than 10 cm; all other species had distinctly lower values (35-46%),
indicating that these species spread their fine roots further. Inside the ISV, mean and
maximum distances between coarse and fine roots were smaller for both Strychnos
species than for Grewia flava and Vangueria infausta. Outside the ISV mean and
maximum distances between fine roots and neighbouring coarse roots increased
drastically for all the species (cf. Table 5 and Figure 6). Summarizing common
trends, distances between nearest neighbours were distinctively lower inside the ISV
than outside. And with the exception of S. cocculoides all differences were higly
significant (p < 0.0001) for each species. Hence, for considerations outside the
restricted soil volume, distribution of fine roots, expressed as cumulative amount vs.
increasing distance, can be well approximated (* = 0.90-0.99) with logarithmic
functions for each single species. But within the ISV, we have not yet found a
function that fits well (cf. Figure 6). Outside the ISV, 90 percent of the fine roots were
found within 30 respectively 35 cm for S. cocculoides and S. spinosa, whereas in the
case of Grewia flava (45 cm) and Vangueria infausta (55 cm) the same relative
amount of fine roots was dispersed within a larger distance. This also explains the
differences in the number of root-containing cores outside the ISV.
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When we tested the relationship between total coarse root length and total coarse
root volume, respectively, of all individual root systems together and total sampled
dry weight of the fine roots, only weak correlations were found for these parameters
(r* = 0.50 respectively 0.47). If we further restricted our considerations only to total
fine root dry weight within the ISV, correlations did improve considerably (r* = 0.76
respectively 0.84) for both total coarse root length and volume. If we omit one
specimen from Vangueria infausta (# 708), sampled during the wet season and
probably therefore with an extraordinary high amount of fine root dry weight, our
results once again improve drastically (r* = 0.85 and r* = 0.92) for coarse root length,
respectively volume.

Correlations between above-ground and below-ground parameters

The correlation between root collar diameter, an easily measured parameter, and the
fine root dry weight, was tested. As earlier studies (Oppelt et al., 2001) have already
revealed good correlations between root collar diameter and total coarse root length
respectively root volume, it is not surprising that the correlation between diameter of
the root stock and fine root dry weight from the samples located in the ISV also gave
good results. Here too, using cores only within the ISV improved the correlation
drastically.

Furthermore, the root collar diameter was also well correlated with the explored soil
volume (NEC) of the total root systems in the case of Grewia flava (r* = 0.95) and
Vangueria infausta (r* = 0.93), but not so well for both Strychnos species (r* = 0.42
for S. cocculoides and r* = 0.74 for S. spinosa). This result is also in close
accordance with the above mentioned relation between total root length and depleted
soil volume and furthermore also with results from earlier studies, investigating the
relationship between root collar and total root length (cf. Oppelt et al., 2001).

In contrast to the irregular horizontal projection of Strychnos cocculoides root
systems, all other species showed a quite symmetrical spread of coarse roots.
Therefore, with the exception of S. cocculoides, good correlations were also found
between the root collar diameter and the horizontal extension (expressed as mean
value between maximum extension in x and y direction) for each single coarse root
system (r? = 0.96, 0.46, 0.75, 0.90). Furthermore, the root collar diameter can also
serve as a good predictor for the maximum radial extension of the coarse root
systems of our investigated species (r* = 0.98, 0.57, 0.66, 0.86).
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Discussion

Methodological aspects

With increasing limitations on water or nutrients, belowground competition becomes
a more critical factor, thus root competition has to be regarded as a very important
subject for successful agroforestry systems (Ong et al. 1991). Our investigation
revealed that excavation of total coarse root systems combined with additional
integration of results from systematic fine root sampling can yield more detailed
information and better insights into whole root system architecture (cf. Hughes et al.
1995). This "holistic" aim was achieved through comparison of fine and coarse root
patterns. In contrast to Hughes et al. (1995), with a fixed standard volume, we
defined an individual soil volume (/ISV), based on the horizontal and vertical
distribution of coarse roots. With this aid it was possible to find some valuable
correlations between both entities and also to determine different distribution patterns
of fine roots depending on their location.

Aspects of exploration

As the distribution of roots of the investigated species have shown to differ
considerably (Oppelt et al. 2000, 2001), we focused on different aspects of
exploration and exploitation. However, this attempt is not at all an easy issue,
because these terms are often used without their meaning being clearly defined. We
applied the exploration index E(0), introduced by Hughes et al. (1995) and originally
developed for the estimation of fine root distribution, to whole coarse root systems:
This attempt turned out to yield a useful parameter to quantify diverse exploration
strategies of coarse root systems from co-occuring species. Hence, this information
can be used to select promising species under aspects of potential competition. The
comparison of the exploration indices for fine and coarse roots gave similar values
suggesting that fine root patterns can possibly be used as an indicator of coarse root
architecuture. Furthermore, the percentage of soil samples containing fine roots
outside the ISV was also well correlated with the indices for E(0) of both, fine and
coarse roots. Hence, the index E(0) seems to be suitable to assess the potential
competition exerted by fine roots as well as by coarse roots. However, follow-up
investigations, including detailed sampling of coarse and fine root distributions of the
same individuals, will be necessary to confirm these general conclusions. Based on
exploration parameters, Vangueria infausta and Grewia flava appear to be the most
competitive species. Hence our observations do not agree with results from
Schwinning and Ehleringer (2001) that shallow rooting species (Grewia flava and
Vangueria infausta) need a lower root density to extract water from upper soil layers.
The simple estimators for exploration or exploitation suggested by van Noordwijk et
al. (1996) did not give much reliable information in our case.
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Aspects of exploitation

For the considered species no correspondence between k values of the exploitation
index E(¢) for fine roots and coarse roots was found. Furthermore, the exploitation
index revealed no clear species-specific trends, no matter what ¢ value was chosen.
Due to this, we tried to find another parameter related to exploitation. The parameter
GEE(¢) — similar to EE - also includes efficiency considerations and is therefore a
measure for exploitation efficiency, with "exploitation" strictly understood in the sense
of Hughes et al. (1995). Using GEE(¢) values, the species could be clearly separated
from each other, and also yielded more consistent results for several ¢ values.
Therefore, for the description of coarse root systems we favour this parameter to
describe exploitative differences between the species. In contrast to the investigation
on fine roots, the link between exploration and exploitation of coarse roots was not so
clear.

Considerations of efficiency

E(0) and E(¢) are simple quantitative indices of spatial extension, whereas a
consideration of efficiency is inherent in the calculation of EE and GEE(¢). In contrast
to E(0), where V. infausta was most competitive, G. flava turned out to be the
superior species in terms of NEC, EE, and GEE(¢), followed by Vangueria infausta
as the next most competitive species. These species contrast strongly to S.
cocculoides. In contrast to Berntson (1994), a clear tradeoff between NEC and EE
was not shown for the investigated species. Hence, highly explorative species seem
to achieve this status also in a more efficient way compared with less explorative
species. Comparison between GEE(¢) and EE indicates that efficiency of exploitation
and efficiency of exploration are closely related to each other, suggesting that
strongly exploring species do also exploit the soil intensively ("The winner takes all").

Ecological consequences

Our study clearly shows that contrasting rooting strategies can occur in the same
habitat. These observations are in accordance with well-known patterns from other
arid zone plants (Cannon 1911, Weaver 1919) where shallow rooting and highly
branched species and, on the other hand, deeper rooting species with herringbone-
like root systems were frequently observed. These different structures imply clear
consequences for the potential competition: shallow rooting and highly branched
systems (Grewia flava and Vangueria infausta) will probably compete more
intensively with intermixed crops than the deeper rooting Strychnos species (cf. Fitter
1987). Hence, no generalisation can be drawn concerning "typical" rooting patterns in
arid regions.
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Species-dependent differences of the vicinity of fine to coarse roots were found, and
can be interpreted as different searching and foraging strategies. Also distinctions (cf.
Figure 6) between inside and outside the ISV support the idea of the "tragedy of the
commons": a plant should first proliferate roots in unoccupied soil, then in soil
occupied by a conspecific competitor, and lastly in soil already occupied by its own
roots (Gersani et al. 2001).

Various investigations (Fitter 1987, 1991b) have emphasized the dependency
between root morphology and availability of water and nutrients. However, according
to our results, the assumption that a more herringbone-like pattern is favoured where
soil-derived resources limit plant growth, especially in nutrient-poor and arid
environments, is too simple. The existence of contrasting rooting patterns of co-
occurring species suggests spatial and temporal sharing of soil-derived resources.
Partitioning of the environment has been shown by comparing rooting habits and
water relations of other co-existing species in the same environment (e.g. Walter and
Stadelmann 1974, Cohen 1970, Cody 1986). Our results agree with these ideas.

Conclusions

= Coarse root sampling with digital 3D reconstruction of root systems can give
insight in different growth and foraging strategies of root systems.

= Parameters quantifying "exploration" and "exploitation" can be defined in a
meaningful way, together with corresponding measures of efficiency, based on
the approach of Hughes et al. (1995) — and these definitions make also sense
for coarse-root systems.

= Co-existing species develop contrasting rooting architectures, which may be
an adaptation to reduce competition for limited resources.

= Development of a weak fine root structure is related with a weak coarse root
structure and vice versa.
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