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Abstract

An increasing number of studies indicate that (i) nutrient and water resources can be abundant in the subsoil and
(ii) trees have deep root systems that can possibly reach these resources. It is less clear whether subsoil resources
are actually improving water and nutrient status of tree-based cropping systems and whether they are significantly
increasing crop production and yield. To answer such a question, the distribution of nutrient and water uptake by
trees needs to be quantified. So-called ‘root activity distributions’ give valuable information about actual subsoil
use by trees whereas studies on root length or mass distributions do not often correlate with uptake distributions.
Despite the usually lower relative root activity in the subsoil compared to the topsoil per unit soil, the large volume
of subsoil in comparison to mostly shallow topsoil is an important resource for crop nutrient and water uptake.
The present study compares published root activity distributions using the model Activity=Amax(1–kdepth). The
obtained regression constants k of 0.91–0.99 determined in this publication reflect the values computed by an
earlier published survey for root biomass ranging from tundra to those of temperate forest biomes. Thus, tree crops
can have shallow root activity and 75% of their total root activity in the first 0.1 m of soil, or very deep root activity
with more than 90% below 0.1 m. Neither environmental factors (i.e., climate and soil properties available from
these publications) nor plant species explain differences of root activity distributions with depth. The deepest root
activity is found for fruit trees such as citrus, guava and mango. Shaded crops such as coffee and cacao tend to
have shallower root activity than fruit trees. Monocots including oil palm, coconut or banana have root activity that
can be both deep and shallow. Regional and temporal variations of subsoil root activity for the same tree species
are significant and generally larger than differences between species. Root activity patterns of tree crops appear to
be sufficiently flexible to allow for subsoil resource use. Consequently, management such as pruning, fertilization,
liming and irrigation are shown to significantly affect subsoil root activity.

Introduction

The vertical uptake distribution of water and nutri-
ents from soil is an important study topic because
soil resources are not equally distributed throughout
the soil profile. Root distribution of field crops (Van
Noordwijk and Brouwer, 1991) as well as other plant
communities (Canadell et al., 1996) have been sum-
marized in sufficient detail to allow for some general
conclusions on subsoil resource use, but this level of
information is not yet available for tree-based crop-
ping systems. In this publication tree-based cropping
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systems are defined as all land-use systems where trees
play an important part in the production. These are
comprised of fruit tree plantations, but also simultan-
eous and sequential agroforestry systems. Especially
in tree-based cropping systems, subsoil resource use
can be important for plant nutrition (Comerford et al.,
1984) and is one of the main reasons for integrating
trees into cropland (Sanchez, 1995). In mixed crop-
ping systems with trees, the knowledge of the vertical
root distribution is crucial for the optimization of re-
source use (Van Noordwijk et al., 1996). The ability
of trees to access subsoil nutrients and water depends
on several factors such as tree species, soil physical
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Figure 1. Nitrate and ammonium contents of a Xanthic Ferralsol in
the Central Amazon under four different tree crops (0.5 m distance
from stem; two samples from two trees per replicate) before the
rainy season; mineral N extracted with 1 N KCl for 2 h and analyzed
with a segmented flow analyzer (Scan Plus Analyzer, Skalar Ana-
lytical B.V., Breda, The Netherlands); means and standard errors
(N=3; randomized complete block design).

and chemical properties, tree management and the
cropping system. In the following, I discuss the im-
portance of subsoil resources, the ability of tree crops
to use them, the factors influencing this ability, and
management effects on subsoil root activity.

Subsoil resources

The quantification of subsoil root activity is obsol-
ete if no resources are present in the subsoil. Recent
research shows that considerable amounts of plant-
available nutrients and water can be present below the
topsoil (more than 10–30 cm deep) or even below 1
m depth, and that these resources may be used by
plants (Stone and Comerford, 1994). Numerous stud-
ies have shown that soil moisture can be equal to or
higher in the subsoil than in the topsoil. The ratio of
subsoil-to-topsoil moisture varies greatly, but is gen-
erally higher with larger evaporation and with access
to ground water. Borchert (1994) reported a high de-

pendence of water use and phenology on subsoil water
availability for several multi-purpose trees in a trop-
ical dry forest such as Albizia guachepele, Gliricidia
sepium, Cordia alliodora and Gmelina arborea. This
was more pronounced in areas that had drier surface
soils in some seasons and access to subsoil water. In
a persimmon tree orchard in Japan, tree growth and
fruit yield depended greatly on subsoil water availab-
ility (Hase et al., 1988). In both cases, subsoil water
use controlled tree crop performance. Less obvious
than water availability are the amounts of subsoil nu-
trients available to plants and their role in tree crop
production. Soil organic matter contents are usually
higher at the topsoil and are responsible for the re-
tention and release of nutrients. Also, nutrients added
to soil by litterfall and fertilization usually accumu-
late at the topsoil. High precipitation and temperature
lead to rapid mineralization and leaching, which trans-
ports nutrients down in the profile in many regions.
These nutrients constitute an important resource for
the cropping system but are usually percolating be-
low the root zone of the tree. Trees may intercept
percolating nutrients and act as a ‘safety net’ against
excessive nutrient losses by leaching (Van Noordwijk
et al., 1996). In some cases, however, adsorption of
nutrients can also be considerable in the subsoil and
retard or temporarily prevent leaching below the root
zone. Cation adsorption has even been observed in the
subsoil of acid soils, but may only affect seasonal dy-
namics of cation leaching (Matschonat and Matzner,
1995). Anion adsorption may be significant and large
amounts of nitrate (Cahn et al., 1992) and sulfate
(Manderscheid et al., 2000) can be temporarily stored
in acid subsoils. An increasing number of results have
recently become available which show large quantities
of NO3

− in subsoil layers under different trees and in
different ecoregions. Buresh and Tian (1998) reported
that 70–315 kg NO3

−-N ha−1 are stored in subsoils
(0.5–2 m depth) at various locations (158 plots) in
western Kenya. This accumulation is a valuable re-
source especially in those soils and climates where
available nutrient contents are low, leaching is high,
and the soils are deeply weathered, such as in the hu-
mid tropics. Nitrate leaching can be very rapid under
these climatic and edaphic conditions and nitrate was
found to a depth of 5 m under four different tree crops
in the central Amazon (Figure 1). Ammonium is usu-
ally concentrated near the topsoil and correlates well
with total N and C contents. However, subsoil nitrate
accumulation may also be of significance in temper-
ate climates. Faby and Naumann (1986) reported high



321

subsoil nitrate contents (267 kg NO3
−–N ha−1 at 0.3–

0.9 m) in a well-buffered loess soil of an apple orchard
in Germany. Using a large database consisting of more
than 20 000 soil profiles (>90% from the U.S.), Job-
bágy and Jackson (2001) showed that available P and
K were on average concentrated near the soil sur-
face, whereas appreciable Ca, Mg, NO3

−, and SO4
2−

concentrations were found in the subsoil with higher
nutrient stocks at 20–100 than 0–20 cm depth. For
Mg, this comparison also held when soil types were
restricted to highly weathered Ultisols.

Indications exist that such subsoil nutrient re-
sources can actually be used by tree crops and can be
an important source of nutrients to plants. Sugar maple
(Acer saccharum) was shown to recycle Ca from the
subsoil (below 20 cm depth) to the surface and model-
ing demonstrated that a relatively small amount of Ca
uptake in the deep soil is able to sustain high amounts
of available Ca in the surface soil (Dijkstra and Smits,
2002). In Canada, Kowalenko (1996) reported a bet-
ter correlation of subsoil mineral N at 0.3–0.6 m than
surface mineral N with hazelnut N nutrition in some
years. In several experiments in Kenya, legume fallow
trees were shown to utilize subsoil nitrate to a depth
of 2–4 m (Hartemink et al., 1996; Mekonnen et al.,
1997).

The availability of water in the subsoil may also af-
fect the utilization of subsoil nutrients and vice versa.
In a nutrient-poor loamy soil in Nebraska, alfalfa de-
veloped roots to a depth of 2 m only if both nutrient
and soil water were available (Fox and Lipps, 1955).
Pockets of roots of this perennial were found only
where both available P and Ca increased within buried
A horizons and soil moisture was high near the water
table. Similar dependencies should be valid for woody
perennials, as well.

Under certain geological conditions, nutrient avail-
ability is higher at greater depth than at the topsoil
due to nutrient release from the parent material. In
their review, Stone and Kalisz (1991) list several
published examples where nutrient contents were sig-
nificantly higher in the subsoil at several meters depth
than in the topsoil and could be exploited by trees
such as N in shale, P from a phosphatic marl, and
K in stratified deposits. Although these are extreme
cases, most substrates are indeed not homogeneous
and increasing nutrient availability with depth may
occur in many situations. In the following I will dis-
cuss which factors may control subsoil resource use
such as species properties, soil properties, and tree
management.

Subsoil root activity

Root abundance of plants is usually highest at the
topsoil (Canadell et al., 1996). Tree crops are not an
exception and often have their maximum root length
density in the first centimeters of soil or even in the
litter layer. However, early reports have revealed that
tree crops can also have roots at several meters depth,
as shown for apple below 2.7 m in Wisconsin (Goff,
1897, cited in Stone and Comerford, 1994) or even
below 4 m in Nebraska (Yocum, 1937). Some ex-
treme cases have been reported where tree roots were
found at 35–61 m depth (Stone and Kalisz, 1991).
No account is possible from these types of assess-
ments, however, about the relative distribution with
depth, and they may therefore have limited value for
the quantification of subsoil resource use.

In contrast to root abundance measured as the
amount of root tips, unit weight, or length of live
or dead roots per unit soil weight or volume, so-
called ‘root activity’ measurements reflect the actual
uptake of nutrients or water by roots. Several differ-
ent approaches are available to assess root activity
at different depths: such as plant uptake of applied
radioisotopes (IAEA, 1975; Lehmann and Muraoka,
2001; Wahid, 2001); uptake of stable isotopes that
were applied or occur naturally (Dambrine et al., 1997;
IAEA, 1975; Lehmann and Muraoka, 2001; Plam-
boeck et al., 1999); and depletion of water (Wahid,
2001) or nutrients (Schroth et al., 2000).

Most isotopic techniques measure the foliar con-
tents of a tracer applied to a certain depth. By com-
paring different trees that received a tracer application
at different depths, the distribution of root activity can
be calculated as the percentage uptake from one depth
in relation to all other depths where the tracer was ap-
plied. Isotopic techniques give better estimates about
the activity of roots than root abundance, but cannot
determine absolute uptake from a specific soil depth.
Rather, they give relationships between the uptakes
from different depths.

Natural occurrences of unusual elements or natural
isotope discrimination at depth can be used as indicat-
ors for subsoil nutrient uptake but are limited to few
sites. Furthermore, they would not yield uptake pro-
files and therefore provide only a snapshot as to which
depth the roots definitely reach. An example is the
U uptake by Juniperus monosperma and Pinus edulis
from coal-beds at 20 m depth (Cannon and Starett,
1956, cited in Stone and Kalisz, 1991) or the use of
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Figure 2. Root activity distribution and life root length density (<1
mm) under two fruit trees in the central Amazon at 6 and 4 years
after planting, respectively; the black bars indicate root length; the
lines indicate the measured root activity at three depths (10, 60,
150 cm), the gray bars are the proportions of root activity between
10–60 and 60–150 cm depth obtained by multiplication of the av-
erage activity (linear interpolation) between two application depths
and the depth of the soil layer; root activity patterns shown as a
mean of tracer applications at the end of the dry (using with both
32P and 15N) and wet (double-labeling of 32P and 33P) season;
root length density determined by destructive sampling of all live
roots present, but it can be assumed that almost all roots derived
from the respective tree species (activity (N=3) and length density
(N=2) recalculated from Lehmann et al. (2001) and Haag (1997),
respectively; means and standard errors).

87Sr-to-86Sr ratios for trees in Spain (Dambrine et al.,
1997) and French Guiana (Poszwa et al., 2002).

The depletion of total or available nutrient con-
tents can rarely be used for an assessment of root
activity because nutrient export by leaching from the
studied soil depth as well as nutrient input by leach-
ing, mineralization, and weathering are commonly not
quantified. Some estimates can be done in situations
where several of these processes can be excluded: such
as when nutrients are immobile in soil, not present
in other than the measured form, or where leach-
ing can be neglected. Accompanying measurements
of root abundance may help to support the conclu-
sions (Schroth et al., 2000). The same is true for root
activity estimates using soil water contents or suction,
although the sources and sinks of water can be better
controlled in the subsoil.

Root activity measurements by IAEA (1975) re-
vealed that many studied trees took up more resources
per unit soil depth from the topsoil than the subsoil.
Some exceptions exist where root activity was higher

at 20–40 cm than 10 cm depth (IAEA, 1975). For
example, peach palm (Bactris gasipaes) had a higher
uptake of applied tracers from 60 than 10 cm depth
(Figure 2). These calculations disregard the fact that
even if the uptake from a soil layer with a thickness
of only 10 cm is 10 times higher than the uptake from
a soil layer with a thickness of 1 m, the total uptake
is the same from both layers. Therefore, the relative
contribution of the soil layer at a depth of 60–150 cm
to total uptake was higher than the one at 10–60 cm for
both tree crops (Figure 2). Even T. grandiflorum with
an uptake of only 19% at 150 cm depth compared to
10 and 60 cm depths took up more resources from 60–
150 cm (60%) than 10–60 cm (40%). Considering the
large amount of plant-available nitrate present in the
subsoil at the same site (Figure 1), this root activity
distribution could lead to a significant N resource use
from the subsoil.

In the example discussed above (Figure 2), the
distribution of the length density of fine roots satisfact-
orily reflected the depth distribution of root activity
averaged for the entire year. However, when root dis-
tribution was determined in different seasons, such as
for coffee in Kenya (Figure 3), root mass distribution
did not always match root activity distribution, which
was found to be more sensitive to seasonal changes
in soil water. Unfortunately, root length density data
are not available from this experiment, but since
the reported values are fine roots, the length density
should behave reasonably similar to the mass. Simil-
arly, guava root activity significantly increased in the
subsoil during the dry season which was not reflected
by the distribution of fine root mass (<1.5 mm) (Pur-
ohit and Mukherjee, 1974). Root activity of orange
trees was measured using 32P applications in approx-
imately 3-week intervals during one year and large
differences and rapid changes were found between
seasons with one order of magnitude difference (Iy-
engar and Shivananda, 1990). Short-term changes of
the uptake distribution of water and nutrients, which
can be quite large and rapid, cannot be detected by
root sampling. Root activity measurements can yield a
more dynamic picture.

Root activity and nutrient uptake commonly de-
pend strongly on soil water contents, and this has
been extensively shown for annual crops (e.g., Cox
and Barber, 1992). Due to the longer life cycle of
woody perennials than annuals, the disparity between
root abundance and activity may be even larger for
tree than field crops. The question remains, whether
root abundance is an adequate time integral of root
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Figure 3. Root activity and root mass (fine roots <2.5 mm diameter) distribution of coffee (Coffea arabica) in dry and wet seasons at different
soil water contents (FC field capacity; PWP permanent wilting point) (N=4 for root data, N=2 for water data; Huxley et al., 1974).

activity. In most cases, root activity distribution is not
static and neither is root abundance. When the root
system is in equilibrium, seasonal fluctuations of root
abundance distributions of trees may lag behind root
activity changes but may have no large impact on in-
terpretations of uptake patterns. This is often the case
in mature and undisturbed forests or grasslands with
little seasonal weather changes. In tree-based cropping
systems, however, root systems are more dynamic and
react not only to seasonal changes of soil moisture and
temperature but also to tree and soil management. Ad-
ditionally, the root systems expand during maturation.
Under these circumstances, root abundance may not
represent root activity well and assessments of root
activity distributions are more suitable.

Spatial and temporal heterogeneity of root activity
distributions

Root distribution is laterally not homogeneous, as
roots seek areas where they can grow easily and fre-
quently follow water and nutrients in the soil. Cracks
in parent rocks (Dell et al., 1983), soft spots in hard
pans, and old root channels are preferred rooting areas
(Van Noordwijk et al., 1991). In root channels at
15–40 m depth of Eucalyptus marginata forests in
southwestern Australia, exchangeable Ca of the gran-
itic clay was increasingly depleted with proximity to
the root surface (Dell et al., 1983). These root activity
patterns pose large challenges to the assessment of the
contribution of the subsoil to total nutrient and water

uptake. The suggested tracer studies may not be ad-
equate under these circumstances, as uptake and solute
flow patterns may correlate under preferential rooting
and flow. Van Noordwijk et al. (1991) found an ad-
vantage for crop roots to use old root channels since
N flows passed through these channels and N could
be more easily taken up by the roots. Modeling ap-
proaches may help to better understand the root activ-
ity distribution under spatially very heterogeneous soil
conditions.

Seasonal differences in resource distribution in the
soil also control root activity distributions. This was
frequently demonstrated for soil water uptake, which
closely follows the water distribution in soil. In dry-
land Kenya, tree root activity had the capacity to
switch rapidly from one part of the root system to
another in response to soil moisture availability de-
termined by sap flow measurements (Odhiambo et al.,
1999). This information could not be obtained from
root length densities in the same study. But also the up-
take of 32P by cacao (Theobroma cacao L.) was shown
to increase at 30 cm depth in relation to the overlying
soil during the dry season (Ahenkorah, 1975). Lemon
trees also had a higher root activity at greater depths
(measured to a depth of 60 cm; Chandra et al., 1979) as
well as coffee (measured to a depth of 180 cm; Huxley
et al., 1974) during the dry season compared to the
wet season. Several other studies confirm these results
(Iyengar and Shivananda, 1990; Purohit and Mukher-
jee, 1974). The seasonal changes are controlled by
soil water availability as demonstrated for coffee in
Kenya (Figure 3). During the rainy season with high
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soil water availability throughout the soil profile, root
activity was highest near the topsoil. In the dry season,
however, topsoil water availability was low and root
activity decreased at 15 cm depth (Figure 3). Apart
from lower mass flow and diffusion, dry soil condi-
tions may also cause root death thus reducing root
activity (Forde, 1972).

Low topsoil root activity induced by lack of mois-
ture should result in a lower uptake of topsoil nutrients.
In this case, it is important to know if sufficient sub-
soil nutrients are available to the tree for sustained
growth throughout the drier period. Even in a sandy
soil with low subsoil nutrients, the nitrate, Ca, K, and
Mg concentrations of the xylem sap of sinker roots of
Banksia prionotes were still 40–60% of those found
in the lateral roots during the dry season (Jeschke and
Pate, 1995). Banksia is a fast-growing tree of the open
woodland of southwestern Australia with a dimorphic
root system forming deep roots to the water table and
at the same time superficial roots. Since the sap flow
in sinker roots was supposedly high compared to that
in the lateral roots during the dry season, the total con-
tribution of the subsoil to tree nutrition was significant
during dry periods.

Biophysical factors affecting subsoil root activity
by trees

Tree species

The ability to access subsoil resources is driven by
both the availability of these resources, the tree and
soil management, as well as the physiological charac-
teristics of the tree species and cultivars. Adaptation
of species for accessing subsoil resources vary and de-
pend on their specific strategies to cope with nutrient
and water stresses.

Figure 4 shows the cumulative root activity dis-
tribution with depth for the trees listed in Table 1.
Few data of root activity distribution are available
with measurements of more than four depths extend-
ing deeper than 100 cm. Although many studies show
similar root activity in the first and second depths that
were analyzed, an assessment of root activity deeper in
the profile was sometimes not conducted. The reason
may often have been the need for a large number of
plots with sufficient distances to each other. Other
than root observations using core sampling, trenches
or rhizotrons where all depths can be investigated at
the same tree or plot, root activity measurements re-
quire a new plot for each depth. Sufficient distance

Figure 4. Cumulative root activity with soil depth for 38 tree crops
listed in Table 1. Vertical distribution given as the mean of all dis-
tances from the trunk, from all multiple measurements and seasons
given in the studies.

must be maintained between these subplots to exclude
cross contamination, because lateral root activity can
be considerable as shown for oil palm in Ivory Coast
(IAEA, 1975).

In order to quantitatively compare root activity dis-
tribution a model for vertical root distribution was
fitted to the data derived from the theoretical model
of Gale and Grigal (1987), with the modification of
using a maximum activity constant Amax :

Activity=Amax(1–kdepth)

Amax was used because very few data sets are avail-
able which assess root activity to greater depths. Only
data that included three or more measured depths and
even spacing between depths were used for modeling.
The regression constant k is a measure of the relative
rooting depth, higher values indicating deeper root-
ing (Table 1). The constant was used to calculate root
activity distributions with a maximum (Amax) of 100%
(Figure 5) and the depth that comprises 75% of the
total root activity by a given tree (Table 1). This model
also recognizes the specific dependency of total uptake
on the volume from where resources are taken up as
discussed earlier (Figure 2). The values obtained from
such a model can be included in modeling exercises of
nutrient and water cycling.
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Table 1. Tree species, site description and regressions for root activity distributions shown in Figure 4; regressions were not performed for
data sets with two depths or less and with uneven spaces between depths of application

Graph Tree species Age Country Soil type Climate∗ k† Depth of r2 Source

and 75% root (source for climate data)

symbol activity

(years) (mm (◦C)) (cm)

C E Theobroma cacao 20 Ghana Oxisol 1341 (25.8) 0.873 10.2 0.924 Ahenkorah (1975)

(Ho, Kumasi‡)

D � Cocos nucifera 9 India Oxisol 683 (27.8) 0.988 113.9 0.971 Anilkumar and Wahid

(1988)

A � Citrus reticulata 5 India Alfisol 1607 (13.3) 0.971 46.3 0.910 Badiyala et al. (1992)

(Shimla‡)

C � Mangifera indica 18 India n.a. 706 (25.0) 0.971 47.3 0.991 Bojappa and Singh (1974)

(New Delhi‡)

A � Citrus limon 6 India Clay loam n.a. 0.990 135.2 0.995 Chandra et al (1979)

C · Citrus paradisi 20 India Sandy n.a. 0.983 80.9 0.974 Dhandar and Singh (1989)

loam

A E Olea europaea 20 Spain Loam irrig. (18.2) 0.981 71.9 0.995 Fernandez et al. (1991)

B � Acacia 5 India Oxisol 2570 (27.1) – – – George et al. (1996)

auriculiformis

B � Casuarina 5 India Oxisol 2570 (27.1) – – – George et al. (1996)

equisetifolia

B � Leucaena 5 India Oxisol 2570 (27.1) – – – George et al. (1996)

leucocephala

B � Ailanthus triphysa 5 India Oxisol 2570 (27.1) – – – George et al. (1996)

C � Coffea arabica 9 Kenya Alfisol 1500 (18) 0.976 56.7 0.983 Huxley et al. (1974)

(estimated)

D � Musa sp. 2 Uganda Ultisol n.a. 0.922 17.1 0.543 IAEA (1975)

A � Citrus sp. 30 Spain Inceptisol n.a. – – IAEA (1975)

C + Citrus sp. 12 Taiwan Sandy n.a. – IAEA (1975)

loam

C ∇ Coffea arabica 8 Colombia n.a. 2554 (20.8) 0.984 86.0 0.984 IAEA (1975)

(Chinchina‡)

D � Cocos nucifera 60 Philippines Black silty 2051 (27.7) 0.986 99.0 0.985 IAEA (1975)

loam (Manila‡)

D � Cocos nucifera 50 Sri Lanka Sandy n.a. – – – IAEA (1975)

loam

D ♦ Elaeis guianensis 7 Ivory coast Sandy n.a. – – – IAEA (1975)

clay

D + Elaeis guianensis 7 Malaysia Sandy 2620 (27) 0.939 22.0 0.987 IAEA (1975)

clay loam

A � Citrus aurantifolia 6–7 India Alfisol 909 (23.8) – – – Iyengar and Keshava

Murthy (1987)

A � Vitis vinifera 7 India Alfisol 909 (23.8) 0.998 1210 0.929 Iyengar et al. (1989)

A ∇ Citrus sinensis n.a. India Alfisol 909 (23.8) 0.957 31.2 0.989 Iyengar and Shivananda

(1990)

B � Artocarpus 8.5 India Oxisol 2570 (27.1) 0.957 31.5 0.884 Jamaludheen et al. (1997)

hirsutus

B E Erythrina indica 6.5 India Ultisol 2570 (27.1) 0.929 75.5 0.982 Jayasree Sankar et al.

(1988)

C � Mangifera indica 8 India Alfisol 909 (23.8) 0.994 215.9 0.989 Kotur et al. (1997)

C � Citrus karna 5–6 India n.a. 706 (25.0) – – – Kurien et al. (1992a)

(New Delhi‡)
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Table 1. Continued

Graph Tree species Age Country Soil type Climate∗ k† Depth of r2 Source

and 75% root (source for climate data)

symbol activity

(years) (mm (◦C)) (cm)

C � Theobroma 6 Brazil Oxisol 2600 (26) – – – Lehmann et al. (2001)

grandiflorum

D � Bactris gasipaes 6 Brazil Oxisol 2600 (26) – – – Lehmann et al. (2001)

(heart of palm)

D ∇ Bactris gasipaes 6 Brazil Oxisol 2600 (26) – – – Lehmann et al. (2001)

(fruit)

C � Bertholletia 6 Brazil Oxisol 2600 (26) – – – Lehmann et al. (2001)

excelsa

C · Bixa orellana 6 Brazil Oxisol 2600 (26) – – – Lehmann et al. (2001)

C B Psidium guajava 12 India n.a. 706 (25.0) 0.993 200.2 0.976 Purohit and Mukherjee

(1974)

C ♦ Coffea arabica 7 Costa Rica Ultisol 2600 (23) – – – Saiz del Rio et al. (1961)

D � Musa sp. 0.4 India Oxisol 2570 (27.1) – – – Sobhana et al. (1989)

A B Vitis sp. 25 USA Loam n.a. – – – Ulrich et al. (1947)

B B Gliricidia sepium n.a. India Oxisol 3175 (27.5) 0.990 142.2 0.999 Vasu et al. (1994)

(Kozhikode‡)

C ∗ Anacardium 20 India Ultisol 2570 (27.1) 0.994 228.9 0.953 Wahid et al. (1989a)

occidentale

C � Theobroma cacao 7 India Oxisol 2570 (27.1) 0.976 56.6 0.943 Wahid et al. (1989b)

n.a. – not available.
∗ Mean annual rainfall and temperature.
† Regression constant k derived from the equation Activity=Amax (1–kdepth).
‡ Rainfall data from the Global Historical Climatic Network, Oak Ridge Laboratory.

From these calculations the variation of root activ-
ity distributions becomes obvious. Most of the root
activity (75%) may be confined to the top 10 cm such
as for cacao in Ghana, but may also reach as deep
as 216 cm for mango in India (Table 1). Thus, more
than 90% of the cumulative root activity was below
10 cm depth and 40–60% even below 1 m depth for
some tree crops (Figure 5). Such deep root activity is
important for resource acquisition. However, only few
trees showed root activity reaching similarly deep.

Palm trees did not have a different activity distribu-
tion than dicot trees. Shaded tree crops such as coffee
and cacao tended to have a more shallow root activity
than tree crops that are usually grown in monoculture
including orange, mango or guava. This may be an
effect of the cropping system, the tree species or the
genotype. The deepest root activity was noted for fruit
trees.

No obvious factor was obtained from the cited pub-
lications to explain the large variation of root activity
distributions. Mango had both a comparatively shal-
low root activity, as in the example from Bojappa and

Singh (1974), and a very deep one as shown by Kotur
et al. (1997). Annual rainfall or mean air temperature
did not correlate well with root activity distributions
(r2<0.15; P<0.2 using rainfall; P>0.2 using temper-
ature). Correlations for Amax were negative for rainfall
and positive for temperature indicating a tendency to-
wards deeper rooting with higher temperatures and
lower rainfall.

Most of the studies were done on deeply weathered
oxisols. No information could be drawn from the
publications on which site properties controlled root
activity distributions. Site characteristics that were
unavailable from the reviewed studies could poten-
tially explain the differences (e.g., soil texture, density,
rock), but this seemed unlikely in view of the soil de-
scriptions that generally indicated deep soils (oxisols
and ultisols, Table 1) without properties restricting
vertical root growth.

The calculation of the model allowed for a com-
parison of the regression constants with the values
obtained by Jackson et al. (1996) for root masses
from terrestrial biomes. In their work, the regres-
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Figure 5. Cumulative root activity with soil depth for those tree crops listed in Figure 4 with more than three data points. Calculations described
in the text.

Figure 6. Root activity distribution and root length density of
7-year-old apple trees as affected by drainage depth using lysimeters
(240 cm high and 150 cm wide); root activity measured with 35S and
32P (N=2; Hansen, 1974).

sion constant ranged from 0.914 for tundra vegetation
indicating very shallow root systems to deep root sys-
tems with k values of 0.976, 0.975, and 0.972 for
temperate coniferous forests, desert vegetation, and
tropical grassland savanna, respectively. The variation
of root activity distributions found in the present study
is higher than the differences between biomes assessed
by Jackson et al. (1996). Therefore, tree-specific
variations were larger than site- and climate-specific
variations for the sites investigated in the compiled
studies. The tree crops show a sufficiently flexible sub-
soil root system to explore subsoil resources. If subsoil
root activity is desirable for optimal use of nutrients
and water, it is possible to find trees that will per-
form this function. Different rootstocks have shown
significantly different root activity distributions with
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depth (Kurien et al., 1992b) that provides additional
management options.

The second observation is that the k value and
therefore the depth of root activity is generally very
large compared to the root mass distributions found
by Jackson et al. (1996). This is even more surprising
when considering that root activity was mostly meas-
ured on young tree crops (a few years to not older
than 60 years) in comparison with mature forest bio-
mes included in the studies reviewed by Jackson et
al. (1996). It may be hypothesized that root activity
stretches deeper into the subsoil than root mass may
suggest. Such an observation would emphasize the im-
portance of the subsoil for resource use. Since there
are very few data which allow the comparison between
root activity and root mass or length distribution, this
needs to be verified in future studies.

Soil properties

Subsoil root activity and resource use not only depend
on the resource supply and tree species as discussed
above but also on soil properties that may reduce root
growth. These properties can be mechanical or chem-
ical, such as compacted soil horizons, lack of oxygen,
or acidity, which is well known. The challenge is
to link soil properties to resource use in the subsoil,
which has only rarely been demonstrated.

Ground water is not only a resource for water up-
take by trees but also restricts root activity due to a lack
of oxygen in submerged horizons. Apple trees were
shown to have a more shallow root activity measured
with 35S and 32P when the ground water was higher
(Figure 6). Seventy centimeters below the drainage
depth of 90 cm, root activity approached zero. At
the same depth a considerable amount of roots could
be found as shown by the root mass determinations
(Figure 6). Roots may be present in submerged soil ho-
rizons but do not take up significant amounts of water
or nutrients.

On an artificially compacted soil with little access
of tree roots to the subsoil, Sheriff and Nambiar (1995)
observed better growth of Pinus radiata than on an
uncompacted soil or a subsoil that had been perfor-
ated. Access to subsoil water, as well as to subsoil
nutrients was responsible for the growth increase lead-
ing to lower water stress and improved plant nutrition.
Soil water contents were higher in the subsoil of com-
pacted (0.046 m3 m−3) than uncompacted soils (0.032
m3 m−3; difference significant at P<0.05). The trees
showed higher foliar P contents when they had ac-

cess to the subsoil. Restricted convective and diffusive
solute transport to the root surface was not respons-
ible for the lower nutrient uptake from the topsoil of
compacted soils, because topsoil water contents were
not significantly different in uncompacted and com-
pacted soils (0.017 and 0.016 m3 m−3, respectively,
during the dry summer and autumn months; Sher-
iff and Nambiar, 1995). Therefore, the subsoil can
not only provide valuable water resources, but also
nutrient resources for tree growth.

Acidity also significantly restricts root growth in
the subsoil and therefore limits shoot growth. Pecan
seedlings (Carya illinoensis (Wang.) K. Koch) had a
64% higher taproot growth rate in the subsoil when the
pH was increased by liming from 5.1 to 6.5 at 16–46
cm depth (White, 1982). Unfortunately, no informa-
tion is available on how root activity of trees is reduced
by acid subsoils. It can be assumed that root activity
in an acid subsoil is even lower than root abundance
may suggest, similar to the effect of water logging,
because root growth decreases after growing into an
acid subsoil due to an inhibition of cell division after
contact with Al in soil (Marschner, 1986).

Tree management and root activity distribution

Tree management can have important effects on the
depth distribution of roots in tree-based cropping sys-
tems such as pruning, planting density, fertilization,
tillage (Lehmann, 2002) or irrigation (Fernandez et al.,
1991). However, very little information is available
about the management effects on vertical root activ-
ity patterns. Pruning 6-year-old peach palm (Bactris
gasipaes) twice per year for the production of heart
of palm decreased the relative root activity at 1.5
m (Lehmann et al., 2001). A shallower root system
and less subsoil roots after shoot pruning was also
found from destructive root sampling in several stud-
ies (e.g., Peter and Lehmann, 2000; Van Noordwijk
and Purnomosidhi, 1995). This knowledge has import-
ant implications for tree management. Shoot pruning
may be done less frequently or with lower intensity to
maintain high subsoil root activity if water or nutrient
supply from the subsoil is important.

Soil amendments significantly affect root activity.
Drip irrigation was reported to increase root density
of olive trees at the topsoil in 0–0.2 m by more than
60%, whereas under rain-fed conditions, roots were
evenly distributed or even higher in the subsoil to a
depth 1.5 m (Fernandez et al., 1991). Uptake of 32P
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injected at different depths revealed that also at 1.5 m
depth, irrigated trees had a significant root activity.
Increasing the water supply at the topsoil reduced but
did not eliminate subsoil root activity of olive trees.
Higher root activity by coconut at 0.3 m depth than
at the topsoil was induced by application of fertilizers
in a soil basin 25 cm deep around the trees (Wahid et
al., 1993). On the other hand, fertilizer placement has
to recognize root activity distributions. 32P applied to
grape vines at 38 cm depth was more than double the
uptake from surface applied P (Ulrich et al., 1947).
Fertilization of maple trees to alleviate Mn deficiency
on alkaline soils was more effective when applied at
0.3 m depth than at the soil surface (Messenger and
Hruby, 1990). Foliar Mn levels significantly increased
when MnSO4 together with sulfuric acid was applied
at 0.3 m depth, whereas no improvement was noted
when the same amount was applied on the soil surface.

When subsoil acidity restricts vertical root penet-
ration, the application of lime or gypsum can decrease
Al toxicity and increase the pH (Sumner, 1995) to
allow for root activity and nutrient uptake from acid
subsoils (Carvalho and Raij, 1997). Lime applica-
tions alone usually did not improve subsoil chemical
properties even if they were incorporated into the sub-
soil (Farina et al., 2000; Pavan et al., 1987). Apple
had a higher fruit yield, biomass production and Ca
nutrition due to higher root length densities, lower
exchangeable Al and higher Ca contents in the sub-
soil after application of phosphogypsum to an oxisol
in Brazil (Pavan et al., 1987). Farina et al. (2000)
showed that gypsum applied together with lime sig-
nificantly reduced subsoil acidity only after 6 years.
The amelioration of subsoil acidity was much slower
in less intensely weathered soils and under low rain-
fall (Farina et al., 2000) than in the highly weathered
oxisols of Brazil (Ritchey et al., 1995). Even 16 years
after gypsum application, the amelioration of subsoil
acidity was still ongoing in an ultisol (Toma et al.,
1999). These results indicate that subsoil root activ-
ity can be significantly increased by the application of
both gypsum and lime for tree crops with long crop-
ping cycles, but long-term effects were not studied in
tree-based cropping systems until now.

The influence of cropping strategies such as in-
tercropping trees with other trees or crops on subsoil
root activity and root systems was discussed by Wahid
(2001) and Schroth (1995, 1999), respectively, and
will not be covered here.

Conclusions

Despite the often low relative root activity in the sub-
soil compared to the topsoil per unit soil, the large
volume of subsoil represents an important resource
for nutrient and water uptake by tree crops. More
results become available which recognize the import-
ance of the subsoil not only for water but also for
nutrient uptake. Activity measurements were neces-
sary to determine short-term dynamics of plant uptake,
subsoil resource use with uneven depth distribution
of resources or with soil properties restricting root-
ing depth (e.g., compaction, water logging, acidity)
which cannot be assessed by root abundance. The ob-
tained variations of root activity profiles ranging from
very shallow root activity to very deep ones emphas-
ize the need for a better understanding of the factors
controlling subsoil resource use. The demonstrated
flexibility of the root systems is seen as an opportunity
for soil and tree management to manipulate subsoil
resource use. More experiments on root activity in
the subsoil are required using sufficient depth incre-
ments to relative activities of less than 5%. Additional
information need to be assessed such as soil water
regimes, and soil physical and chemical properties
in order to be able to conclusively link subsoil root
activity to resource use. The environmental hazards of
radioisotopes are recognized and therefore stable iso-
tope techniques need to be developed to allow a wider
applicability.
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