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Abstract

Adventitious rooting contributes to efficient phosphorus acquisition by enhancing topsoil foraging.
However, metabolic investment in adventitious roots may retard the development of other root classes
such as basal roots, which are also important for phosphorus acquisition. In this study we quantita-
tively assessed the potential effects of adventitious rooting on basal root growth and whole plant
phosphorus acquisition in young bean plants. The geometric simulation model SimRoot was used to
dynamically model root systems with varying architecture and C availability growing for 21 days at 3
planting depths in 3 soil types with contrasting nutrient mobility. Simulated root architectures, tradeoffs
between adventitious and basal root growth, and phosphorus acquisition were validated with empirical
measurements. Phosphorus acquisition and phosphorus acquisition efficiency (defined as mol phos-
phorus acquired per mol C allocated to roots) were estimated for plants growing in soil in which
phosphorus availability was uniform with depth or was greatest in the topsoil, as occurs in most
natural soils. Phosphorus acquisition and acquisition efficiency increased with increasing allocation to
adventitious roots in stratified soil, due to increased phosphorus depletion of surface soil. In uniform
soil, increased adventitious rooting decreased phosphorus acquisition by reducing the growth of lateral
roots arising from the tap root and basal roots. The benefit of adventitious roots for phosphorus
acquisition was dependent on the specific respiration rate of adventitious roots as well as on whether
overall C allocation to root growth was increased, as occurs in plants under phosphorus stress, or was
lower, as observed in unstressed plants. In stratified soil, adventitious rooting reduced the growth of tap
and basal lateral roots, yet phosphorus acquisition increased by up to 10% when total C allocation to
roots was high and adventitious root respiration was similar to that in basal roots. With C allocation
to roots decreased by 38%, adventitious roots still increased phosphorus acquisition by 5%. Allocation
to adventitious roots enhanced phosphorus acquisition and efficiency as long as the specific respiration
of adventitious roots was similar to that of basal roots and less than twice that of tap roots. When
adventitious roots were assigned greater specific respiration rates, increased adventitious rooting re-
duced phosphorus acquisition and efficiency by diverting carbohydrate from other root types. Varying
the phosphorus diffusion coefficient to reflect varying mobilities in different soil types had little effect on
the value of adventitious rooting for phosphorus acquisition. Adventitious roots benefited plants
regardless of basal root growth angle. Seed planting depth only affected phosphorus uptake and effi-
ciency when seed was planted below the high phosphorus surface stratum. Our results confirm the
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importance of root respiration in nutrient foraging strategies, and demonstrate functional tradeoffs
among distinct components of the root system. These results will be useful in developing ideotypes for
more nutrient efficient crops.

Introduction

Phosphorus is a primary constraint to productiv-
ity over much of the earth (Lynch and Deikman,
1998; Vance et al., 2003). Large areas of tropical
and subtropical soils in Africa, Latin America,
and Asia have phosphorus availability limited by
high phosphorus fixation (Sanchez and Uehara,
1980). Fertilization may not be economically fea-
sible in such soils, and is rarely employed in
much of sub-Saharan Africa (CGIAR, 1996;
World Bank, 2004). The development of crops
with greater productivity at low phosphorus
availability (�phosphorus efficiency’) would be of
considerable value in improving food security in
these regions (Lynch, 1998; Vance, 2001).

Common bean is the most important food
legume on earth and is an important source of
nutrients in Latin America and eastern and south-
ern Africa (Voysest, 2001; Wortmann et al., 1998).
Low phosphorus availability is a primary con-
straint to bean production in developing countries
(Voysest, 2001; Wortmann et al., 1998). Sub-
stantial genetic variation for phosphorus efficiency
exists in bean germplasm (Beebe et al., 1997; Gab-
elman and Gerloff, 1978; Gerloff and Gabelman,
1983; Yan et al., 1995a, 1995b), which appears to
be caused primarily by genetic differences in root
architecture and morphology (Lynch and Beebe,
1995; Lynch and Brown, 2001).

The root system of common bean is composed
of three main types of axes (Figure 1). The tap
root is positively gravitropic. Basal roots emerge
at the root–shoot interface and grow with dy-
namic plagiogravitropism at angles from nearly
horizontal to vertically down. Variation of basal
root growth angles has been observed within and
among genotypes (Bonser et al., 1996). Finally,
adventitious roots emerge from the hypocotyl be-
low the soil surface and grow primarily near the
surface. Each of these root types can produce 2 or-
ders of lateral roots during vegetative growth.

In most natural and agricultural soils, phos-
phorus availability is greatest near the surface
and decreases with depth (Huang, 2000). For this
reason, root architectural traits that enhance

topsoil foraging can improve phosphorus acquisi-
tion (Lynch and Brown, 2001). One such trait is
the basal root growth angle, which determines
the extent of topsoil foraging by the basal roots,
an important root class that forms the structural
scaffold upon which much of the root system
develops (Bonser et al., 1996; Ge et al., 2000;
Liao et al., 2001).

Efficiency of phosphorus acquisition is corre-
lated with shallowness of basal roots (Bonser
et al., 1996; Liao et al., 2001), which enhances
root proliferation in phosphorus-rich surface soil,
and reduces competition for phosphorus among
roots of the same plant (Ge et al., 2000), but in-
creases competition for phosphorus among roots
of neighboring plants (Rubio et al., 2001, 2003a).
Adventitious rooting has also been associated
with phosphorus efficiency, with efficient geno-
types allocating more resources to adventitious
root production than inefficient genotypes, par-
ticularly in phosphorus-limited conditions (Miller
et al., 2003). Adventitious roots enhance phos-
phorus acquisition because they have shallow
growth angles and also because they explore soil
at less metabolic cost per unit length than other
root types (Miller et al., 2003).

Root architecture is demonstrably important
for phosphorus efficiency, but it is only one mem-
ber of a complex set of chemical and biological
processes that contribute to phosphorus acquisi-
tion (Barber, 1995; Vance et al., 2003; Tinker and
Nye, 2000). A brief statement of general principles
includes the following points. The source of phos-
phorus is minerals from which phosphate must be
solubilized by weathering or biological activity. As
soil evolves, phosphorus is divided among inor-
ganic, organic, dissolved and biological fractions.
Plants acquire phosphorus directly from the dis-
solved pool or indirectly through mycorrhizal
associations, However, the dissolved pool of phos-
phorus is a minor component of the total quantity
in the soil. Therefore, phosphorus availability may
be increased by plant secretion of organic acids or
phosphate solubilization by bacteria. Once avail-
able, phosphorus acquisition is affected by soil
moisture, root surface area, root hair density and
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length, contact of root or mycorrhizal surfaces
with the soil solution, and kinetics of uptake
across root surfaces. Solubilization, uptake by
plants, and return of phosphorus to the soil
through litter make phosphorus availability strati-
fied over time, with concentrations increasing to-
wards the soil surface. Among plant species, a
variety of strategies have evolved to improve phos-
phorus efficiency by increasing dissolved phospho-
rus, increasing the volume of soil explored, or by
proliferating roots in phosphorus rich soil. As
mentioned above, exploration of topsoil through
shallow basal roots or adventitious roots are
examples of strategies that have been documented
in common bean (Bonser et al., 1996; Liao et al.,
2001; Miller et al., 2003) and maize (Zhu et al.,
2005). In general, the metabolic and ecological
costs and tradeoffs associated with plant traits
associated with phosphorus acquisition are poorly
understood (Lynch and Ho, 2005).

As phosphorus availability decreases, the pro-
portion of carbon partitioned to root growth and
respiration increases (Nielsen et al., 1998a, 2001).
Phosphorus efficient genotypes can maintain high-
er growth rates by allocating less C to root respi-

ration than inefficient genotypes under low
phosphorus conditions (Nielsen et al., 2001). Fur-
thermore, respiration varies among root types. In
relative terms, tap root respiration is low, basal
root respiration is intermediate, and adventitious
root respiration is high (Ho et al., 2003). Adventi-
tious root respiration ranges from approximately
1 to 4 times greater than basal root respiration. In
experiments with several phosphorus-efficient and
phosphorus-inefficient genotypes, respiration in
adventitious roots of phosphorus-inefficient geno-
types is at the high end of this range (Ho et al.,
2003).

Since basal root shallowness and adventitious
rooting vary substantially among genotypes and
are under distinct genetic control (Liao et al.,
2004; Ochoa, personal communication) the inter-
action of these two traits may be important for
whole plant phosphorus acquisition. Interactions
could be positive or negative. Increased resource
allocation to adventitious roots could reduce the
growth of basal roots. Since adventitious and ba-
sal roots have distinct patterns of deployment in
time and space (adventitious roots appear later
than basal roots in seedling development), they

Figure 1. Geometric models of common bean root systems generated by SimRoot. Pictured roots grew for 504 h (21 d) with seed
planted at 5 cm depth and high C allocation to roots as described in the materials and methods, and have 0, 10 or 30 adventitious
roots along with shallow or deep basal roots. Scale bar is in cm.
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may be complementary or competitive in exploit-
ing soil resources. In this regard, it is possible
that shallow basal roots are competitive with
adventitious roots, while deep basal roots are
complementary with adventitious roots. A better
understanding of the interaction of these traits is
needed in order to deploy them in plant breeding
programs for more nutrient-efficient crop culti-
vars.

A robust evaluation of the value of adventi-
tious rooting for phosphorus acquisition must
therefore include variation in the respiratory
requirements of distinct root classes as well as
the precise spatial and temporal patterns of root
deployment. To this end we employed the geo-
metric simulation model SimRoot (Lynch et al.,
1997). SimRoot was developed with empirical
data on the growth, architecture, and physiology
of bean roots as well as roots of other species,
and has been used to address a range of topics,
including carbon allocation, phosphorus acquisi-
tion, intraplant and interplant root competition,
morphological synergism of root hair traits for
phosphorus acquisition, and fractal analysis of
root systems, that have been verified with green-
house and field data (Ge et al., 2000; Ma et al.,
2001; Nielsen et al., 1994, 1997; Rubio et al.,
2001; Walk et al., 2004).

The general hypothesis we tested is that
adventitious roots increase phosphorus acquisi-
tion and acquisition efficiency of plants growing
in soils with stratified phosphorus availability.
Related hypotheses and corollaries are (1)
Adventitious roots will functionally complement
basal root architecture, i.e., plants with deep
basal roots will benefit from adventitious roots
more than plants with shallow basal roots. (2)
Competition among adventitious roots for phos-
phorus acquisition will depend on the length of
subterranean hypocotyl, as affected by e.g.,
planting depth. (3) The effects of adventitious
rooting on basal root development and whole
plant phosphorus acquisition will be influenced
by the relative respiratory costs of the respective
root classes, e.g. if respiration rates in adventi-
tious roots are high, then less carbon will be
available for root proliferation and, therefore,
phosphorus acquisition and efficiency could be
reduced. (4) The benefit of adventitious roots for
phosphorus acquisition will depend on the phos-
phorus mobility in the soil, i.e. with increased

phosphorus mobility, phosphorus competition
among roots increases, so the effect of adventi-
tious roots on acquisition and efficiency decreases.

Materials and methods

Empirical estimation of root growth parameters

Two phosphorus-efficient common bean (Phaseo-
lus vulgaris L.) genotypes, G2333 and G19839,
which are landraces in the CIAT Phaseolus germ-
plasm collection (CIAT, Cali, Colombia), were
selected for estimation of parameters to guide
simulations. These genotypes contrast in basal
root and adventitious root responses to changes
in phosphorus availability. G2333 is a landrace
from the mesoAmerican gene pool, G19839 is a
landrace from the Andean gene pool. With
decreasing phosphorus availability, G19839 basal
root systems become more shallow (Bonser et al.,
1996; Liao et al., 2001), while G2333 maintains
allocation to adventitious root mass and length
(Miller et al., 2003).

Seed was germinated for 2 days in 0.5 mM
CaSO4 and planted into 20 l pots containing 50%
sand, 50% vermiculite and 1% (w/w) phosphorus
provided by buffered alumina (Lynch et al., 1990).
Plants were grown for 3 weeks in January and
February, 2003 in a climate-controlled greenhouse
at Penn State University (40�49¢ N, 77�49¢ W),
which allowed for 2 weeks of adventitious root
proliferation. Natural and artificial lights were
combined to provide 14-h photoperiods with a
maximum of 1200 lmol photons m)2 s)1 photo-
synthetically active radiation. Temperature was
maintained at 27 �C/22 �C (day/night). Two
phosphorus treatments were included, low phos-
phorus had alumina buffering at 1 lM phospho-
rus, and high phosphorus had alumina buffering
at 278 lM phosphorus. Nutrients were supplied
in a fertigation system that provided an average
of 118 ml of solution per pot twice a day. Nutri-
ent solutions consisted of (in lM) 3000 KNO3,
2000 Ca(NO3)2, 500 MgSO4, 25 KCl, 12.5
H3BO3, 1 MnSO4, 1 ZnSO4, 0.25 CuSO4, 0.25
(NH4)6Mo7O24, and 25 Fe-Na-EDTA.

At 7, 14, and 21 days after planting, or
0–2 weeks after initial adventitious root emer-
gence, 3 plants of each genotype in each phos-
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phorus treatment were harvested. Shoots were
cut off at the soil surface, dried and weighed.
Roots were stored in 25% ethanol until analysis.
Roots were divided into adventitious, basal and
tap root portions. Adventitious and basal roots
were counted. Lateral roots were cut off of each
main root axis, and, if present, second order lat-
erals were also cut off from primary laterals. Sec-
ond order laterals were observed only on tap and
basal lateral roots over the course of data collec-
tion. This led to a total of 8 root types being col-
lected, namely: tap, tap lateral, 2nd order tap
lateral, basal, basal lateral, 2nd order basal
lateral, adventitious, and adventitious lateral.
Each root type was stained with 0.2% neutral
red (Phenazine, 3-amino-7-(dimethylamino)-2-
methylhydrochloride) in water, scanned and
analyzed for length and diameter in WinRhizo
(Regent Instruments Inc, Quebec, Canada). Each
root type was then dried and weighed. Length,
diameter and dry weight data were used for
development and verification of simulations.

Specific respiration rates were estimated based
on specific respiration values presented by Bou-
ma et al. (1997) and Ho et al. (2003). Bouma re-
ported whole root specific respiration ranging
from 30 to 50 nmol CO2/g/s. Ho et al. measured
specific respiration of tap roots in the range of
33–83 nmol O2/g/s. For the current simulations,
a tap root respiration rate of 50 nmol CO2/g/s
was selected. Basal root respiration rates measu-
red by Ho et al. were 1–2 times greater than res-
piration rates of tap roots. An intermediate rate
of 1.5 times tap respiration, 75 nmol CO2/g/s
was selected for basal root respiration in these
models. In order to test for effects on phospho-
rus acquisition and efficiency, 3 values of adven-
titious root respiration were simulated. These
were 75, 100, and 200 nmol CO2/g/s, which cor-
respond to the equivalent of basal root respira-
tion rate, double tap root respiration rate, and 4
times tap root respiration rate. These rates for
adventitious root respiration, relative to tap and
basal root respiration, cover the range measured
by Ho et al. within individual genotypes, with
the high rate of adventitious root respiration
being measured for a phosphorus inefficient
genotype under phosphorus stress.

Root masses were converted to carbon, assum-
ing dry mass is 40% C (Broadley et al., 2004;
Chaves et al., 2004). Since respiration is a flux, C

allocated to mass was considered in terms of
change in mass per unit time, which was expressed
as lmol C/h. Respiration for each root type was
estimated based on specific respiration rates
derived as described above. Root exudation was
neglected, so C allocation to roots was assumed to
be the sum of C allocated to mass and C used in
respiration. Carbon allocation was estimated for
plants harvested weekly for 3 weeks. To account
for differences in photosynthate availability
between high- and low-phosphorus plants, 2 func-
tions of C allocation to roots over time were
generated from greenhouse data for biomass accu-
mulation, one for high C allocation represented
by plants growing in high phosphorus, and one
for low C allocation represented by plants grow-
ing in low phosphorus. Plots were fit with sigmoi-
dal curves generated in SigmaPlot 2000 (SPSS
Inc., Chicago, IL, USA), The equations generated
were

C¼342:6991=ð1þexpð0�ðt�490:6776Þ=84:7049ÞÞ;
ð1aÞ

C¼112:0183=ð1þexpð0�ðt�388:5365Þ=79:0913ÞÞ;
ð1bÞ

where C is hourly carbon allocation to roots in
lmol, and t is time from the onset of seed germi-
nation in hours. Equation (1a) represents high C
allocation to roots as observed in high-phospho-
rus plants, and Equation (1b) represents low C
allocation to roots, as observed in low-phospho-
rus plants.

Description of root model and input

The dynamic geometric model SimRoot (Lynch
et al., 1997) was used to simulate root growth and
architecture. Parts of the program were modified
to make root growth a function of C allocation.
Equations (1a) and (1b) were introduced into Sim-
Root to make hourly growth and respiration a
function of C available in either high or low C
allocation conditions. Hourly respiration was cal-
culated for each root segment based on the mass
of the segment and the specific respiration of that
root type. Carbon used for respiration was sub-
tracted from the pool of available C, and the
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remaining C was used for growth. Each root axis
was allocated C for growth based on relative sink
strength approximated as the cross-sectional area
3 mm from the tip. Cross-sectional area was calcu-
lated from radius measurements of roots har-
vested and analyzed in WinRhizo as described
above. The use of cross-sectional area as an
approximation of sink strength is similar to the
use of apical diameter which has been correlated
with growth rate of roots in greenhouse and field
settings (Cahn et al., 1989; Lecompte et al., 2001;
Thaler and Pages, 1996), and has been used as a
component of simulated sink strength (Thaler and
Pages, 1998). In the present simulations, relating
sink strength to the cross-sectional area 3 mm
from the apex led to fairly realistic simulations of
bean roots. However, we have observed that in
this species lateral roots do not elongate indefi-
nitely, so cross-sectional area was multiplied by an
elongation factor. Elongation factors were read
from input for each 12-h period subsequent to
emergence for each branch of the root system.
This elongation factor was constant for tap, basal,
and adventitious primary axes at all times, but was
reduced over time for lateral roots to simulate ces-
sation of lateral root elongation. Tap and basal

lateral growth rates were nonzero for 288 and
180 h, respectively. Adventitious lateral and 2nd
order tap and basal lateral growth rates were non-
zero for 72 h.

An illustration of simulated roots with 0, 10 or
30 adventitious roots on plants with deep or shal-
low basal roots is shown Figure 1. The accuracy
of simulated root growth was verified by compar-
ing lengths and masses of each root type from 2-
and 3-week-old plants with simulated roots. As
shown in Figure 2, there was good agreement
between root type length for 3-week-old bean
roots and simulated roots containing 10 or 20
adventitious roots at high C and low C allocation,
The agreement between 2-week-old bean roots
and simulated roots containing 10 or 20 adventi-
tious roots was similar to that observed at
3 weeks.

With SimRoot development completed, simu-
lations were run with adventitious root number,
adventitious root respiration, basal root gravitro-
pism, planting depth, and carbon allocation to
roots varied as described in Table 1. Basal roots
emerged from the base of the hypocotyl at the
seed planting depth. Each root system was mod-
eled in three soil types that varied in diffusion

Figure 2. Length of 8 root types measured from common bean genotypes G2333 and G19839 in 3-week-old greenhouse cultures,
as well as simulated root lengths generated by 504-h models of roots producing 10 or 20 adventitious roots respiring at a rate of
100 nmol CO2/g/s; (a) high C allocation to the root system and (b) low C allocation to the root system. Values are the mean of 3
replicates for models and 2–3 replicates for greenhouse cultures. Error bars represent standard error of the mean.
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coefficient (De) as listed in Table 1. Three pseu-
doreplicates were generated for each simulated
root and soil type by differential seeding of the
random number generator that influences root
growth angles and branching angles.

To test if the effect of adventitious roots on
phosphorus acquisition and efficiency changes
over time, several models were run to 4 weeks
after germination. Carbon allocation for
4 weeks was extrapolated from curves made for
3 weeks. Adventitious respiration was 75 or
100 nmol/g/s. All 3 basal root growth angles were
included and pooled, planting depth was 5 cm,
and diffusion coefficient run in the tests was
10)8 cm2 s)1.

A number of assumptions were made to sim-
plify the model, i.e.: (1) All adventitious primary
axes were equivalent in terms of diameter and
growth rate, as were all adventitious laterals. (2)
Changes in allocation to adventitious roots were
reflected in varying numbers of adventitious
roots, not in changes of growth rate of individual
adventitious roots. (3) Adventitious roots emerge
from day 7 to 14 with uniform timing between
emergence of successive adventitious roots deter-
mined by dividing 168 by the number of adventi-
tious roots. (4) All root surfaces have equivalent
phosphorus acquisition capacity. (5) Phosphorus
uptake was simulated by multiplying depletion
volumes by empirically derived phosphorus sup-
ply capacities as described by Ge et al. (2000).
(6) Specific respiration was constant within a

root type. (7) Neither age, time of day, or activ-
ity affected respiration. (8) Lateral roots respired
at a rate equivalent to their parent root. (9) De-
creases of respiration resulting from aerenchyma
formation were not considered. (10) Soil temper-
ature regime is isohyperthermic, typical for many
tropical soils where common bean is grown.

Soil phosphorus depletion volumes, phosphorus
acquisition and efficiency

Total phosphorus depletion volume with overlap
(Vt) was calculated by SimRoot. The phosphorus
depletion volume calculation has been published
(Ge et al., 2000). It is the sum of phosphorus
depletion over all root segments, which are indi-
vidually calculated as cylindrical volume:

V ¼ pR2
dzl; ð2Þ

where l is the segment length and Rdz is the
depletion radius. The depletion radius is calcu-
lated by using the equation:

Rdz ¼ rþ 2ðDetÞ�; ð3Þ

where r is the root radius, t is time in seconds,
and De is the diffusion coefficient in cm2/s.

Output from SimRoot was analyzed in DepZ-
one to determine actual depletion volume (Va) by
subtracting duplications of overlapped volume as
previously described (Ge et al., 2000; Rubio et
al., 2001). Competition volume is defined as

Cv ¼ Vt � Va; ð4Þ

and relative competition is

Cr ¼ 100ðVt � VaÞ=Va: ð5Þ

Simulated phosphorus acquisition was calculated
by multiplying depletion volume by empirically
determined factors to account for phosphorus
concentration and soil buffering of phosphorus
as previously reported (Ge et al., 2000; Rubio
et al., 2001). Simulated soil was either uniform or
stratified, Uniform soil contained 10 lM avail-
able phosphorus throughout the soil volume.
Stratified soil contained 30 lM phosphorus in
the top 5 cm, 10 lM phosphorus in the next
5 cm, and 2 lM phosphorus below 10 cm depth.
Phosphorus efficiency was defined as moles of
phosphorus acquired per mol of C allocated to
roots.

Table 1. Root growth parameters used in simulations of bean
root growth

Time (h/d) 504/21

De (cm
2 s)1)a 10)7 10)8 10)9

Carbon allocation

to rootsb
Low High

Seed depth (cm) 3 5 7

Adventitious

number

0 10 20 30 40

Adventitious

respirationc (nmol CO2/g/s)

75 100 200

Basal root architectured Shallow Fanned Deep

aDiffusion coefficient of mineral nutrient through soil, based on
Schenk and Barber (1979).
bBased on empirical measurements, see materials and methods.
cBased on Ho et al. (2003) and Bouma et al (1997).
dBased on Rubio et al. (2001), fanned roots have 4 shallow, 4
intermediate, and 4 deep basal roots.
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Data analysis

Simulation data was analyzed in StatView, Ver-
sion 5.0.1 (SAS Institute Inc, Cary, NC, USA).
Analysis of variance was conducted using phos-
phorus depletion volume, competition volume,
phosphorus acquisition, and phosphorus effi-
ciency as dependent variables, with adventitious
number and the parameter being tested as inde-
pendent variables. For example, when basal root
angle was being tested, adventitious number and
basal root angle were independent variables.
Mean separation was performed using the Fish-
er’s Protected LSD post-hoc test.

Results

The numerically iterative nature of SimRoot
resulted in variation in C allocation to roots
among simulations. Allocation over 504 h was
21030.1±21.7 lmol C in low C simulations and
33845.9±37.8 lmol C in high C simulations. To-
tal C allocation to roots over 504 h averaged 38%
less in low C simulations than in high C
simulations.

Empirical measurements and simulations
showed that increased allocation to adventitious
roots was associated with decreased allocation to
tap and basal roots (Figure 3a and b). The de-
crease in tap and basal root lengths was greater
than the increase in adventitious root length, so
overall root length decreased with increasing
allocation to adventitious roots (Figure 3c). This
decrease in overall root length is largely attribut-
able to the effects of adventitious root produc-
tion on lateral roots more than primary axes of
either tap or basal roots (Figure 4). Secondary
lateral roots lost a higher percentage of length
than primary laterals. So, adventitious primary
axes were produced mainly at the expense of
thinner roots in deeper soil.

Soil exploration was affected in several ways
by increased allocation to adventitious roots.
With greater adventitious rooting, more root
production in shallow soil led to increased phos-
phorus depletion and competition volumes in the
surface 5 cm of soil (Figure 5a). Decreased total
root length resulted in a smaller depletion vol-
ume for the whole root system (Figure 5b), while

overall competition volume increased as a result
of more root proliferation in a small volume of
soil around the hypocotyl (Figure 5b). In uni-
form soil, the combined effects of decreased
phosphorus depletion and increased competition
for the whole root system led to a decrease in
phosphorus acquisition and efficiency with
increasing allocation to adventitious roots
(Figure 6a and c). In contrast, in stratified soil,
increased exploration of the high phosphorus
surface stratum was sufficient to increase

Figure 3. Effect of allocation to adventitious roots on (a) tap
root, (b) basal root, or (c) total root system length of
3-week-old common bean or simulated roots. Each root type
includes primary axes and lateral branches. Trend lines are
shown for empirical data. Rate of simulated adventitious root
respiration is 100 nmol CO2/g/s. High C (HC) and low C
(LC) allocation to root systems were determined as described
in materials and methods. Each point represents one plant for
empirical data (HC and LC) and 3 replicates for model data.
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Figure 4. Simulated effect of allocation to adventitious and adventitious lateral roots respiring at a rate of 75 nmol CO2/g/s on
root lengths of common bean tap and basal roots, along with their first and 2nd order laterals expressed as percent of maximum.
For adventitious root, 100% length occurs with 40 adventitious roots, while for all other root types 100% root length occurs with
0 adventitious roots. Values represent the mean of 3 replicates of data generated from simulations in plants with high C allocation
to roots as described in the materials and methods.

Figure 5. Depletion volumes of phosphorus and competition volumes for phosphorus in (a) the surface 5 cm, or (b) the entire soil vol-
ume as affected by number of adventitious roots. Competition volume is soil depleted by 2 or more roots. Rate of simulated adventi-
tious root respiration is 75 nmol CO2/g/s. High C (HC) and low C (LC) allocation to root systems were determined as described in
Materials and methods. Values are the mean of 3 replicates from simulations. Error bars represent standard error of the mean.
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phosphorus acquisition and efficiency with
increasing allocation to adventitious roots
(Figure 6b and d). If high levels of carbon were
partitioned to root systems in stratified soil,
phosphorus acquisition increased by over 10%
with high adventitious root production, whereas
with low C partitioning, adventitious roots in-

creased phosphorus acquisition and efficiency by
about 5%. Adventitious root effects peaked with
30 adventitious roots in both high and low C
partitioning.

Diffusion coefficients in the range of 10)9 to
10)7 cm2 s)1 did not change the effect of adventi-
tious roots on phosphorus acquisition. Plants with

p

Figure 6. Phosphorus acquisition and acquisition efficiency in uniform soil (a and c) or in stratified soil (b and d) as affected by
adventitious number. Uniform soil contains P available at 10 lM throughout the soil profile. Stratified soil contains P available at
30 lM in the top 5 cm, 10 lM in the next 5 cm, and 2 lM below 10 cm depth. Rate of simulated adventitious root respiration is
75 nmol CO2/g/s. High C (HC) and low C (LC) allocation to root systems were determined as described in materials and methods.
Values are the mean of 3 replicates from simulations. Error bars represent standard error of the mean.

Figure 7. Deep (a), fanned (b), and shallow (c) basal root architectures used in simulations. Pictured roots grew for 504 h (21 d)
with seed planted at 5 cm depth and high C allocation to roots as described in the Materials and methods. Each root system has
10 adventitious roots. Scale bar is in cm.
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adventitious roots were able to acquire about 10%
more phosphorus than those without adventitious
roots under all diffusion coefficients tested.
Figure 6 illustrates the effect of adventitious num-
ber in soil with a phosphorus diffusion coefficient
of 10)8 cm2/s. The only exception to this pattern
was that for a plant partitioning high amounts of
C to the root system in soil with a phosphorus dif-
fusion coefficient of 10)7 cm2/s, 10 adventitious
roots sufficed for maximum phosphorus acquisi-
tion. Thirty adventitious roots were necessary for
maximum phosphorus acquisition for all other soil
and C partitioning combinations.

Basal root architectures included in these sim-
ulations are illustrated in Figure 7. Phosphorus
acquisition and efficiency in stratified soil were
each significantly affected by basal root angle
(52.5<F<54.1, P<0.0001) and adventitious
number (45.1<F<51.3, P<0.0001). In strati-
fied soil, shallow basal roots or increased

allocation to adventitious roots resulted in more
phosphorus acquisition and higher efficiency of
phosphorus acquisition (Figure 8a and b). There
was no interaction between basal root angle and
adventitious number on phosphorus acquisition
and efficiency (P>0.9). In stratified soil, adven-
titious roots increased phosphorus acquisition
and efficiency in all root systems regardless of
basal root deployment. For a given number of
adventitious roots, plants with shallow basal
roots acquired more phosphorus than those with
deep basal roots, as expected (Bonser et al.,
1996; Ge et al., 2000; Liao et al., 2001). Plants
with deep basal roots required at least 20
adventitious roots in order to acquire as much
phosphorus as plants with shallow basal roots.

Like adventitious root number, the effect of ba-
sal root growth angle on phosphorus acquisition is
largely attributable to phosphorus depletion in the
top 5 cm of soil (Figure 9). Plants with shallow

Figure 8. Phosphorus acquisition (a), and phosphorus acquisition efficiency (b) as affected by adventitious root number for plants
with deep, fanned or shallow basal root architectures as illustrated in Figure 7. Rate of simulated adventitious root respiration is
75 nmol CO2/g/s. Values are the mean of 3 replicates from simulations. Error bars represent standard error of the mean.
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Figure 9. Depletion volumes of phosphorus and competition volumes for phosphorus in the surface 5 cm of soil as affected by num-
ber of adventitious roots for plants with deep, shallow or fanned basal root architectures. Rate of simulated adventitious root respira-
tion is 75 nmol CO2/g/s. Values are the mean of 3 replicates from simulations. Error bars represent standard error of the mean.

Figure 10. Phosphorus acquisition (a) and phosphorus acquisition efficiency (b) as affected by adventitious root number for plants
with low (75), intermediate (100), or high (200) specific root respiration of adventitious roots. Units for respiration are nmol CO2/
g/s. Values are the mean of 3 replicates from simulations. Error bars represent standard error of the mean.
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Figure 11. Phosphorus acquisition (a) and phosphorus acquisition efficiency (b) as affected by adventitious number for plants see-
ded at depths of 3, 5, or 7 cm. Rate of simulated adventitious root respiration is 75 nmol CO2/g/s. Values are the mean of 3 repli-
cates from simulations. Error bars represent standard error of the mean.

Figure 12. Phosphorus acquisition as affected by adventitious number for plants with low (75) or intermediate (100) adventitious
specific root respiration grown for 672 h (28 d). Units for respiration are nmol CO2/g/s.
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basal roots deplete more surface soil than those
with deep basal roots, and this pattern holds
across all numbers of adventitious roots tested.
Competition in shallow soil was not affected by
basal root growth angle at any number of adventi-
tious roots.

The benefit of adventitious roots for phospho-
rus acquisition was significantly affected by the
respiration rate of adventitious roots (Figure 10a
and b). Plants with adventitious root respiration
equal to basal root respiration acquired the most
phosphorus; increasing adventitious respiration
to 33% greater than that of basal roots and dou-
ble that of the tap root still allowed for a small
benefit of adventitious roots for phosphorus
acquisition and efficiency. Increasing adventitious
respiration further to 4 times greater than tap
root respiration resulted in plants in which
adventitious roots significantly decreased acquisi-
tion of phosphorus and efficiency of phosphorus
acquisition.

Planting depth significantly affected phos-
phorus acquisition and efficiency, but not the
contribution of adventitious roots to phospho-
rus acquisition or efficiency. Seed planted in
the 5 cm high phosphorus stratum, either in
the middle or at the bottom, produced roots
that acquired more phosphorus than seed plan-
ted below this layer (Figure 11a). Increased
allocation to adventitious roots resulted in in-
creased phosphorus acquisition and efficiency of
acquisition for all planting depths (Figure 11a
and b). A seed planted below the phosphorus
rich surface soil would have to produce 20
adventitious roots to match the phosphorus
acquisition and efficiency of a seed planted
within the high phosphorus stratum that pro-
duced 0 adventitious roots. Basal root laterals
grow into the surface stratum, but when seed
was planted below the phosphorus rich layer,
there was insufficient basal lateral prolifera-
tion near the surface to make deep planting
beneficial.

Simulations to 4 weeks after germination pro-
duced similar phosphorus acquisition and effi-
ciency results as those run to 3 weeks after
germination (Figures 11 and 12). Phosphorus
acquisition was increased by about 10% with low
adventitious root respiration and 5% with inter-
mediate root respiration. Acquisition peaked
with 30 adventitious roots.

Discussion

Conclusions about the benefit of adventitious
roots for phosphorus acquisition in previous
research were based on observations that phos-
phorus efficient genotypes produced more adven-
titious roots under phosphorus stress (Miller
et al., 2003). In the present report, geometric
simulations allowed for a more precise quantifi-
cation of the benefits of adventitious roots, and
provided insight into potential mechanisms by
which adventitious roots affect whole plant phos-
phorus acquisition.

Adventitious roots increase exploration of
shallow soil, but, in the current model, also
reduce overall soil phosphorus depletion volume.
This is due to decreased total root system length
resulting from C diversion from first and second
order laterals arising from tap and basal roots
(Figure 4). Lateral roots on the tap and basal
roots have smaller diameters and larger specific
root lengths than adventitious main axes. There-
fore, there is a tradeoff of less proliferation of
thin, inexpensive roots in deeper strata for thick-
er adventitious roots closer to the soil surface.
The validity of this result is supported by corre-
spondence between simulations and empirical
measurements (Figures 2 and 3), as well as simi-
lar sensitivity of higher order laterals to assimi-
late partitioning observed in independent
experiments and modeling (Thaler and Pages,
1998), and the sensitivity of phosphorus acquisi-
tion efficiency to lateral rooting in Zea maize
(Zhu and Lynch, 2004).

While allocation to adventitious roots appears
to be beneficial for phosphorus acquisition, there,

are limits beyond which further allocation to
adventitious rooting provides diminishing addi-
tional benefits in phosphorus acquisition. In
addition to increasing phosphorus depletion,
increasing allocation to adventitious roots leads
to higher overall root competition. Before adven-
titious roots can grow into unexplored surface
soil, they must first compete with basal roots in a
small volume of soil near their origin. These
trends in overall phosphorus depletion and com-
petition limit the benefit of adventitious roots for
phosphorus acquisition in plants growing in
stratified soil, which peaked at 30 adventitious
roots in these simulations. If phosphorus avail-
ability is relatively uniform in the rooting zone,
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then any number of adventitious roots is
expected to be disadvantageous for acquisition.

Soil phosphorus mobility within the range tes-
ted in these models did not affect the relative
contribution of adventitious roots to phosphorus
acquisition or acquisition efficiency. As long as
phosphorus availability is stratified with depth,
which is common for many reasons including
bioaccumulation, higher microbial activity near
the surface and fertilization of agricultural soils
(Lynch and Brown, 2001), then plants are
expected to benefit from adventitious root prolif-
eration, regardless of phosphorus mobility. It
was expected that in soils with higher diffusion
coefficients, basal roots would be capable of
depleting much of the surface soil of phosphorus.
In this case, adventitious roots would be redun-
dant for topsoil exploitation, which would lead
to increased root competition that would negate
potential benefits. However, competition volume,
expressed as a percent of soil explored, was not
affected by diffusion coefficient, and surface
phosphorus depletion volumes increased with
increased adventitious number, therefore alloca-
tion to adventitious roots is advantageous in a
wide range of soils.

Plants with shallow basal roots depleted more
surface soil than those with deep basal roots,
regardless of adventitious root number. Competi-
tion among roots for acquisition of phosphorus
in surface soil was similar among basal root
architectures, and increasing allocation to adven-
titious roots affected competition for phosphorus
in the topsoil similarly for all basal root architec-
tures. These results indicate that for acquisition
of immobile nutrients, such as phosphorus,
adventitious roots complement basal roots. Sur-
face soil is explored independently by adventi-
tious and basal roots. Therefore, plants with
shallow basal roots benefit as much from adven-
titious root production as plants with deep basal
roots. Furthermore, the most phosphorus effi-
cient genotypes are expected to have shallow
basal roots and large numbers of adventitious
roots.

Further evidence for the independence of soil
exploration by basal and adventitious roots is
provided by the effect of planting depth on phos-
phorus acquisition and efficiency, Adventitious
root production is beneficial for plants seeded at
any of the depths tested. However, if seed is

planted below the layer of high phosphorus
availability, 20 adventitious roots are necessary
to make up for the phosphorus that would other-
wise be acquired by basal roots. This amount of
adventitious root production is in the upper
range of values reported for cultivated common
bean (Miller et al., 2003). As long as seed is
planted within the phosphorus-rich surface soil,
even if it is at the bottom of this layer, adventi-
tious and basal roots will have enough access to
keep phosphorus acquisition and efficiency high.
This is relevant for cultural practices used for
common bean. In practice, the deeper that beans
are planted, the more adventitious roots will
emerge from subterranean hypocotyls. However,
growers need to be careful not to plant seed so
deep that basal roots become ineffective for
phosphorus acquisition. If seed is planted below
the high phosphorus surface stratum, it is
unlikely that plants will allocate sufficient C to
adventitious roots to compensate for the loss of
access to phosphorus by basal roots. On the
other hand, in these simulations, planting seed at
the bottom of phosphorus rich surface soil allows
for the maximum number of adventitious roots
to be produced without affecting basal root con-
tributions to phosphorus acquisition and effi-
ciency. The conclusion is that growers can
increase yields by determining how deeply their
soil is stratified and planting at an appropriate
depth for that soil. The combination of planting
genotypes with shallow basal roots at an appro-
priate depth will maximize yields in phosphorus-
limited fields. The practice of planting seed in the
top 3–5 cm and mounding soil around emerged
seeds, which is commonly practiced in developing
countries, is a safe way to keep basal roots shal-
low while stimulating increased adventitious root
production.

In nature, bean seeds typically germinate on
or near the surface. In these simulations, there
was no difference between plants producing equal
numbers of adventitious roots at either 3 or 5 cm
depths. Given the immobility of phosphorus in
soils common in native bean habitats (Beebe
et al., 1997; Sanchez and Uehara, 1980), compe-
tition among roots for phosphorus is not likely
to be a significant factor until 30 or more adven-
titious roots emerge from a single hypocotyl.
Genotypes producing high densities of adventi-
tious roots are expected to be more efficient than
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those producing low densities. Bean varieties
adapted to stratified and limited phosphorus con-
ditions are predicted to be a source of high
adventitious density phenotypes. As previously
noted, phosphorus efficient cultivated genotypes
have more allocation to adventitious roots than
inefficient genotypes, but there is much more
diversity of adventitious rooting in wild geno-
types. In terms of mass, adventitious roots com-
prise less than 10% of the root systems of
cultivated genotypes, but they can comprise up
to 20% of wild bean root systems (Miller et al.,
2003). This implies that there is a significant
amount of diversity in common bean adventi-
tious rooting that may yet be exploited in breed-
ing efforts to produce more phosphorus efficient
phenotypes.

The benefit of adventitious root production
for phosphorus acquisition is sensitive to varia-
tion in adventitious root respiration. Phosphorus
acquisition increases only as long as the specific
respiration of adventitious roots is similar to that
of basal roots. Increasing the respiration of
adventitious roots reduces C available for basal
and adventitious root growth, which reduces
phosphorus acquisition and acquisition efficiency.
This is consistent with previous research in which
phosphorus-inefficient genotypes respired more C
per unit root growth than phosphorus-efficient
genotypes (Nielsen et al., 2001), as well as more
recent findings that phosphorus-inefficient geno-
types have higher adventitious root respiration
than phosphorus-efficient genotypes (Ho et al.,
2003). The respiration rates used in these simula-
tions were within ranges observed by previous
researchers (Bouma et al., 1997; Ho et al., 2003;
Lynch and Ho, 2005). Given the diversity ob-
served in other common bean traits, it is possible
that respiration rates in common bean roots vary
more than what was simulated here. Therefore,
the range of positive or negative impacts of allo-
cation to adventitious roots on phosphorus
acquisition may be wider than what is presented
here.

A number of internal and external factors
influence root respiration rates. One easily identi-
fiable, yet difficult to measure, area of potential
refinement is respiration rate within a root type.
Respiration varies along each root axis (Bidel
et al., 2000b; Nielsen et al., 1994). So the
assumption of homogenous respiration within

each root type is an average for the whole root.
Nielsen et al. (1994) quantified variation of respi-
ration along a bean root axis and used this in
simulations of C costs in SimRoot. However, all
root axes were assumed to respire equivalently
with distance from the tip, so their method
would not allow for distinguishing respiratory
costs of adventitious roots versus other root
types. Therefore, we used the data generated by
Ho et al. (2003), which distinguished respiration
rates among root types, but not along root axes.
In the future, this model may be improved by
considering changes in respiration along root
axes.

Another area worthy of consideration is the
effect of temperature on root respiration rates.
This model assumed isohyperthermic conditions
throughout the soil volume, which is reasonable
for tropical soils, such as those in which common
bean is produced as a primary food source.
However, even in tropical and subtropical soils,
there are temperature fluctuations diurnally and
with depth (Tenge et al., 1998). Respiration rates
in bean roots have been observed to increase in
the temperature range of 22–38 �C, with a Q10
of 1.69–1.79 (Bouma et al., 1997). With higher
temperature near the surface, adventitious roots
are expected to respire at a higher rate than ba-
sal roots. In this case, allocating more C to
adventitious rooting will be of limited utility or
detrimental. On the other hand, reduced respira-
tory rate fluctuations through acclimation are
possible, even to diurnal temperature fluctuations
(Atkin and Tjoelker, 2003; Loveys et al., 2003).
In addition, respiration rates may be decreased
as aerenchyma form, particularly in adventitious
roots (Fan et al., 2003). Finally, surface soil is
more prone to drying, which may result in de-
creased respiration of adventitious roots (Bryla
et al., 1997; Huang and Fu, 2000), although at
a cost of decreased phosphorus availability
(Sanchez and Uehara, 1980). So, the actual
impact of fluctuating temperatures on respiration
rates may be less over a growing season than is
predicted from short-term measurements. Intro-
ducing the factors discussed here into SimRoot in
order to adequately address variation in respira-
tion rates would help to address the relative im-
pacts of each of these influences. The expected
outcome would be to refine the quantification of
estimates, but the importance of adventitious
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root respiration rate relative to that in basal
roots in estimation of phosphorus acquisition
and efficiency would likely be unchanged.

Model estimations of phosphorus acquisition
are similar to phosphorus content of common
bean reported in field studies (Miller et al., 2003;
Yan et al., 1995b), as well as amounts that can
be calculated from other field and greenhouse
experiments (Nielsen et al. 1998b; Snapp and
Lynch, 1996; Rubio et al., 2003a). Root respira-
tion in these models accounted for an estimated
20–45% of C assimilation, which is in accord
with published results (Nielsen et al., 1998a,
2001). None of the data in the empirical studies
cited here were used to develop the present mod-
el, and therefore they represent independent veri-
fication of our simulation results. In addition, the
simulated phosphorus efficiency reported here is
similar to efficiency reported for nonmycorrhizal
Eucalyptus (Jones et al., 1998). The growth of
roots in this model is based on C allocation to
the root system, root tip cross-sectional area, and
empirically measured respiration. The only non-
specific parameter introduced is the elongation
factor, which simulates the slowing and eventual
cessation of lateral root elongation, as has been
previously reported (Cahn et al., 1989) and con-
firmed in our observations. In making sink
strength a function of cross-sectional area, this
model is similar to previously developed models
that used root tip diameter (Drouet and Pages,
2003; Thaler and Pages, 1998) or volume (Bidel
et al., 2000a) to estimate root growth rate or sink
strength. Finally, decreasing benefit of adventi-
tious roots for phosphorus acquisition and effi-
ciency with reduced C allocation to roots
provides an explanation as to why reduced C
availability in Arabidopsis and maize leads to de-
creased or delayed adventitious rooting (Gibson,
2005; Pellerin, 1991; Takahashi et al., 2003).

Slight differences between empirical measures
and simulations suggest room for improvement
of the simulation model. Tap, basal and total
root system lengths were more sensitive to chan-
ges in allocation to adventitious roots in empiri-
cal observations than in simulations, particularly
in low P cultures used to estimate low C alloca-
tion (Figure 3a–c). This indicates that the costs
of adventitious roots were not fully explained by
this model. Perhaps soil temperature profile ef-
fects on respiration in our greenhouse system

made adventitious roots more costly than was as-
sumed. Alternatively, nutrient acquisition by
adventitious roots may have greater respiration
costs than was observed previously. However,
variation between the two genotypes used in this
research in characters other than the differences
in allocation to adventitious roots likely con-
founds explanations based simply on adventi-
tious number, length, or physiology.

The maximum benefit of adventitious roots in
these 3-week simulations was to increase phos-
phorus acquisition by 10%. Running simulations
out to 4 weeks did not change this relative im-
pact. At 4 weeks, a 10% increase in phosphorus
acquisition translates into 2 mg of phosphorus.
Assuming this trend continues, then adventitious
roots may account for over 10 mg of phosphorus
acquisition over the course of a growing season.
Even with the low estimate of effects of alloca-
tion to adventitious roots on other root types de-
scribed in the preceding paragraph, there are still
several reasons to consider the estimate of adven-
titious root benefits presented here to be conser-
vative. Adventitious roots emerge over a longer
time frame than assumed for these simulations,
so adventitious roots explore surface soil
throughout the growing season, while basal roots
explore surface soil predominantly early in the
season. More importantly, a 10% increase of
phosphorus acquisition allows for greater leaf
expansion in the short term (Pellerin et al., 2000),
which results in more photosynthesis that cycles
back as higher C allocation to the root system.
Over the course of a growing season, these feed-
back cycles may turn an initial 10% increase in
phosphorus acquisition into a several fold gain in
phosphorus content and yield (Wissuwa, 2003).
Currently, SimRoot does not contain any feedback
between phosphorus acquisition, leaf expansion,
photosynthesis, and C allocation to roots. There-
fore, it is likely that slowly respiring adventitious
roots on plants growing in stratified soil account
for phosphorus acquisition of well over 10 mg,
possibly 25–50 mg, over the course of a growing
season.

In the field, multiple stresses are typically
encountered through the course of a growing
season. Plants must allocate resources between
competing sinks that fulfill a variety of functions.
Optimal allocation may be determined by mar-
ginal benefits of alternative pathways (Lynch and
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Ho, 2005). In this way, a number of resources
and demands may be balanced so that no one re-
source is in excess. For example, C allocation is
drawn on one side by demands of root respira-
tion, growth, and water and mineral acquisition,
and on the other by requirements of shoot respi-
ration and leaf expansion. Similarly, common
bean plants have evolved adaptations to drought
tolerance and low phosphorus availability.
Drought selects for plants with deeper roots,
while phosphorus stress selects for plants with
shallow roots. The optimum allocation between
these strategies results when the benefits of a gi-
ven allocation are offset by costs (Ho et al.,
2004). Deeper roots will be selected until the ben-
efit of water obtained is offset by the extra costs
associated with phosphorus acquisition by deep
roots. Overall, plant phenotype is a complex
expression of competing interests that cannot be
easily analyzed by considering only single re-
source limitations or multiple limitations (Rubio
et al., 2003b). Thus, considering availability of
water and other nutrients will be important ele-
ments of future efforts to assess the contribution
of adventitious rooting to plant performance.

Complexity of tradeoffs can be illustrated by
considering the resources of phosphorus and
water, along with carbon allocation into adven-
titious roots or mycorrhizal symbiosis. Drought
selects for deeper roots (Ho et al., 2004), and
drought stress may result in decreased allocation
to adventitious roots (Pardales and Yamauchi,
2003). On the other hand, mycorrhizal associa-
tion appears to result in better performance of
host plants in drought conditions (Al-Karaki
et al., 2004; El-Tohamy et al., 1999; Sanchez-
Blanco et al., 2004), along with increased acqui-
sition of phosphorus in soil of low phosphorus
availability (Martin and Stutz, 2004; West et al.,
1993). In addition, propagules of mycorrhizal
fungi tend to be more numerous near the soil
surface (Abbott and Robson, 1991). Therefore,
allocation of carbon to mycorrhiza through
roots proliferating in shallow soil may still be
beneficial in drought conditions. However, this
remains uncertain, because mycorrhiza increase
respiratory demands (Martin and Stutz, 2004;
Nielsen et al., 1998a), and concentration of
mycorrhizal fungal propagules near the soil sur-
face may or may not lead to greater coloniza-
tion of shallow roots than of deep roots (Nehl

et al., 1999). Allocation to adventitious roots
may still be beneficial for phosphorus and water
acquisition in soil with low phosphorus avail-
ability under drought conditions, depending on
how adventitious root proliferation affects the
extent of mycorrhizal symbiosis in shallow and
deep soil strata.

Despite several assumptions and simplifica-
tions, the model simulations produced reason-
able results validated by empirical data as well
as published reports. These results lead to pre-
dictions that may be useful in crop management
and breeding. For example, planting seed deeper
to stimulate more adventitious production is
expected to be beneficial only as long as seed is
planted in phosphorus rich surface soil where
basal roots have access to high phosphorus
strata. Our models predict little competition
between adventitious and basal roots. Therefore,
adventitious and basal roots are complementary
for phosphorus acquisition. Finally, maintaining
high C utilization efficiency by roots is neces-
sary to derive maximal benefit of adventitious
rooting. The most phosphorus efficient geno-
types are expected to have shallow basal roots,
significant allocation to adventitious roots,
which respire at rates similar to basal roots, and
an ability to utilize C efficiently for root
growth.
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