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INTRODUCTION

The increasingly widespread use of minirhizotrons,
below-ground video cameras, and root image anal-
ysis software has generated information on fine root
(<1 mm in diameter) dynamics in many species and
ecosystems (Johnson and others 2001; Eissenstat
and Yanai 2002). These techniques have also re-
vealed the daunting complexity of the fine root
system. Within the fine root system of a single field-
grown plant are roots of numerous branching or-
ders, lengths, diameters, ages, colors, and degrees of
mycorrhizal colonization (Afek and others 1990;
Pregitzer and others 1997; Wells and Eissenstat
2001; Anderson and others 2002; Mihail and others
2002; Waisel and Eshel 2002). Fine roots continu-
ally emerge, age, and die throughout the favorable
growing season at rates that differ among subsets of
the root population and change in response to sea-
sonal and environmental factors (Hendrick and
Pregitzer 1993; Pregitzer and others 1993; Reid and
others 1993; Forbes and others 1997; Ruess and
others 1998; Majdi and others 2001; Wells and
Eissenstat 2001; Wells and others 2002a). The de-
mographic characteristics of the fine root population
are constantly shifting, and the consequences of
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these shifts for whole-plant physiology and growth
are very poorly understood.

The heterogeneity of the fine root system should
not be surprising. Above ground, individual leaves
exhibit well-characterized differences in anatomy
and physiology with age and position in the crown
(Esau 1965; Nobel 1975; Coleman 1986). An ap-
preciation of these differences is implicit in most
aboveground sampling strategies and is incorporat-
ed into models of whole-canopy function. Until
recently, however, physiological differences among
individual roots less than 1 mm in diameter were
not frequently acknowledged. Most water and nu-
trient uptake models use total fine root length as a
model parameter and assume constant rates of up-
take along this length (Chen and Barbar 1990;
Smethurst and Commerford 1993; Teo and others
1995; but Gao and others 1998). However, a num-
ber of studies indicate that roots of different ages
and positions are anatomically and physiologically
dissimilar (Atkinson and Wilson 1979; Palta and
Nobel 1988; Lopez and Nobel 1991; McKenzie and
Peterson 1995; Pregitzer and others 1997; Bouma
and others 2001; Kosola and others 2002).

At present, the majority of our information on
fine root physiology derives from studies of the
young, white seminal roots of crop seedlings grown
in solution culture (Clarkson 1985; McCully 1999).
Such studies have been extremely valuable in elu-
cidating the details of root anatomy, development,
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ion uptake, and metabolism. However, physiologi-
cal data from young crop roots grown in artificial
media may have limited relevance to the complex
fine root systems of field-grown, perennial plants.
In contrast to the primary roots of crop seedlings,
the fine roots of perennial plants often lived months
and even years (Hendrick and Pregitzer 1992; Majdi
and Nylund 1996; Eissenstat and Yanai 1997; Eis-
senstat and others 2000). Many fine roots, espe-
cially in woody species, are short (rarely more than
several cm), determinate in length, and highly
branched (McCully 1999; Draye 2002; Persson
2002; Pregitzer and others 2002). Although fine
roots are white when first produced, many become
brown with age and remain in this state, without
visible secondary thickening, for the majority of
their life span (Richards and Considine 1981;
Hendrick and Pregitzer 1992; McKenzie and Peter-
son 1995).

The assumption of uniform physiological activity
among all roots within the fine root system is almost
certainly inaccurate. However, little information
exists with which to formulate a more accurate
description of functional heterogeneity within the
root system. Obtaining reasonable quantities of fine
root tissue of known age and branching order is a
technical challenge (Pregitzer and others 1997;
Kosola 1999; Bouma and others 2001), and rela-
tively few studies have examined the physiological
changes that accompany root aging or the func-
tional differences among roots of different branch-
ing orders. An understanding of the basic
physiological differences among categories of fine
roots is necessary if we are to better predict changes
in root system function from observations of root
system demography.

In the present review, we will highlight what is
known about the morphology, physiology, and life
history of fine roots in relation to their age and
position in the branched hierarchy of the root sys-
tem. We will focus particularly on the fine root
systems of woody plants and on the ways in which
they differ from the young root systems of annual
crop plants.

RooT LONGEVITY AND THE AGE
DistriBuTION OF FINE RoOoT POPULATIONS

The age distribution of annual root systems is rela-
tively simple. Root and leaf production tend to oc-
cur synchronously during the early growing season
and then slow or cease at the onset of reproductive
growth (Beyrouty and others 1987; Snapp and
Shennan 1992). Frequently, little root mortality

occurs until the latest stages of reproductive devel-
opment (Fisher and others 2002). This pattern of
root production during the growing season has
several consequences for the age distribution of the
root population. First, all fine roots in annual crop
species are less than one year in age and differ in age
by, at most, several months. Second, the root pop-
ulation is enriched in young, white roots early in
the season and dominated by aging roots as the
season progresses. This pattern of root growth sup-
ports a strategy of high nutrient uptake early in the
growing season, followed by retranslocation of nu-
trients from roots and leaves to reproductive struc-
tures later in the season (Cheng and others 1990;
Box and Ramseur 1993; Liedgens and others 2000;
Liedgens and Richner 2001).

Production schedules for the fine roots of woody
plants are more complex. The ability of perennial
plants to draw upon stored nutrient reserves re-
duces the need for high nutrient uptake rates to
occur simultaneously with new leaf production. In
fact, root and leaf production are frequently asyn-
chronous. In fruit trees, nutrients required for
spring leaf and flower production are supplied from
stored reserves, and significant new fine root
growth may not occur until well after the initiation
of leaves and flowers (Rogers 1939; Tromp and Ova
1973; Millard and Thomson 1989; Wells and Eis-
senstat 2001; Grassi and others 2002). In many
trees, the production of fine roots occurs at some
level throughout the growing season and is punc-
tuated by one or more seasonal ‘““flushes’”” of very
high production (Rogers 1939; Head 1966; Lyr and
Hoffman 1967; Head 1969; Atkinson 1980; Glenn
and Welker 1993; Reid and Bowden 1995). In apple
and peach, an initial flush of new root production
often occurs during, or following, bloom. A second
flush may occur in the late summer or early fall
(Rogers 1939; Head 1966, 1967; Rogers and Head
1969).

The fine roots of perennial plants can be ex-
tremely long-lived. Median life spans of 250 to 350
d have been observed for Norway spruce (Majdi and
Kangas 1997). Sugar maple fine roots were reported
to have median life spans of over 400 d in a 60-y-old
central Pennsylvania planting and 125 to 340 d in a
Michigan hardwood forest (Hendrick and Pregitzer
1992; Hendrick and Pregitzer 1993; Eissenstat and
others 2000). In a survey of eleven hardwood and
coniferous tree species in West-central Poland, a
number of species exhibited median life spans
greater than 930 d (J. Withington unpublished
data). In these minirhizotron studies, the fine roots
did not increase appreciably in diameter with age,
nor did they appear to become ‘““woody.” Consid-
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Figure 1. Age distributions through time of fine roots (<1 mm diameter) visible on minirhizotrons in a West Virginia
peach orchard during the 1996 (left panel) and 1997 (right panel) growing seasons (data from Wells and others 2002a). Six
butyrate minirhizotron tubes were installed beneath each of six 15-y-old Loring peach trees on Halford rootstock planted
in a Hagerstown silt loam soil in April of 1996. Tubes were 70 cm in length, 6 cm in outer diameter, and were scribed with
a single vertical transect of thirty 1.8 X 1.2 cm windows. Data from two minirhizotrons per tree are shown (12 tubes total).
Raw data were smoothed using the Loess function in Sigmaplot (SPSS, Inc. Chicago, IL) with a bandwidth of 0.50.

erably shorter root life spans have been reported in
other woody species, including apple (36-144 d;
Wells and Eissenstat 2001), kiwifruit (28 d; Reid and
others 1993), and pin cherry (42 d; Pregitzer and
others 1993). Nonetheless, it is clear that the fine
roots of woody plants may persist for many months
without undergoing visible radial thickening.

Long life spans of the fine roots of woody plants,
coupled with production schedules that feature
multiple yearly flushes, result in root populations
that have a complex and constantly-shifting age
distribution. Whereas the fine roots of annual plants
are all relatively similar in age, the root systems of
perennial plants exhibit a broad range of root ages.
In addition, the median age of the perennial fine
root system can shift from older to younger and
back again in response to repeated flushes of new
root production during the growing season.

DEMOGRAPHIC CHARACTERISTICS OF A
PeEAcH RooT SYSTEM OBSERVED
WITH MINIRHIZOTRONS

Observational data collected in a West Virginia
peach orchard during two growing seasons after
minirhizotron installation illustrate key aspects of
woody plant fine root demography: (1) broad root
age distribution, (2) enrichment in older roots and
(3) shifts in root median age during the growing
season (for experimental details see Wells and oth-

ers 2002a). New fine roots were ontinually pro-
duced throughout the spring and summer in this
orchard (Figure 1). A fall flush was also observed in
both years of the study: in September of 1996 and in
late October of 1997. The initial flush of root pro-
duction in the summer of 1996 was particularly
high and may have represented wound-induced
root proliferation in response to minirhizotron in-
stallation (Joslin and Wolfe 1999).

The age distribution of the root system broadened
throughout the course of the study. One month
after minirhizotron installation, all roots fell into the
0-4 week age class. By the time of the fall flush in
1996, fine root ages ranged from less than 1 week to
20 weeks, and by the summer of 1997, fine root
ages ranged from less than 1 week to greater than 1
year (Figure 1). This range of root ages probably
underestimated that of the undisturbed bulk soil.

Although new fine roots were continually pro-
duced during the growing season, the majority of
the fine root system was older than 1 month at all
but the earliest spring sampling dates each year
(Figure 1). On all but three sampling dates, 40-70%
of the fine roots were brown, indicating that their
epidermal and cortical tissues were senescent or
absent (Figure 2). Similar results have been re-
ported in a northern hardwood forest, where the
majority of a June fine root cohort (<30 cm depth)
was brown within 20 days of its production, but the
cohort exhibited a median life span greater than 300
days (Hendrick and Pregitzer 1992). Rogers (1939)
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Figure 2. Number of white and brown fine roots visible
on 12 minirhizotrons in a West Virginia peach orchard
from June 1996 through October 1997 (top panel) (data
from Wells and others 2002a). Median root age of all fine
roots visible on the minirhizotrons over the same interval
(bottom panel).

reported that portions of apple root systems viewed
through rhizotrons consisted entirely of brown roots
in several instances during the growing season.
Kramer and Bullock (1966) found that actively
growing root tips accounted for less than 1% of the
total root surface area in loblolly pine and yellow
poplar stands.

The median age of the peach root population was
always youngest in the early spring and oldest in the
late fall and winter. During the summer, the median
root age increased and decreased in response to
changing root production and mortality rates (Fig-
ure 2). In some instances, marked shifts in median
root age occurred independently of any significant
change in root numbers or root distribution among
color classes. Given that root physiology can change

markedly with age, these shifts in root system me-
dian age may have caused significant changes in the
tree’s capacity for below-ground resource capture
over the course of the growing season.

CHANGES IN FINE RooT FuncTioNn
WITH AGE

Among fine absorptive roots of low order (see be-
low), there is typically a rapid decline in nutrient
uptake capacity with age. The time course and ex-
tent of this decline depend on the plant species and
the nutrient being measured. Numerous experi-
ments in cereals, annual crops, and woody plants
confirm that young, apical regions of the root ex-
hibit the greatest rates of nutrient uptake from so-
lution, although in many cases there is measurable
uptake by all portions of the root system (Kramer
and Bullock 1966; Russell and Sanderson 1967;
Clarkson and others 1968; Grasmanis and Barley
1969; Eshel and Waisel 1972; Atkinson and Wilson
1979; Van Rees and Comerford 1990; Clarkson
1991; Comas and others 2000; Bouma and others
2001). It is important to note that the proportion of
absorbed ions that are translocated out of the root
may increase with age, as has been shown for *°Rb
in cherry (Atkinson 1980).

The time course of the decline in nutrient uptake
with age differs among woody species with con-
trasting root life spans and morphologies. Consider a
comparison between the coarse, dense roots of cit-
rus and the thinner roots of apple (Eissenstat and
others 2000; Bouma and others 2001). Fine roots of
citrus typically have median life spans five times
longer than those of apple (ca. 300 days vs. 60
days). Maximum uptake capacity (Imax) of young
citrus roots is also considerably lower than that of
apple (ca. 400 pmol P g~' s vs. 2000 pmol P g™*
s7!). The decline in phosphate uptake with root age
differs in apple and citrus roots. Bouma and others
(2001) reported that citrus root uptake capacity for
phosphate peaked at 4 days of age, dropped to about
35% of maximum within 1 week, and remained at
that level for the oldest roots examined (Figure 3).
In contrast, apple roots maintained a relatively high
uptake capacity for phosphate during the first 25
days of life, after which their uptake capacity ex-
hibited a gradual but continuous decline with age.
These results suggest that longer-lived roots may
exhibit lower maximum rates of uptake, but that
their age-related declines in uptake are less pro-
nounced. Such hypotheses will require further
testing. In grape, whose roots are similar in struc-
ture and longevity to apple (median lifespan ca. 50—
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Figure 3. Relative uptake rate of phosphorus as a
function of root age in apple (‘Red chief Delicious’ on M26
rootstock) and citrus (Red grapefruit on sour orange
rootstock) roots growing in the field (+SE) (Bouma and
others 2001). Relative P uptake was determined by
measuring >?P uptake from 1-cm excised root segments
from mature trees at concentrations ranging froml to
1000 pM P. ©New Phytologist Trust

70 days), nitrate uptake capacity declined to 30% of
maximum within 10 days (3309C rootstock; A.
Volder unpublished data). There was little subse-
quent decline in uptake capacity between 10 and 23
days.

Respiration also declined with individual root age
in citrus and apple (Figure 4). Citrus exhibited very
high respiration in 4-day old roots, perhaps related
to the growth of thick, lignified, tangential exoder-
mal walls (Eissenstat and Achor 1999). Within 1
week, respiration had declined precipitously and
remained essentially constant at 20 nmol O g~ ' s
for roots between 20 and 80 days old. Apple roots,
on the other hand, exhibited a more gradual, linear
decline with age and showed no evidence of stabi-
lizing at a constant rate. In the oldest roots exam-
ined (ca. 40 days), respiration had reached levels of
11 nmol O, g s™'. In a separate study, Concord
grape root respiration declined linearly with age to
minimum rates of only 12 nmol 0, g~' s~ in roots
over 50 days old (Comas and others 2000). Similar
declines in individual root respiration with age have
been noted in roots of the cactus species Ferocactus
acanthodes and Opuntia ficus-indica (Palta and Nobel
1989).

Hydraulic conductivity of individual roots may
also change with age, a phenomenon that has im-
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Figure 4. Respiration of 1°* and 2™ order roots of apple
(““Red chief Delicious” on M26 rootstock) and citrus (Red
grapefruit on sour orange rootstock) roots growing in the
field (£SE). Roots of known age were collected from root
boxes and O, consumption of the excised roots deter-
mined with an oxygen electrode. Figures redrawn from
Bouma and others (2001). ©New Phytologist Trust.

plications for both water and nutrient uptake
(Kramer 1983). In Ferocactus acanthodes and Opuntia
ficus-indica, hydraulic conductivity at 20°C increased
with root age up to 11-17 weeks and decreased with
age thereafter. Similar results have also been re-
ported for a number of other species (Oosterhuis
1983; Drew 1987). The initial increase in hydraulic
conductivity with age has been attributed to matu-
ration of xylem vessels and secondary xylem de-
velopment, while the eventual decrease may reflect
suberin deposition and/or cork periderm formation.
Not all species exhibit this pattern of change in
hydraulic conductivity with age. In Agave desertii, for
example, maximum hydraulic conductivity occurs
very early in the life of an individual root (Nobel
and others 1990).

Age-related changes in the hydraulic properties
of fine roots in woody species have received less
attention. A number of early studies suggest that
older, suberized roots are somewhat less permeable
to water but may nonetheless be important in water
uptake (Nightingale 1935; Chapman and Parker
1942; Hayward and others 1942; Kramer 1946;
Kramer and Bullock 1966). For example, Kramer
and Bullock found that the rate of water movement
into individual young, white root segments ranged
from 4.2 to 97 mm’> ecm™> h™!, while the rate for
older, ““suberized”” segments ranged from 4.36 to 32
mm’ cm > h™" (roots 1-2 mm in diameter). Based
on the relative abundance of ““suberized”” and un-
suberized roots at their field site, the authors con-
cluded that 75% of water uptake by the pine root
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system occurred through “‘suberized’” roots. Poten-
tial routes of water entry into older roots include
lenticels, breaks in the cork periderm, and passage
cells in the root endodermis.

CHANGES IN RoOoT ANATOMY WITH AGE

Reduced rates of water and nutrient uptake by fine
roots may result from a number of processes in-
cluding (1) development of apoplastic barriers to
water and solute movement, (2) loss of epidermal
and cortical tissues, and (3) qualitative and quanti-
tative changes in membrane proteins involved in
nutrient and water uptake. The first two mecha-
nisms have been studied in some detail but much
less is known about age-related changes in the ex-
pression of ion channels, carriers, pumps, and
aquaporins in root cell membranes. Changes in
membrane physiology with root age deserve further
study, and this effort will be greatly assisted by the
ongoing identification of genes encoding various
membrane transport proteins from roots (for ex-
ample, see Crawford and Glass 1998).

Pioneering work on the relationship between
root age and uptake focused on the potential for
age-related root anatomical changes to alter root
function (Clarkson 1996). Apoplastic barriers
formed by Casparian bands and suberin lamellae in
the endo- and exodermis have received particular
attention, but there are still misconceptions re-
garding the importance of the Casparian band in
restricting nutrient uptake. Although the Casparian
band in the endodermis restricts apoplastic move-
ment of solutes into the stele, band formation oc-
curs within the first few millimeters of the root tip
in rapidly extending roots and closer to the tip in
short laterals. Rapid zones of nutrient uptake and
translocation usually occur somewhat more distal
from the root tip where the xylem has matured.
Thus, zones of the root that are most active in nu-
trient uptake also possess Casparian bands in the
endoermis (Clarkson and others 1968).

Although the endodermal Casparian band may
not represent an impediment to nutrient uptake,
secondary deposition of suberin lamellae in the
walls of maturing endodermal cells may result in
major reductions in water and ion uptake (Clarkson
and others 1968; Clarkson 1996). Furthermore,
many species also develop an exodermis, a cortical
layer just below the epidermis, which serves as an
apoplastic barrier to water and solute uptake (Pe-
rumalla and Peterson 1986; Peterson and others
1993). Like the endodermis, the exodermis often
forms close to the root tip and has Casparian bands

and suberin lamellae when mature. Typically, the
exodermis matures more slowly than the endoder-
mis and may take several months to fully develop its
secondary walls and suberin lamellae (Perumalla
and Peterson 1986; Eissenstat and Huang 2000). As
with the endodermis, stressful conditions may ac-
celerate suberin deposition and cause the exodermis
to form closer to the root tip. Both the endodermis
and the exodermis may contain passage cells that
permit limited uptake of water and nutrients.

Root BROWNING

Another mechanism by which water and nutrient
uptake may be curtailed in older roots is the se-
nescence of the root cortex, a phenomenon we refer
to as ‘‘browning.” Minirhizotron images indicate
that new fine roots are white in color and become
brown (but not necessarily woody) several weeks to
months after their production (Wang and others
1995; Comas and others 2000; Wells and Eissenstat
2001). Some brown roots eventually take on a
blackened or shriveled appearance before disap-
pearing, whereas others are retained and function
in more than one growing season. Brown roots are
frequently referred to in the older literature as
“suberized,” implying that they have undergone
deposition of endo- and/or exodermal suberin la-
mellae. However, neither suberization nor the de-
velopment of secondary xylem are directly linked to
root browning (McCrady and Comerford 1998).

In  Eucalyptus pilularis and Pinus banksiana,
browning is associated with condensed tannin ac-
cumulation in cortical cell walls and death of the
epidermis and cortex, leaving a dead, tannin-filled
sheath surrounding an intact and living stele
(McKenzie and Peterson 1995). Cortical cell death
and persistence of a functioning stele have also been
reported in grape (Comas and others 2000), apple
(Rogers 1968), loblolly pine (McCrady and Comer-
ford 1998), wheat and barley (Liljeroth 1995),
soybean (Kossiak and others 1997) and chickpea
(Spaeth and Cortes 1995). It is unknown whether
the details of the browning process are identical in
all species, but the general phenomenon of cortical
pigmentation followed by cortical cell death appears
to be common across taxa.

Although root browning itself is a normal devel-
opmental process that occurs under axenic condi-
tions (Liljeroth 1995), a number of external factors
can trigger the initiation of browning and increase
browning rate. Interactions with nematodes and
fungal pathogens trigger browning in a number of
plant species (Dunn 1979; Allen and others 1989;
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Liljeroth 1995). In wheat, cultivars that exhibit a
rapid rate of browning are also more resistant to
root rot fungus, suggesting that root browning may
play a role in root defense (Liljeroth 1995). In
peach, a decreased browning rate was observed
when roots were protected from below-ground in-
sect herbivory by the application of broad spectrum
soil insecticide (Wells and others 2002b). In grape,
roots surrounded by many neighbors browned more
quickly than roots that were solitary (Anderson and
others 2002). Evidence also suggests that low soil
water content and high soil temperature can also
increase the root browning rate (Rogers 1939;
Bartsch 1987).

Loss of cortical and epidermal tissues reduces the
membrane surface area available for nutrient up-
take. Cortical cells are also the sites of mycorrhizal
carbon and nutrient exchange, and roots that have
shed their cortex are therefore incapable of obtain-
ing nutrients through mycorrhizal symbioses. Not
surprisingly, most studies that have compared
brown roots with white roots of the same species
have found them to exhibit reduced rates of nutri-
ent uptake (Chapman and Parker 1942; Kramer
1946; Atkinson and Wilson 1979; Van Rees and
Comerford 1990). Reductions in the respiration rate
of brown roots have also been noted (Comas and
others 2000).

RooTt ORDER AND THE BRANCHED
HiIErRARCHY OF THE RoOT SYSTEM

Fine root anatomy and function differ not only by
age, but also by position in the branched hierarchy
of the root system. The above-ground growth of
plants is often described as modular, meaning that
growth occurs through the repetition of a small
number of discrete, self-replicating structural units,
or modules (Maillete 1992). One year’s leafy twig or
one leaf with its axillary bud are two examples of
above-ground growth modules (Watkinson and
White 1986; Thomas 2001). Root growth may also
be considered modular (Pregitzer and others 2002),
with one root apical meristem and the primary tis-
sues immediately arising from it comprising a single
below-ground growth module. New modules may
arise at many points from the pericycle of an ex-
isting root module, giving rise to a complex, bran-
ched hierarchy of individual roots that differ in both
age and position (Pages 2002).

The position of an individual root within the
branched hierarchy of the root system is often
termed its ““root order.” Here we will refer to roots
with no dependent laterals as 1**-order, roots with a

single set of dependent laterals as 2"%-order, and so
on. In this scheme, the higher a root’s order, the
more hierarchical levels of lateral roots are de-
pendent upon it. 1*-order roots are the most distal
roots in the branched hierarchy and correspond to
“external links” in the topological analysis scheme
proposed by Fitter (1987). Just as the fine root
population exhibits an age distribution, it also ex-
hibits a distribution of roots among various root
orders.

Whether most plant species exhibit a character-
istic, fixed number of root orders at maturity is a
question that has received surprisingly little atten-
tion. In many annual crop species, the number of
root orders and the morphology of the roots within
each order appear to be relatively fixed. In the nodal
root system of maize, for example, individual nodal
roots bear one order of short (mode < 3 cm) lateral
branch roots. Thirty percent of these branch roots
bear an additional order of laterals that are shorter
still (McCully 1999). Therefore, at maturity, the
maize nodal root system consists of three hierar-
chical orders: very short 1%'-order laterals, short 2™-
order, and relatively long nodal framework roots.
The branching architecture of other cereals is simi-
lar.

Much less information exists on the number of
root orders exhibited by herbaceous and woody
dicots. Pregitzer and others (1997) carefully exca-
vated complete root systems from four plant species
common to the forest seedling ground-cover layer
in a Michigan hardwood forest. Two perennial
herbaceous species bore a maximum of five total
root orders, while ash bore six and sugar maple bore
seven. Seven root orders may be the maximum
observed for any tree species (Lyford 1975). In a
subsequent study of root architecture in nine North
American trees, Pregitzer and others (2002) noted
that fine root branches emerging from woody per-
ennial roots rarely bore more than 3 to 4 hierar-
chical root orders. In the same study, 1%'- and 2"9-
order roots made up the majority of fine root
numbers and accounted for over 75% of fine root
length.

DIFFERENCES IN DEVELOPMENT AND
FunctioN AMONG RooT ORDERS

Roots of different orders exhibit differences in
morphology, anatomy, physiology, and life history.
These differences are most pronounced in woody
perennials whose highest root orders consist of
long-lived woody roots that function primarily in
anchorage, storage, and transport. However, differ-
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ences among root orders also exist within the fine,
absorptive root system (<1-2 mm in diameter) in
both woody and non-woody plants. Higher-order
roots are always older than the lower-order roots
that arise from them, and many of the physiological
differences among root orders reflect this fact. There
are also differences among root orders that are in-
dependent of root age: roots that are destined to
give rise to one or more hierarchical levels of lateral
roots are often developmentally distinct from roots
that will remain 1*'-order roots throughout their life
span.

Although all fine roots begin their life as 1%"-or-
der, absorptive roots, it appears that only a subset of
the fine root population undergoes the transition
from Ist-order to higher-order root. Evidence sug-
gests that individual roots are predetermined to
become higher-order, semi-permanent components
of the root system from the time of their initiation
(Pages 2002; Persson 2002). These roots are some-
times referred to as ““framework,” ““long,”” or “‘pio-
neer’”’ roots, in contrast to “fibrous’’ or ““short’” 1°%-
or 2"%-order roots. It is usually possible to identify a
pioneer root at the time of emergence. Pioneer roots
often have prominent root tips, are of larger diam-
eter, and extend more rapidly and indeterminately
into the soil than roots destined to remain 1*'- or
2" order (Pages 2002). In bearing citrus trees, 1°'-
and 2™%-order pioneer roots develop secondary xy-
lem and cork periderm, while 1°- and 2"%-order
fibrous roots do not (Eissenstat and Achor 1999). In
citrus seedlings, however, 2" order fibrous roots do
exhibit secondary development. Seedlings in the
process of developing the framework for their ma-
ture root system apparently produce more fine roots
with the potential for secondary growth, affording
the plant an advantage if a major portion of the root
system is damaged or fails to develop. Pioneer roots
must persist to become the eventual progenitor of
lower order roots, and allocation of energy to their
defense should therefore be high. Anecdotal data in
citrus indicate that young ‘““pioneer”” roots are much
less susceptible to the root rot fungus Phytophthora
nicotianae (J.H. Graham, personal commun.) and
the citrus nematode Tylenchulus semipenetrans (L.W.
Duncan, personal commun.) than corresponding
young “‘fibrous” roots.

As young ‘“‘pioneer” or ‘“framework” roots de-
velop secondary xylem and a periderm from their
vascular and cork cambiums, respectively, there is
subsequent senescence of the cortex and epidermis
and loss of a symbiotic relationship with mycorrh-
izal fungi. The cork periderm, which forms interior
to the endodermis, also leads to mortality of the
endodermal passage cells (Peterson and others

1999). Hence, secondary development represents a
major transition in which the pioneer root’s func-
tion changes from water and nutrient absorption to
transport, anchorage, and production of lower order
absorptive roots. The cork periderm is notable as a
barrier to water and nutrient absorption not only
because of its heavily suberized cork cells, but also
because of its lack of passage cells (Peterson and
others 1999; Taylor and Peterson 2000). These an-
atomical features undoubtedly also help framework
roots defend against pathogens and root herbivores.

Root orders also differ markedly in life span. In
peach, 1%-order roots had median life spans of 95—
105 days while 2" and 3"™-order roots had median
fine life spans of 226-259 days (Wells and others
2002a). Significantly longer life spans for higher
order roots have also been demonstrated in kiwi-
fruit (Reid and others 1993). Longer life spans of
higher order roots are not surprising: loss of a single
higher order root entails the loss of all the lateral
roots that depend upon it.

SuMMARY: BEYOND YOUNG,
WHhriTE FINE RooTs

Early in their lives, fine absorptive roots exhibit
high capacities for water and nutrient uptake and
benefit from symbiotic associations with mycorrh-
izal fungi. As they age, most fine absorptive roots
eventually undergo pigmentation, cortical cell
death, loss of mycorrhizal associations, and sub-
stantial reductions in the capacity for water and
nutrient absorption. Some of these changes in root
function occur very rapidly in relation to the life
span of the root. Decreasing physiological activity
with root age has led to a general perception that
only young, white roots or root tips are important in
resource acquisition. However, fine root demo-
graphic studies suggest that young, white roots
make up only a small fraction of total fine root
length in woody plants during much of the favo-
rable growing season. Older roots may contribute
significantly to water and nutrient uptake. Al-
though the water and nutrient uptake capacities of
older roots are reduced, they are not negligible, and
older roots represent by far the largest potential
surface area for uptake. Alternatively, older fine
roots may be important in supplying only a subset of
below-ground resources. At present, it is difficult to
evaluate these hypotheses. We are not aware of any
study that has reported age-specific uptake rates for
more than one or two nutrient ions in a woody
species. Without such data, it is not possible to de-
termine whether there are particular classes of nu-
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trients whose uptake is especially restricted with
root age. Studies that measure changes in both
hydraulic conductivity and nutrient uptake are also
lacking. Furthermore, among roots for which the
age is known, nutrient uptake has only been de-
termined in roots up to 60-80 days of age; the in-
clusion of much older fine roots in future studies
would complete our understanding of changes in
fine root function with age. Much more remains to
be learned about the functional roles played by
roots of different ages and orders. Such information
is necessary if we are use minirhizotron observa-
tions of individual roots to make inferences about
the functioning of the root system as a whole.
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