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Abstract Suberized or brown roots have been traditiofjtroduction
ally considered secondary or woody tissues. The validity
of using morphological features such as color to mf@here is ample evidence to support the hypothesis that
root anatomy for southern pines is questionable and aoirient availability is the primary factor limiting pro-
proven. The objectives of this study were (i) to establidbctivity of southern pine stands on the lower coastal
relationships between root color, diameter, and develgain of USA (Neary et al. 1990). The use of mechanistic
mental stage (i.e., primary or secondary tissues) for lotatrient-uptake models and sensitivity analysis has fur-
lolly pine, (ii) to determine the percentages of primatjier shown that the single most important factor deter-
and secondary brown roots by diameter class, and (iiij)ndning uptake in these stands is the amount of absorbing
use these percentages to make first order estimates ofdle surface area (Van Rees et al. 1990; Kelly et al. 1992;
amount of brown root length and surface area that isvanai 1994). Classification of these root surface areas in-
the primary and secondary developmental stages torfunctional uptake units (e.g., primary and secondary
sampled roots of a semi-mature loblolly pine stand. “Utissues) has been frequently based on external morpho-
sectioned” roots were collected by coring to a 25-clngical features such as root color (e.g., white roots=pri-
depth 3 times a year and measuring roots for length anary tissues) or diameter (Kramer and Bullock 1966;
surface area by diameter class. “Sectioned” roots w&@kung and Kramer 1975; Sands et al. 1982). Deductive
sampled from a one-time core and from periodic gratassifications such as these, however, provide little
samples. These roots were sectioned and characterfe@dtional utility when considering water and nutrient
by their color, diameter and developmental stage. Dianug@take rates unless they are based on root anatomy
ters of sectioned rootsn£353) ranged from 0.21 towhich determines uptake characteristics.
8.24 mm. White and orange roots ranged from 0.23 toBrown roots have been traditionally considered
2.50 mm, while brown roots spanned the range. Whit®ody or secondary tissues (Blake and Hoogenboom
roots were developmentally primary, whereas 01988), and are often described as suberized (Addoms
ange/brown roots were either primary (from 0.21 0946; Kramer 1946; Van Rees and Comerford 1990).
2.50 mm), secondary (from 0.33 to 8.24 mm), or in traBuberization is an internal cellular process and may re-
sition (from 0.27 to 0.76). Total live root length of theult from several conditions, including an injury or infec-
sampled stands was estimated to be composed of 38, or the presence of a hypodermis or periderm (Hol-
primary tissue, 58% secondary tissue, and 4% transitioway and Wattendorf 1987). Moreover, the brown color
tissue. Lastly, neither root color nor diameter was a retemmonly associated with suberized root tissues appears
able predictor of developmental stage unless roots wegebe independent of the suberization process itself and
white (primary), or orange/brown and >2.5 mm in dianalso of secondary xylem development. It results from
eter (secondary). cellular death and the subsequent release and oxidation
of phenolic compounds normally contained within the
Key words Suberized - Non-woody roots - Woody rootsvacuole (Richards and Considine 1981; McKenzie and
Brown roots Peterson 1995).

Richards and Considine (1981) recognized the confu-
sion created when terms such as brown, suberized, and
woody are used to imprecisely or incorrectly describe
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(primary or secondary tissues) has not been proven. Ciyr-long roots was used to classify long roots of unknown vitality
sequently, relationships between root morphology aﬁqllve or dead by using the same percentage (e.g., 50% live roots
X

. P 0 cm unknown root length = 5 cm live root length). The surface
anatomy for species such as loblolly pifn(is taeda area of each root was calculated as the product of root length and

L.) remain ambiguous. This study addresses this probl@fumference using measured diameters. The length and surface
through the following objectives: (i) to establish relatiorarea of each live long root was summed to give live long root

ships between root color, diameter, and developmenggpth and surface area for each unsectioned core. Dead roots,

; : : - hoth long and short, and white roots (<1.2% of the total long root
stage (i.e., primary or secondary tissues) for loblolly pi gth of any unsectioned core sample) were not included in root

" . . n
(i) to determine the percentages of primary and secoRggth and surface area estimates. White roots were not included
ary brown roots by diameter classs, and (iii) to use thesaply because their numbers were so small that they had virtually

percentages to make first order estimates of the amoungffect on the totals.

of brown root length and surface area that is in the prima_Short roots attached to long roots were excised under a dissect-
iNg. microscope and classified as live or dead based on color and

ry and secondary developmental stages for roots OWe%ibility as described above. Unattached short roots were sepa-
semi-mature loblolly pine stand growing in the surfaggted into the same categories and counted as well. Mean short
soil of a Florida Spodosol. Terminology used in this pesot length (0.16 cm+0.12 ) and diameter (0.04 cm+0.03) were es-
per follows the conventions of Sutton and Tinus (1983) limated from Samples no.1 and no.2 core sampiedy to 50

short roots/core) using image analysis software (JAVA 1990). To-
tal short root length for each core is the product of short root quan-
tity and mean short root length. Total short root surface area is the
Materials and methods product of short root length and short root circumference
(0.13 cm, using mean short root diameter).

The second type of core, the “sectioned core”, was collected in
two ways. First, an additional soil core was extracted from the
5-25 cm depth of one plot in October 1994 for characterization
developmental stage (primary vs secondary) of all roots. Short
long roots from this core were separated using the aforemen-
ed washing procedures, and then placed in a 2% formalde-
/de/3% glutaraldehyde fixative solution for preservation. Long
ot length was measured to the nearest millimetre prior to sec-
ning. Long root surface area was estimated as before, except
at diameters were measured to the nearest 0.01 mm after sec-
ning using image analysis software (JAVA 1990). Vitality of

tioned long roots was determined under a compound micro-
§be as previously described. The length and surface area of each
live long root was summed to give live long root length and sur-
face area for the sectioned core.

Total short root length (live + dead) for the sectioned core was
estimated using the line intersect method introduced by Newman

. . 966) and modified by Harris and Campbell (1989). The modi-
Two types of root samples were collected via coring and these o version is part of a computer prograBranChing Berntson

e : - fled
types were classified as unsectioned or sectioned cores. The fi£S] - . g -
type, “unsectioned” cores, was collected to quantify root leng] 994) for analyzing digitized images of plant root systems. Digi

Study site and experimental design

This field study was located 10 km north of Gainesville,
(29°30N, 82°20W). The experimental area was established
1983, planted at a 2x4 m spacing, and consists of three replic
of a 2x2x2 factorial of species (slash vs loblolly pine), fertilizg;
tion, and competition control arranged as a randomized sp
plot (Swindel et al. 1988). The current investigation utilized a to
of three of the plots from this study. They were the fertilized pl
of loblolly pine, which received annual vegetation control (herbg-
ceous and woody) since establishment (Colbert et al. 1990). |
vidual treatment plots were 0.08 ha in size and each containe
0.03 ha measurement plot from which samples were collected.

Sample collection, processing, and measurement

i7ed images of short roots from the sectioned core were produced

and root surface area by diameter class (for roots less than 4 | " : "
in diameter). Roots fro% these cores age termed “unsection photocopying the short roots, and scanning the photocopies
: a flatbed scanner. Scanned images were processed by

roots. Measurement plots were sampled in September 1993 (Sgfil- ~}.: : :
ple no. 1) and February (Sample no. 2) and June (Sample no nChlng(Berntson 1994). Live short root length was estimated

/ as the product of scanned short root length and the mean percent-
1994. Soil cores were extracted from the 0-15 cm (7163 and h . )
15-25 cr;1 (477_gvcﬁ) d)e(pths within the bedded re(gionaa;of cach9e of live short roots uE17%=+16.4) determined (live short

s/total short roots) from unsectioned core samples. Short root
measurement plot. A core sample was taken from each dept ace area was estimated as the product of live short root length
each date, except in Sample no.1 when only the upper depth mean short root circumference (0.13 cm, using mean short
sampled. Soil samples from the cores were placed in plastic b diameter) ) '
and stored at 4°C until they were processed (within 48 h). Rog Additional live long roots were collected individually for sec-
were removed from core samples by hand-washing the soll A ing on 11 March, 27 June, and 15 September 1995 from the
deionized water through a series of sieves ranging from 2.0 ' ’

. L 15 cm of soil from two of the sample plots. A total of 134
0.25 mm. Washed roots were placed in deionized water and sepa:
rated from the remaining debris into long and short roots. A lo ts were collected. These roots were excavated by hand,

root is one of unlimited growth potential possessing the capa pped in wet paper towels, and transported to the laboratory on

? : b . After washing with deionized water to remove any remaining
for secondary growth, while a short root is developmentally primg=: : : )
ry and of limited growth potential. ; il, roots were placed on moist paper towels and stored in the re

. rigerator in plastic bags, or immediately cut into small pieces and
hl__ong rt())ots from dea_chl_unslgactlodnedd core vl\(/ere sorteﬁi bg 0 (#gced in the aforementioned fixative for preservation. These roots
(white or brown) and vitality (live, dead or unknown). The desigy re measured, sectioned, and characterized in the same manner

nation of dead was based on: color with black indicating a hi ’ y

probability of being dead; brittleness of the root, where a brit long roots from the sectioned core, and are termed “sectioned

; . ts” as well. Sectioned roots, collected individually and from the
root had a greater chance of being dead; and the appearance \ ;
live stele, where a root with the stele missing (as seen under a g _tic;nggccéortev\fhoecrtgtr)geld994 sample), were combined for data an-
secting microscope) was considered dead. The unknown cate P )
of long roots were all brown and comprised <1.6% of the total
long root length of any individual core. All long roots (live, dead,
unknown) were measured for length and diameter (both ends, Reet sectioning
ing calipers). For each core, the length of live long roots was ex-
pressed as a percentage of total root length (live length/live + d&atih sections of long roots were cut on a freezing stage or rotary
length; from 17 to 87%u=45.0%+21.0) and this percentage ofmicrotome and permanently mounted for subsequent evaluation of
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Fig. 1 Cross-section of long, brown root of loblolly pine
(1.25 mm diameter) in primary stage of development (x40). (
cortex; E, endodermisPp, protophloem;m, metaxylem;XP, xy-
lem poles:

Fig. 2 Cross-section of long, brown root of loblolly pine
(1.27 mm diameter) in secondary stage of development (x@0). (
cortex; E, endodermisP, pericycle;Pp, protophloem; Ph, phloem;
Ca, cambium;X, xylem;m, metaxylemXP, xylem poles:

Fig. 3 Cross-section of long, brown root of loblolly pine
(0.59 mm diameter) in transition between primary and secondary
growth stages (x100)C( cortex;E, endodermisP, pericycle;Pp,
protophloem#Ph, phloem;Ca, cambium;X, xylem;m, metaxylem;

XP, xylem poles:

sloughing, or collapsed or crushed) and periderm (complete or in-
complete) conditions. Root developmental stage was determined
under brightfield or polarized light. Roots were considered prima-

ry (non-woody) if no vascular cambium or secondary xylem ele-

ments were present external to the centrally located metaxylem
(Fig. 1). Roots with secondary xylem elements located external to
the metaxylem were classified as secondary (woody) (Fig. 2).

Roots with a visible vascular cambium but no secondary xylem

development were considered to be in transition between primary
and secondary growth stages (Fig. 3).

Data analysis

The similarity of the diameter distributions between the sectioned
and unsectioned roots was assessed by plotting the percentages of
live long roots by diameter class and visually comparing the sec-
tioned roots (segregated by sampling date and depth) and the un-
sectioned roots.

The developmental stage and color of the sectioned roots was
used to established their relationship to root diameter. These rela-
tionships were quantified using frequency (number of white, or-
ange, and brown roots by diameter class) and percent (percentages
of primary, secondary, and transition orange/brown roots by diam-
developmental stage. Roots cut on the rotary microtome were éer class) diameter distributions (SAS 1985). Estimates of live
hydrated in an ethanol, tertiary butyl alcohol series and embedttath-root length and surface area were made by categorizing root
in paraffin (Johansen 1940). Sectioned roots were characteridedelopmental stage by diameter class. All roots from all the cor-
based on their color (white, orange, or brown), diameter, develdpy dates and depths were combined in order to have a population
mental stage (primary, secondary, or transition), and cortex (intast, which a frequency diagram could be drawn. The objective of




434

this study was to test if a root of a certain diameter or color had a 120
distinct relationship to its developmental stage; not to determine if
this relationship is a function of season. It was thought that this
former objective was more important than the latter in that a defin-

able relationship would add a great deal of interpretive ability to 100 o Qoo
root observations in the field.
I Brown=317
ReSl"tS LN 222X | RERTTTOPPRRN Ora.nge=18 ...................
[ white=18

Root morphology and anatomy

=)
(=

The diameter distribution for sectioned live long roots
was similar to distributions for unsectioned live long
roots (Fig. 4). The majority of sectioned (64%) and un-
sectioned (from 39 to 47%) roots were found in the di-
ameter range from 0.4 to 0.6 mm. Sectioned long roots
(n=353) ranged in diameter from 0.21 to 8.24 mm, with
90% <2.0 mm in diameter, and 99% <4.0 mm in diame-
ter. For this reason roots under 4.0 mm in diameter are
the focus of this study. Sectioned white=18) and or-
ange (=18) colored roots ranged in diameter from 0.23
to 2.50 mm, while brownnE317) roots spanned the en-
tire diameter range (Fig. 5). . . .
As expected, all white loblolly pine roots were ana- Diameter midpoint (mm)
tomically primary. By contrast, the. anator.ny of orangeg, 5 Frequency diameter distribution by root color for sec-
and brown colored roots could be either primary, secorigned, live, long roots of loblolly pine. Sectioned roots include
ary, or transitional between the two. More importantlihe October 1994 core sample and those collected indiviciually
though, was the fact that the diameter distributions for
primary (from 0.21 to 2.50 mm) and secondary (from
0.33 to 8.24 mm) orange/brown roots were not mutually
exclusive; they were coincident over 27% of their com-
bined diameter range (Fig. 6). Sectioned roots catego- 35
rized as transitional ranged in diameter from 0.27 to

5

Sectioned root frequency by root color

0.76 mm and were all brown as opposed to orange. Orange/brown roots
Percent diameter distributions for orange and brown % 30 B
colored roots <2.0 mm in diameter indicated that about &
30% of these roots were anatomically primary, 62% were - BXZZ] Sccondary=64%
secondary, and the remaining 8% were in transition. g SN | L= Primary =29%  [-e-oo--
These percentages changed little when the diameter —= [ Transition=7%
)
35 E 20 - RIBKE e
%) o] 1K
= 30 Sectioned roots  Sample 2; 15-25cm |- Q
2 s LU
S s Sample 1;0-15cm  Sample 3;0-15em | | -9 15 4 :: ...........................................................
1Y el Y N N SO J— 5 S
g Sample 2; 0-15 cm Sample 3; 15-25 cm (5] ;: ]
2 2 —— ] @ "%
O = 10 TR e,
> g KIS
=15 Q %
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Diameter midpoint (mm) Diameter midpoint (mm)

Fig. 4 Percent diameter distributions for live, long roots (orFig. 6 Percent diameter distribution by root developmental stage
ange/brown) of loblolly pine for each date and depth samplédrimary, secondary, and transition) for sectioned, live, long roots
Sectioned roots include the October 1994 core sample and th@sange/brown) of loblolly pine. Sectioned roots include the Octo-
collected individuall’/ ber 1994 core sample and those collected individ:1ally
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range was extended to include orange and brown colotisdue, 43% secondary root tissue, and 4% transition tis-
roots <4.0 mm in diameter (i.e., 1°=29%, 2°=64%, trague. A majority (88%) of the primary root length was
sition=7%; Fig. 6). composed of short roots, with the remainder being pri-
Initiation of secondary xylem growth was not alwaysary brown roots. Collectively, primary root tissues con-
associated with periderm formation; 53%=114) of tributed more to total core root length than did secondary
sectioned roots with secondary xylem developmemiot tissues (53 vs 43%), due mainly to the large number
(n=215) had no visible periderm. The majority of seof short roots. The reverse was true for total core root
ondary roots without a periderm (61%+69) still re- surface area — secondary tissues contributed more than
tained a cortex in some form, while the remainder hadmary tissues (59 vs 37%) — and reflects the influence
shed the cortex leaving only the vascular cylinder anfithe greater diameter of long versus short roots.
surrounding pericycle. Development of the first formed Estimated percent root length and surface area by root
periderm was observed in roots as small as 0.42 mmtyipe and developmental stage for the unsectioned core
diameter. samples are shown in Table 2. Mean values (combining
all dates and depths) indicate that 23% of the long, root
length in these samples was developmentally primary
Root length and surface area by developmental stage long roots, 58% was secondary, and 4% was in transi-
tion. The length of short roots accounts for the remaining
The sectioned core contained a total live root length 18%. Differences in tissue type percentages between the
approximately 614 cm, which had 53% long brown roosgctioned (Table 1) and unsectioned core samples pri-
(no white roots were present) and 47% short roots (Taarily reflect the greater number of short roots found in
ble 1). About 12% of the long brown roots were in thibe sectioned core. It is not known why this difference
primary stage of growth, 8% were in transition to seoecurred. Short roots from the sectioned core accounted
ondary growth, and the remaining 80% exhibited sorfer 47% of the total live root length and 88% of the pri-
degree of secondary xylem development. Total live raotry root length, while for the unsectioned cores they
length of the sectioned core included 53%primary rocdmprised 15% of the total live root length and 39% of
the primary root length.
Table 1 Live root length and surface area by root type (short and
long) and root developmental stage (primary, secondary, transi-

tion) for orange/brown roots less than 4 mm in diameter. TheBiscussion
roots are from the sectioned core taken in October 198%ot@l

represents the percent contribution of each tissue type (primagy, ; PR ; e
secondary, transition) to total core root length and surfaceNﬁea,TMe main objective of this study was to evaluate the abil

not applicable, an€ore total total core root length and surfacdty to identify the developmental stage of a root less than

area 4 mm in diameter based on its morphology (diameter or
color). This, combined with a better understanding of

r?}i‘;ﬁgl’p' Rootlength  Root surface area % Total root nutrient uptake function based on developmental
Stage Short Long Short Long Length SurfaceStage, should improve the predictive ability of current
(cm) (cm) (cm) (cm®) Area nutrient uptake models by allowing us to more accurate-

: ly define effective root length or surface area.

Primary 287 40 37 6 °3 37 This study clearly showed that no useful qualitative
?re;r?s?t(ijc?;y ,\']\‘:‘ 22%1 N’\/'AA 468 13 29 relationship exists between root color and diameter for
Total 287 1327 37 78 NA NA loblolly pine roots <2.5 mm in diameter. White, orange,
Core total 614 115 and brown colored roots occurred simultaneously in

most diameter classes <2.5 mm, while all roots >2.5 mm

Table 2 Estimated live root length and surface area by root tyg#ion developmental stage from sectioned root data (from both the
(short and long) and root developmental stage (primary, seco@atober ‘94 core and the individually collected roots) to the root
ary, transition) for each date and depth sampled. Estimates wgpe categories in the unsectioned core data. (Depth: 1=0-15 cm,
made by applying the proportions of primary, secondary and tr&¥15-25 cm; Depth 2 was not sampled in September :991)

Date Depth Root length Root surface area

Primary Secondary Transition Primary Secondary  Transition

Short Long Short Long

(cm) (cm) (cm) (cm) (crd) (cn¥) (cn¥) (cr?)
September 1991 1 232 285 771 53 26 81 294 9
February 1992 1 91 168 514 30 11 41 230 5

2 18 41 64 6 2 7 17 1

June 1992 1 273 459 1080 88 32 108 383 14

2 54 115 277 13 6 42 128 2
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were brown. The possibility of finding white roots witHor woody tree species is that secondary root tissues, due
diameters greater than 2.5 mm cannot, however, be elimtheir abundance, likely play a significant role in water
inated; white roots emerging from the tips of brown roots nutrient uptake, or both.
were often observed to have diameters exceeding thos@he results of this study have several implications.
of the parent root. Root color was a reliable predictor Birst, the common assumption that all brown loblolly
root developmental stage only for white roots (primarpjne roots are developmentally secondary (woody) is in-
and for orange/ brown with a diameter >2.5 mm (secorabrrect, and is likely false for other pine species as well.
ary). The developmental stage of the vast majority Besearch efforts attempting to quantify the non-woody
long roots could not be predicted based on color. Ri@nrd woody portions of a root system using root color or
ards and Considine (1981) found that the brown colordidmeter as discriminators of the two, should consider
primary grapevine roots was associated with eitherttee fact that some percentage of the smaller diameter
suberized hypodermis, or the breakdown of cortical cetlown roots will be developmentally primary. Likewise,
on an otherwise healthy white root. The latter has bdeture water and nutrient uptake studies should not rely
observed for roots oMalus (Head 1967) andPrunus on root color alone to accurately identify primary and
(Bhar et al. 1970) as well. The color of primary roots gecondary tissues. More reliable anatomical methods
loblolly pine also appears to be related to the vitality should be used instead. Second, modeling efforts which
the cortical tissues; 84% of the primary brown roots hadve estimated rates of water and nutrient uptake for
a cortex that was crushed or collapsed, or was in the proody roots may need to be reexamined. Depending on
cess of shedding, while 78% of white roots had an intélsé methods used to identify and separate woody and
cortex. These observations lend support to the presumpr-woody roots, calculated rates of uptake may not ex-
tion that, upon epidermal or cortical cell death, the relusively represent the woody portion of the root system.
lease and oxidation of phenols normally enclosed witHiastly, investigators should avoid the use of ambiguous
the cell vacuole results in a brown coloration of the ro@trminology when relating the surface morphology of
surface (Richards and Considine 1981). McKenzie arabts to their developmental stage. Use of the word sub-
Peterson (1994) also found that, while suberin was assozed to denote root developmental stage is confusing
ciated with white and brown roots, tannin was only assmd incorrect, and should be avoided. The terms primary
ciated with brown roots whose cortex had collapsed. and secondary are preferable.

While it is not possible to measure the primary and
secondary root length and surface area of this stu%@nowledgemems This research was supported HYSDA

; ; nt No. 722122712nd the Forest Industry CooperatiRart-
unsectioned roots based on their morphology, one ﬁship for Fundamental Research in Forest Biology'the Uni-

use the proportion of roots in different development@lisity of Fiorida. The authors gratefully acknowledge J. A. Esca-
stages within diameter classes (based on the section®d Bencomo, S. Ebrahimi, J. Greenwood, A. G. Jarstfer, M.
roots) to estimate these values. However, these eMtileod, and K. Pederson for technical assistance in the field and
mates, as presented in Table 2 require consideratiorj@ggeratory and D. Hubbell and D. M. Sylvia for helpful review

ST . ments on an earlier draft of this manuscript. Journal Series #
the limitations of the data used to derive them. It can (%15783

argued that the characterization of the developmenta
stage of only a small number of roots relative to the total
number sampled limits the usefulness of the estimat
and this is a valid concern. We believe, however, that
c_Iose corresp_ondence between_ percent d'amet_er distr oms RM (1946) Entrance of water into suberized roots of
tions for sectioned and unsectioned roots indicates thakrees. Plant Physiol 21:109-111

the sectioned roots accurately reflect root system coBesntson GM (1994) BranChing. A program for analyzing digi-
position for this site at the current stage of stand devel-tized images of plant root systems. Version 1.56, Harvard Uni-
opment. versity, Biological Laboratories, Cambridge, Mass.
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Although the specific role and effectiveness of woodBy plum root growth. J Am Soc Hért 3995;237_239

tree roots in water and nutrient uptake is still uncertainpitke Ji, Hoogenboom G (1988) A dynamic simulation of loblolly
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ary root tissues constitute a majority (from 62 to 809%; bonand water balances. Can J For Res18:833-850

hung HH, Kramer PJ (1975) Absorption of water a#g
Table 2) of the surface area of long roots, at least for 10D-hough 'suberized and unsuberized roots of loblolly pine. Can

lolly pine. The importance of woody roots in nutrient up- J For Res 5:229-235
take, as reviewed by Comerford et al. (1994), is pooflplbert SR, Jokela EJ, Neary DG (1990) Effects of fertilization
documented. However, evidence suggests that they d@nd sustained weed control on dry matter partitioning, leaf ar-

have a function in uptake and that while their rates of up- gor gzgs%r:g‘ggh_fgﬂency of juvenile loblolly and slash pine.

take are probably lower than white roots, they could t€omerford NB, Smethurst PJ, Escamilla JA (1994) Nutrient up-
present a significant amount of uptake simply based ontake by woody root systems. N Z J For Sci:195-212
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