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Abstract. The fine roots of trees are concentrated on lateral branches that arise from 
perennial roots. They are important in the acquisition of water and essential nutrients, and 
at the ecosystem level, they make a significant contribution to biogeochemical cycling. 
Fine roots have often been studied according to arbitrary size classes, e.g., all roots less 
than 1 or 2 mm in diameter. Because of the size class approach, the position of an individual 
root on the complex lateral branching system has often been ignored, and relationships 
between the form of the branching root system and its function are poorly understood. 

The fine roots of both gymnosperms and angiosperms, which formed ectomycorrhizae 
(EM) and arbuscular mycorrhizae (AM) fungal associations, were sampled in 1998 and 
1999. Study sites were chosen to encompass a wide variety of environments in four regions 
of North America. Intact lateral branches were collected from each species and 18 561 
individual roots were dissected by order, with distal roots numbered as first-order roots. 
This scheme is similar to the one commonly used to number the order of streams. Fine 
root diameter, length, specific root length (SRL; m/g), and nitrogen (N) concentration of 
nine North American tree species (Acer saccharunz, Juniperus monosperma, Liriodendron 
tulipifera, Picea glauca, Pinus edulis, Pinus elliottii, Pinus resinosa, Populus balsamifera, 
and Quercus alba) were then compared and contrasted. 

Lateral roots <0.5 mm in diameter accounted for >75% of the total number and length 
of individual roots sampled in all species except Liriodendron tulipifera. Both SRL and N 
concentration decreased with increasing root order in all nine species, and this pattern 
appears to be universal in all temperate and boreal trees. Nitrogen concentrations ranged 
from 8.5 to 30.9 g/kg and were highest in the first-order "root tips." On a mass basis, first- 
order roots are expensive to maintain per unit time (high tissue N concentration). Tissue 
N appears to be a key factor in understanding the C cost of maintaining first- and second- 
order roots, which dominate the display of absorbing root length. There were many sig- 
nificant differences among species in diameter, length, SRL, and N concentration. For 
example, two different species can have similar SRL but very different tissue N concen- 
trations. Our findings run contrary to the common idea that all roots of a given size class 
function the same way and that a common size class for fine roots works well for all species. 
Interestingly, fine root lateral branches are apparently deciduous, with a distinct lateral 
branch scar. The position of an individual root on the branching root system appears to be 
important in understanding the function of fine roots. 

Key words: Acer saccharum; cczrbon; Juniperus monosperma; Liriodendron tulipifera; nitrogen; 
Picea glauca; Pinus edulis; Pinus elliottii; Pinus resinosa; Populus balsamifera; Quercus alba; roots. 

INTRODUCTION and r a ~ i d l v  increase the rate of nutrient uptake per unit . . 
At the level of the individual plant, the recognition root length when localized pulses of nutrients are added 

that essential soil resources are highly variable in space 
to soil (Jackson et al. 1990, Jackson and Caldwell 1991, 

and time has resulted in research designed to under- 
Ryel et al. 1996, Cui and Caldwell 1998, Ryel and 

Caldwell 1998). Physiological adjustment of fine root 
stand how fine roots respond to altered resource avail- 

function is, therefore, an important response to soil 
ability. Plants are remarkably capable of utilizing puls- 

heterogeneity. Roots also rapidly proliferate in zones 
es of limiting nutrients (Bilbrough and Caldwell 1997), 

where limiting nutrients are made available (Drew et 
down-regulate root respiration when and where the soil 

al. 1973, Drew and Saker 1975, Eissenstat and Caldwell 
is dry (Kosola and Eissenstat 1994, Burton et a]. 19981, 

1988, Pregitzer et al, 1993, Bilbrough and Caldwell 
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Even though we understand that fine roots play an 

important role in the function of individual plants, it 

is remarkable how little we know about the linkages 

between root system structure and function. For ex- 

ample, all of the studies cited in the paragraph above 

have looked at only a portion of the root system in 

order to quantify root responses to altered resource 

availability. Some studies of root growth utilize line 

intersection methods to quantify root response, some 

trace root length on glass walls or plates, and others 

utilize minirhizotrons or washed roots and image anal- 

ysis. Physiological studies often work with arbitrary 

portions of intact or excised roots of a given size. None 

of these studies relate the structure of the intact root 

system to resource acquisition; position and form of 

the individual root on the branching fine root system 

are typically ignored. An appropriate analogy would 

be trying to understand leaf-level photosynthesis with- 

out knowing leaf age, leaf thickness (mass per unit 

area), leaf N concentration, position of the leaf on the 

shoot, or position of the shoot in the canopy, all of 

which influence C assimilation at the individual leaf 

level (Field and Mooney 1983, 1986, Reich et al. 1992). 

In other words, we know that fine roots are important 

in the acquisition of essential soil resources and that 

root growth and physiology are highly plastic, but we 

do not really understand how to describe the relation- 

ship between root form and root function. 

From a forest ecosystem perspective, the situation is 

no better in terms of understanding relationships among 

root system structure and ecosystem function. At the 

ecosystem level, the definition of a fine root has his- 

torically been arbitrary. Roots have traditionally been 

sampled destructively, separated from the soil, sorted 

into arbitrary size classes (e.g., roots 0-1 or 0-2 mm 

in diameter), dried, and then weighed to determine root 

biomass. Arbitrary size classes seem reasonable be- 

cause the objective at the ecosystem scale is to under- 

stand the contribution of roots to the cycling of energy 

and nutrients and this approach has documented that 

fine roots and mycorrhizae are an important and dy- 

namic component of all terrestrial ecosystems. In many 

instances, fine roots account for a significant portion 

of ecosystem net primary productivity. In cold, nutrient 

deficient, or droughty situations carbon (C) allocation 

to fine roots has often been estimated to be more than 

half of whole-system net primary production (NPP; 

Vogt et al. 1986), and it is now recognized that fine 

roots are important in understanding global primary 

productivity and C cycling (Jackson et al. 1997). The 

death and decay of fine roots is also an important com- 

ponent of terrestrial nutrient cycles (Fahey and Arthur 

1994). Despite the widespread recognition that fine 

roots play key roles in ecosystem function, it is not 

clear which roots die and decay in response to altered 

resource availability. The arbitrary size class approach 

to quantifying fine root standing crop sheds little light 

on how essential soil resources alter belowground bio- 

mass and biogeochemistry through time. 

In order to predict how the fine roots of trees respond 

to the altered availability of growth-limiting soil re- 

sources, it is critical to understand the form (mor- 

phology and anatomy) of the root system. The woody 

roots of mature trees are widely distributed with hor- 

izontal roots routinely exploring the soil for distances 

greater than 20 m from the tree trunk; woody tap roots 

typically reach soil depths that exceed 10 m and roots 

can explore the subsoil up , to  30 m below the surface 

(Lyr and Hoffmann 1967, Lyford 1975). These woody 

roots primarily serve anchorage, transport, and storage 

functions. In both angiosperms and gymnosperms, lat- 

eral "fine roots" arise at variable distances from the 

apical meristem (i.e., root tip) in th,e pericycle of the 

parent root and subsequently grow through the cortex 

(Charlton 1996). These lateral roots are sometimes 

called "branch roots" because they can exhibit a com- 

plex branching structure (Esau 1965). The majority of 

these lateral roots remain as smaller diameter, non- 

woody roots, and there are literally millions of indi- 

vidual root tips per hectare concentrated on these fine 

lateral branches (Lyford 1975). Lateral "fine root" 

branches are the focus of this study. 

Pregitzer and colleagues carefully dissected portions 

of the absorbing root systems of plants in forests (Pre- 

gitzer et al. 1997, 1998). They found that most of the 

absorbing root length in sugar maple (Acer saccharum) 

and white ash (Fraxinus arnericana) seedlings was con- 

centrated in the form of short, very fine (diameter <0.5 

mm) lateral branches and the N concentration of these 

small, distal roots was high.(Pregitzer et al. 1997). The 

respiration rate of plant tissues is strongly correlated 

with N concentration (Ryan 1991, Reich et al. 1992) 

and Pregitzer et al. (1998) confirmed that fine root res- 

piration rates were linearly related to root N concen- 

tration, implying that the small, distal lateral branches 

have the highest rates of metabolism. We hypothesized 

that nonwoody, lateral fine root branches of trees ac- 

count for the vast majority of fine root length in all 

North American trees and we predicted the pattern ob- 

served for sugar maple and white ash seedlings would 

be universal in mature temperate and boreal trees, re- 

gardless of climate, soil type, tree taxonomic rank (an- 

giosperm vs. gyn~nosperm), or stage of root develop- 

ment. We also predicted that most fine roots of mature 

trees are much srnaller than typically assumed, with 

fine root diameters rarely >0.5 mm regardless of the 

position of an individual root on the lateral branch. 

Specific root length (SRL, mlg) is the ratio of root 

length to mass. It has been used as a simple index of 

root benefit to cost, assuming that resource acquisition 

is proportional to length, and root cost (construction 

and maintenance) is proportional to mass (Fitter 1991, 

Eissenstat 1992, Eissenstat and Yanai 1997). We hy- 

pothesized that distal roots have the highest SRL and 

N concentrations, regardless of soil conditions, tree 
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species, or climate. 111 other words, the position of a 

root on the branching lateral fine root system is an 

important predictor of SRL and N concentration. Be- 

cause there is such a strong relationship between tissue 

N concentration and specific respiration rate in all plant 

tissues (Ryan 1991, Ryan et al. 1996), i t  is important 

to understand if SRL and N concentration vary sys- 

tematically depending on the position of a root on the 

branching root system. 

Many of the fine roots of trees are heavily infected 

by ~nycorrhizae, which can influence C allocation to 

fine roots and rates of nutrient acquisition by plants 

(Reid et al. 1983, Allen 1992, Rygiewicz and Andersen 

1994, Smith et al. 1997). Mycorrhizae also sometimes 

alter the morphology and longevity of fine roots (Hook- 

er et al. 1995, Norman et al. 1996). Trees are infected 

largely with either ectomycorrhizae (EM) or arbuscular 

~nycorrhizae (AM). 

Conifers in the Pinales and many angiosperms form 

EM. Read (1992) contends that the primary function 

of EM-dominated roots is not to absorb nutrients from 

the soil, but rather to provide a food base from which 

the f u n g ~ ~ s  can extend into the soil. EM infections are 

potentially long-lived [ 5 5  yr (Orlov 1957, 1960)], 

which presumably allows the EM-infected root to live 

as long as C is translocated to the fungus. On the other 

hand, AM fungi, which predominate in more primitive 

conifers and many angiosperms. infect only newly de- 

veloping fine roots, which apparently turn over rapidly 

(Friese and Allen 1991). In support of Friese and Al- 

len's (1 99  l ) observations, Hooker et  al. (1 995) exper- 

imentally demonstrated that AM-colonized roots of Po- 

prrl~rs had shorter life spans than uncolonized roots. 

AM infections are apparently transient. The fungus in- 

vades a root and sequesters C until changes in root 

ontogeny (e.g., deposition of condensed tannins and 

phenolic compounds) precludes continued infection 

(Allen e t  al. 1989, 1992). AM fungi are always search- 

ing for a new, uninfected root tip at the appropriate 

stage of development and the infection lasts a relatively 

shor-t period of time. Given that EM and AM fungi 

have quite different life histories, how are the lateral 

fine roots of trees influenced by the dominant type of 

mycorrhizal infcction? We hypothesized that EM-dom- 

inated fine roots from several contrasting tree taxa, 

when compared to AM-dominated fine roots, would 

exhibit larger mean diameters and lower SRL, and 

therefore greater construction and maintenance costs 

per unit length (Eissenstnt and Yanai 1997). 

Fitlally, there has been considerable debate about the 

influence of soil N availability on C allocation to fine 

roots in forests (Hendricks et al. 1993). Although there 

have been several field experiments designed to quan- 

tify C allocation to fine roots at different levels of N 

availability using traditional destructive sampling leclt- 

niques, there are few descriptions of the influence of 

soil N on fine root architecture in forests based on 

experilttental investigations in the field. 

To test our hypotheses and predictions, we designed 

a field experiment which ranged across different bi- 

omes and deliberately compared and contrasted angio- 

sperms and gymnosperms and EM- and AM-dominated 

roots in control and fertilized treatments. The overall 

objective of our research was a better fundamental un- 

derstanding of the branching fine root systems of North 

American trees. 

The study sites are located in four different regions 

of the United States (Fig. I). Each region represents a 

different set of environmental conditions (Table 1). 

Nine tree species were chosen for study. The roots of  

two angiosperms form AM fungi: Acer sacclzczrunz 

Marsh. (sugar maple) and Liriodeizdron rillipifei-n L. 

(tulip poplar). Two other angiosperms, Populus bal- 

sninijera L. (balsam poplar) and Quercus nlba L. (white 

oak) were infected with EM. Conifers in the Pinales 

are largely infected with EM, and this was the case for 

Picea glnuca (Moench) Voss, (white spruce), Pinus 

edulis Engelm. (pinyon pine), Pinus elliotti Engelm. 

(slash pine), and Pirzus resinoscr Ait. (red pine). How- 

eve]; the fine roots of Juniperus i?zonospeie~na (Engelm.) 

Sarg. (one-seed juniper) formed AM. The type of my- 

corrhizal infection for all tree species was verified by 

staining and direct rnicroscopic observation. 

We chose study sites and species-mycorrhizal con- 

trasts to encompass the wide range of vegetation types 

and environments represented in the forests of North 

America. Picea glnuca and Pop~ilus bnlsnmijern were 

sampled at the Bonanza Creek Long Term Ecological 

Research Site (LTER) in Alaska. Stands of both species 

were growing on alluvial loess within the floodplain of 

the Tanana River, and in both forest types the upper 10 

cm of the soil was dominated by organic matter ( 0  

horizons). Annual precipitation at Bonanza Creek is 

relatively low (Table l ) ,  however, low soil temperatures 

and low evapotranspiration, frozen soil, and ground 

water complicate moisture relations at Bonanza Creek. 

The fine roots of Jui~iperu.~ rizoizoslxriizu and Piiius 

ed~11i.s were excavated in a pinyon-juniper woodland 

at the Sevilleta LTER site in New Mexico. This forest 

is open, and grows on the semi-arid north-facing slope 

of a draw. The soils are circunt-neutral, rocky, sandy 

l o a ~ n s  (Table I), with virtually no litter layers except 

~tnder  individclal pinyon and juniper trees. Soils in the 

interspaces (between the trees) are often bare and there 

is obviously considerable nat~lral movement of soil af- 

ter thunderstorms. 

Qirei-cus cilbn was sampled in Georgia from a mesic 

mixed-hardwood ecosystem. Pii7u.s elliottii was grow- 

ing in a 21-yr-old managed plantation in northern Flor- 

ida and Lirioderztir-oil ri~lij?ifer~r roots were excavated 

at the USDA Forest Service Coweeta Research Station 

in North Carolina in the foothills of the Appalachians: 
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Acer .~ucc l~arum (46"39' N ,  88"28' W) 

P~nzrs reslnoJa (47"6' N ,  88"39' W) 

FIG. 1. Study site locations. All sites are in the United States 

Coweeta is also an LTER site. The soils from these 

three different forests in the southeastern United States 

varied considerably in texture and pH (Table 1) and all 

of these stands are managed. The Pinus elliottii plots 

were a part of a long-term fertilizer and competition 

control study (University of Georgia Plantation Man- 

agement Research Cooperative) and there was no un- 

derstory vegetation in these stands. 

Acer saccharurn roots were sampled from a mesic 

northern hardwood forest growing on loamy sand soil 

in the western Upper Peninsula of Michigan. Pinus 

resinosa roots were collected from a nearby 50-yr-old 

plantation, which had been experimentally thinned al- 

most 30 yr ago (Liechty et al. 1986). The Pinus resinosu 

roots were growing in a dry-mesic sandy soil (Table 

1). 
In each of the eight different forest ecosystem types, 

we established six 30 X 30-m plots. Three plots were 

fertilized and the remaining three plots were used as 

controls. The two treatments were assigned at random 

to each of the six replicate plots. Ten g N.m-?.yr-' of 

NH,+-NO;- were applied to each of the three fertilized 

plots in both 1998 and 1999, except for the Pinus el- 

liorrii study sites, which were a portion of a long-term 

silvicultural experiment (Table 1). 

Small, intact segments of the distal portion of the 

branching fine root system were sampled (Fig. 2). At 

Sevilleta, the Pinus edulis and Jrcniperus morzo.s~~ermu 

root segments were collected from the same plots, but 

from trees that were widely spaced. One species was 

sampled froin each of the remaining seven study sites. 

where each of the stands was dominated by a single 

species (Table 1). Two intact segments of the fine root 

system of each species were collected from each of the 

six plots in 1998 and again in 1999. Insects destroyed 

one of the Pinus elliotti control plots in 1998 before 

the initial samples were collected and wildfire de- 

stroyed four additional plots in 1998 after they were 

sampled, so only the two remaining plots (one control 

and one fertilized) of Pinus elliotti were sampled in 

1999. 

Fine root excavation 

Small, intact segments of the fine root system were 

very carefully excavated during the summers of 1998 

and 1999 at approximately the time of maximum root 

growth for each of the different ecosystem types. The 

southeastern sites were sampled in May, while Mich- 

igan and Alaska were sampled in mid- o r  late June. 

Samples from the New Mexico site were excavated in 

late August, just after the beginning of the annual mon- 

soon season (Table 1). 

A random location was chosen in each plot under a 

randomly chosen individual tree and a shovel was used 

to remove a soil block -20 X 10 X I 0  cm deep, from 

which the intact root segments were collected. The seg- 

ments were carefully gathered from the overturned soil 

block. Each individual segment was usually attached 

to a small woody fine root < 1 mm in diameter. It was 

not difficult to identify the roots of each species based 

on their location (attached to larger roots and under the 

canopy of the species of interest) and the general ap- 
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TABLL 1 Surn~nary of slte propertlcs. dates of loot excavation, and selected so11 properties 

Property 

Taxonomic ra"k 
Dominant my- 

corrhizae 
Stand age (yr) 
Basal area 

(m2/ha) 
Overstory (%) 
Mean altn~tal 

precipitation 
(mm) 

Mean annual 
temperature 
("C) 

Fertilization 
(NHJJO,; 
gN.m-'.yr-') 

Total N applied 
( 1  998 and 
1999; g/m2) 

Soil carbon 
(gC/kg; 0-20 
cm, 

So11 nitrogen 
(gNlkg; 0-20 
cm) 

Soil texture 
(0-20 cm) 

Soil pH (0-20 

cm) 
1998 root exca- 

vation date 
1999 root exca- 

vation date 
Number of root 

segments dis- 
sected 

Mean root axis 
diameter (mm) 

Total number of 
roots dissected 

Total root length 
dissectcd (m) 

Total over dried 
root inass (g) 

Acer Lirioilerzdror7 
. sncch~~run~ r~~li/>$eru 

A A 
AM AM 

Pol>ulrrs Quer-cus 
hr~l.sutriiferu albn 

Pirius 
elliorrii 

uneven 2 100 
. . . 34 

uneven 

sandy loam sandy loam 

4.4 5.7 

10 Jun 21 May 

12 Jun 20 May 

24 24 

organic clay loam 

5.9 5.2 

22 Jun 22 May 

24 Jun 21 May 

24 24 

sandy loam organic 

6.9 5.5 

22 Aug 22 Jun 

27 Aug 24 Jun 

24 24 

sandy loam 

6.9 

22 Aug 

27 Aug 

24 

sand 

5.2 

23 May 

22 May 

14 

Notes: Overstory is measured as a percentage of basal area. Abbreviations: G,  Gymnosperm; A, Angiosperm; EM, Ec- 
tomycorrhizae; AM, Arbuscular mycorrhizae. 
i The P. elliottii plantation was fertilized several times: 1979, P (22 g/m2); 1991, NPK (22 g/m2 of each element); 1997, 

NPK (22 gN/m2, 0.3 gP/m2, 0.5 gK/m2). 

pearance of the lateral branches (diameter, branching 

pattern, color, and texture of the root bark or epider- 

mis). Great care was taken to extract segments that 

were intact with nlinimal breakage. The sanlples were 

teased out of the soil and tapped to remove loose or- 

ganic niatter and mineral soil. They were inlmediately 

placed in a Whirl-pac bag on ice in a cooler and then 

transported within minutes to a few hours to the lab 

and frozen for dissection at a later date. 

roots numbered as first-order roots (Fig. 2). This system 

is analogous to one commonly used to number the order 

of streams (Horton 1945), and our approach was mod- 

eled after the root architecture work of Fitter (1982, 

1985). Each root segment averaged -100 individual 

roots and the total length of roots sampled was 65.4 m 

(Table 1). The total number of roots dissected per seg- 

ment was driven by the mass needed for C:N analysis. 

For example, a greater number of individual Quercus 

ulbu and Populus balsanz[fera roots were needed to 

provide -2 mg dry mass for each root order than were 

needed for Liriodendron tulipifera, which has a much 

lower SRL. Roots were carefully dissected under a 1 O X  

stereomicroscope (Semi 2000-C, Carl Zeiss, Thorn- 

wood, New York, USA). An ocular micrometer was 

Root dissection rechnique,~ 

A total of 18 561 individual roots were dissected 

from the 206 intact root segments, which were collected 

from the nine species over two field seasons (Table 1) .  

Individual rools were dissected by order, with the distal 
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I , Diameter I 

' I 1 Length 

FIG. 2. Digitized image of a small portion of an intact 
segment of the branching fine root system of Jurzil?erus iizon- 
oslxrinn collected from the Sevilleta Long Term Ecological 
Research study site. The numbers represent the order of each 
individual root. The white lines illustrate where the individual 
roots were separated from one another. The inset illustrates 
how the length and diameter of each root were measured. 

used for length and diameter measurements, which 

were recorded by 0. I -mm diameter and length classes 

to speed the measurement process. Roots were kept 

moist at 1°C with deionized water during the dissection 

process (Pregitzer et al. 2000). Any soil particles ad- 

hering to the roots were very carefully removed with 

forceps and the root was rinsed clean with deionized 

water. We did not make a point to remove fungal hyphae 

from the roots unless they encapsulated an aggregate  

of soil particles or dead organic matter that was ob- 

viously not a part of the root. Only live roots were 

measured; dead roots were removed and disc;trtled. 

Live roots were distinguished from dead roots using 

methods described by Vogt and Perrson (1991). After 

dissection, individual roots from a segrnent were com- 

posited by order, oven dried (65°C for 24 h), and stored 

in sealed glass vials. 

Using the 10X stereomicroscope, a video image was 

also taken of portions of representative intact I-oot seg- 

ments before they were dissected to record the general 

appearance of the branching fine root system. A scale 

was included in each of the video images. We did not 

record root branch angles or note the branching scheme 

(herringbone, dichotomous, etc.). 

Root soil content cind cnrbo~z ar~d 

i7iti-ogeiz concelzrrtrtio17s 

Root mass was corrected for ash content following 

the procedures described by Karam ( 1  993). Subsamples 

for each species, treatment, plot. segment, and root 

order were analyzed for C and N concentrations with 

a Carlo Erba NA 1500 NC elemental analyzer (Elan- 

tech, Lakewood, New Jersey, USA). The elemental an- 

alyzer was calibrated with an atropine standard, and 

every 10th sample was a pine needle reference-tissue 

sample (No. 1575) available from the National Institute 

of Standards and Technology (NIST: Gaithersburg, 

Maryland, USA). The mean total N recovery rate for 

nutrient analysis of NIST standard pine needles across 

both years (1998 and 1999) was 98.3% ( I  SE = 0.5%). 

Statistics 

Length and diameter measurements were rank-trans- 

formed in order to meet the assulnptions of normality 

(Zar 1984). It was not necessary tq transform the SRL, 

C:N ratios, and C and N tissue concentration mea- 

surements because they met the assuinptions of nor- 

mality. Differences in length, diameter, SRL, C:N ratio, 

and C and N concentration among year of collection, 

species, fertilizer treatment, and root order were then 

analyzed using a mixed-level ( 2  X 9 X 2  X 3) four- 

way (year, species, fertilizer treatment, root order) fac- 

torial ANOVA (PROC GLM Procedures, SAS Institute 

1996). Tukey's hsd test was performed on length, di- 

ameter, SRL, and N concentrations for species within 

a root order. Only the first three orders of roots were 

analyzed statistically because the sample sizes for the 

fourth order roots were highly variable. In many in- 

stances, the fourth order roots were the main axis and 

were woody. Sample sizes ranged froin 2056 to 54 

across root order (1-3) for length and diameter data, 

and from 24 to 13 for the composite SRL and chemical 

analyses. Pearson's product-moment correlation co- 

efficients were calculated between the diameter of each 

species and length, SRL, C and N concentrations, and 

C:N ratio. 

Root letzgrl?, diameter, a i d  SRL 

The lateral tine root branches of the nine different 

species varied in their overall architecture. For ex- 

ample, Liriodendi-on rulil~ijiera roots were relatively 

thick and unbranched, while the fine roots of Acer sc~c- 

chili-unz were much thinner and the lateral branches 

were someti~nes intricate, with many short individual 

roots (Fig. 3). The pines, especially Pinus elliotti and 

P~IZL(S  edulis, exhibited short lateral branches with bi- 

furcation typical of EM doininated roots (Fig. 3). The 

overall appearance of the lateral fine root branches is 

quite variable among the nine different taxa, although 

it is clear from general inspection the fine roots of all 

nine species are dominated by short, thin individual 

roots (Fig. 3). We observed what appear to be lateral 

branch scars on all nine species, representative ex- 

amples of which are illustrated in Fig. 4 .  It is not clear 

if these arc abscission or bundle-sheath scars, but our 
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FIG. 3. Representative exanlples of the branching fine root systems of nine North American tree species. These are intact 
segments of the fine root systems similar to those segments that were dissected. The examples shown here were washed free 
of soil, their images digitizcd on a flatbed scanner, and the images converted to black and white. 

deduction is that lateral roots are deciduous in the same 

sense that leaves, needles and some branches are de- 

ciduous. 

For a given species, the mean length of an individual 

root significantly increased with order (Table 2), but 

within an order, root length was not particularly vari- 

able (note error bars for each root order in Fig. 5). 

Across all nine species, the mean length of a first-order 

root was -2 mm, second order roots averaged -6.5 

mm. and third order roots averaged 15 mm. Individual 

roots of Liriodenilror7 tulipiferci and Juiziperus rrzon- 

o .~ /~er~?za  were the longest (Fig. 5). Root length varied 

more between the two collection dates than alllong the 

fertilizer treatments (Table 2). Significant statistical in- 

teractions occurred between year and order; species and 

order; and year, species, and order (Table 2). These 

interactions may be partly due to inherent differences 

in the way lateral fine roots are constructed among 

species. 

Mean root diameters increased with order (Fig. 5) 

and these increases were highly significant, as were 

mean differences among species (Table 2). Liriorieil- 

dron tulipifera had the thickest root systems, while 

Q ~ l e r c ~ l s  olhtr and Pol?ulus bitl,scir~z~f'era had the thinnest 

roots (Fig. 5). Fertilizer treatlnents had little effect on 

root diameter (Table 2). Significant interactions atnong 

year, species, and order may be due to variation in the 

balsamifertr 
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g l u u c a ~ \  -m 
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resinosa 

m* 
I cm 

A cer 
succhnrtrm 

I cn1 
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z% 
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Pinz4.s 
edzrlis 

w I cm 

diameter of Pinus edulis and Juiziperus morzo.spernza 

roots, which were smaller in diameter in 1999 com- 

pared to 1998 in the control plots (data nor shown). 

Root length and diameter were poorly correlated, with 

Pearson's correlation coefficients ranging from a low 

of r = 0.14 for Acer saccharunz to a high of r = 0.43 

for Picen glaucu; most coefficients were less than r = 

0.3. Diameter was also poorly correlated with C con- 

centrations and C:N ratios. For some species, such as 

Acer sacchai-uliz, root diameter varied little among first, 

second, and third order roots, while individual root 

length almost doubled with each order (Fig. 5). On the 

other hand, species such as Liriodendron tulipifera and 

Picea glaucu exhibit a more substantial increase in both 

root length and diameter with order (Fig. 5 ) .  

TIie distribution of relative cumulative root length 

by diameter class illustrates several interesting points. 

First, with the exception of Lirioderzdron tulipifera, 

2 7 5 %  of the total fine root length sampled can be 

accounted for by roots that are c 0 . 5  mm in diameter 

(Fig. 6). In some species, for example Acer saccharurn 

and Populus bnlsanzif'era, virtually all of the total 

letlgth of fine roots can be accounted for by roots <0.3 

mm in diameter. The roots of Lirioderzdrorz tuliptfera 

were much thicker than most of the other taxa sampled, 

with >75% of total root length having diameters >0.5 

mm (Fig. 6). 

Li~iodendt,on 
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Juniperus f l  I cm 
t 7 z o n o s p e r ~ t  
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elliottii 
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FIG. 4. Examples of lateral fine root branches illustrating lateral branch scars. All roots were collected in 1999 fro111 the 

top 10 cm of the soil (Table 1). (A) Pirzus rr~sir7o.srl: Arrows identify selected root-bl-anch scars, and the inset enlarges a small 
pol-tion of the root. (B)  I'ir7u.s ,-r.rir~o.srr: The upper portion of the panel depicts two lateral roots; the lower portion of the image 

shows the branch scars after the roots wel-e renloved. (C) Pirr~r,s elliorrii: lateral roots exhibit bifurcation typical of EM-dominated 
lateral branches. (D) Pitlus c,lliortii: The upper portion of tlie image shows the exact inset fro111 panel C at a higher magnification 

(22X). Notice that one of the lateral roots in panel C has died, leaving a branch sc;ir (the single arrow above the dashed lint 
locates the scar). The lower portion of panel D is a top view showing tlie branch scars (three arrows) left after all three of the 

lateral branches shown in the inset of panel C died. (E) A(Y,- s ~ i r c h ~ r r ~ ~ t r ~ :  The inset enlarges the faint branch scar identified by 
the arl-ow. (F) Acer- sacch<lrrrr,l: Thc upper portion o f  the image shows two latel-a1 roots; the lower pol-tion of the irnage is a top 

view showing two branch scars (arl-ows) left by the reliioval of the two roots in the upper portion of the irnagc. 
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TARL~: 2. Results of mixed-level four-way factorla1 ANOVA. 

ANOVA ANOVA 

P value> P value5 

Source of Root Root Spec~fic 
varlatlon df length d~ameter dt root length Root C Root N Root L N Root C N 

Year 
Species 
Fertilize1 

treatment 
Order 3 (0.01 <0.01 2 <0.01 <0.01 <0.01 <0.01 <0.01 
Year X ipecles 
Year X trt 
Year X order 
Spec~es X trt 
Spec~es X order 
Trt X order 
Year X species 

X trt 
Year X specles 

X order 
Year X trt X 

order 
Species X trt 

X order 
Year X specles 

X trt X order 

Notes: Root L:N = length per unit N. Length and diameters were rank-transformed. P values are from a Type-111 sums- 
of-squares analysis. 

Another way to examine the distribution of root num- 

bers and root length is to summarize the proportions 

accounted for by each root order. In this case, it is clear 

that first-order roots account for -75% of the total 

number of roots (Fig. 7.4). Because mean length in- 

creases with order, the distribution of total length is 

more evenly distributed across orders (Fig. 7B). How- 

ever, the length distribution by order also illustrates 

that the short lateral first and second order roots account 

for -75% of the total length of those roots sampled in 

most species (Fig. 7B). 

nosperms tended to have lower fine root N concentra- 

tions than angiosperms (Fig. 8). Nitrogen concentra- 

tions also varied between years, but the response was 

species specific (data not shown), resulting in a sig- 

nificant year by species interaction (Table 2). 

C:N ratio, .sl)ecijic root length, a n d  root length 

p e r  uizit nitrogen 

Carbon to nitrogen (C:N) ratios increased, often dra- 

matically, with increasing root order across all nine 

species (Fig. 9), driven mostly by the decrease in N 

concentration in higher order roots (Fig. 8). The C:N 

ratio is a good way to understand the investment of C 

and N to individual roots of a given order on a mass 

basis because both C and N concentration are important 

in understanding root construction and maintenance 

costs (see Discus.sion below). 

Specific root length (SRL; m/g) decreased, again 

sometimes dramatically. with increasing root order 

(Fig. 9).  Significant differences occurred among order, 

species. and year, but once again, the fertilizer treat- 

ment was not significant (Table 2). Significant inter- 

actions between year and species illustrate how the time 

of collection may influence SRL, and this statistical 

interaction may be due to ontogenetic or environmental 

variation (rluta not shown). Some of the angiosperms 

such as Acer sacclzarum, Populus bal.~uinifera, and 

Quercus alba had much higher SRL than the gymno- 

sperms, which exhibited relatively low SRL (Fig. 9). 

However, Liriocleizilrotz tulipijierc~ had the lowest SRL, 

even lower than all of the gymnosperms (Fig. 9). Year 

t o  year variability in SRL was higher in the angio- 

Hoot ca r l~on  und nitrogen 

Mean carbon concentrations ranged from 445 to 555 

glkg and increased slightly with root order (Fig. 8). 

Concentr;~tions varied from one year to the next, but 

the direction and response was species specific (data 

nor .sl?own). In general, C concentrations were often 

-50% of dry mass as is often assumed, but there were 

large deviations from this expected value (Fig. 8). For 

example, the mean C concentration of fi rst-order roots 

could differ by 70-80 g/kg when contrasting some of 

the species studied (Fig. 8). It wo~ild be interesting to 

know if these differences were related to the concen- 

tration of nonstructural carbohydrates or other labile 

n~icrobial substrates. 

Unlike C, which typically increased slightly with 

order, N concentrations decreased significantly as root 

order increased (Table 2, Fig. 8). Mean concentrations 

ranged from 8.5 to 30.9 glkg, averaging -16 glkg 

across all three orders and species. Nitrogen concen- 

trations also varied significantly among species. Gym- 
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R o o t o r d e r : 1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  
Acer Liriodendror7 Populus Qtrerc~rs Junipei-zl.7 Picea Pinus I'inus Pinus 

saccharurn tul@(fei*cr bnlsamifer-a nlbu tnonos/~ermu glauca ed1rli.r elliottii resinosa 

FIG. 5 .  Mean root length and diameter for the first three orders of roots from nine North American trees. Data are pooled 
across treatments and years. Error bars represent one standard error of the mean. Lowercase letters that differ within a species 
indicate significant ( P  < 0.05) differences among individual root orders. 

-- 

o s o j  
Acer L~rlodendr-on Populz1s 

0.25 sacchar-urn balsamlfera 
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Fic;. 6. Relative cun~ulat ive root length (proportion of total length dissected) by root diameter class. Dashed lines indicate 

7 5 %  of the total absorbing root length sampled. 
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Acer Liriodendron Populus Qlrercus Ju17iperzr.s Piceu Pir7u.r Pinus Pinus 
.succhorum lul~j>(firu bal.saniift.rrr ulbu moi~o.sper-n~u glazrcu cdzilis elliottii resinosu 

FIG. 7. Mean proportion of (A) the total number of roots for each root order and (B) the total root length for each root 
order, within siinipling year and species. Each shading value represents a different root order, as labeled next to the bar for 
Acer srrccl1mrun7 in panel (6). 

spei-ms compared to the gymnosperms,  but this may be  sue  concentrations,  these two species are significantly 

due  to the fact that mean SRL is greater in angiosperms different (compare Figs. 8 and 9). 

than gymnosperms. In terms of  SRL, L. r u l i p f e r n  and Root length per pram of N invested also tended to 

J .  inonospernzrr are  similar, but when comparing N tis- decline with increasing root order, but there were ex- 

R o o t o r d e r : l 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  
Acer Lirio~ie~~dro~i P ~ / J ~ I / I I . Y  ~lto.crr.s Jz117il1erz1.s Picctr f'i17lr.s i"i1711~ I'inus 

srrcchtrr~mi /zdi/~(f&rcr hol .su~~~~j~rcr ~ilbu I I I I  ~ I L / I I C ( I  ehr1i.r ellioiiii I-esi17osa 

FIG. 8. Mean root carbon (C) and nitrogen (N) concentrations (glkg) fol- the tirst three orders of roots from nine North 
Anierican trees. Data a!-e pooled across treatliients and years. Error bars represent one standard error of the mean. IAowercasc 
letters that differ within a species indicatr signiticant ( P  < 0.05) differences among individual 1-006 orders. 
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FIG. 9. Carbon to nitrogen rarict (C:N), specific root length (SRL; m/g), and root length per unit of nitrogen (mlg) for 
the first three orders of roots from nine North American trees. Data are pooled across treatntents and year-s. Error bars represent 
one error of the mean. L.owercase Ietters that differ within a species indicate significant ( P  < 0.05) differences 
among ii1dividual root orders. 
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ceptions(e.g., Acvr .snccharwn and Pol?ul~s hulsai??i- 

-fvrcl; Fig. 9). As with SRL, there were large and sig- 

nificant differences in the length of roots per gram of 

N invested among some of' the species (Table 2, Fig. 

9). 
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Fertilizer yffects 

R o o t o r d e r : l 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  PIMILA 1 2 3  Prnu, 1 2 3  Prnw 
A t e ,  l,rr~odendron Populuc Q~rercus .Jz~nt~~errc~ Prceu 

sacchururn rulrprfern hultunzrfern ulbu monospermu gluiria edulrs ellrortri reJlfl(1JN 

The fertilizer treatments resulted in a significant in- 

crease in root N concentration in some species, a sig- 

nificant treatment by species interaction, and a signif- 

icant year by species by treatment interaction (Table 

2, Fig. 10). For example, N concentration in the first- 

order roots of P ~ ~ L I ~ I A S  bal.s~i~~~iJl'era, P i c ~ u  glaircu and 

Pillus edltlis increased substantially from 1998 to 1999 

in the fertilized plots, while the N concentration of the 

first-order roots of Acer .snc.clzarurn and Liriodendr-on 

tulipifera did not vary frorn I998 to 1999 in the fer- 

tilized plots (Fig. 10). Species responded in different 

ways to fertilization in terms of altered root tissue N 

concentrations. The fertilizer treatments decreased C: 

N ratios in some instances, driven largely by species- 

specific changes in N concentration. The variable re- 

sponse associated with the fertilizer treatments appears 

to be primarily related to the variable tissue N con- 

centrations. 

Test of origiizal hypotheses 

Our first hypothesis was that nonwoody, lateral roots 

40 .5  mm in diameter would account for the majority 

of the fine roots in all nine species regardless of climate. 

soil type, tree taxonomic rank, or type of mycorrhiza 

infection. This proved to be true, except for Liriorlerz 

dron atlipifera (Figs. h and 7). Our second hypothesi 

was that the position of an individual root on th 

branching root system was art important factor in ur 

derstanding SRL and N concentration. In other word 

it is misleading to assume that all roots in an arbitra~ 

tine root size class function the same way. This al: 

proved to be true. First-order roots had much high 

SRL and N concentration, and SRL and N concentl 

tion systematically decreased with order in all ni 
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R o o t o r d e r : 1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  1 2 3  
Acer Liriodendron 1'opulu.s Quercus Jztnipcrus Piceo Pinits Pit7u.s Pinus 

,snccl?orum tulipifiru brrl.srrniifera alhu niowo.sperma glrruc~r edulis ellioftii resinosa 
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FIG. 10. Mean nitrogen concentration @/kg) of the first three orders of I-oots from nine North A~nerican trees in control 
and N-fertilized plots. Roots were collected during (A) 1998 and (B) 1999. Error bars represent one standard error of the 
mean. Asterisks indicate that N concentrations for a given root order are significantly different (P < 0.05) when comparing 
roots collected from control and fertilized plots. 
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species (Figs. 8 and 9), resulting in a dramatic increase 

in the C:N ratio as root order increased (Fig. 9). Our 

third hypothesis was that EM roots would be larger, 

have lower SRL and lower N concentrations than AM 

roots across all habitats and species. We conducted 

these a priori planned statistical contrasts and rejected 

this hypothesis. There were large differences in SliL 

and N concentration among species regardless of the 

type of mycorrhizal infection. The ecological signifi- 

cance of differences among species are discussed be- 

low. 

E! * - 0 : j  IS % $ 
10 - 

Gene?-ul corlclusions across species und study sites 

Our study was designed to encompass a wide variety 

of c l in~at ic  and soil conditions, and we sampled fine 

roots of both gymnosperms and angiosperms that 

formed both EM and AM. In addition to variability 

induced by climate, soil, and type of mycorrhizae, other 

factors which we did not control for, such as the age 

and physiological stage of root development, can also 

influence SRL and other important attributes of fine 

roots (McKenzie and Peterson 1995, Schreiber 1996, 

Eissenstat and Achor 1999). In spite of all of this on- 

togenetic and ecological variability, several general 

conclusions are apparent. 

First, the convenient assumption that all roots of a 

given size class, e.g., all fine roots <2  mm in diameter, 

function the same way is flawed. In all nine tree species 

we studied, and apparently in all perennial plants (Fitter 

1996), a single lateral branch emerges at any point 

along a larger perennial root, as clearly illustrated in 

Fig. 2. The position of an individual root on the lateral 

branch is important. The lateral branches typically do 

not have >3-4 orders of roots (Lyford 1975, Figs. 3 

and 4). First- and second-order roots doininate the total 

number of roots and total root length in all the trees 

we studied (Fig. 7). First-order roots consistently have 

the highest SRL and N concentration in all the species 

we studied, and the lowest C:N ratio (Figs. 8 and 9). 

With the exception of Liriodrendrow tulipifera, the 

mean diameter of all first-, second-, and third-order 

roots was <0.5 mm (Fig. 5). 

Yanai et al. (1995) simulated the efficiency of nu- 

trient acquisition by fine roots and concluded the most 

efficient root would be "infinitely fine." Their conclu- 

sion, based on  theoretical calculations, appears to be 
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correct in that the majority of the fine roots deployed 

by the trees in this study are thin, and compared to 

higher order roots, are less expensive to construct from 

a C cost perspective (Eissenstat and Yanai 1997). The 

concept of efficiency includes rates of nutrient acqui- 

sition per gram of C expended to construct and maintain 

absorbing root length. We did not measure rates of 

nutrient acquisition and so the true efficiency of in- 

dividual roots on the branching root system has yet to 

be determined. Nonetheless, first- and second-order 

roots clearly have significantly lower SRL (Fig. 9). 

Although first-order roots are relatively inexpensive 

to construct, they will be Inore expensive to maintain 

per unit time on a Inass basis than higher order roots. 

Pregitzer et al. (1997) reported that first-order roots 

had the highest tissue N concentrations and speculated 

that these roots would have the highest respiration rates 

based on the observation that plant tissue N concen- 

tration is directly related to respiration rate (Ryan 1991. 

Ryan et al. 1996). Later, this hypothesis was confirmed 

for the fine roots of Acer saccharut?z (Pregitzer et al. 

1998), and Burton et al. report silnilar results for all 

nine species in this study (A. J .  Burton, K.  S. Pregitzer, 

R. W. Ruess, R.  L. Helidrick, and M. F. Allen, ~~tzpub-  

lished 17?crrzuscript). Leaf tissue N concentration and 

leaf respiration are also directly related (Reich et al. 

1992, 1997). The present study confirms that the first- 

order roots of all the species we studied had the highest 

tissue N concentrations (Fig. 8), and it now appears 

that this relationship tnay be general for all temperate 

and boreal trees. 

In all the species studied, the steep increase in the 

C:N ratio with increasing root order is perhaps the best 

indication of the relative investment decline of N vs. 

C as you move fi-om the distal root tip toward the larger 

woody roots. The C:N ratios (Fig. 9) clearly demon- 

strate that a gram of C invested in first-order roots will 

be more expensive to maintain per unit 'time than a 

gram invested in third-order roots. Fine root construc- 

tion and maintenance costs are inversely related, which 

is a very efficient C allocation strategy for building and 

niaintaining ephemeral absorbing root length along a 

perennial network of highly lignified, mostly woody 

and dead, expensive to construct, but cheap to maintain, 

struct~tral roots. Tissue N concentration is a key factor 

in understanding the C cost of tnaintairting first- and 

second-order I-oots, which donlitlate the display of ab- 

sorbing root length, and there are large differences in 

tissue N among species (Fig. 8). Our undet-sti~nding of 

N investment in first- and second-order roots still suf- 

fers for a lack of convincing evidence concerning 

whether N is retranslocated froin these I-oots before 

they die. 

Fine root lateral branches are apparently deciduous, 

with a distinct abscission or bundle sheath scat; in the 

same sense that aboveground plant n~odules  (leaves, 

needles, ant1 branches) are deciduous (Fig. 4). The fact 

that nonwoody lateral roots arise from the woody roots 

of trees is well known, but it is quite remarkable that 

the concept of root mortality has not been linked to the 

differentiation and mortality of lateral roots. Lyford 

(1975) st-ates: "that a high proportion of small-diameter 

laterals 011 tree roots disappear is indisputable because 

there are many bare spaces or stu111ps of former laterals 

along woody roots in places where laterals must have 

been liulnerous just after they developed. Nevertheless, 

there have been few direct studies of individual roots 

to determine exactly what happens to them over time 

and whether, in fact, ageing alone is involved or wheth- 

er disappearance is due primarily to injury by patho- 

gens, to root consumers, or to starvation." Wells and 

Eissenstat (2001) recently demonstrated marked dif- 

ferences in survivorship among apple (Malus doi~ies- 

tica) roots of different diameters, with smaller diameter 

roots living shorter life-spans chan larger diameter 

roots. Do entire lateral branches die? Our observations 

(Fig. 4) and those of Lyford (1975) clearly suggest this 

is the case. We postulate that lateral branches coinposed 

primarily of first-, second- and third-order roots are the 

basic fine root "modular unit" (sensu Harper 1977) in 

all temperate and boreal trees. We have observed more 

complex branches (i.e., branches with inore root orders) 

and these seem to be associated with places in the soil 

where nutrients or water are Inore abundant. Clearly, 

we must now study the branch structure in more detail 

and determine which roots actually die and if branch 

ai-chitecture and the point of abscission are plastic in 

response to soil resource heterogeneity. 

The concept of "jitze roots" it7 trees 

The structural portion of the root system cannot 

move without great C cost to the plant and it takes time 

to deploy new woody roots. Trees rnust then respond 

to rapid changes in soil resource availability by phys- 

iological and structural adjustments to the fine absorb- 

ing roots. Structural adjustiuents in all the trees we 

studied apparently happen through the growth and mor- 

tality of lateral branches, whose forrn is variable among 

taxa (Fig. 3). We nlust now refine our understanding 

of fine roots as lnodular units designed for water and 

nutrient acquisition, whose life expectancy and forin 

is ecologically relevant and directly related to resource 

acquisition. We predict the life expectancy of a lateral 

fine root is inversely related to SRL and N concentra- 

tion, and we are currently working to test this hypoth- 

esis. The issue of whether lateral roots die as whole, 

integrated branching units must also still be resolved. 

There are clear alternatives to this hypothesis. For ex- 

ample, it is possible that first-order roots represent the 

majority of new fine root production and individual 

root nlurtality. It is also possible that the point of root 

abscission on a lateral branch is plastic and varies from 

one circumstance to another, but this alternative does 

not seem very plausible based on what we understand 

a b o ~ ~ t  shoot ontogeny. 

Typical fine root size classes, e.g., ail roots 0-1 or 
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0-2 mm in diameter, are 111uch too large in most in- 

stances (Figs. 5 and 6) and include many roots which 

have relatively long life expectancies: roots that serve 

primarily transport and storage functions. With the ex- 

ception of Liriodendron r~~lil,ifera, the most reasonable 

fine root size class for the nine species we studied 

would consist of all roots <0.5 mm in diameter, and 

perhaps an even smaller size class in some instances, 

e.g., Acer- sncclzurunl and Pop~r1~l.s bczI~c1117ifera (Fig. 

6).  

Although the general architecture of the fine roots 

of all nine species was similar, with short lateral 

branches and lateral branch scars, obvious differences 

in length, diameter, SRL and N concentration occurred 

among species. The angiosperms, Acer saccharunz, Po- 

j?ulus bal.scrnzi/'era, and Quei-<.us albn displayed indi- 

vidual roots with smaller mean diameters (Fig. 5) .  The 

SRL of the first- and second-order roots of these three 

angiosperms was often more than double that of the 

conifers we studied (Fig. 9). Obviously, the C cost of 

constructing individual absorbing roots of these angio- 

sperms is much less than, for example, the roots of the 

three pines (Fig. 9). The angiosperm Liriodendron tu- 

lipifera was a major exception in terms of individual 

root diameter and SRL con~pared to the other angio- 

sperms. Plants in the Magnoliaceae are considered part 

of the ancestral angiosperm complex (Judd et al. 1999). 

The primitive angidsperm and all the gymnosperms had 

short. thick fine roots, which had lower SRL. 

During both 1998 and 1999, root sa~nples  <0.5 lnm 

in diameter were examined to determine mycorrhizal 

infection. The percentage of roots infected with AM 

varied widely among species and sample dates (mean 

percentage infected ranged from 7 to 41%), while al- 

most all the first-order EM roots (root tips) were in- 

fected (mean infection rate >90% for all EM taxa; J. 

Lansing and M. Allen, ut7j~ubli.shecl dc~trr). The domi- 

nant type of mycorrhizal infection, however. does not 

appear to be correlated with the length, diameter, or 

SRL of individual roots. Lirioclt~t?droiz tulipifercr (an- 

giosperm) and Jilnillet-11s ii~oizo.spei-rrza (gymnospernl) 

are both dominated by AM fungi and their roots are 

thick and exhibit low SRL. In contrast, Acer .scrc.charrtr~z 

and Q~lercrls nlba are dominated by AM and EM fungi, 

respectively, and both of these angiosper~ns have thin 

roots and high SRL. 
J 

Significant differences in N concentration also oc- 

curred among species (pairwise corllparisons not 

shown, but see Fig. 8). One interesting finding was the 

fact that species can have s i~ni lar  SRL, e.g.. Lirioci- 

eizciroi~ fulipifercr and J~4i1il1eru.s ~ ~ ? o I ~ o s / ; I ~ I ~ I ~ I ~  (Fig. 9). 

but significantly different N concentrations (Fig. 8). 

Burton et al. found that tiss~te N concentration explains 

much of the variability in specific rates of root respi- 

ration for all these sanie species and study sites (A. J. 

Burton. K.  S.  Pregitzer, R. W. Ruess, R. L. Hendrick. 

and M. E Allen, ur1pul7li.sl?ed nzntfu.scri/~t). Froni a con- 

struction cost perspective (C cost of building a new 

root; Eissenstat and Yanai 1997), both Liriodet~droiz 

tulij?(fer-LZ and Jrtniperus inoizosl>ei-t7lcr deploy relatively 

expensive roots (low SRL). Howevel; the roots of Lir- 

iodeizdrot7 tcrlipifern have high concentrations of N. 

while those of Jrri7iperu.s nionosperi7za are the lowest 

we report (Fig. 8). Obviously, the C cost of constructing 

a new root is not necessarily related to the cost of 

niaintaining that same root pel- unit time. Another in- 

teresting observation is that individual roots from 

warm, dry environments such as Sevilleta have low 

tissue N. In general, is fine root tissue N lower in hab- 

itats where the cost of maintenance respiration is po- 

tentially high? 

Nitrogen fertilizer treatment did not significantly al- 

ter individual root length, diameter, SRL or C concen- 

tration (Table 2). The N additions did significantly in- 

crease root tissue N concentration in Pincis elliottii in 

1998 and Pit7u.s edcllis in 1999 (Fig. 10). We expected 

the fertilizer additions to increase root tissue N in most 

instances, but this was often not the case (Fig. 10). 

These results suggest that the response to altered N 

availability at the individual root level may be complex. 

Species-specific responses may be the rule rather than 

the exception. These results are short-term (two years 

of treatment), and N availability following fertilization 

was probably complicated by microbial demand for N 

as well as differences in moisture availability among 

the s t~tdy sites. 

It is important to understand whether increasing soil 

N availability increases root tissue N i n  the long term, 

because much of the total cumulative flux of C 0 2  from 

the soil is dominated by root construction and n~ain-  

tenance respiration (Boone et al. 1998). Fine root main- 

tenance respiration apparently dominates the C cost of 

deploying f ine roots (Eissenstat and Yanai 1997). 

Therefore, we might not expect an increase in soil res- 

piration following fertilization if root tissue N does not 

increase with increasing soil N availability. Obviously, 

changes in fine root biomass would also factor into 

understanding how soil N availability alters soil res- 

piration. 

This study raises many ~tnresolved and potentially 

significarit ecological issues. Are species-level differ- 

ences in the C cost of deploying and maintaining ab- 

sorbing roots through time directly related to rates of 

nutrient uptake? Eissenstat and Yanai (1997) report that 

much of the C cost of ion uptake is related to N ac- 

quisition. Do individual roots with high N concentra- 

tions exhibit greater rates of N or P acquisition inte- 

grated over their life-span? Do roots from dry cnvi- 

ronn~ents always have lower tissue N and therefore 

lower rates of respiration at high soil temperatures? 

Are I-oot life-span and nutrient acquisition inversely 
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related t o  t i s sue  N a s  i s  t h e  c a s e  f o r  l e a v e s  (Keich e t  

al .  1997)'? 

W e  h a v e  m u c h  t o  learn  a b o u t  t h e  l inkages  be tween  

t h e  s t ruc tura l  a t t r ibu tes  o f  f ine roo ts  a n d  h o w  they  func- 

t ion.  T h e  acquis i t ion  o f  w a t e r  a n d  l imi t ing  nutr ients  

f r o m  t h e  soi l  i s  a k e y  eco logica l  c h a l l e n g e  f o r  plants .  

T h i s  s t u d y  d e m o n s t r a t e s  tha t  w e  need  to  b e g i n  t o  focus  

o n  unders tanding  h o w  d i f fe rences  in  roo t  s t ruc ture  a r e  

related t o  t h e  acquis i t ion  o f  essen t ia l  so i l  resources.  

T h e  SRL a n d  N concent ra t ion  o f  ind iv idua l  roo ts  differ  

s ignif icantly a m o n g  n i n e  s p e c i e s  o f  N o r t h  Amer ican  

trees,  a n d  therefore ,  t h e  C c o s t  o f  cons t ruc t ing  and  

main ta in ing  f ine roo ts  a l s o  d i f fe rs  s ignif icantly a m o n g  

spec ies .  Addi t iona l  inves t iga t ions  m a y  p r o v e  these  dif-  

fe rences  t o  b e  d i rec t ly  related t o  w a t e r  a n d  nutr ient  

u p t a k e  a n d  f ine roo t  l i fe-span.  

The authors thank Jack McFarland, Lee Ogden, Trish 
Burton, Neeti Bathala, Jennifer Lansing, Cara Cario, Kendra 
Calhoun, and Christina Doljanin for their assistance in the 
field and lab, and Bob Parmenter, Jim Vose, and Tom Fox 
for their logistical support. Ruth Yanai and an anonymous 
reviewer provided many useful comments on an earlier draft 
of the ~ ~ ~ a n u s c r i p t .  We also acknowledge the Coweeta, Bo- 
nanza Creek, and Sevilleta LTERs, Mead Corporation, Ray- 
onier Corporation, Container Corporation of America, Cham- 
pion International, the USDA Forest Service, and the U.S. 
Fish and Wildlife Service for providing study site locations 
and field laboratories. This research was funded by the U.S. 
National Science Foundation Ecosystem Studies Program 
(collaborative awards DEB 9615509,961 6537, 9616538, and 
999621 1; and grant DBI 9413407). 

Allcn, M.  F. 1992. Mycorrhizal functioning: an integrative 
plant-fungal process. Chapmaii and Hall, New York, New 
York, USA. 

Allen, M. E, E. 3. Allen, and C .  F. Friese. 1989. Responses 
of the non-mycotrophic plant Salsola krrli to invasio~i by 
vesicular-arbuscular mycorrhizal fungi. New Phytologist 
111:45-49. 

Allen, M. F., S .  D .  Clouse, B .  S.  Weinbauni, S.  I-. Jeakins. 
C. F. Fricse, and E. B. Allen. 1992. Mycorrhizae and tlie 
integration of scales: from ~nolecules to ecosystems. Pages 
488-515 in M. F. Allen, editor. Mycorrhizal functioning: 
an integrative plant-fungal process. Chapman and Hall, 
New York, New York, USA. 

Bilbrough, C. J., and M. M. Caldwell. 1995. The effects of 
shading and N status on root proliferation in nutrient patch- 
es by the perennial grass Agropyron drsertorutn in the field. 
Oecologia 103: 10-1 6. 

Bilbrough, C .  J.,  and M.  M. Caldwell. 1997. Exploitation of 
springtime ephemeral N pulses by six Great Basin plant 
species. Ecology 78:23 1-243. 

Boone, R. D., K.  J. Nadelhoffer, J. D. Canary, and J. P. Kaye. 
1998. Roots exert a strong influence on the temperature 
sensitivity of soil respiration. Nature 396:570-572. 

Burton, A. J., K. S .  Pregitzer, G.  P. Zogg, and D. R. Zak. 
1998. Drought reduces root respiration in sugar inaple for- 
ests. Ecological Applications 8:771-778. 

Charlton, W. A. 1996. Lateral root initiation. Pages 149-173 
in Y. Waisel, A. Eshel, and U.  Kafkafi, editors. Plant I-oots. 
the hidden half. Second edition. Dekker, New York, New 
York, USA. 

Cui, M.,  and M.  M.  Caldwell. 1998. Nitrntc and phosphate 
uptake by Agropyron drsertorutn and Arternisia trirlr~imrcr 

front soil patches with balanced and unbalanced nitrate and 
phosphate supply. New Phytologist 139:267-272. 

Drew, M. C., and L. R. Saker. 1975. Nutrient supply and the 
growth of the seminal root systeln in barley. 11. Localiza- 

tion, compensatory increases in lateral root growth and 
rates of nitrate uptake when nitrate supply is restricted to 

only part of tlie root system. Journal of Experimental Bot- 
any 26:79-90. 

Drew, M.  C., L. R. Saker, and T. W. Ashley. 1973. Nutrient 

supply and growth of the seminal root system in barley. I. 
The effect of nitrate concentration on the growth of axes 
and laterals. Jour-nal of Experimental Botany 24:l 389- 

1202. 

Eissenstat, D. M. 1992. Cost and benefits of constructing 

roots of small diameter. Journal of Plant Nutrition 15:763- 
782. 

Eissenstat, D. M., and D. S. Achor. I999. ,  Anatomical char- 
acteristics of roots of citrus rootstock that vary in specific 
I-oot length. New Phytologist 141:3,09-321. 

Eissenstat, D. M., and M. M. Caldwell. 1988. Seasonal timing 
of root growth in favorable niicrosites. Ecology 69:870- 
873. 

Eissenstat, D. M., and R. D. Yanai. 1997. The ecology of  
root lifespan. Advances in Ecological Research 27: 1-60. 

Esau, K. 1965. Plant anatomy. Second edition. John Wiley 
and Sons, New York, New York, USA. 

Fahey, T. J. ,  and M.  A. Arthur. 1994. Further studies of root 
deco~nposition following harvest of a northern hardwood 
forest. Forest Science 40:618-629. 

Field, C., and H. A. Mooney. 1983. Leaf age and seasonal 
effects of light, water, and nitrogen use efficiency in a Cal- 
ifornia shrub. Oecologia 56:348-355. 

Field, C., and H. A. Mooney. 1986. The photosynthesis- 
nitrogen relationship in wild plants. Pages 24-44 in T. Gi- 
vinisli, editor. On the econoniy of plant form and function. 

Cambridge University Press, London, UK. 

Fitter, A. H. 1982. Morphometric analysis of root systems: 
application of the technique and influence of soil fertility 

on root systeln development in two herbaceous species. 

Plant, Cell and Environment 5:3 13-322. 
Fittei; A. H. 1985. Functional significance of root morphol- 

ogy and root systeln architecture. Pages 87-106 it7 A. H. 
Fitter, 13. Atkinson, D. J. Read, and M. Usher, editors. Eco- 
logical interactions in soil. Blackwell Scientific, Oxford, 

UK. 

Fitter, A. H. 1991. Characteristics and functions of root sys- 

terns. Pages 3-25 it? Y. Waisel, E. Eshel, and U. Kafkafi, 
editors. Plant roots, the hidden half. First edition. Marcel 

Dekker, New York, New York, USA. 

Fitter, A.  H. 1996. Characteristics arid functions of root sys- 
tems. Pages 1-20 in Y. Waisel, E. Eshel, and U. Kafkafi, 

editors. Plant roots, the hidden half. Second edition. Dek- 

ker, New York, New York, USA. 

Friese, C.  F., and M. F. Allen. 1991. The spread of VA my- 
corrhizal fungal hyphae in the soil: inoct~lum types and 

external liyphal architecture. Mycologia 83:409-418. 

Harper, J. L. 1977. Population biology of plants. Acacten~ic 

Press, London. UK. 
Hendricks, J .  J., K. J .  Nadelhoffer, and J .  D. Aber. 1993. 

Assessing the role of fine roots in carboil and nitrogen 

cycling. Trends in Ecology and Evolution 8:174-178. 

Hooker, J .  E., K. E. Black, R. L. Perry, and D. Atkinson. 

1995. Arbuscular mycorrrhizal fungi induced alteration to 

root longevity of poplar. Plant and Soil 172:327-329. 

Horton, R. E. 1945. Erosional development of streams and 
their drainage basins; hydrophysical approach to quanti- 

tative morphology. Bulletin of the Geological Society of 

America 56:275-370. 

Jackson, R. B., and M. M. Caldwell. 1991. Kinetic responses 



May 2002 FINE ROOTS OF NORTH AMERICAN TREES 309 

of Pseudoroegneria roots to localized soil enrichment. 
Plant and Soil 138:231-238. 

Jackson, R. B., J. H. Manwaring, and M. M. Caldwell. 1990. 
Rapid physiological adjustment of roots to localized soil 
enrichment. 'Nature 344:58-60. 

L Jackson, R. B., H. A. Mooney, and E.-D. Schulze. 1997. A 
global budget for fine root biomass, surface area, and nu- 
trient contents. Proceedings of the National Academy of 
Sciences (IJSA) 94:7362-7366. 

Judd, W. S. ,  C. S. Campbell, E. A. Kellogg, and I? E Stevens. 
1999. Plant systematics, a phylogenetic approach. Sinauer 
Associates, Sunderland, Massachusetts, USA. 

Karam, A. 1993. Chemical properties of organic soils. Pages 
459-472 in M. R. Carter, editor. Soil sampling and methods 
of analysis. CRC Press, Boca Raton, Florida, USA. 

Kosola, K. R., and D. M. Eissenstat. 1994. The fate of surface 
roots of citrus in dry soil. Journal of Experimental Botany 
45:1639-1645. 

Liechty, H. O., G. D. Mroz, and D. D. Reed 1986. The growth 
and yield responses of a high site quality red pine plantation 
to seven thinning treatments and two thinning intervals. 
Canadian Journal of Forest Research 16:513-520. 

Lyford, W. H. 1975. Rhizography of non-woody roots of trees 
in the forest floor. Pages 179-196 in J. G. Torrey and D. 
T. Clarkson, editors. The development and function of 
roots. Academic Press, New York, New York, USA. 

Lyr, H., and G. Hoffmann. 1967. Growth rates and growth 
periodicity of tree roots. international Review of Forest 
Research 2: 181-236. 

McKenzie, E. B., and C. A. Peterson. 1995. Root browning 
in Pinus banksiana Lamb. and Eucalyptus pilularis Sm. 2. 
Anatomy and permeability of the cork zone. Botanica Acta 
108:138-143. 

Norman J. R., D. Atkinson, and J. E. Hooker. 1996. Arbus- 
cular mycorrhizal fungal-induced alteration to root archi- 
tecture in strawberry and induced resistance to the root 
pathogen Phytophthora.fraguriae. Plant and Soil 185: 191- 
198. 

Orlov, A. Y. 1957. Observations on absorbing roots of spruce 
(Picea excelsa Link.) in natural conditions. Botanicheskii 
Zhurnal 42: 1 172-1 18 1. 

Orlov, A. Y. 1960. Growth and changes with age of feeder 
roots of Picea excelsa Link. Botanicheskii Zhurnal45:888- 
896. 

Pregitzer, K. S., R. L. Hendrick, and R. Fogel. 1993. The 
demography of fine roots in response to patches of water 
and nitrogen. New Phytologist 125:575-580. 

Pregitzer, K. S., M. E. Kubiske, C. K. Yu, and R. L. Hendrick. 
1997. Relationships among root branch order, carbon, and 
nitrogen in four temperate species. Oecologia 111:302- 

308. 
Pregitzer, K. S., M. J. Laskowski, A. J. Burton, V. C. Lessard, 

and D. R. Zak. 1998. Variation in sugar maple root res- 
piration with root diameter and soil depth. Tree Physiology 
18:665-670. 

Pregitzer, K. S., D. R. Zak, J. Maziasz, J. DeForest, I? S. 
Curtis, and J. Lussenhop. 2000. The interactive effects of 
atmospheric CO, and soil-N availability on fine roots of 
Populus rremulodies. Ecological Applications 10: 18-33. 

Read, D. J. 1992. The mycorrhizal mycelium. Pages 102- 
133 in M. E Allen, editor. Mycorrhizal functioning: an 
integrative plant-fungal process. Chapman and Hall, New 
York, New York, USA. 

Reich, I? B., M. B. Walters, and D. S. Ellsworth. 1992. Leaf 
life-span in relation to leaf, plant, and stand characteristics 
among diverse ecosystems. Ecological Monographs 62: 

365-392. 
Reich, P. B., M. B. Walters, and D. S. Ellsworth. 1997. From 

tropics to tundra: global convergence in plant functioning. 
Proceedings of the National Academy of Sciences (USA) 
94: 13730-1 3734. 

Reid, C.  P. P., F. A. Kidd, and S. A. Ekwebelam. 1983. ~ i -  
trogen nutrition, photosynthesis and carbon allocation in 
ectomycorrhizal pine. Plant and Soil 71:415-432. 

Ryan, M. G. 1991. Effects of climate change on plant res- 
piration. Ecological Applications 1:  157-167. 

Ryan, M. G., R. M. Hubbard, S. Pongracic, R. J. Raison, and 
R. E. McMurtrie. 1996. Foliage, fine-root, woody-tissue 
and stand respiration in Pinus radiata in relation to nitrogen 
status. Tree Physiology 16:333-343. 

Ryel, R. J., and M. M. Caldwell. 1998. Nutrient acquisition 
from soils with patchy nutrient distributions as assessed 
with simulation models. Ecology 79:2735-2744. 

Ryel, R. J., M. M. Caldwell, and J. H. Manwaring. 1996. 
Temporal dynamics of soil spatial heterogenity in sage- 
brush-wheatgrass steppe during a growing season. Plant 
and Soil 184:299-309. 

Rygiewicz, P. T., and C. P. Andersen. 1994. Mycorrhizae alter 
quality and quantity of carbon allocated below ground. Na- 
ture 369:58-60. 

SAS Institute. 1996. SAS language guide for personal com- 
puters. Release 6.12 edition. SAS Institute, Cary, North 
Carolina, USA. 

Schreiber, L. 1996. Chemical composition of Casparian strips 
isolated from Cliva miniatu Reg. roots: evidence for lignin. 
Planta 199:596-601. 

Smith, S.  E., D. J. Read, and J. L. Harley. 1997. Mycorrhizal 
symbosis. Second edition. Academic Press, San Diego, Cal- 
ifornia, USA. 

Vogt, K. A., C. C .  Crier, and D. J .  Vogt. 1986. Production, 
turnover, and nutritional dynamics of above- and below- 
ground detritus o f  world forests. Advances in Ecological 
Research 15:303-307. 

Vogt, K. A., and H. Perrson. 1991. Measuring growth and 
development of roots. Pages 470-501 in J. L. Lassoie and 
T. M. Hinckley, editors. Techniques and approaches in for- 
est tree ecophysiology. CRC Press, Boca Raton, Florida, 
USA. 

Wells, C. E., and D. M. Eissenstat. 2001. Marked differences 
in survivorship among apple roots of different diameters. 
Ecology 82:882-892. 

Yanai, R. D., T. J. Fahey, and S. L. Miller. 1995. Efficiency 
of nutrient acquisition by fine roots and mycorrhizae. Pages 
75-103 in W. K. Smith and T. M. Hinkley, editors. Resource 
physiology of conifers: acquisition, allocation, and utili- 
zation. Academic Press, New York, New York, USA. 

Zar, J. H. 1984. Biostatistical analysis. Prentice-Hall, Engle- 
wood Cliffs, New Jersey, USA. 


