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Fine roots are a dynamic component of Douglas-fir ecosystems.

Changes in standing crops indicate that fine roots require a major

portion of the stand's energy resources to fulfill their role in the

functioning of these systems. We observed standing crops of live and

dead fine (< 1 mm diameter) and small (1-5 mm diameter) roots over a

30-month period based on intact soil core samples taken monthly from

grids established in dry, moderate, and wet stands of mature Douglas-

fir. Environmental measurements included temperature of soil and air,

water potential of soil and xylem at predawn, and potential evapora-

tion. Changes in standing crops of live and dead fine roots in the

top 75 cm of soil indicate that seasonal patterns vary from one year

to next and can vary by site, but may not. Differences from one year

to the next may be greater than differences between sites. Large

changes in standing crop can occur within a few months. Fine roots

are most abundant in the uppermost layer of soil; 75% are in the top

25 cm of soil. Changes within various layers by depth are statisti-

cally significant during seasonal and "long-term" time frames and are

most pronounced in upper layers. Counts of "new" root-tips taken from

these samples permit an assessment of root activity independent of



changes in standing crop. Periods of root-tip activity do not

necessarily correspond to changes in standing crop, indicating that

fine-root growth and mortality can occur simultaneously in the same

area. Based on a simple conceptual model of fine-root dynamics we

estimated fine-root production and turnover by inferring transfers

needed to account for observed standing crops of live and dead fine

roots. When averaged over the entire study period, we estimate fine-

root growth as 6.5, 6.3, and 4.8 Mg/ha/yr, fine-root mortality as 7.2,

7.2, and 5.5 Mg/ha/yr, and decomposition of fine roots as 8.2, 8.0,

and 6.9 Mg/ha/yr for the dry, moderate, and wet sites, respectively.

These values are 3-5 times greater than foliage litterf all. Thus fine

roots constitute a major sink of carbohydrates and source of detritus

for the belowground ecosystem.
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PRODUCTION AND TURNOVER OF FINE ROOTS OF MATURE

DOUGLAS-FIR IN RELATION TO SITE

I. INTRODUCTION

Ecosystem-level synthesis of the International Biological Program

have underscored the need for a better understanding of roots as a

part of entire ecosystems. In attempting to quantify dynamics and

productivity of ecosystems, estimating energy costs of root system

development, function, and maintenance has emerged as a major focal

point for new research in the post-IBP era (Coleman 1976). Recent

developments in understanding below-ground ecosystems are dramatically

changing our perspectives of how ecosystems allocate resources

(Caldwell 1979, Coleman 1976, Harris etal. 1980). Little is known

about how energy costs below ground change with community development

or are affected by site conditions. We also do not know to what

extent communities demonstrate selective strategies in the structure

and growth patterns of root systems.

Root systems of forests have been neglected in most ecosystem

studies because they are difficult to study (Harris etal. 1980,

Hermann 1977, Santantonio etal. 1977). Attempts to directly estimate

root production and turnover in forest ecosystems have been few; most

have been made during or following IBP studies. Desiring to estimate

plant production below ground, but lacking information, ecosystem

researchers made the seemingly reasonable, but untested, assumption

that growth dynamics of roots were like those of shoots. Results of

studies investigating fine-root dynamics do not support this assump-

tion. Assuming the same proportion of production of turnover to
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biomass for root systems as estimated for shoot systems is not

appropriate, and will lead to serious under-estimates of carbon

cycling below ground (Grier etal. 1981, Harris etal. 1980, Keyes and

Grier 1981, Persson 1980).

Although considerable information about tree roots exists, our

understanding of roots continues to lag far behind that of shoots.

Key reviews of the literature efficiently access information which,

otherwise, is often difficult to find. Fayle (1968), Hermann (1977),

Kstler et al. (1968), Kozlowski (1971), Lyr and Hoffman (1967),

Riedacker (1976), Santantonio etal. (1977), and Sutton (1969) have

compiled extensive reviews of literature pertaining to form, develop-

ment, and growth of tree root systems. Recent symposia (Carson 1974,

Ghilarov etal. 1968, Harley and Russell 1979, Hoffmann 1974, Kolek

1974, Marshall 1977, Riedacker and Gagnaire-Michard 1979, Torrey and

Clarkson 1975, and Whittington 1969) have focused on ecology and phy-

siology of root growth and function, but contain few papers concerning

seasonal dynamics of roots in forests. Coleman (1976), Caidwell

(1979), and Harris etal. (1980) have reconsidered root production in

light of recent findings and propose that energy costs of belowground

function are much greater than thought previously.

What controls root growth and development is a matter of con-

siderable controversy. Hermann (1977) broke the dispute into two

unresolved and poorly understood issues: - (1) whether the inception of

root growth is triggered by endogenous factors, exogenous factors, or

a combination of the two, and (2) whether roots of trees in temperate

climates have an inherent period of dormancy. Another important and

closely related issue is whether growth of root systems occurs in
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distinct phases, alternating or corresponding with phases of shoot

growth (Riedacker 1976), or whether growth rhythms are autonomous and

determined within individual roots (Reynolds 1970, 1974, Wilcox 1954,

1962, 1968). Reports on root growth are inconclusive or contradic-

tory, as presently it is difficult to discriminate between differences

in species and environments (Sutton 1969), or peculiarities of dif-

ferent methods. The assessments of reviewers, however, form a

concensus: Root growth and shoot growth are closely interrelated and

controlled by a complex interaction of constantly varying factors.

These factors include environmental conditions of both root and shoot,

nutritional status, growth regulatory substances, carbohydrate status

and allocation, respiratory costs, and competitive relations (Caldwell

1979, Hermann 1977, K$stler etal. 1968, Lyr and Hoffman 1967, Russell

1977 and Sutton 1969). The role of growth regulatory substances is

complex and imperfectly understood (Bürstrom and Svensson 1974,

Kozlowskl 1971, Torrey 1976); basic concepts have been critically

reevaluated in a recent review by Trewavas (1981).

Investigators have used different approaches to study the

periodicity of fine-root growth: (1) observation of seedlings In

glass-sided boxes or minirhizotrons (Merritt 1968, Richardson 1968,

Riedacker 1974, Wilcox 1962, 1968), (2) periodic harvest of seedlings

in nursery beds (Kaufman 1968, 1977, Krueger and Trappe 1967),- (3)

observation of isolated young trees behind permanent observation win-

dows of root laboratories (Hilton and Khatamian 1974, Hoffmann 1972,

Rogers and Head 1968), (4) observation windows installed In forest

stands (Keyes and Grier 1981, Ovington and Murray 1968, Roberts 1976,

Teskey and Hinckley 1981), and (5) periodic soil core samples in
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forest stands (Ford and Deans 1977, Grier et al. 1981, Harris et al.

1977, Persson 1978, 1979, 1980, Santantonio 1979). Each method has

advantages and limitations, depending on the question asked and degree

of control needed for its investigation. Extrapolation of results

beyond their original context must be considered carefully to avoid

inappropriate and misleading conclusions. Few studies are directly

comparable because uniform investigative procedures are lacking.

Formidable problems of analysis remain unsolved. Much existing infor-

mation is incomplete or inadequate. Thus, general conclusions have

been difficult to develop. Because seedlings and young trees grown in

isolation differ fundamentally from forest ecosystems, and because we

lack an adequate basis to extrapolate between the two, we have con-

centrated on comparing and evaluating information developed from stu-

dies conducted in forest stands.

Our interest in seasonal dynamics of live and dead fine roots

developed from our experience in estimating biomass of coarse and fine

roots in Watershed 10, a 450-year-old stand of Douglas-fir, as part of

an intensive study of coniferous forest bionies conducted by the U.S.

International Biological Program (Santantonio etal. 1977). Estimates

of that study represent only one point in time, late summer, and do

not distinguish dead roots from live ones unless obviously decayed.

In a latter analysis we subdivided our estimates of roots < 5 mm

diameter into separate estimates for the major plant communities of

the small watershed. Biomass of these roots was highest (16.4 ± 2.0

t/ha) for the dry habitat along ridge tops and upper south-facing

slopes, less in the intermediate habitat (10.9 ± 1.3 t/ha), and lowest

(7.8 + 1.2 t/ha) for the wet habitat along the stream and lower
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north-facing slope (Santantonio, unpublIshed data). The estimate for

the dry habitat is more than twice that for the wet habitat.

Why would there be so large a difference within this small (10.24

ha) watershed of one forest type? Do trees on dry sites maintain much

larger fine-root systems to occupy a greater soil volume? Does the

difference result from increased rates of fine-root production and

turnover on the dry site, or from variations in seasonal patterns of

growth and mortality of fine roots? Fernandez and Caidwell (1975)

observed vertical shifts in root growth of cool desert shrubs as tem-

perature and water availability changed. Could this account for the

difference we observed? We were unable to explain our observations

because we did not know (1) what proportions of our estimates con-

sisted of recently dead roots, nor (2) their vertical distribution,

nor (3) the seasonal pattern of fine-root dynamics. The magnitude of

these standing crops, however, impressed us with the possibility that

fine roots are a major carbohydrate sink, and underscored the need for

reliable estimates of annual production and turnover. Thus, our

interests for future research focused on studying seasonal dynamics of

live and dead fine roots in natural forests of Douglas-fir and how

they were affected by water regime of the site.

- Quantitative data on fine-root dynamics of forest ecosystems are

extremely limited. When we began our current studies in fall 1976,

information available to us in the literature or through personal com-

munications pertained to other forest types in very different

environments: (1) boreal forests of Scots pine in Finland

(Heikurainen 1967, Kalela 1957) and Norway (Kohmann 1972), (2)

loblolly pine in North Carolina (Harris etal. 1977), (3) European
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beech in West Germany (Gôttsche 1972), (4) yellow poplar in Tennessee

(Harris etal. 1973, 1977), and (5) birch in Holme Fen, England

(Ovington and Murray 1968). Results of these studies indicate several

possible seasonal patterns. Investigations in these studies generally

sought to characterize the timing and magnitude of root growth. Their

results indicate several possible seasonal patterns. With the excep-

tion of studies by Harris etal. (1977), they did not attempt to

develop annual estimates of fine-root production and turnover. We

were unable to develop reliable estimates of annual production and

turnover of fine roots from these data because of several limitations:

(1) in many studies the data cannot be directly converted to area-

based estimates, (2) sampling was conducted only during the growing

season of the shoot, (3) sampling was conducted only during a single

year, (4) dead fine roots were not estimated, (5) estimates of live

fine roots have been confounded by an unknown amount of dead roots,

and (6) the intensity and frequency of sampling were often inadequate

to resolve seasonal patterns. In addition, these studies generally

lack specific information pertaining to environmental conditions and

to above ground dynamics. Thus, we were also unable to determine how

site conditions would affect fine-root dynamics. None of these stu-

dies considers effects of site differences within the same forest

type.

In this paper we present results of a three-year investigation of

root dynamics. Three natural stands of mature Douglas-fir, repre-

senting different water regimes, have been compared. Objectives of

this study include (1) defining seasonal fluctuations of fine and

small roots on sites representing a gradient from dry to moist, (2)



7

examining the extent of seasonal shifts in vertical distributions of

fine roots and their relation to environmental conditions,

(3) estimating fine-root production and turnover in relation to site,

and (4) comparing turnover of fine roots to that of foliage.

Pursuant to these objectives, we formulated the following

hypotheses:

Standing crops of live and dead fine roots in natural stands

of Douglas-fir change seasonally. These changes reflect

mainly seasonal changes in environmental conditions.

Seasonal changes may occur in the vertical distribution of

fine-root biomass when summer drought results in drying of

upper soil horizons. Exhaustion of moisture in the top

horizon increases fine-root mortality in that region and

leads to at least partial compensation through increased

development of fine roots in lower horizons where water is

more available. Replenishment of moisture in the surface

layer by precipitation shifts greatest development of fine

roots back to the top horizon.

Production and turnover of fine roots varies between dry and

moist sites reflecting differences in availability of mois-

ture. Trees on dry sites- respond to low available soil

moisture under conditions of high evapotranspirational demand

by occupying a greater soil volume through maintaining a

larger system of fine roots or, possibly, through increased

production and turnover of fine roots.

If fine roots are dynamic then fine root turnover may exceed

foliage turnover.



II. STUDY AREAS

Criteria of our study require that stands represent the broadest

possible moisture gradient, yet are structurally comparable natural

communities dominated by mature Douglas-fir [Pseudotsuga menziesii

(Mirb.) Franco]. In western Oregon, Douglas-fir develops extensive

stands and occupies sites representing a broad range of moisture

availability (Franklin and Dyrness 1973, Zobel etal. 1976).

Practical considerations require sufficient soil depth without

obstructions to sampling, minimal understory components, gentle

terrain, and accessibility throughout the year.

We selected natural forests 70-170 years old on three low-

elevation sites in the western Cascade Mountains. The stands are

located 85 km east of Eugene, Oregon, within or adjacent to the H. 3.

Andrews Experimental Ecological Reserve (440 14'N-l22° l3'W). These

moist, temperate coniferous forests, representing relatively dry,

moderate, and wet habitat types within the Tsuga heterophylla series

(Dyrness etal. 1974), meet our ecological criteria and practical

needs exceptionally well (Tables 1 and 2). Water regime is distinctly

the greatest single difference between sites. The different regimes

result primarily from topography and degree of soil development.

Otherwise, these stands are reasonably comparable. Annual precipita-

tion, including snowfalls that persist only briefly, averages about

200 cm. Normally only about 10 percent falls during the growing

season, mid-May to mid-September, producing a distinct summer drought.

Summer drought is often severe enough to prohibit logging during

August and September because of fire danger. Temperatures of soil

8
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Temperatures of soil and air are relatively mild throughout the year.

Cold-snaps occur occasionally, but are usually brief; freezing of soil

is rare.



III. METHODS

Our approach consists of evaluating standing crops of live and

dead roots < 5 mm diameter from soil core samples taken periodically

throughout the year. They constitute a statistically sound, area-

based sample. We have estimated fine root production and turnover by

inferring growth, mortality, and decomposition necessary to account

for standing crops of live and dead fine roots observed monthly. We

have attempted to relate fine-root dynamics to environmental con-

ditions found across the moisture gradient represented by the sites we

studied.

Small and Fine Roots

Based on a randomized block design, we sampled small and fine

roots < 5 mm diameter monthly from March 1977 through September 1979.

We extracted intact soil cores with a steel tubular device driven into

the soil with a slide hammer. Nine soil cores, 5 cm diameter and up

to 90 cm deep were taken from a sampling grid established on each

site'. The sampling grid was an 18 x 24 m block of nine contiguous

plots, 6 x 8 m, arranged in a 3 x 3 configuration (Figure 1). At each

sample period, one sample was taken from each plot. Plots contain 12

grid points, spaced 2 x 2 in, in the same randomly established order on

all three sites. Cores for three successive periods were sampled

around a grid point before sampling moved to the next grid point.

This design accommodates 36 sample periods; 33 were used.

Obstructions to sampling were infrequent, but in this event the sample

10
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was taken as close to the original location as possible, but did not

exceed a distance of 25 cm.

Returned to our lab intact within a rigid plastic sleeve placed

in the sampler before the soil was cored, each soil core was cut into

10-cm segments which were refrigerated until processed. For each

segment, new root-tips were counted and roots were extracted and cate-

gorized as live by species or as dead. Then they were grouped into

diameter size-classes (Figure 2). Extraction of live roots usually

was completed within two weeks of sampling. We did not attempt to

remove fungal sheaths from mycorrhizal tips. Finally, roots were

ovendried at 70°C and weighed to estimate megagrams (106 grams) per

hectare of live and dead roots. We processed 846 soil cores at an

average rate of 18 hours per core. Close supervision and quality

control before weighing insured consistent sample processing

throughout the three years needed to complete this phase.

We developed criteria to classify roots by visual inspection

based on sample material collected from our study areas. Other

investigations have used the same or similar criteria to distinguish

live from dead roots (Keyes and Grier 1981, McClaugherty 1980, Persson

1978, Roberts 1976), "new" or "active" root-tips (Farrell and Leaf

1974, Harvey etal. 1976, Marks etal. 1968, Roberts 1976), and spa-

cies (Grier et al. 1981, McQueen 1968, Persson 1978, Roberts 1976).

More elaborate, and possibly more definitive, techniques (Knievel

1973) were not employed because we needed expedient methods which

would leave complete samples of roots for surface area and nutrient

analyses.
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We developed the following criteria for distinguishing live and

dead roots:

Finest roots (e.g., mycorrhizal tips)--Dead roots are brittle

and fracture easily. Live roots are intact, flexible and

more or less succulent depending on soil conditions.

Fine roots (those without secondary thickening)--Dead roots

are brittle and also fracture easily. Live roots are intact

and flexible. Although cortical cells may be collapsed, the

pericycle and stele must show no signs of decomposition under

20X magnification, as indicated by brittle, pitted, or frayed

appearance.

Larger roots (those with secondary thickening)---Phloem must

show no signs of decomposition under 20X magnification.

Decomposition is first noticeable as discoloration and loss

of turgor in phloem tissues, which may also have a stringy

appearance when teased with a needle.

Species groups of live roots in this study were easily

distinguished by their physical appearance based on known

samples collected from the study areas. Characteristics used

included color and texture of bark, structure of branching

and type of mycorrhizae (PSME have ecto-; THPL, endo-), and

color of cambial tissues. Categorization of dead roáts by

species group was not implemented because this distinction

could not be made consistently, especially for small

fragments, which comprise the greatest portion of this frac-

tion.
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5. "New" root-tips, presumably newly formed or actively growing,

are light-colored, unsuberized, and succulent.

Technicians applied these criteria easily and consistently once

they were trained to know what to look for. This training took about

12 hours of instruction and one week of experience at sorting.

Finally, we make no claim to having defined the physiological state or

functional capacity of these roots, but have established an arbitrary,

though reasonable, distinction between live and dead roots.

On three occasions duplicate soil cores were taken to test

reliability of sampling procedures independently. Sampling was con-

ducted as normally taken in successive sample periods. This pertains

to samples of April (sample periods 26 and 27), May (28 and 29), and

September 1979 (32 and 33) on the dry and wet sites only. We did not

sample the moderate site in April and May, and reduced sampling depth

to 55 cm for the duplicate samples to keep processing of samples on

schedule.

Aboveground Litter

When sampling roots, we also collected litter samples from twelve

0.25-in2 traps arranged systematically within the sampling grid at

20-cm height. From March 1977 to December 1978 samples were collected

monthly; from December 1978 through September 1979, bimonthly. Litter

samples were air dried, then sieved, and their contents sorted by hand

into groups of foliage by species, or as other litter less than 5 mm

diameter. These components were ovendried to constant weight at 70°C

and weighed to estimate litterfall.



Environmental Measurements
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Environmental measurements taken at each site include air tem-

perature, soil temperature, water potential of soil, predawn, xylem

water potential, and potential evaporation unobstructed by the canopy

(Table 3). Air temperature at 1 m above the forest floor and soil

temperature at 20-cm depth were monitored continuously by a Partlow

Thermograph installed on each site. Soil temperatures at 10-, 20-,

and 40-cm depths were measured periodically with copper-constantan

thermocoupled installed in the centers of plots 1, 6, and 7. Water

potentials at 10-, 20-, 40-, 60-, and 80-cm depths were measured

periodically with Beckman CEL-WFD nylon impregnated gypsum blocks

installed in the center of each plot (Goltz etal. 1981). Plant

moisture stress was evaluated periodically by measuring xylem water

potential on the same 2-rn tail understory trees at predawn with a

Scholander pressure chamber (Scholander etal. 1965, Ritchie and

Hinckley 1975). Potential evaporation was monitored continuously and

evaluated weekly during summer and early fall with atmometers

(Livingston 1935). Four atmometers were set up at 1.5 m above ground

in a clearcut adjacent to each site.

We did not monitor precipitation at our sites. The McKenzie

Ranger District and the H. J. Andrews Experimental Ecological Reserve

provided records of daily precipitation monitored at the ranger sta-

tion and at Watershed 2. The dry site is 4 km from the ranger

station; the moderate site, 8 km. The wet site is 2 km from Watershed

2.



Statistical Analysis

We will explain methods sequentially as we progress through each

step of the statistical analysis. Several methods have been used and

we hope to avoid confusion by explaining each method immediately

before presentation of results.

15



LV. RESULTS

Environmental Measurements

Environmental conditions varied considerably during the period of

our study, which extended through three growing seasons and the two

intervening winters. A wide range in moisture availability occurred,

as well as unusually low temperatures during one winter.

Environmental data verify differences in water regime and characterize

changes in conditions from one year to next (Table 2). The first and

third growing seasons were relatively dry. Precipitation from mid-May

to mid-September approximates the long-term average of 18.6 cm. The

second growing season, however, was relatively wet; precipitation was

nearly twice that amount. During this growing season considerable

rainfall occurred regularly in more or less two-week intervals. The

more favorable water regime is verified by a comparison of soil water

potentials and pre-dawn xylem water xylem water potentials with those

of the other years. The winter preceding our first sampling in March

1977 was very dry. Only half of the normally expected precipitation

was recorded. Drought in the following growing season was not abnor-

mally severe because spring and early fall rains were substantial.

The second winter was colder than normal. Not only were minimum

24-hour average temperature of air at 1 m above forest floor and of

soil at 20 cm lower, but the number of days these temperatures stayed

below freezing were much greater. This prolonged cold snap resulted

in soil freezing to depths of 10-20 cm, which is a rare event for

these sites.

16



Standing Crop of Roots < 5-mm Diameter

Terminology

A standard terminology for tree roots does not exist. Despite

considerable differences in morphology and function, distinctions

between fine and larger roots, however, continue to be based on

arbitrarily chosen diameters ranging from one to ten millimeters

(Hermann 1977, Kôestler etal. 1968, Leshem 1965). Most recently

researchers have chosen diameters < 2 mm, especially when describing

fine roots as the most dynamic component of root systems. For the

purposes of our study, we have defined fine roots as having diameters

< 1 mm; small roots as 1-5 mm in diameter. We have not attempted to

distinguish absorbing roots from solely structural ones. Thus, the

distinction is still arbitrary, but assumed reasonable to the extent

form reflects function in roots.

Distinctions in time frame must be defined also. For the pur-

poses of this paper, "seasonal" refers to changes occurring within or

between three-month intervals; "long-term," to changes occurring

between annual intervals. "Annual" refers to a 12-month period.

"Litter layer" is the uppermost segment of the soil core sample.

It consists of a more or less consolidated plug of organic matter and

litter. The upper boundry is defined by brushing away loose, fresh

litter before sampling; the lower boundry extends to, but does not

include, the humus layer of the A-horizon.

17



Data Base

The soil core is the basic unit of our data set. We organized

the information from these samples according to the following scheme:

Sample period (sampling sequentially numbered).

Site (dry, moderate, wet).

Plot (nine soil core samples).

Segment (litter layer, and 10 cm segments to 60 cm lengths).

Category of root (live: three species groups; dead: all

species in one group).

Diameter size class (< 1 and 1-5 mm).

Samples pooled eliminating plot, .roots 1-5 mm diameter

divided into 1-2, 2-3, 3-5 mm diameter size-classes.

Not all aspects of this data set will be included in this paper.

Species composition of live roots and size breakdown within the 1-5-mm

class will not be considered at this time. Sample replication was by

plot; one soil core from each plot makes the sample size at each

sample period equal to nine for each site. We estimated standing

crops of live and dead roots < 1 and 1-5 mm diameter as means of these

samples. Their values are reported as Mg/ha ovendry basis (1 Mg/ha =

1 t/ha = l0 Ks/ha = 100 g/m2).

Preliminary analyses on data of sample periods 1-9 alerted us to

the necessity of estimating the variation associated with standing

crops of fine and small roots separately. Beginning with sample

period 10 we sorted roots into < 1 and 1-5 mm diameter size-classes

for each sample individually. Before sample period 10 we sorted roots
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< 5 mm diameter into diameter size-classes after pooling the nine

individual samples.

Seasonal and Long-Term Patterns

Changes in standing crops of live and dead fine roots in the top

75 cm of soil indicate that seasonal patterns vary from one year to

the next and can vary by site, though not necessarily. Seasonal pat-

terns of live fine roots from spring to fall 1977 differ distinctly

among sites. The patterns from winter 1977 through the end of the

study in September 1979 are essentially the same for all sites (lower

portion of FIgure 3). Annual seasonal patterns of live fine roots

appear basically bimodal, but are modified in timing and amplitude of

relative high and low standing crops. For example, April 1978 marks a

low but April 1979, a high. Whereas summer drought usually results in

relatively deep lows, during the second (relatively wet) growing

season reductions In standing crop were minor. Long-term trends are

uniformly downward, moving from standing crops of around 5 Mg/ha to

ending at about 2 Mg/ha (lower portion of Figure 3).

Seasonal patterns of dead fine roots are more difficult to

generalize, however, long-term trends are essentially the same, but at

distinctly different levels. On all sites standing crops of dead fine

roots decrease to lowest levels during summer 1978, rapidly increase

by 5-6 Mg/ha to peak in winter-spring 1979, and, finally, begin to

decline by summer 1979 (lower portion of Figure). Overall standing

crop is 250 percent greater on the dry site than on the wet.

Generally the amplitude and frequency of seasonal change increases
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from wet to dry site, indicating that the dry site is the most dynamic

with respect to fine-root mortality.

Changes in standing crops of live and dead small roots in the top

75-cm of soil indicate only limited capacity for dynamic response.

Long-term trends dominate. Seasonal patterns for live small roots

appear to be erratic. Only the most general long-term trend is

apparent (upper portion of Figure 3). If we disregard data of March

and May 1977 for the moderate site, then wet and moderate sites show

some evidence of a long-term trend which increases 1-2 Mg/ha to a

"peak" in winter-spring 1978 and then decreases about the same amount

to the end of sampling. The dry site indicates a possible overall

decline of 1-2 Mg/ha.

The trend of dead small roots is consistently upward, increasing

from about 1 Mg/ha in spring 1977 to about 3 Mg/ha by winter 1979, or

a little later for the wet site (upper portion of Figure 4). This

peak coincides with maximum standing crop of dead fine roots. Levels

of standing crops of dead small roots are similar but show the same

relative order as do dead fine roots; the amount is greatest for the

dry site, least for the wet. Seasonal patterns of dead small roots

are similar to those of dead fine roots, but much less dynamic.

Vertical Distribution

Fine roots, and to a lesser degree small roots, are most abundant

in the uppermost layer of soil and decline rapidly with increasing

depth (Table 4). Distributions of live and of dead roots-by site and

size category are similar when comparing percent of total in depth

segments, except more live fine roots are in the litter layer of the
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wet site than on the dry site. These data represent mean vertical

distribution of all sample periods combined, but exclude the second

sample of the three periods when we took duplicate samples.

Soil cores compress up to 30 percent as some pore space is lost

during sampling. A comparison of segment lengths to corresponding

soil depths at each site indicates an average reduction in core length

of 20-25 percent depending on site (Table 4). These estimates are

based on measurements of compaction taken while sampling in 20-cm

increments. These data represent means of 36 cores at each site from

the combined sample of periods 3, 8, 12, and 16. Soil depths

corresponding to core segments may be assigned by referring to Table

5.

Changes in Standing Crop of Fine Roots by Depth

Changes in standing crop of fine roots by depth segment reflect

similar patterns as already discussed for roots < 1 mm diameter in the

top 75 cm of soil as a whole. Change is greatest in the uppermost

core segment, 0-12 cm, and progressively decreases in successive core

segments (Figures 5-10). Values plotted represent means for segments

of the nine soil cores taken at each sample period. These data have

been evaluated most effectively by statistical analyses in a forth-

coming section.

Root-Tip Activity

Counts of new root-tips taken during sample processing for live

roots provide a means of assessing activity of fine roots indepen-

dently of estimates of changes in standing crop. Clearly, root-tips
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remain active throughout the year, though least so during droughty

periods (Figure 11). When comparing patterns of growth activity

across sites, we see similar overall patterns and consistent tenden-

cies toward cyclical blooms of new root-tips. When comparing patterns

from one year to next, we do not necessarily see similar patterns,

however, during "normal" years patterns appear basically bimodal with

peaks in spring and fall. Vertically, new root-tip activity as per-

cent of total is distributed much as live, fine roots are, but more so

toward the surface (Table 6). Root-tip activity is greater in the

litter layer of the wet site than on the dry site. These data cannot

be used directly to estimate turnover of fine root-tips because they

are, presumably, counts of newly formed root-tips, not counts of all

root-tips. With rare exceptions, root-tips in soil cores were exclu-

sively mycorrhizal. Although less precise than estimates of standing

crop, these data permit an independent evaluation of the timing and

magnitude of fine-root activity.

Changes in root-tip activity do not necessarily correspond to

changes in standing crop of live fine roots. For example, the

standing crop of live fine roots on the wet site remained nearly

unchanged from February through December 1978 (lower portion of Figure

3) while new root-tips appeared in three successive waves (Figure 11).

On the other hand patterns may coincide nearly identically, as on the

wet and moderate sites during the first year.

Statistical Analyses

How much confidence can we have in our monthly estimates of

standing crops of live and dead, fine and small roots? When
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calculating the means which are plotted in Figures 3-11, we also

calculated standard errors. Considering how small our sample is,

coefficients of variation for sample period means are very reasonable

(Tables 7 and 8). Average coefficients of variation for live fine

roots are 12-14 percent and they are 11-15 percent for dead fine roots

depending on site. Averages for small roots are larger; for live,

15-20 percent and for dead, 17-23 percent. Coefficients of variation

for counts of new root-tips are much higher, averaging 32-39 percent.

The duplicate samples enable a direct test of whether two

separate samplings taken at the same time yield the same result sta-

tistically. Using the t-Test (Remington and Schork 1970, p. 212-213),

we tested the difference between the means of samples A and B (Table

9). Only one of the 24 tests pertaining to standing crops was sta-

tistically significant. It was significant at a probability exceeding

99 percent. One of the six tests pertaining to counts of new root-

tips was also significant at that level. All other differences became

significant only at probabilities less than 82 percent. In all other

statistical analyses we omitted the second sample of the duplicate

samples (sample periods 27, 29, and 33) to avoid weighting means or

variances.

The sampling design and data transformation enabled us to analyze

if changes in standing crops of fine and small roots by depth were

statistically significant, and if so, when did the changes occur? We

achieved this objective in three steps: First we established the con-

dition where mean root weights per hectare for each site could be con-

sidered to have homogeneous variances by sample period, by depth, and

by sample period and depth. We accomplished this by transforming the
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raw data to their respective square root. The effectiveness of this

transformation to remove heteroscedasity was confirmed by testing

variances of the transformed data with the Hartley Test (Neter and

Wasserman 1974, p. 512-513), which is also known as the Fmax Test

(Sokal and Rohlf 1969, p. 371), at 95 percent confidence. The con-

dition of higher confidence is more easily met as the critical value

of the S2max:S2n ratio is higher. Subsequent analyses were con-

ducted using the transformed raw data which we now could reasonably

assume to be of homogeneous variance.

In the second step we analysed these data in a split-plot analy-

sis of variance for live and dead, fine and small roots on each site.

The design of this analysis consists of three main effects, three two-

way interactions, and one three-way interaction:

The mean square of the plot x samper interaction estimates the whole

plot error. The mean square of the three-way interaction estimates

the split-plot error. This type of split-plot ANOVA has been

described as "a repeated measures design" (Kirk 1968, p. 245-247) or

as "a split-plot-in-time" (Steel and Torrie 1980, p. 390-395). We

performed all ANOVA analyses using the Statistical Analysis System

Dry and Wet
Sites

Moderate
Site

Degrees of Freedom

Whole plot: Plot 8 8

Sample Period (Samper) 20 18
Plot x Samper 160 144

Split-plot: Depth 3 3

Depth x Plot 24 24

Depth x Samper 60 54
Depth x Plot x Samper 480 432
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(SAS) procedures (Helwig and Council, eds. 1979, P. 120-130).

Statistical significance was established by F-Tests; whole plot main

effects were tested against the whole plot error and the split-plot

main effect and interactions were tested against the split-plot error.

Significant main effects were found for all roots (Table 10). In

contrast to fine roots, analyses of live and dead small roots did not

indicate significant Interaction of effects.

In this paper we will not consider the plot and depth x plot

effects as they will be considered in a subsequent paper concerning

changes in horizontal distribution of fine and small roots. These

effects have been Included only with respect to the split-plot ANOVA

in the interest of completely representing this analysis.

This analysis does not represent our entire data set. Sample

periods 1-9 were not included because we do not have individual plot

data for roots < 1 and for roots 1-5 mm diameter, but only for roots <

5 mm diameter. We have already pointed out the need to evaluate the

two sizes of roots separately. Data of the litter layer and of soil

layers below the 40 cm core length (corresponds to soil depth of about

50 cm) were not included because we could not assume homogeniety of

variance, or because values were missing. For soil core layers 0-40

cm the design matrix is orthogonal, which was a practical necessity

for this large data set.

The third step consists of identifying when and where changes in

standing crop occur. We used Tukey's w, a studentized range test

(Neter and Wasserman 1974, p. 472-476), for pairwise comparisons of

means of the transformed data. Tukey's method is appropriate for

multiple comparisons of means not ordered by magnitude and which are
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of equal sample size. Finally, this statistic is valid for testing

differences suggested by the data.

Results of this analysis demonstrate that changes in standing

crop of live and dead fine roots by depth are statistically signifi-

cant within seasonal and long-term time frames (Tables 11-13).

Statistically significant changes also occur for small dead roots, but

to a much lesser extent, and are mostly long-term in nature. Except

for a reduction in segments 0-10 and 10-20 cm from summer to fall 1977

on the dry site, changes in standing crop of live, small roots were

not significant.

Tukey's w was calculated using the split-plot error estimated by

split-plot ANOVA's for fine and small roots of sample periods 10-32.

Lacking estimates of variation by size for sample periods 1-9, we

assumed that error estimated for sample periods 10-32 would apply for

comparisons of means in 1-9 as well. Differences between means were

tested from one sample period to next, but results have been sum-

marized in three-month intervals, for simplification and ease

of understanding. Results in Tables 11-13 should be read horizontally

from left to right. Statistically significant changes have occurred

during intervals between L's (relative lows) and H's (relative highs).

The alpha (a) level of significance has been indicated as a

superscript (0.10, 0.05, or 0.01). For example, look at live fine

roots on the dry site at 0-10 cm (Table 11 and Figure 5). Starting

from a relative high in spring, the standing crop declined to a low in

fall 1977 (significant at 99% confidence), declined further to a low

in spring 1978 before increasing to a high in fall 1978 (99%

confidence), then decreased rapidly to a low in winter 1979 (99%
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confidence). The low in spring 1978 is not significantly lower than

the previous low (fall 1977) but it is significantly lower than the

previous high (spring 1977) at a level of confidence exceeding that

for fall 1977. Tables of the studentized range statistic (Neter and

Wasserman 1974, p. 824-826) do not include levels of confidence

exceeding 99%. For the litter layer Tukey's u was calculated with the

error term estimated through a two-way ANOVA by samper and plot of

transformed data of this layer.

We did not subject counts of new root-tips to this statistical

analysis because of the much greater variation associated with these

data (Table 7). Counts of new root-tips were grouped into three-month

intervals and means of these intervals were categorized by magnitude

(Figure 12). Categories are such that each step up represents a two-

fold increase in the number of new root-tips. We decided that any

increase or decrease in new root-tips which constituted a change of

category by two steps would be a reasonable criterion to evaluate

root-tip activity and avoid interpreting random variation as changes

of activity. Thus, the appearance of new root-tips by depth segment

changed in both seasonal and long-term time frames (Figure 12).

Seasonal changes occurred primarily in the uppermost layers and were

most pronounced on the dry site.

Estimates of Fine-Root Production and Turnover

We have developed estimates of fine-root growth, mortality and

-decomposit-ion based on changes in standing crops of live and dead fine

roots. With a simple conceptual model we estimate growth, mortality,

and decomposition of roots < 1 nun diameter by calculating transfers
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necessary to account for standing crops that we observed by sampling

monthly throughout the year. Respectively, growth, mortality and

decomposition may be considered as a flow (1) coming into the live

root pooi, a flow (2) leaving that pool and going into the dead root

pool and, finally, as a flow (3) leaving the dead root pool (Figure

13). Imagine standing crops as water in buckets representing these

two pools. Flows needed to account for changes in the levels from one

time to next have been inferred by us to estimate growth (1), mor-

tality (2), and decomposition (3). These estimates are conservative

because they do not account for flows that do not result in changed

levels at the moment of observation. Further, this particular flow of

carbon does not account for all possible pathways of carbon dynamics

in root sytems, which must also include respiration, production of

exudates, losses to mycorrhizal fungi and to grazers, and secondary

growth of larger roots.

Doesn't random variation in the estimates of standing crops

create a problem in using this approach because it is uncertain

whether small increments constitute a real increase? Yes, it does if

a correction is not made to eliminate that component. Theoretical

considerations of the overestimate problem have been discussed by

Lindgren (Appendix of Persson 1978).

We designed a computer program to imitate our monthly sampling

and then calculate the overestimate that would be expected. We gener-

ated through a Monte Carlo-type simulation theoretical populations,

representing standing crops of live and dead fine roots at each sample

period, and sampled from them one hundred times without replacement.

Theoretical populations have the following specifications:
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normal distribution, i =X1 (i = sample period), a2 = S2pooled and

n = 900. We estimated variances of populations through two-way ANOVA

of standing crop (untransformed) by sample period and plot. Observed

differences from one sample period to the next were subtracted from

simulated ones and mean overestimates were calculated. Finally, we

used these values to correct estimates of fine-root growth, mortality,

and decomposition. These corrections do not represent the precision

of the estimate, but only eliminate a bias inherent in the approach.

More concisely estimates of fine root growth, mortality, and

decomposition may be defined specifically and represented mathematic-

ally for the purposes of this study. Growth is an increase in the

amount of live fine roots on a dry weight basis. In a particular

interval of time, this may appear as an increase in the standing crop

of live roots, an increase in the standing crop of dead roots not com-

pensated by a decrease in live roots, or an increase in both live and

dead roots. Mortality is a decrease in the amount of live fine roots

on a dry weight basis. In a particular interval of time, this will

appear as the greater of the increase in the standing crop of dead

roots or the decrease in the standing crop of live roots.

Decomposition is a decrease in the amount of dead fine roots. In a

particular interval of time, this may appear as a decrease in the

standing crop of dead roots, or as a decrease in the standing crop of

live roots not compensated by an increase in dead roots. Strictly

speaking, we have not measured decomposition, but estimated the disap-

pearance of dead fine roots. Because of limitations in sample pro-

cessing, we must consider fragments of dead fine roots passing through

a 0.8 mm sieve as having decomposed.



Mathematically these estimates are summations of interval esti-

mates which constitute the period of interest. These equations yield

conservative estimates because they cannot account for production and

turnover that has taken place between sample periods and does not

appear in standing crops of live and dead fine roots.
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We have adopted symbols used by Persson (1978) as his is the only work

of comparable approach known to us.

B. = standing crop of live roots = root biomass observed at a

given sample period (i)

= standing crop of dead roots = root necromass observed at a

given sample period (i)

: I
B' b. = absolute value of decrement

k = no. of intervals (j) in period of interst as represented by

sample periods Ci)

OE. = overestimate of the interval
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Estimates of fine-root growth, mortality, and decomposition in

the top 75 cm of soil have been made on an annual basis and for the

period of the entire study (Table 14). They have been corrected for

overestimation, which reduced gross annual estimates by 1.5-3.9

Mg/ha/yr, except in two instances for the wet site where corrections

were less. These results indicate that differences from one year to

next are greater than differences between sites, and that long-term

changes in standing crops substantially affect the balance between

fine-root growth, mortality, and decomposition. If we disregard dif-

ferences from one year to the next and calculate mean annual rates for

the entire period of the study, then we estimate fine-root growth as

6,5, 6.3, and 4.8 Mg/ha/yr, fine-root mortality as 7.2, 7.2, and

5.5 Mg/ha/yr, and decomposition of fine roots as 8.2, 8.0, and 6.9

Mg/ha/yr for the dry, moderate, and wet sites, rspectively.

We have also defined an index to compare rates of turnover. It

equals the rate of fine-root mortality divided by the mean standing

crop of live fine roots during that period and indicates the number of

times the mean standing crop of live fine roots has been replaced

(Table 14). Without exception the index is higher for the dry site

than for the wet site; for the moderate site, intermediate. When

averaged over the entire period of the study, the turnover index

equals 2.8, 2.0, and 1.7 times/yr for the dry, moderate and wet sites,

respectively.

Estimates of Foliage Litterfall

Foliage litterfall peaked in October of 1977 and 1978. Although

there was some loss of foliage throughout the year, the period of



greatest foliage litterfall came as a well defined peak in fall for

both years. Estimates represent the sum of foliage litter, less

losses by leaching, collected annually and reported on a dry weight

basis (Table 15). Foliage litterfall averaged 2.0, 1.7, and 2.2

Mg/ha/yr for the dry, moderate, and wet sites, respectively.
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V. DISCUSSION

The quantitative study of root dynamics in forests is still in

its infancy. Existing studies, including our own, are essentially of

a preliminary nature. They are usually observational rather than

experimental, results are often inconclusive, and they generate many

more questions than they resolve. As we discussed earlier, few Stu-

dies can be compared directly, so confirming data are rarely

available. Existing studies, however, have been valuable because they

provide some indication of the range in responses of root systems

under many conditions. This has given ecosystem researchers new

insights into the functioning of forests below ground and these new

insights are revolutionizing concepts of the role of roots in forests

(Caidwell 1979, Coleman 1976, Grier et al. 1981, Harris et al. 1980,

Keyes and Grier 1981, Persson 1979, 1980, Santantonio 1979).

Throughout our discussion of results of this study and those of

other investigators, we intend to resist overstating the importance of

particular numeric values or the results of statistical tests because

they may apply only to a narrow range of conditions and their extrapo-

lation to other situations must be undertaken with caution. Rather,

we have evaluated consistencies in the timing, magnitude, and pattern

of fine root dynamics in forest stands. This is a difficult task, as

there are a wide range of results and many uncertainties in their

interpretation, but such an evaluation is timely and needed. By

including our data, sufficient information exists for us to draw some

important conclusions--conclusions which we feel will have a
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significant impact on planning and executing future studies of fine

root dynamics in forest ecosystems.

We have taken a comparative and observational approach to examine

the relation of fine-root dynamics to water regime. Although we lack

a control as one would have in an experimental design, we have

attempted to isolate the effect of water regime under natural con-

ditions in mature stands by careful selection of study sites and by

frequent sampling over a period of three growing seasons. Habitats

studied represent a broad moisture gradient based on characteristics

of the vegetation (Dyrness etal. 1974, Zobel etal. 1976) and

environmental measurements taken during the study (Table 2). The

three stands of Douglas-fir selected are as much alike as possible

except for water regime (Tables 1 and 2). All have had continuous

closed canopies for at least 30 years. Thus, we assumed these mature

stands fully occupied the site, were stable, and in equilibrium from

one year to next with respect to root and shoot competition. Finally,

we should explain that as a result of our selection criteria, the dry

site is not representative of many dry Douglas-fir habitats, which are

mostly on upper south-facing slopes and ridgetops. Usually they are

poor sites with shallow, rocky soils. Many have a well developed

shrub understory because trees have been unable to completely occupy

the site. In terms of site productivity the dry site is comparable to

the other two.

Changes in Standing Crop

Fine roots are a dynamic component of Douglas-fir ecosystems.

Standing crops of live and dead roots < 1 mm diameter changed
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significantly during the course of this study, and did so on all sites

within seasonal and long-term time frames (Tables 11 and 12). We

found little evidence of major seasonal shifts in the pattern of ver-

tical distribution of fine roots. Such a possibility was indicated by

significant samper x depth interactions from the split-plot ANOVA

(Table 10), but when we looked for these shifts in plots of untrans-

formed data (Figures 5-10) or in results of Tukey's w tests (Tables 11

and 12), we saw no obvious or consistent patterns. Neither did we see

any for root-tip activity (Figure 12). These data indicate that for

Douglas-fir the overall level of root growth declines rather than

shifting to lower horizons when environmental conditions become

adverse. Similarly Gfttsche (1972) and Roberts (1976) were unable to

find such shifts in stands of European birch and Scots pine, respec-

tively. Seasonal and long-term changes of standing crops of live and

dead fine roots and of root-tip activity were most pronounced in the

uppermost horizons of soil and became less apparent at greater depths.

We observed large changes in standing crops of fine roots on all

sites within short periods. We calculated maximum increases and

decreases of standing crop occurring in the upper 75 cm of soil (from

data plotted in lower portions of Figures 3 and 4) during any three-

month interval. These are reported in Table 16 as the amount of Mg/ha

and as a percentage of the value at the beginning of the period.

Standing crop of live fine roots increased as much as 160%; standing

crop of dead fine roots, 210%. Reductions in standing crop of live

fine roots were as much as 70%; for dead fine roots, as much as 60%.

Similar increases and decreases in standing crop have been

reported by other investigators of fine root dynamics in forests. We
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found increases exceeding l0O and decreases exceeding 50Z to occur

within a two- to four-month period in data reported for many coni-

ferous and decidous tree species: Scots pine (Persson 1978, 1980),

Douglas-fir (Keyes and Grier 1981), subalpine fir (Grier etal.

1981), European beech (Gtfttsche 1972), yellow poplar (Harris etal.

1977), and red pine-white spruce and mixed hardwoods (McClaugherty

1980, all horizons summed) demonstrate this degree of change on the

basis of weight; Scots pine (Kalela 1957, Kohmann 1972) and Sitka

spruce (Ford and Deans 1977), on the basis of length. Of the limited

data pertaining to dead fine roots, those of Keyes and Grier (1981)

and Persson (1978, 1980) indicate this degree of change based on

changes in standing cropby weight; McClaugherty's (1980) data,

however, does not. Results of these studies are affected by differen-

ces in methods but the degree of change as a proportion of standing

crop probably is affected much less by such differences. Thus, eco-

system researchers who do not recognize that fine roots can be a very

dynamic component of forests are likely to develop inaccurate views of

carbon cycling.

Seasonal and Long-term Patterns

- Seasonal patterns of fine-root dynamics in Douglas-fir ecosystems

vary from one year to next and can vary by site, though not

necessarily. Seasonal patterns of precipitation and temperature are

modal, and opposite in phase; precipitation usually peaks in

December-January when temprature of air and soil are at a minimum and

temperature usually peaks in July-August when precipitation is at a

minimum. At low elevations winters are generally mild and drought on
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dry sites can be severe by the end of summer. We expected to observe

a progressive or differential effect on fine-root dynamics across the

moisture gradient. Instead, differences are greater from one year to

next than between sites. We see this consistently for changes in

standing crop of live and dead fine roots (lower portions of Figures 3

and 4) and for changes in root-tip activity (Figure 11). Standing

crops of dead fine roots, however, were maintained at distinctly dif-

ferent levels. Normal seasonal patterns may have been obscured by

unusual environmental conditions: a drought in the winter before we

began our study, an unseasonably wet growing season in the second

year, and extensive soil freezing to depths of 10-20 cm during the

second winter. We are unable to determine to what extent these con-

ditions changed seasonal patterns or caused long-term trends.

During the first nine months, seasonal patterns for live fine

roots differ by site but, thereafter, the patterns are nearly iden-

tical (lower portion of Figure 3). Seasonal patterns appear basically

bimodal with relative lows occurring in summer and winter when water

relations and temperature, respectively, were adverse. Relative highs

were in spring and fall when both were favorable. Accordingly, when

water relations were favorable throughout the second growing season,

standing crops of live fine roots did not decline appreciably as they

did during the other two summers. The same behavior is demonstrated

by root-tip activity, except during this period of favorable con-

ditions, there were several waves of newly appearing root-tips (Figure

11). Patterns of root tip activity do not necessarily correspond to

seasonal patterns of live fine roots. We found this discrepancy in

data of Douglas-fir reported by Keyes and Grier (1981). It indicates
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that not all increases in root-tip activity result in increased

standing crop of live fine roots. This would be so during periods

when new fine root growth was compensated by an equal amount of fine

root mortality.

Seasonal patterns of live and dead fine roots are not simply

related, even though live and dead roots are linked in a chain of pro-

cesses. These standing crops are the result of processes occurring

within trees, such as root growth and mortality, as well as processes

occurring within the rhizosphere, such as root grazing and decom-

position. Interactions with environment, fungal symbiots, and shoot

dynamics are highly integrated and complex. Persson (1978, 1980)

found corresponding changes in standing crop of live and dead fine

roots of Scots pine, whereas Keyes and Grier (1981) found reciprocal

changes for Douglas-fir.

Long-term trends are surprisingly consistent across sites

(Figures 3 and 4). We see no evidence of long-term trends differing

by site. Coordination between standing crops is consistent as well.

An overall decline in live roots 1-5 mm diameter coincides with an

overall increase in dead roots 1-5 mm diameter by nearly the same

amount. Overall changes of fine and small dead root standing crops

are positively correlated, indicating that the factors which result in

fine-root mortality also affect small roots, but to a much lesser

degree.

Investigators of seasonal dynamics of fine roots in forest stands

have found different patterns to occur. Within a particular year they

may have observed one peak (a modal pattern), two peaks (a bimodal

pattern), several peaks, or none at all. Despite differences in
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gaps in sampling we have summarized available data pertaining to

forests in order to compare results (Table 17). We have noted dif-

ficulties in interpreting these data with question marks, of which

there are many. They indicate uncertainty on the part of the investi-

gators or ourselves to define seasonal patterns. These data come from

soil cores or observation windows. Of the two sources, data from soil

cores are probably more reliable, providing standard errors are not

too large (Roberts 1976). Limitations of observation windows have

been discussed by McGinty (1976), Ovington and Murray (1968),

Richardson (1968), Roberts (1976), and Rogers and Head (1968). The

extent to which the window affects root growth may be of little con-

sequence as we are primarily interested in only the overall pattern of

growth activity.

Modal and biomdal patterns are most common. Modal patterns

usually indicate a maximum amount of fine roots or root growth during

spring to summer, although McClaugherty's (1980) data of a red pine-

white spruce stand and a mixed hardwood stand for roots < 0.5 mm

diameter in all horizons demonstrated a strong modal pattern with the

peak in late summer to fall. For bimodal patterns the first peak

usually occurs in spring and a second, but not necessarily lower, peak

in late summer to fall. Harris et al. (1977) found the first peak

came in late winter during two consecutive years in a stand of yellow

poplar. Apparently, the type of seasonal pattern is not specific to

type of tree, to genus or to species, as both coniferous and deciduous

species show wide variation in pattern. The most information exists

for Scots pine and Douglas-fir; patterns vary considerably, as does
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the tinting of peaks. There appears to be as much variation within

species-as between them. We drew this same conclusion when we com-

pared biomass of whole root systems in an earlier paper (Santantonio

et al. 1977).

Data of successive years are available from only a few studies.

In two consecutive years both timing and magnitude of the biomdal pat-

tern coincided for the yellow poplar stand studied by Harris et al.

(1977). C?5ttsche (1972) found the same seasonal pattern for mature

European beech, although the peak was only half as great in the second

year. Different seasonal patterns, however, were observed for Scots

pine (Roberts 1976) and for Douglas-fir (this study). In these stu-

dies differences in the magnitude of change were also large. Ovington

and Murray (1968) observed marked differences in root growth from one

year to next in a stand of birch; whether the overall seasonal pattern

changed is uncertain. Clearly, the pattern of root growth can vary

considerably from one year to the next.

Attempts to correlate environmental conditions to growth dynamics

of fine roots in forest, however, have yielded mostly inconclusive

results. Braekke and Kozlowski (1977), Heikurainen (1957) and Persson

(1980) were unable to show direct relationships between moisture

supply and fine root growth. Kohmann (1972) found fluctuations in

precipitation alone were inadequate to explain changes in fine roots

from May to October. Roberts (1976), using multivariate analysis, did

not find significant correlation of root activity to soil moisture and

temperature in each horizon. G&tsche (1972) and Kalela (1957) found

the amount of fine roots decreased in summer during periods of dry

warm weather. Deans (1979) and Keyes and Grier (1981) found high
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rates of fine-root mortality during summer drought. Deans (1979) also

reported a seasonal influence of soil temperature on the rate of fine-

root growth. As soil temperature increased, the rate of root growth

increased, but that the relation was overridden by reduced soil water

potential later in the season. Teskey and Hinkley (1981) found a

similar relationship for fine-root elongation rate, but very different

results for the number of growth roots and root growth intensity,

which increased at cooler soil temperature and lower soil water poten-

tial. In these studies the overall effect of seasonal change in soil

temperature was clear. Roots were least active when soil temperature

was lowest, but when changes in water availability and evaporative

demand were also considered, the behavior of roots was far more

complex. Consequently, these investigators generally concluded that

root growth was not exclusively regulated by environmental conditions

of the soil. Factors such as carbohydrate availability, respiratory

costs, and growth regulatory substances must also come into play.

Available information on root growth of trees and the comparisons

of fine root dynamics in forest stands, provide little evidence to

suggest that seasonal patterns of fine root growth are predetermined

and endogenously regulated to produce a distinct period of inherent

dormancy as we see for shoots. Root growth is not limited to the

growing season of the shoot, but is affected very much by site and

climate. Generally, root growth in forests is limited by low soil

temperature during winter and low moisture availability during summer.

Seasonal patterns, however, are not simply regulated by environment,

but through a complex interaction of continuously changing exogenous

and endogenous factors. Differences in seasonal patterns, and
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long-term trends, within the same species in similar environments,

indicate that some effects may carry over from one year to the next.

Of course, these factors also affect shoot growth. If sufficient data

were available to make the same comparisons for shoot growth as we

have for fine-root growth in these stands (Table 17), then we probably

would have found less variation in pattern, timing, and magnitude of

growth. Thus, we propose that the basic behavior of fine-root growth

differs from that of shoots by being far more opportunistic and

exploitative. This may be possible because roots live in a less

severe environment.

Patterns of fine root growth may be composed of primary and

secondary components. The seasonal pattern equals the secondary corn-

ponent and may be considered as overlying or "travelling on" the pri-

mary pattern, the long-term trend. We presume the primary pattern is

also cyclic but we did not sample for a long enough time to determine

its periodicity. Thus, distinctions must be made to what extent

various endogenous and exogenous factors act over seasonal time frames

or carry over from one year to the next. Factors affecting primary

patterns may include climatic change, status of carbohydrate reserves,

stage of stand development and growth strategy. Factors affecting

secondary patterns may include seasonal changes in environment, car-

bohydrate allocation, respiratory costs, and growth tactics. Certain

factors, such as unusual environmental conditions, catastrophic

events, or management practices, may affect both primary and secondary

patterns. Until we achieve a better understanding of underlying prin-

ciples regulating fine-root growth in both short and long time frames
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we will continue to have difficulties interpreting results of studies

of root growth in forests.

Production and Turnover of Fine Roots

We developed a simple conceptual model (Figure 13) to estimate

fine-root growth, mortality, and decomposition based on changes in

standing crops of live and dead fine roots. We reasoned that if fine

root systems were truly dynamic and exploitative then growth and mor-

tality may occur simultaneously in different microsites. Accordingly,

under certain conditions the overall standing crop of live fine roots

may have changed very little, while considerable fine-root production

and turnover occurred in asychronous but balanced cycles. Dead fine

roots, therefore, would constitute a record of mortality, and a con-

servative estimate of fine-root turnover; their disappearance would

estimate decomposition. Thus, characterizing seasonal dynamics of

dead fine roots became an essential component of our approach.

Studies without this information may seriously underestimate fine root

production and turnover; we would have by as much as 80%. Finally, in

using this approach we needed only to assume that sample period means

are unbiased estimators of population means and that standard errors

of means permit reasonable estimation of population variances.

Without information on the dynamics of dead fine roots,

researchers have estimated fine-root production by summing differences

between maximum and minimum estimates of fine root biomass (Grier et

al. 1981, Harris etal. 1977, McClaugherty 1980). The assumption that

fine-root growth and mortality are processes which do not occur

simultaneously is essential to the validity of this approach. Other
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approaches to estimating fine-root production include growth of roots

into artificially created root-free areas (Jordan and Escalante 1980,

McGinty 1976, Persson 1979, 1980b), extrapolation of measurements of

root growth from observation windows (Keyes 1979, Keyes and Grier

1981), and radioactive tracrs (Waller and Olson 1967). Artifacts

created by these approaches may be considerable, and are not well

defined.

Persson (1978, 1980) incorporated dynamics of dead fine roots

into his approach to estimating fine root production and turnover.

His method accounts for fine-root mortality, but without the linkage

of balancing transfers as we have done.

k
Production Z (b+n)

j=l

>k
Mortality = E n

j=l

(b+n) = increments in biomass and necromass from one
sample period (i) to the next (i+l)

n = increments of necromass from i to i+1
J

Correction for the overestimate is explained in the Appendix by A.

Lindgren (Persson 1978). This approach marks a vast improvement over

merely summing increments in fine-root biomass and does not require

the assumption that fine-root growth and mortality do not occur

simultaneously. It, therefore, handles the problem associated with

balanced cycles or compensated growth, but underestimates fine-root
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production for intervals when an increase in live fine roots is accom-

panied by a decrease in dead fine roots. Fine-root mortality is

underestimated for intervals when the decline in live fine roots

exceeds the increase in dead fine roots. In our study this method

would have produced underestimates of up to 20% for fine-root

production.

Our estimates of fine-root production and turnover are conser-

vative. An unknown amount of production and turnover has occurred

during monthly intervals and does not appear in standing crops of live

and dead fine roots observed at sample periods. The longevity of fine

roots may extend from a few days to several years (Hermann 1977, Lyr

and Hoffmann 1967). Keyes (1979) frequently observed disappearances

of live fine roots from observation windows that occurred within one

week in stands of Douglas-fir. Harris et al. (1980) have discussed

evidence pointing to the rapid disappearance of fine-root organic

matter. Many fragments of dead root-tips pass through the 0.8 mm mesh

sieve and were not extracted in our sample processing because of prac-

tical limitations. When new resources are available we would like to

go back to these samples and estimate, at least, the magnitude of this

omission. We have not attempted to estimate losses to grazers.

Although based on very little information, such losses have been con-

sidered as minor by Harris etal. (1980). We did not see anything in

soil core samples or in the appearance of live fine roots to suggest

otherwise. Although these considerations equally apply to preliminary

estimates reported when we first presented our approach to estimating

fine-root production and turnover (Santantonio 1979), those estimates

are too high because they do not include the correction for
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overestimation. Also, those estimates are for roots < 5 mm diameter

and errors of estimation for roots 1-5 mm are much greater than those

for roots ( 3. mm, which introduces more random variation into the

estimation process. Although the overestimation correction improves

the accuracy of our estimates by compensating for the overestimation

bias caused by random variation, we currently lack a method of esti-

mating the precision of these estimates.

Fine-root dynamics constitute a major pathway of carbon cycling

in forest ecosystems. Estimates of annual fine-root production range

from 2.8 to 9.0 Mg/ha/yr depending on site and year (Table 14). These

estimates are within range of estimates reported by other investiga-

tors who have attempted to estimate fine-root production directly

(Table 17). They indicate that fine-root production can vary substan-

tially from one year to next, perhaps as much as three-fold. These

differences can equal or exceed differences between sites in the same

year. Thus, to automatically assume that fine-root dynamics in mature

stands are in equilibrium from one year to next is unjustifiable in

light of these results. Long-term trends may play an important role

in fine-root dynamics, and as a consequence, create differences in

annual estimates.

We have not been able to demonstrate simple direct relationships

between annual estimates of fine-root production and turnover and

site, or between these annual estimates and environmental conditions

during the growing season. Unusual environmental conditions and the

possible effect of long-term trends complicate our interpretation of

these data. Because we sampled over a period of 2.5 years beginning

in March 1977 and ending In September 1979, we have presented annual
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estimates for two consecutive years as March to March and as September

to September (Table 14). We have considered the two separately

because the results differ. For annual periods as March to March, the

growing season of the first year is relatively dry; the second year,

relatively wet. Both fine-root growth and mortality are higher in the

relatively wet year than in the relatively dry one. The effect of

site is unclear. For annual periods as September to September, the

growing season of the first year is relatively wet; the second year,

relatively dry. Now fine-root growth and mortality are much greater

for the year with a relatively dry growing season than for the rela-

tively wet one. The effect of site is clear; growth and mortality are

greatest on the dry site, least on the wet site. The apparent contra-

diction may result from several factors: (1) where the severe winter

falls with respect to the different periods, (2) long-term effects of

the winter drought which preceded sampling, and (3) other factors not

considered in our study, such as carbohydrate status. It is possible

that unusual environmental conditions cause short- and long-term

effects which may overshadow or modify the usual seasonal effects of

water regime.

We developed a useful way to express the effect of water regime

on fine root dynamics. Instead of comparing annual amounts of fine-

root production or turnover, we have compared how many times the aver-

age standing crop of live fine roots was replaced annually. No matter

which annual period we consider, the index of fine-root turnover is

always greatest for the dry site and least for the wet site. When

averaged over the entire period of the study, fine roots turned-over

2.8, 2.0, and 1.7 times/year for the dry, moderate, and wet sites,
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respectively. The stand on the dry site maintained a slightly lower

standing crop of live fine roots, which turned-over more often than on

the wet site. The standing crop of dead fine roots was highest on the

dry site and may have resulted from a combination of the greater fre-

quency of fine root turnover and a slower rate of decomposition than

on the wet site.

Other investigators have considered factors related to site in

studies where fine-root production has been estimated directly. In

40-year-old stands of Douglas-fir in Washington, Keyes and Grier

(1981) found that fine roots were much more dynamic on the low produc-

tivity site than on the high productivity site. These findings were

based on changes in standing crop of live and dead fine roots and root

growth at the surface of observation windows. Persson (l980b) found

statistically significant differences in fine-root growth between

plots with and without near-optimum nutrient and water regimes in an

18-year-old stand of Scots pine in Sweden. Annual increments of fine

roots were estimated from growth of roots into root-free zones over a

period of three growing seasons. Differences in fine-root production

related to stage of stand development have been reported by Grier et

al. (1981). In studies of a 23-year-old stand and a 180-year-old

stand of subalpine fir, they correlated increased fine-root production

to increased competition for nutrients in the mature stand. Although

information is limited, we can conclude that differences in fine-root

dynamics in relation to water regime, site productivity, or stage of

stand development must be carefully considered. To automatically

assume such differences are minor, as a matter of convenience, would

be imprudent.



Detritus Inputs to Soil and Forest Floor

Estimates of foliage litterfall compare favorably with the typi-

cal value of 2.1 Mg/ha/yr reported by Gessel and Turner (1976) for

Douglas-fir stands ranging in age from 22 to 160 years. The impor-

tance of foliage litter production is widely recognized (Bray

and Gorham 1964), so must the production of fine-root litter. Inputs

of detritus to soil and forest floor by fine roots were two to five

times greater than inputs to florest floor by foliage litterfall.

This is based on comparisons of annual estimates of fine root mor-

tality (Table 14) to estimates of foliage litterfall (Table 15).

Foliage litterfall represents annual turnovers of less than 20% of

foliage biomass in the stands we studied. Fine root mortality,

however, represents annual turnovers as great as 500% of mean fine-

root biomass. Fogel and Hunt (1979), Grier etal. (1981) and Harris

etal. (1980) have reported data of Douglas-fir, subalpine fir and

yellow poplar, respectively, which indicate that at least twice as

much organic matter in soil and forest floor comes from fine roots

than from foliage. Coleman (1976) and Harris et al. (1980) contend

that the majority of organic matter input to terrestrial ecosystems

comes through root turnover. Our results strongly support this

hypothesis.

Concluding Remarks

Other aspects of our studies of fine-root dynamics will be repor-

ted in subsequent papers. Based on additional analyses of fine roots,

ervironmental data and stand measurements taken during the study, and

49
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the excellent base of supporting information available from the IBP

Coniferous Forest Biome and the H. 1. Andrews Experimental Ecological

Reserve, we forsee publishing results concerning the following topics:

(1) overall carbon budgets for these stands, (2) nitrogen dynamics

associated with the production and turnover of fine roots, (3) removal

of water at the various soil depths in these stands during three con-

secutive summers, and (4) horizontal and vertical distribution of fine

roots in these stands with respect to species groups that we defined

during sample processing.

In conclusion, we will summarize our findings with respect to the

questions and hypotheses that led us to undertake this study. The

difference in biomass estimates of roots < 5 mm diameter between the

dry and wet habitats of Watershed 10 is probably the result of a much

larger component of dead fine roots included in the estimate for the

dry habitat. In the present study Douglas-fir on the dry site does

not maintain much larger fine-root systems to occupy a greater volume

of soil. In fact, the standing crop of live fine roots was generally

least on the dry site, but a greater volume of soil may have been

exploited on this site than on the wet site through more or less

balanced production and turnover of fine roots. The number of times

the average standing crop of live fine roots turned over annually was

always greatest for the dry site and least for the wet site.

Production and turnover of ephemeral fine roots in asynchronous cycles

may be a mechanism to maintain the largest number of active fine roots

in the most favorable microsites with the least expenditure of

resources. As temperature and water availability changed season-

ally, we were unable to detect vertical shifts in fine-root growth
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and mortality or root-tip activity. Instead the magnitude of response

as a whole appeared to change. Our speculation that fine roots of

Douglas-fir are a major sink for carbohydrates has been confirmed.

We were unable to discern any direct relationship between fine-

root and foliage dynamics. Comparisons of seasonal patterns of fine-

root growth to the growing season of the shoot and comparisons of

fine-root mortality to foliar litter production led us to propose that

the behavior of root growth differs from that of shoots. Root growth

is far more opportunistic and exploitative. Nature Douglas-fir

forests apparently cycle their fine structures below ground far more

rapidly than those above ground. When conditions become adverse, many

fine roots are not maintained but are shed. Annual estimates of fine-

root mortality greatly exceed corresponding estimates of foliage lit-

terfall. These findings support recent speculation that root turnover

is the major source of organic matter (energy) to the rhizosphere eco-

sys tern.

Finally, fine-root dynamics reflect seasonal changes in environ-

mental conditions. We were surprised, however, to find differences

between sites to be relatively minor when compared to changes from one

year to the next. We were also surprised to find long-term trends,

and that they were unchanged with respect to site. Fine roots

remained active throughout the year. Their activity was impaired only

briefly by severe environmental conditions. Seasonal dynamics of live

and dead fine roots are not directly related because they result from

processes occurring within the trees and within the rhi-zosphere-.

Complex interactions of continuously varying endogenous and exogenous

factors regulate these processes. What we observed as seasonal



52

dynamics of fine roots represents only the outcome of the interplay of

these processes within an economy of limited resources.



aTshe/Pomu_Oxor Ts*ga heterophylla/Polystichum munitum-Oxalis oregana, Tshe/Rhma/Bene = T. heterophylla/
Rhododendron macrophyllum/Berberis nervosa, Tshe/Cach T. heterophylla/Castanopsis chrysophylla. These
communities have been described by Dyrness etal. (1974). Zobel etal. (1976) have directly measured
environmental conditions and verified habitat ordinations of community types.

bp505
communication, Harold Legard, Soil Scientist, Willamette National Forest, Eugene, Oregon.

cpsme = Pseudotsuga menziesii, Thpl = Thuja plicata, Tshe = Tauga heterophylla, Tabr Taxus brevifolia,
Cash Castanopsis chrysophylla.

dEstimated
from equations compiled by Gholz et ml. (1979).

Table 1. Characteristics of stands selected for study.

Dry site Moderate site Wet site
Communitybtypea Tshe/Cach Tshe/Rhma/Bene Tshe/Pomu-Oxor
Soil type

b
Typic dystrochrept Entic haplumbrept Typic haplohumult

Parent material Andesitic tuff & breccia Andesitic tuff & breccia Andesitic tuff & breccia

Elevation (m) 610 790 520

Slope/aspect 10%/S 20%/N None

Age (yr) 70 170 120

Basal area (m2/ha) 60 73 72

psmeC 98% 76% 53%
Thpl 24% 26%
Tshe 11%
Tabr 10%
Cach 2%

DBH (mean, cm) 34 37 36

Aboveground biomass (Mg/ha)d 422 532 531

Foliage biomass (Mg/ha)d 16 20 22

Fine-root biomass (mean, Mg/ha) 2.5 3.5 3.2



Table 2. Summary of environmental data.
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Dry site Moderate site Wet site
Year as Oct-Sept 76-77 77-78 78-79 76-77 77-78 78-79 76-77 77-78 78-79

PRECIPITATIONa

Annual, cm 106 183 150 131 241 184
15 May-15 Sep, cm 19 34 17 20 37 15

AIR TEERATURE at 1 in above forest floor (24 hr average)

Minimum C -3 -8 -6 -8 -5 -8
date 19 Nov 31 Dec 19 Nov 31 Dec 19 Nov 1 Jan

Maximum C 27 28 27 27 27 27 23 23 24

date 11 Aug 8 Aug 17 Jul 16 Aug 7 Aug 16 Jul 17 Aug 7 Aug 17 Jul
No. days < 0 6 34 12 43 5 49
No. days >20 25 30 38 19 21 22 8 10 7

SOIL TEERATTJRE at 20 cm depth (24 hr average)

MinimumC 2 0 2 0 1 0

date 20 Nov 12 Jan 31 Dec Jan 21 Nov 11 Jan
Maximum C 17 17 16 17 16 14 15 14 13

date 16 Aug 9 Aug 21 July 15 Aug 10 Aug 20 July 15 Aug 10 Aug 20 Jul
No. days < 3,, 5 84 43 125 34 112
No. days 0 0 5 0 27 0 5

WATER POTENTIAL OF SOIL

Mm. @ 10 cm, 10Spb -2.7 -7.8 -2.0 -4.9 -2.4 -5.7
date

c
11 Aug 15 Aug 10 Aug 15 Aug 11 Aug 15 Aug

Last day > -0.5 24 Jul 5Jun 22 Jul 28 Jun 26 Jul 15 Jun
Mi @ 20 cm, 10 Pa -2.0 -7.2 -1.5 -5.1 -2.6 -7.0

date 11 Aug 20 Aug 10 Aug 20 Aug 11 Aug 20 Aug
Last day > -0.5 26 Jul 7 Jun 27 Jul 24 Jun 24 Jul 9 Jun
Mm. @ 40 cm, 10 Pa -0.7 -5.1 -1.3 -4.3 -1.6 -5.6

date 11 Aug 29 Aug 10 Aug 29 Aug 11 Aug 29 Aug
Last day > -0.5 5 Aug 28 Jun 29 Jul 1 Jul 26 Jul 24 Jun
Miii. 8 60 cm , 10 Pa -0.5 -4.4 -0.8 -3.4 -1.2 -5.3

date 17 Aug 30 Sep 10 Aug 29 Aug 11 Aug 29 Aug
Last day > -0.5 17 Aug 15 Jul 4 Aug 9 Jul 29 Jul 7 Jul
Miii. @ 80 cm , 10 Pa -0.6 -4.2 -0.5 -2.0 -0.4 4.5

date 29 Aug 30 Sep 17 Aug 3 Sep 11 Aug 29 Aug
Last day > -0.5 29 Aug 21 Jul 17 Aug 24 Jul -- 19 Jul

MAX. PLANT MOISTURE STRESS (miii. xylem water potential)

Predawn, lO5Pa -18 -8 -20 -10 -7 -13 -8 -7 -10
date

d
23 Aug 11 Aug 15 Aug 23 Aug 11 Aug 15 Aug 23 Aug 11 Aug 15 Aug

Last day > -10 2 Aug -- 12 July -- -- 30 July --

POTENTIAL EVAPORATION

Accumulated, cm
period

Mean/day, cm/day

aLong term mean: Site DRY WET

Station McKenzie RS HJA WS #2
No. yrs comprising long term mean 45 24
Annual, cm 180 229
15 May-15 Sep, cm 18 19

b105 Pa = 1 bar.

CLaSt day durin summer draw-down of soil moisture that the soil water potential was greater
than -0.5 x 10 Pa.

dLaSt day that predawn xylem water potential was greater than -10 x i0 Pa.

30 51 70 22 35 46 22 40 53

8/4- 6/10- 6/10- 8/4- 6/10- 6/10- 8/4- 6/10- 6/10-
9/30 9/30 9/30 9/30 9/30 9/30 9/30 9/30 9/30

.54 .46 .63 .39 .32 .41 .39 .36 .48
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Table 3. Frequency, sample size, and period of environmental measurements.

Measurement
Frequency of
measurement

Sample size
at each site Period of measurement

Temperature

Air at 1 m above forest floor Continuous 1 8 Apr 77 to 6 May 80

Soil at 20 cm depth Continuous 1 8 Apr 77 to 6 May 80

Soil at 10, 20, and 40 cm depth Weekly to
monthly

3 10 Aug 77 to 10 Oct 78

Water Potential

Soil at 10, 20, 40, 60 and 80 cm depths Weekly to 7 to 9 at 29 Sep to 3 Nov 77
biweekly each depth 5 Jun to 8 Nov 78

7 Jun to 10 Nov 79

Xylem at predawn Biweekly 2 to 5 from 22 Jul to 23 Sep 77
5-7 trees 26 Jul to 30 Aug 78

20 Jun to 9 Aug 79
Potential Evaporation

1.5 m above ground in open Accumulated 4 3 Aug to 29 Sep 77
weekly 6 Jun to 10 Oct 78

12 Jun to 30 Sep 77



Table 4. Mean vertical distribution of fine and small roots.a
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bLL = litter layer.

Core Roots < 1 mm diameter Roots 1-5 umi diameter
segment Live As % of Dead As % of Live As % of

cm Mg/ha total Mg/ha total Mg/ha total
Dead
Mg/ha

As % of
total

Dry Site

LLb 0.06 2 0.10 1 0.11 3 0.03 2

0-10 1.12 44 3.62 34 0.77 23 0.44 22

10-20 0.56 22 2.15 20 0.74 22 0.41 21

20-30 0.32 13 1.72 16 0.57 17 0.35 18

30-40 0.21 8 1.31 12 0.45 14 0.31 16

40-50 0.14 6 1.03 10 0.39 12 0.25 13

50-60 0.12 5 0.74 7 0.26 8 0.17 9

LL-60 2.53 T 10.67 100 3.29 Tö 1.96

Moderate Site

LL 0.17 5 0.26 3 0.11 3 0.02 2

0-10 1.29 37 3.23 40 1.14 27 0.39 29

10-20 0.84 24 1.97 24 0.96 23 0.28 21

20-30 0.56 16 1.21 15 0.80 19 0.24 18
30-40 0.33 9 0.79 10 0.59 14 0.20 15

40-50 0.20 6 0.47 6 0.40 10 0.13 10

50-60 0.11 3 0.23 3 0.19 4 0.07 5

LL-60 3.50 T 8.16 Tö 4.19 ii 1.33 100

Wet Site

LL 0.34 11 0.22 5 0.19 5 0.06 5

0-10 1.33 42 1.76 43 1.25 29 0.28 25

10-20 0.60 19 0.91 22 0.87 20 0.23 20

20-30 0.37 12 0.47 12 0.58 14 0.15 13
30-40 0.23 7 0.32 8 0.59 14 0.15 13

40-50 0.16 5 0.23 6 0.45 10 0.15 13

50-60 0.12 4 0.15 4 0.34 8 0.12 10
LL-60 3.15 Tö 4.06 T 4.29 100 1.14 100

aMean of all sample periods, excluding the second sample of the three
sample periods when we took duplicate samples.
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Table 5. Soil depths corresponding to core segments.

Core
segment

cm

Estimated corresponding depth in soil, cm
Dry
site

Moderate
site

Wet
site

0-10 0-12 0-12 0-12

10-20 12-24 12-24 12-24

20-30 24-36 24-37 24-35

30-40 36-48 37-49 35-46

40-50 48-61 49-62 46-57

50-60 61-74 62-76 57-68



Table 6. Mean vertical distribution of new root-tips x
10L/2a

58

aMean of all sample periods, but excluding the second sample of the
three periods when we took duplicate samples.

bLL = litter layer.

Core
segment, cm

Dry site Moderate site Wet site
No. No. % No. %

LLb 0.12 5 0.27 12 0.65 28

0-10 1.39 62 0.85 38 1.17 50

10-20 0.47 21 0.51 22 0.30 13

20-30 0.13 6 0.30 13 0.15 6

30-40 0.09 4 0.20 9 0.06 3

40-50 0.02 1 0.10 4 0.02 1

50-60 0.01 0 0.04 2 0.01 0

LL-60 2.23 100 2.27 100 2.36 100



Table 7. Coefficients of variation (% CV)a for sample period means.

SE-
a%

CV = .... 100%

x

SE_ = S-
x x

/n

bSample periods 10-32.

CSample periods 1-32.
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Site

CV
range
%

CV
average

%

b
Roots < 1 mm diameter

Live Dry 10-20 14

Moderate 8-20 14

Wet 7-16 12

Dead Dry 7-18 11

Moderate 8-17 11

Wet 8-23 15

Roots 1-5 mm diameter1'

Live Dry 13-28 20

Moderate 10-28 15

Wet 9-29 18

Dead Dry 10-31 17

Moderate 14-46 21

Wet 19-37 23

New root_tipsC

Dry 17-69 39

Moderate 20-71 39

Wet 10-65 32



Table 8. Coefficients of variation (% CV)a for mean vertical
distribution. b

SE-
a%

= 100%
x

SE_ = S-
x x

bBased on data of sample periods 10-32.

CLL = litter layer.
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Roots < 1 mm Roots 1-5 mm
Live Dead Live

z

Dead

Dry Site

LLC 112 64 119 146
0-10 17 17 37 34

10-20 22 15 43 30
20-30 31 14 49 34
30-40 33 16 52 37
40-50 35 19 54 35
50-60 49 36 61 54
LL-60 13 11 21 21

Moderate Site

LL 73 61 107 95
0-10 20 16 28 43

10-20 20 16 32 44
20-30 21 17 33 43
30-40 26 23 46 46
40-50 34 32 58 64
50-60 55 40 64 58
LL-50 14 11 15 23

Wet Site

LL 55 56 106 128
0-10 16 25 31 45

10-20 21 22 34 51
20-30 28 30 40 69
30-40 28 31 43 53
40-50 41 42 52 65
50-60 48 41 52 84
LL-60 12 16 18 27



aDifferences tested with t-Test. Two stars (**) indicate difference is signif 1-
cant at probability exceeding 99%. Other differences became significant only at
probability below 82%.

H

Table 9. Comparison of duplicate samples.

Live ± 1 SE, Mg/ha Dead ± 1 SE, Mg/ha
Number new
root-tips
x l0/m2<1 SE 1-5 SE <1 SE 1-5 SE

Dry Site

4-10-79 A 2.15 + 0.27 2.41 + 0.67 10.15 + 1.24 2.24 + 0.38 5.35 + 1.54
B 2.13 ± 0.37 2.59 j 0.67 11.19 + 1.00 2.04 1 0.32 3.45 + 0.90

Di fferencea 0.02 0.18 1.04 0.20 1.90

5-17-79 A 1.85 ± 0.30 1.94 + 0.53 13.04 + 1.60 2.46 ± 0.49 6.65 + 1.80
B 1.76 + 0.29 3.11 1 0.81 13.90 ± 1.49 1.66 + 0.26 5.38 ± 1.90

Difference 0.09 1.17 0.86 0.80 1.27

9-30-79 A 0.72 + 0.19 3.00 + 0.76 9.87 + 0.72 1.95 + 0.52 0.17 ± 0.12
B 1.19 :j: 0.21 2.56 j 0.32 10.76 ± 1.01 2.29 j 0.58 1.53 + 0.42

Difference 1.19 ** 0.44 0.89 0.34 1.36 **

Wet Site

4-11-79 A 2.94 + 0.27 3.97 + 0.80 5.66 + 1.02 1.39 + 0.29 2.21 + 0.71
B 2.74 j 0.32 3.33 j 0.82 4.83 1 0.92 2.30 j 0.62 2.06 j 0.89

Difference 0.20 0.64 0.83 0.91 0.15

5-18-79 A 1.85 + 0.39 3.38 + 0.68 5.16 + 0.65 1.74 + 0.61 1.75 + 0.77
B 1.92 ± 0.25 2.55 j 0.48 5.28 + 0.67 1.02 ± 0.30 2.74 ± 1.00

Difference 0.07 0.83 0.12 0.72 0.99

9-29-79 A 1.77 + 0.22 2.75 + 0.62 3.65 + 0.42 1.85 + 0.52 2.77 + 1.07
B 1.89 ± 0.38 1.59 ± 0.45 4.06 i 0.46 1.09 j 0.23 1.61 + 0.53

Difference 0.12 1.16 0.41 0.76 1.16



Table 10. Results of F-tests in split-plot ANOVA's.

Roots < 1 mm diameter

Key to symbols:

0 Significance less than 90%.

62

Live Dry ** ** ** + **

Moderate 0 ** ** * 0

Wet + ** ** * 0

Dead Dry + ** ** ** **

Moderate ** ** ** 0 0

Wet 0 ** ** 0 0

Roots 1-5 mm diameter

Live Dry ** * ** 0 0

Moderate + 0 ** 0 0

Wet * ** ** 0 0

Dead Dry ** * ** 0 0

Moderate * ** ** 0 0

Wet ** ** ** 0 0

** Significant at 99% confidence level.
* Significant at 95% confidence level.
+ Significant at 90% confidence level.

Main effects and interactions
Depth* Depth

Site Plot Samper Depth samper plot*



DRY SITE

LLd

0-10 H

10-20

20-30

30-40

MODERATE SITE

LL H L°1 L°1 H°5 H01 L°5 L°1

0-10 H

10-20 H L°1 L°1

20-30 H L°1

30-40 H L°5

WET SITE

LL H L°5 L01 L01

0-10 H L°1 H°1 L01 L01

10-20 H L°1 H°5 L10 H05 L°5 L°1

20-30 H L°1

30-40 H L1°

SpC Su F W Sp Su F W Sp Su

agead horizontally from left to right, Statistically significant changes
have occurred during intervals between L's (relative lows) and H's
(relative highs). The alpha level of significance has been indicated as
a superscript (.10, .05, .01).

bTest statistic is Tukey's u (Neter and Wasserman 1974, p. 472-476).

c5
= March-May, Su = June-August, F = September-November, W = December-

February.

dLL = litter layer.

1977 1978 1979

L H1° L°1 H01 L°1

L°1 L°1 H°1 L°1 L°1

L°5 L°1 H°5

L°5

H L°5
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Table 11. Statistically significant changesa in standing crop of live roots
< 1 mm diameter as determined by Tukey's method for multiple
comparisonsb. Untransformed data represented here appear in
Figures 5-7.

H

H



Table 12. Statistically significant changesa in standing crop of dead roots < 1 mm
diameter as determined by Tukey's method for multiple comparisonsb.
Untransformed data represented here appear in Figures 8-10.

aRead horizontally from left to right. Statistically significant changes have occurred
during intervals between L's (relative lows) and H's (relative highs). The alpha level
of significance has been indicated as a superscript (.10, .05, .01).

bTest statistic is Tukey's ci (Neter and Wasserman 1974, p. 472-476).

= March-May, Su = June-August, F = September-November, W December-February.

dLL = litter layer.
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1977 1978 1979
Spc Su F W Sp Su F W Sp Su

DRY SITE

LLd L 11.01 L°5 L°1 H.01 L°1 L°1

0-10 H L°1 11.01 L.0' W01 L05 11.05 11.01 L°1

10-20 H L° H° 11' 01

20-30

3 0-40

MODERATE SITE

LL L H.0] L-° L°5 H°5 L°1

0-10 H L°1 L0- H°1

10-20 H L0- 11.05 11.01

20-3 0

30-40 L H°5 11.01

WET SITE

LL H L°1 H L-0

0-10 H L°1 L0- .0] 11.01 L°5

10-20 L H°5 L.05 L°1 L°- 11.01

20-30 H L°1 H°1 11.01

3 0-40 L H°5



Dry Site

T .T
d

oo .01

10-20 H L°5
L

.l0

20-30 L
30-40 L

Moderate Site

1977 1978 1979
SpC Su F W Sp Su F W Sp Su

LL
0-10

10-20
20-30
30-40

Wet Site

H L
01

L H°1 L1° H°5

H"° L°5 H°5

a .

Read horizontally from left to right. Statistically significant
changes have occurred during intervals between L's (relative lows)
and H's (relative highs). The alpha level of significance has been
indicated as a superscript (.10, 105, .01).

bTest statistic is Tukey's w (Neter and Wasserman 1974, p. 472-476).

=March-May, Su = June-August, F = September-November, W =
December-February. -

dLL = litter layer.
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Table 13. Statistically significant changesa in standing crop of dead
roots 1-5 mm diameter as determined by Tukey's method for
multiple comparisons1'.

LL
0-10

10-20 L
20-30 L
30-40



Mortality Mg/ha/yraTurnover index
- Mean standing crop of live
fine roots Mg/ha
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Table 14. Estimates of fine-root growth, mortality, and decomposition
in the top 75 cm of soil.

1 2

Mg/ha/yr
1 2

Mg/ha Mg/ha/yr Mg/ha
1 2

Mg/ha/yr Mg/ha

Growth

Year as Mar-Mar 4.5 8.5 5.8 8.6 4.4 6.3
Year as Sep-Sep 5.2 7.9 2.8 9.0 2.8 6.5
Mar 77-Sep 79 16.3 15.8 11.9

Mortality

Year as Mar-Mar 5.6 8.6 6.9 8.7 5.3 6.5
Year as Sep-Sep 5.6 8.6 4.2 10.3 3.9 7.1
Mar 77-Sep 79 17.9 17.9 13.7

Decomposition

Year as Mar-Mar 10.0 7.6 9.1 7.2 8.2 5.4
Year as Sep-Sep 5.6 8.0 7.2 7.5 7.1 5.6
Mar 77-Sep 79 20.5 20.1 17.3

Turnover indexa Number of times/year

Year as Mar-Mar 1.8 4.0 1.6 2.8 1.3 2.5
Year as Sep-Sep 2.2 5.2 1.2 5.0 1.2 3.5
Mar 77-Sep 79 2.8 2.0 1.7

Dry site Moderate site Wet site
Year Year Year Year Year Year



Table 15. Estimates of foliage litterfall.

Dry site Moderate site Wet site
Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

Mg/ha/yr Mg/ha/yr Mg/ha/yr
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Year as Mar-Mar 2.2 1.6 1.5 1.7 2.2 2.0

Year as Sep-Sep 2.3 1.9 1.6 1.8 2.0 2.4



aAS percent of the amount at the beginning of the period.
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Table 16. Maximum increases and decreases in standing crop occurring
- over any three month period during the course of the study.

Dry
site

Moderate
site

Wet
site

Live roots < 1 mm diameter

Maximum increase, Mg/ha (O 1.4 (160) 1.9 (140) 1.9 (70)

Maximum decrease, Mg/ha (%) 2.3 (70) 2.6 (70) 2.6 (50)

Dead roots < 1 mm diameter

Maximum increase, Mg/ha (%) 5.2 (50) 5.5 (80) 4.4 (210)

Maximum decrease, Mg/ha (%) 3.7 (30) 4.6 (40) 2.3 (60)



Table 17. Seasonal patterns of fine-root growth in forest stands. Estimates of fine-root production
included if available.

Size, mm
Location Age, yr diameter

CONIFEROUS FORESTS

Abies amabills

Wash., USA 23

180

Picea sitchensis

Scotland 14

Pinus resinosa

Finland

Norway

45-80
35

65

110

<1 3nio.

<1 Smo.
<1 Smo.
<1 5mo.

Period Pattern

Modal
Bimodal(?)
Modal
Modal

< 1 5 mo. Bimodal(?)

a
Peaks

Early Su.
Su, F
Su
Su

Sp, F

Product ion
Mg/ha/yr Reference

Heikuralnen 1957
Kalela 1957

Kohmann 1972

Wis., USA 38 <1 3 mo. None Grad. increase Braekke and
Kozlowski 1977

Pinus silvestris

Sweden 18 <2 7mo. (?) Several 3.8 Persson 1978
120 <2 6mo. (?) Several(?) Persson 1979

England 39 Tips Yr 1 Bimodal Late Su, Sp Roberts 1976
Tips Yr 2 Modal Sp
Tips Yr 3 Modal Sp

< 2 13 mo. Biinodal(?) Sp(?), late Su 10.0 Grier et al. 1981
< 2 13 mo. Bimodal Sp, F 11.5

<1 5mo. (?) Several Ford and Deans 1977
<2 5.2 Deans 1981



Table 17 (continued)

Period Pattern
a

Peaks
Production
Mg/ha/yr Reference

11 mo. (?) Several 8.6 Harris et al. 1977

10 mo. None 1.4 Keyes and Grier 1981
12 mo. Modal(?) Early F

10 ma. Modal Sp 5.6

12 mo. Bimodal Early F, late Sp

12 mo. None 9.2 Fogel and Hunt 1979

Yr 1 Modal(?) Sp 4.5 S an t an t onio

Yr 1 Bimodal Sp, F (present study)
Yr 2 Weakly

bimodal
Late Sp, F 8.5

Yr 2 (?) Several

Yr 1 Bimodal(?) Late W(?), late 5.8
Su

Yr 1 Bimodal Sp, F
Yr2 Weakly

bimodal

Su, late F 8.6

Yr 2 (?) Several

(< 1 Yr 1 Bimodal Sp, late F 4.4
120 Tips Yr 1 Bimodal Sp, F

(wet site) ( < 1 Yr 2 Weakly Su, late F 6.3
bimodal cD

Tips Yr 2 (?) Several

Size, nun

Location Age, yr diameter

Pinus taeda

N.C., USA 15 < 10

Pseudotsuga menziesii

Wash., USA 40 2

(good site) 1 Tips

40 1<2
(poor site) 'ITips

Ore., USA 35-50 Tips

1<1
70

J
Tips

(dry site) < 1

Tips

<1

170 Tips
(mod. site <1

Tips



1981

Table 17 (continued)

Location Age, yr
Size, mm
diameter Period Pattern

Production
a

Peaks Mg/ha/yr Reference

Red pine-white spruce

Mass., USA 54 < 0.5 12 mo. Modal Early F 4.1- McClaugherty 1980
0.5-3 12 mo. Bimodal W, late Sp. J 10.9

DECIDUOUS FORESTS

Betula papyrifera

Wis., USA 50-60 < 1 3 mo. None Grad. increase Braekke and

Betula pubescens and B. verrucosa

Kozlowski 1977

England 50 Tips Yr 1 Modal Su Ovington and Murray
Tips Yr 2 Modal Su 1968
Tips Yr 3 Modal Su

Liriodendron tulipifera

Tenn., USA 45 < 5 Yr 1 Bimodal Late W, early F 9.0 Harris et al. 1977
Yr 2 Bimodal Late W, early F J

Fagus sylvatica

W. Germany 120 < 2 7 mo. Modal Late Sp G&tsche 1972
6 mo. Modal Late sp

Quercus alba

Mo., USA 56 Tips 15 mo. Bimodal Late Sp, F Teskey and Hinckley



a
Peaks

Production
Mg/ha/yr Reference

Early F 5.3- McClaugherty 1980

J 11.5

Table 17 (continued)

Location Age, yr
Size, mm
diameter Period Pattern

Mixed hardwood

< 0.5
0.5-3

12 mo.

12 mo.

Modal

(?)

Mass., USA 80

a5
= March-May, Su = June-August, F = September-November, = December-February.
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Figure 2. Schematic diagram of processes for extracting live and
dead roots from soil core samples.

aLive roots distinguished from dead by visual inspection. Dead fine
roots are brittle and fragmented.

b0
size classes at this stage started with sample period 10.

Species code: PSNE = Pseudotsuga menziesii and Tsuga heterophylla
THPL = Thuja plicata and Taxus brevifolia

dA modified North Dakota seed blower.

c
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Figure 3. Standing crops of small (above) and fine (below) live roots
in upper 75 cm of soil. Bar at origin equals one standard
error of the mean based on the pooled error of sample
periods 10-32.
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Figures 5-7. Standing crop of live fine roots by depth
segment.
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Figures 8 (above) and 9-10 (next page). Standing
crop of dead fine roots by depth segment.

79



C
0
E

V

0
0

0
C

0

4

3-

2

I -

MODERATE SITE

,
// \/ \_1 \ ,R A ' °/ / ,A / /

'I I '10'. I I I I ii I I I I I I I

M A M J J A S 0 N DjJ F M A M J J A S 0 N D J F M A M J J A S
977 975 1979

Figure 9.

o UTTER LAyER

0-lOAm

lO-ZOAnI

20-300,

Figure 10.

80

5-
C LITTER LCCER

O-IOCn

10-20cm

20-30cm

0 30-40cm



6

5

4

3

2-

0 I I IMAMJ

.

.

U

.

U

-- i 11_1i1i.aL
F I 1 I 1 1 T C 1 I

DRY

---MODERATE
WET

.

.
C I IAS0ND I I I I I I IJ FM AM JJ A SON D

'CI

C C C C

81

25

J FM AM J JA S

Figure 11. Weekly precipitation (above), and number of new root-tips
in upper 75 cm of soil.

977 1978 1979



DRY SITE

MODERATE SITE

WET SITE

°SP MARCH-MAY; SU JUNE -AUG; F= SEPT-NOV; W= DEC-FEB
bLITTER LAYER

KEY: NUMBER OF NEW ROOT-TIPS X IO4/m2
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