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Abstract In forest ecosystems, fine roots have a con-
siderable role in carbon cycling. To investigate the sea-
sonal pattern of fine root demography, we observed the
fine root production and decomposition processes using
a minirhizotron system in a Betula-dominated forest
with understory evergreen dwarf bamboo. The length
density of fine roots decreased with increasing soil depth.
The seasonal patterns of each fine root demographic
parameter (length density of visible roots, rates of stand-
total fine root production and decomposition) were al-
most the same at different soil depths. The peak seasons
of the fine root demographic parameters were observed
in the order: stand-total fine root production rate (late
summer) > length density of the visible roots (early
autumn) > stand-total fine root decomposition rate
(autumn, and a second small peak in spring). The fine
root production rate was high in the latter part of the
plant growing season. Fine root production peaked in
late summer and remained high until the end of the tree
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defoliation season. The higher stand-total fine root
production rate in autumn suggests the effect of under-
story evergreen bamboo on the stand-total fine root
demography. The stand-total fine root decomposition
rate was high in late autumn. In the snow-cover period,
the rates of both fine root production and decomposi-
tion were low. The fine root demographic parameters
appeared to show seasonal patterns. The fine root pro-
duction rate had a clearer seasonality than the fine root
decomposition rate. The seasonal pattern of stand-total
fine root production rate could be explained by both
overstory and understory above-ground productivities.

Keywords Decomposition - Minirhizotron - Fine root
dynamics - Soil carbon dynamics - Turnover

Abbreviations HR: Heterotrophic respiration - MR:
Minirhizotron - NEP: Net ecosystem production - NPP:
Net primary production - PDD cycle: Production—death—
decomposition cycle - Rv: Length density of visible roots
(mm cm 2 image area)- Rd: Length density of
disappeared roots (i.e., decomposed roots) (mm cm >
image area) - Rn: Length density of new roots (i.e.,
produced roots) (mm cm ? image area) - Rr: Length
density of remaining roots that have appeared at the
previous observation date (mm cm 2 image area) - RR:
Root respiration - SR: Soil respiration

Introduction

Below-ground parts of plants, especially roots in the
finest diameter class (fine roots), play a considerable role
in carbon cycling in forest ecosystems because fine roots
have a fast turnover in proportion to their small biomass
(Grier et al. 1981; Keyes and Grier 1981; Comeau and
Kimmins 1989). It is known that the fine root biomass
accounts for only 1-12% of forest tree total biomass,
although 8-69% of net primary production (NPP) of
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trees in the forest is consumed by the production—death—
decomposition cycle (PDD cycle) of fine roots (Grier
et al. 1981; Vogt et al. 1982; Comeau and Kimmins
1989). Fine roots consume great amounts of NPP in
spite of their small biomass simply because of the fast
turnover of their PDD cycle. The value of the turnover
effect is large because consumption of NPP by fine roots
is usually estimated by the multiplication of the fine root
biomass and turnover. Therefore, more accurate esti-
mation of the fine root turnover is needed to better
understand forest carbon dynamics. To estimate fine
root turnover, information about fine root demography,
such as production, growth, death and decomposition, is
necessary.

The minirhizotron (MR) method is a non-destructive
method in which long transparent tubes are placed in the
study field, and fine roots on the soil-tube boundary
layer are observed with a CCD (charge-coupled device)
camera (Smit et al. 2000; Johnson et al. 2001; Satomura
et al. 2001). This method generally provides more
accurate estimates of fine root demography than do
other methods. Using the MR method, fine root
demography has been studied for decades (e.g., Eissen-
stat and Caldwell 1988; Hendrick and Pregitzer 1993a).
These studies have shown the seasonal patterns of fine
root production and decomposition (Steele et al. 1997
Cheng and Bledsoe 2002; Baddeley and Watson 2004),
life span and turnover of fine roots (Tingey et al. 2000;
Arnone III et al. 2000) by monitoring the fine root
production, death and decomposition processes. The
peaks of the fine root production rate have been ob-
served in the growing season, that is, spring (Hendrick
and Pregitzer 1993b; Joslin et al. 2001) and summer
(Burton et al. 2000). Possible factors controlling the
peak seasons of stand-total fine root production rate are
fine root damage in winter (Tierney et al. 2001), strong
prolonged summer drought (Joslin et al. 2000; Xu and
Baldocchi 2003), and the fine root biomass and its
dynamics of understory plants (Cheng and Bleadsoe
2002). However, much more data on the seasonal pat-
terns of fine root production are needed to clarify the
factors and mechanisms determining the peak season of
fine root production rate.

Above-ground photosynthetic activity also possibly
affects the fine root production rate (Fitter et al. 1998;
Edwards et al. 2004). The seasonal pattern of the stand-
total above-ground photosynthetic activity is closely
related to the forest structure and plant composition (Lei
et al. 1994). The seasonal pattern of the stand-total fine
root production rate, therefore, could be associated with
the pattern of the above-ground photosynthetic activity.
However, forests for which data are available on both
stand-total fine root production rate and above-ground
photosynthetic activity are valuable. Therefore, in forest
ecosystems, it is normally difficult to examine the rela-
tionship between these data. We have both data sets in a
long-term ecological research site (the Takayama
Experimental Forest), which enables us to examine this
relationship. The Takayama Experimental Forest is a

cool-temperate forest with clear two-layered vegetation
structure (overstory trees and understory dwarf bam-
boo) dominated by Betula species (Betula ermanii and
Betula platyphylia).

In cool-temperate regions in the northern hemi-
sphere, there are seasonal deciduous forests, in which
active below-ground fine root production would be ex-
pected in the growing season (the season showing high
above-ground photosynthetic activities). The seasonal
patterns of the above-ground productivity and leaf
dynamics are different between overstory and under-
story plants in a seasonal deciduous forest. The amount
of leaves and leaf photosynthetic capacity of the over-
story deciduous trees, are normally lower in the spring
and autumn seasons (the tree leaf emergence and defo-
liation periods, respectively) and they are higher in the
summer season (Uemura 1994; Maeno and Hiura 2000).
On the other hand, the amount of leaves and the ability
of leaves to photosynthesize in the understory plants are
highest in the spring and autumn, that is, the seasons in
which the overstory leaf cover is less, resulting in better
light conditions for the understory plants (Koizumi and
Oshima 1985; Lei et al. 1994). Moreover, the seasonal
patterns of the above-ground productivity and leaf
dynamics of understory plants depend on their life form
(evergreenness or deciduousness). Evergreen plants have
a longer active photosynthesis season than do deciduous
plants.

Betula-dominated forests are found in cool-temperate
regions and have either deciduous understory vegetation
composed of many different tree species or evergreen
understory vegetation that is dominated by evergreen
dwarf bamboo (Tansley 1965; Walter 1979; Miyawaki
and Okuda 1990). In the former type of forest, the fine
root production rate peaks in late summer and imme-
diately decreases with the beginning of tree leaf defoli-
ation in the autumn (Ovington and Murray 1968). In the
latter type of forest such as our study site, the Takayama
Experimental Forest, dwarf bamboo produces below-
ground parts mainly in the autumn while it produces
above-ground parts mainly in the spring (Nishimura
et al. 2004). If the stand-total fine root production rate is
closely related to phenological traits of the dominant
tree species and there is no rubric limit to environmental
factors during the growing season, the stand-total fine
root production rate in the latter type of forest would
also peak in late summer. And if the effect of understory
evergreen bamboo on the seasonal pattern of the stand-
total fine root production rate is considerable, the stand-
total fine root production could be continuously active
from summer until autumn in the latter type of forest.

To clarify the relationship between the seasonal pat-
terns of fine root demography and above-ground pho-
tosynthetic activity, we studied the fine root demography
in relation to soil depth for over a year in a Betula-
dominated forest with understory evergreen bamboo
(the Takayama Experimental Forest) using the MR
method. In this forest, the seasonal patterns of leaf
dynamics and photosynthetic activity in both overstory



and understory plants are similar to those in other
general cool-temperate deciduous forests described pre-
viously (Kawamura et al. 2001; Sakai et al. 2002; Ni-
shimura et al. 2004; Muraoka and Koizumi 2005; Sakai
and Akiyama 2005). Bamboo root dynamics has been
roughly characterized in our forest (Nishimura et al.
2004). However, very little information is available on
tree fine root dynamics. Both rates of stand-total fine
root production and fine root decomposition were
quantified in relation to soil depth in each observation
period. Based on the results, we describe how fine root
demography changes with season and depth and discuss
how it is related to above-ground productivity. We also
discuss the effects of a layered vegetation structure and
its plant species composition on the seasonal pattern of
the fine root production rate. Active fine root produc-
tion in our study forest is expected in both summer and
autumn seasons.

Materials and methods
Study site

The study site is a long-term ecological research site, the
Takayama Experimental Forest (Q50) of Gifu Univer-
sity. This site Q50 (1-ha plot) is located at 1,430 m a.s.l.
on the north-west slope of Mt. Norikura in Gifu Pre-
fecture (36°8'N, 137°26’E), the central region of the
main island of Japan. The 1980-2000 annual means of
air temperature and precipitation are 6.1°C and
2,175 mm (data from Takayama Experimental Station,
River Basin Research Center, Gifu University). Average
air and soil temperatures during the study period (July
2000 to June 2001) were 7.0 and 8.2°C, respectively.
Even in mid-winter, daily soil temperature did not fall
below freezing (Fig. 1a) since the study site is covered
with thick snow (maximum snow depth during normal
years is 1-2 m) due to its Sea of Japan coastal climate.
During the survey period, water potential was low for a
short period in late summer and higher in other seasons
(Fig. 1b). The study site is on a sedimentary rock formed
from an argillaceous sandy soil of the Quaternary period
in the Cenozoic (Igi 1991). The soil type is brown forest
soil with an A layer (thickness about 3-7 cm) and an A
layer (thickness about 20-50 cm) (for details see Jia et al.
2002).

The study area is an approximately 50-year-old sec-
ondary cool-temperate deciduous forest that has two
distinct structural components, that is, overstory and
understory. The overstory components are comprised of
diverse species of trees (37 species) and shrubs (7 spe-
cies). The dominant species are Quercus crispula Blume,
B. ermanii Cham and B. platyphylla Sukatchev var.
Jjaponica Hara. The relative basal areas of these trees are
27.2%,25.4% and 15.0%, respectively (Kawamura et al.
2001). Other relatively abundant species include Mag-
nolia obovata Thunb, Acer rufinerve Sieb. Et Zucc. and
Tilia japonica Simonkai. Total basal area of the trees
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Fig. 1 Air temperature (°C), soil temperature (°C) and soil water
potential (kPa) during the survey period in a cool-temperate
deciduous forest in Japan (36°0825”N, 137°25’35”E, altitude
about 1,400 m). Air temperature data are taken at a height of
1.5 m. Soil data are taken at a depth of 5 cm. Air temperature and
soil temperature were recorded by a thermo-data logger (Stow-
Away TidBit; Onset Computer Co., Mass, USA) and soil water
potential was checked using a tension meter (DM-8; Takemura,
Tokyo, Japan). Soil temperature was never lower than 0°C even in
winter due to the thick snow layer. Water potential was low for a
short period in the summer season. Bars at each point represent
standard errors

and tree density in the study area are 32.34 m? ha~' and
1,907 ha™', respectively (Ohtsuka et al. 2005). The
understory vegetation is mainly Sasa senanensis Rehd
(bamboo coverage more than 8§0%).

The trees gradually produce leaves in spring, become
fully foliated in summer, and defoliate in autumn (Ka-
wamura et al. 2001). The NPP of the canopy tree leaves
is highest in late summer (Muraoka and Koizumi 2005).
During the non-snow-cover period, the NPP of the
bamboo tends to be high when the tree canopy is not
closed, that is, in the spring and autumn (Sakai and
Akiyama 2005). During the snow-cover period, the
above-ground parts of the bamboo are buried in snow.
The bamboo vigorously produces new organs (above-
and below-ground parts) in the growing season and the
bamboo net production is highest in May and October
(Nishimura et al. 2004).

The tree and bamboo fine root biomass have been
estimated to be 389.8 g m > and 88.1 g m 2, respec-
tively, corresponding to 81.6% and 18.4% of total fine-
root biomass (tree + bamboo fine roots), respectively
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(Satomura 2003). The above-ground parts of bamboo
are produced mainly in May, while the below-ground
parts are produced mainly in October (Nishimura et al.
2004). Yearly total production of the below-ground
parts (rhizome + fine roots) of bamboo is roughly 71.1—
112.7 g m~2 year ' (Nishimura et al. 2004).

Tube installation for fine root observation

Eight clear CAB (cellulose acetate butyrate) MR
observation tubes with an inside diameter of 4.4 cm, an
outside diameter of 5.7 cm and a length of about 90 cm
were installed in the main experimental plot in October
1999. The tubes were set along two lines, four tubes in
each line at 5-m intervals. The tubes were inserted into
the ground at a 45° angle a distance of 60 cm along the
axis (42 cm vertical depth). The lower ends of the tubes
were sealed to prevent the inflow of water from the soil
and the upper ends were covered with opaque PVC
(polyvinyl chloride) tubes, the upper end of which were
sealed with black sticky tape to prevent the entry of
light. All MR tubes had four camera-fixing holes for
observations in four directions along the major axis
(long axis) of the tube—soil transparent interface.

Fine root observation and image data taking

A MR camera (Minirhizotron BTC-100X; Bartz Tech-
nology, Santa Barbara, Calif.) was inserted into each
observation tube and images were recorded by a video-
cassette recorder (Videowalkman GV-D900; Sony, To-
kyo, Japan) attached to a monitor along the main axis of
the tube using one of the four camera-fixing holes (one
soil profile image at each soil depth per tube). In an
adjacent cool-temperate deciduous forest, more than
90% of the fine roots were distributed within the upper
20 cm of the soil (Hashimoto and Hyakumachi 1998).
Therefore, the soil profile images were taken at depths
between 0 and 28 cm at 1-cm intervals along the tube
long axis on each observation date. Calibrating the ac-
tual soil depth, images were taken between 0 and 20 cm.
The ground surface, that is the top of the A layer, was
assigned a depth of 0. Images were recorded six times
during the year of the study: on 19 July (early summer),
25 August (late summer), 4 October (mid-autumn) and 7
November (late autumn) in 2000, and on 26 May
(spring) and 21 July (early summer) in 2001. A total of
1,344 images (28 depths per tube x 8 tubes x 6 obser-
vation times) were used for the image analysis (see next).

Image analysis

Video images were converted to still pictures and stored
in a computer (VAIO PCV-RX65; Sony, Tokyo, Japan)
using video-recording software (Giga Pocket ver. 4.5;
Sony) through an IEEE 1394 cable. To make fixed-depth

images at 5-cm intervals (actual depth), seven sequential
still images taken along the tube main axis were com-
bined to form a single image (calibrating the actual soil
depth, between 0 and 20 cm at 5-cm intervals) using
image-editing software (Photoshop ver. 5.0; Adobe
Systems, San Jose, Calif.).

All rootlets in the MR images were categorized
according to their demographic features as follows: first,
the whole fine roots at the initial observation date were
categorized as the initial visible roots. The (initial) visi-
ble roots contained both live and dead roots. Over a
period of time, some new roots will appear and some will
decompose and disappear. The newly appeared roots are
called new roots. Roots that had appeared before but
were not present at subsequent observation times were
called disappeared roots. Roots that were observed
again after the first recognition were referred to as
remaining roots. Starting with the second observation,
the visible fine roots were categorized into two types,
namely new roots and remaining roots. Visible roots
were then defined as the sum of new roots and remaining
roots, which include not only live roots but also dead
roots that were not decomposing. Disappeared roots
were the roots broken down by the decomposition
process (accordingly, disappeared roots are defined as
‘decomposed roots’). The carbon in roots that disap-
peared over a given period was considered to be put into
the soil as organic matter or released to the air as carbon
dioxide during the same period.

Two transparent sheets were placed over each com-
bined image generated on a computer with image-pro-
cessing software (Photoshop ver. 6.0; Adobe Systems).
Initial, new, remaining and disappeared fine roots (less
than 1 mm in actual diameter) were discriminated by
referencing the previous image, and then the new and
disappeared fine roots were separately painted manually
in red and blue, respectively, on each transparent sheet.
The image data were two-dimensional, thus the data
obtained directly by the MR method represent the
number and length of roots per unit observation area.
Each root length was calculated by root image analysis
using free software (UTHSCSA Image Tool ver. 2.0;
The University of Texas Health Science Center at San
Antonio, TX, USA) (http://ddsdx.uthscsa.edu/dig/
itdesc.html).

Calculations

Root density (R) was determined as the root length
observed in a unit image area (millimeters per centimeter
squared). Initial visible root length density, that is the
length density of visible roots (Rv) at the initial obser-
vation date, was determined by summing the total root
length found in a single image (5 cm in depth) at the
beginning of the observation period (19 July 2000) and
dividing by the total surface area of the observed images,
following previous MR studies (Hendrick and Pregitzer
1997; Gill et al. 2002). At the beginning of the study



period (July 2000), average values of Rv, which were
based on the total length densities of new roots (Rn) and
remaining roots (Rr) that could be recognized, were
9.0 mm cm 2 (range 4.7-13.6 mm cm ?) in the depth
range 0-5 cm, 2.8 mm cm > (0.6-10.5 mm cm ) in the
depth range 5-10 cm, 0.5 mm cm ™2 (0.0-1.8 mm cm2)
in the depth range 10-15 cm, and 0.2 mm cm ™2 (0.0—
0.5 mm cm?) in the depth range 15-20 cm (n=28 for all
depths). Length densities of new and disappeared roots
(Rn and Rd) were also determined in the same manner.
In each image, the length density of visible roots at time
12 (Rv,») was calculated using the following equation:

(1)

where Rv,; is the length density of visible roots at time
tl, Rn, is Rn at time 72 and Rd,; is Rd at time 2. Rr at
time 72 (Rr,) was also calculated using the following
equation:

Rrp = Rvyy — Rdp

RV[2 - thl + Rntz — Rdt2

(2)

The rate of root production (millimeters per centimeter
squared per month) between times 71 and £2 was defined
as Rn,/(12—t1). Similarly, the rate of root decomposi-
tion (millimeters per centimeter squared per month) was
defined as Rd,/(r2—t1). We calculated the temporary
cumulative root production by summing the new root
length at this time and that at the previous time (e.g., for
time 72 the sum was Rn,; + Rn,,) for each observation
time. The temporary cumulative root decomposition
was calculated in the same way. The sum of Rn over all
observation times was equivalent to the total amount of
roots produced over the survey year (yearly total root
production, millimeters per centimeter squared per
year). Similarly, the sum of Rd over all observation
times is equivalent to the total amount of roots
decomposed over the survey year (yearly total root
decomposition, millimeters per centimeter squared per
year).

Root turnover values were calculated from two
equations (a root production turnover equation and a
root decomposition turnover equation) developed by
Gill et al. (2002). In the present study, the term ‘root
decomposition’ is used instead of root mortality. Thus,
the values of root turnover were classified into two
types, that is turnover of root production and
turnover of root decomposition. These values were
calculated as:

turnover of root production = yearly total root

production/Rvpax (3)
turnover of root decomposition = yearly total root
decomposition/RVax (4)

where Rv,,,, 1s the maximal Rv during the survey period.
More complete definitions of the turnover of root pro-
duction and the turnover of root decomposition are
available in the review by Tingey et al. (2000). We used
the concept shown in Fig. 7b in their review.
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These calculations were executed based on each 5-cm
depth interval per camera-fixing hole of each MR tube.
The single-depth data (data from 0-5, 5-10, 1015, 15—
20 cm) obtained by each MR tube were used for the
calculation of the site average value (n=28). Values of the
yearly total root production and yearly total root
decomposition over the survey year and Rv,,,, in each
depth range in each observation tube were used for the
calculation (n=38).

Installation of equipment in the soil causes a short-
term disturbance. During the first observation year after
tube installation, the amount of fine roots and their
demography could have been affected around the tubes
(Joslin and Wolfe 1999). However, no major differences
have been found in the seasonal pattern of the root
production rate between the first year and subsequent
years in temperate deciduous forests (Baddeley and
Watson 2004; Tierney et al. 2001; Burton et al. 2000;
Joslin et al. 2001). Thus, we assumed that the secasonal
patterns of Rv and root production rate and root
decomposition rate could be observed even in the first
year after tube installation in the Takayama Experi-
mental Forest. For each tube, single soil cores were
taken in July, August and November of 2000 and in July
of 2001 at a distance of 2-3 m from the tube (taking care
to avoid previous core holes). The first three cores were
split into two samples representing depths of 0—5 cm and
5-10 cm. The last core only sampled the depth range 0—
5 cm. Thus, a total of 56 soil samples [8 tubesx(3
timesx2 depths + 1 timex1 depth)] were collected. A
significant correlation was found between the core
sampling data (C; grams per meter squared ground area)
(Satomura 2003) and the MR data (MR; millimeters per
centimeter squared image area; P<0.01, R=0.479,
n=56; StatView J-5.0 for Windows; SAS Institute, Cary,
N.C., USA). The relationship 1is expressed as:
MR =1.894+0.052C. This suggests that the MR tube
installation had little effect on the MR data, at least with
respect to the vertical distribution pattern during the
observation period. Consequently, we mainly examined
the seasonal pattern of root demography as a function of
soil depth. The length densities of the fine root pro-
duction and decomposition and their turnovers are also
shown. The estimated turnover values would represent
the maximum rates.

Statistical analysis

The effects of observation date (19 July, 25 August, 4
October and 7 November in 2000, 26 May and 21 July
in 2001) and soil depth (0-5, 5-10, 10-15, 15-20 cm)
on Rv, temporary cumulative root production or
temporary cumulative root decomposition were ana-
lyzed according to the split-plot design analysis of
variance (ANOVA). The effects of observation period
(from 19 July to 25 August, from 25 August to 4
October, from 4 October to 7 November, from 7
November 2000 to 26 May 2001, and from 26 May to
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21 July) and soil depth (0-5, 5-10, 10-15, 15-20 cm)
on the rate of root length production (rate of root
production) or the rate of root length decomposition
(rate of root decomposition) were also analyzed
according to the split-plot design ANOVA. The effect
of soil depth (0-5, 5-10, 10-15, 15-20 cm) on the
turnover of root production or the turnover of root
decomposition was analyzed according to Scheffe’s
F-test based on one-way ANOVA. For all such anal-
yses, the 0.01 was added to each value of the visible
root length density, the rates of root production and
decomposition, root production turnover, and root
decomposition turnover to avoid a value of zero and
then the data were normalized using the Box-Cox
transformation. For each split-plot design ANOVA
analysis, the tube was set as a BLOCK, while the
observation date (or observation period) and soil
depth were defined as the two primary factors.

The difference between turnover values of root
production and root decomposition in each soil depth
was tested by the #-test. For the z-test, the 0.01 was
added to each value of root production turnover
and root decomposition turnover to avoid a value of
zero and then data were transformed to logarithmic
values.

The data were transformed and split-plot design
ANOVA was conducted using JMP IN ver. 5.1.1 (SAS).
Using StatView J-5.0 for Windows (SAS), correlation
between parameters was determined and one-way
ANOVA, t-test and linear regression analysis were
conducted.

Results
Fine root demography trend along soil depths

The values of fine root demographic parameters
decreased with soil depth (except for root production
turnover, see below). The depth profiles of these
parameters were clearly similar.

The effect of the soil depth on Rv was significant
(split-plot design ANOVA, P<0.0001; Table 1). The
yearly average Rv was in the order depth 0-5 cm
(11.2mmem2) > 5-10cm (47 mm cm %) > 10—
15cm (1.4mmem™2) > 1520 cm (0.7 mm cm2).
The Rv within the same soil depth range slightly
fluctuated among the observation dates. At depth 0-
5 cm, Rv was higher during late summer to late au-
tumn (August 2000, October 2000 and November
2000) and was lower during spring to early summer
(July 2000, May 2001 and July 2001; Fig. 2). At the
soil surface, the value of Rv in July 2001 was similar
to that in July 2000 (Fig. 2). On the other hand, Rv at
lower depths (5-10, 10-15, 15-20 cm) tended to
gradually increase with time (Fig. 2). Consequently,
the average Rv for all depths was highest in late au-
tumn (5.6 mm cm 2 in November 2000) and lowest in
early summer (3.1 mm cm 2 in July 2000).

Table 1 Split-plot design ANOVA for the effects of sampling date
and soil depth on the appearing root length density (Ra), tempo-
rary cumulative fine root production and temporary cumulative
fine root decomposition

Parameter  Source of variation df MS F P
Rv
Date 5 102.6 17.4  <0.0001
Depth 3 2285 64.7 <0.0001
Date x depth 15 57.3 32 0.0001
Production
Date 4 2351 1464 <0.0001
Depth 3 45.2 37.5  <0.0001
Date x depth 12 10.9 2.3 0.0134
Decomposition
Date 4 31.8 89.8  <0.0001
Depth 3 17.9 67.6  <0.0001
Date x depth 12 2.5 2.3 0.0101

The effects of soil depth on the temporary cumulative
root production and root decomposition values were also
significant (split-plot design ANOVA, P <0.0001 for root
production and P <0.0001 for root decomposition;
Table 1). The temporary cumulative root production
and root decomposition values decreased with increas-
ing soil depth (Fig. 3). They also clearly increased
with time (Fig. 3). The average values (+SE) of the
yearly total root production at each depth were
16.4+2.7 mm cm 2 year ' at 0-5cm, 8.4=+1.5mm
cm ? year ' at 5-10 cm, 3.0+£0.5 mm cm ° year | at
10-15 cm and 1.440.6 mm cm 2 year ' at 15-20 cm.
The average (£SE) of the yearly total root decom-
position at each depth were 16.5+2.5 mm cm > year !
at 0-5cm, 5.6+1.9 mmcm year_l at 5-10 cm,
1.240.4 mm cm 2 year 'at 10-15 cm and 0.3+0.0 mm
cm 2 year ! at 15-20 cm. The yearly total root produc-
tion tended to be higher than the yearly total root
decomposition at the lower soil depths.

Both rates of root production and root decomposi-
tion clearly decreased with increasing soil depth (Fig. 4).
Depth had a significant effect on the rate of root pro-
duction (split-plot design ANOVA, P<0.0001) and the
rate of root decomposition (split-plot design ANOVA,
P <0.0001; Table 2). Period had a significant effect on
the rates of root production (split-plot design ANOVA,
P<0.0001) and root decomposition (split-plot design
ANOVA, P=0.0008; Table 2). Fluctuations in these
rates tended to be higher at the soil surface than below
the surface. These rates were low during late autumn to
early spring (November 2000 to May 2001; Fig. 4), al-
though this period was long (more than half a year).
Root production in this period accounted for 12.7% of
yearly total root production and root decomposition in
this period occupied 42.8% of yearly total root decom-
position. The root production rate was high in the per-
iod from early summer to mid-autumn (July 2000 to
October 2000; Fig. 4), which corresponds to the active
vegetation season. On the contrary, the root decompo-
sition rate was high in the period from mid-autumn to
late autumn (October 2000 to November 2000; Fig. 4),
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Fig. 2 Fluctuations of the density of visible roots (Rv) per unit
observation area at soil depths in the range 0-20 cm at 5-cm
intervals over a year (July 2000 to July 2001) in a cool-temperate
deciduous forest in Japan. Circles 0-5 cm, squares 5-10 cm,
diamonds 10-15 cm, triangles 15-20 cm. Bars at each point
represent standard errors

which corresponds to the overstory deciduous tree
defoliation season, suggesting that both leaves and fine
roots died concurrently during the autumn.

Fine root turnover

The average turnover values of root production were
nearly the same at each depth (0.94-1.22 year'; Fig. 5).
The effect of depth on the turnover of root production
was not significant (one-way ANOVA, P=0.12). The
average turnover value of root production for all depths
was 1.11 mm mm ™' year'. On the contrary, the aver-
age turnover value of root decomposition at each depth
clearly decreased with increasing soil depth (Fig. 5). The
effect of depth on the turnover of root decomposition
was significant (one-way ANOVA, P<0.01). Turnover
of root decomposition at different depths was in the
order 0-5 cm > 5-10 cm > 10-15 cm > 15-20 cm. The
corresponding values were 1.14, 0.73, 0.48 and
0.35 year ', respectively. The relationship between soil
depth, D (cm), and turnover of root decomposition (mm
mm ™' year™') can be expressed by the equation: turn-
over of root decomposition=1.528—0.409 X In(D)
(P=0.002, R*=0.995; Fig. 5).

Significant differences were detected between turn-
over values of root production and root decomposition
at lower depths (10-20 cm) (z-test: P=0.94 for 0-5 cm,
P=0.09 for 5-10 cm, P<0.01 for 10-15 cm, P=0.03 for
15-20 cm).

Discussion
Seasonal characteristics in fine root demography

Our results show that the parameters of fine root
demography changed with season. Rv peaked after the
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Fig. 3 Temporary cumulative root production per unit observation
area and temporary cumulative root decomposition per unit
observation area (mm cm?) at soil depths in the range 0-20 cm
at 5-cm intervals over time in a cool-temperate deciduous forest in
Japan. The slope of each line indicates the rate of root production
or root decomposition in each period. Bars at each point represent
standard errors. Circles 0-5 cm, squares 5-10 cm, diamonds 10-15
cm, triangles 15-20 cm

peak of root production and before the peak of root
decomposition (Figs. 2 and 4). It seems reasonable that
the root production rate would peak in the growing
season and that the root decomposition rate would peak
in the latter part of the tree leaf defoliation period in a
deciduous forest because the absorption of water and
nutrients by fine roots is necessary for vigorous photo-
synthetic activity of leaves, while considerable amounts
of photosynthate are required for growth and mainte-
nance of fine roots. In this case, Rv peaked between the
peaks of root production and root decomposition
(Figs. 2 and 4). However, in other studies of forest
ecosystems, the peak of Rv did not always occur be-
tween these two peaks (Table 3). Rv and root produc-
tion peaked at the same observation time when the
observation frequency was low (Baddeley and Watson
2004). In another study, Burton et al. (2000) found that
root decomposition peaked before root production at
one of four sites and that root production peaked before
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Fig. 4 Seasonal pattern of (a) rate of root production and (b) rate
of root decomposition per unit observation area at soil depths in
the range 0-20 cm at 5-cm intervals during a year (July 2000 to July
2001) in a cool-temperate deciduous forest in Japan. Rates of both
root production and root decomposition in each period are plotted
for the median date during the period. Bars at each point represent
standard errors. Circles 0-5 cm, squares 5-10 cm, diamonds 10—
15 cm, triangles 15-20 cm

root decomposition at the other three sites. Each root
demographic parameter in forest ecosystems does not
always have a single peak (e.g., Burke and Raynal 1994;
Joslin et al. 2001). For example, in our study forest, root
decomposition rate peaked a second time at the end of
spring. Peak patterns found by Baddeley and Watson
(2004) and Burton et al. (2000) and our findings of the
second peak in the rate of root decomposition imply that
the root demographic pattern varies among the forest
types. The following points may characterize our study

Table 2 Split-plot design ANOVA for the effects of period and soil
depth on the rate of fine root production and the rate of fine root
decomposition

Parameter Source of variation df MS F P

Rate of fine root production

Period 4 4890 21.8 <0.0001

Depth 3 10,016 59.6 <0.0001

Period x depth 12 2930 44 <0.0001
Rate of fine root decomposition

Period 4 117 52 0.0008

Depth 3 1,223  72.2  <0.0001

Period x depth 12 127 1.9 0.0448

forest: (1) root production rate peaks earlier than root
decomposition rate, (2) Rv peaks between the peaks of
root production rate and root decomposition rate, (3)
root production rate is lower and root decomposition
rate is higher in the spring, which results in a lower Rv in
spring, (4) root production rate is higher in the latter
half of the plant growing season, (5) root decomposition
rate is higher at the beginning of the tree dormant sea-
son, and (6) Rv is higher in the latter periods of the tree
and bamboo growing season.

The fine root production rate peaked in late summer
in our study site (Fig. 4). Some other studies have also
shown a summer peak in northern hardwood forests
(e.g., Burke and Raynal 1994; Fahey and Hughes 1994;
Tierney et al. 2001) and an oak-hickory forest (Reich
et al. 1980) (Table 3). On the contrary, some studies
have shown a spring peak or autumn peak in fine root
production rate (Table 3). For example, the root pro-
duction rate was highest in spring for a northern hard-
wood deciduous forest dominated by A. saccharum
(Hendrick and Pregitzer 1993b) and a mixed woodland
dominated by Prunus avium (Baddeley and Watson
2004). In a Quercus-dominated forest, the stand-total
fine root production rate peaked in autumn (Cheng and
Bledsoe 2002). These differences in the peak seasons of
the fine root production rate could be due to factors
such as (1) severe root death in winter as a result of soil
freezing, (2) severe arid soil conditions in summer, and
(3) understory root biomass and dynamics. In the case of
soil freezing, root mortality in winter has been shown to
be high when the snow pack is removed (Tierney et al.
2001). Subsequently, the root production rate peaks was
earlier and more intense in the snow-removal soil than in
control soil that had a normal thick snow cover in
winter. The earlier intense root production that Tierney
et al. (2001) observed may supply enough water and
nutrients for rapid growth of leaf biomass. In support of
such a balance between root and leaf biomass, Reich
et al. (1980) observed alternative repeated leaf expansion
and root elongation periods in Q. alba seedlings, whose
leaves expanded several times during the growing peri-
od. In the case of prolonged summer drought, the peak
of leaf photosynthetic activity would be in the spring
(Xu and Baldocchi 2003), which could lead to a lower
fine root production rate in summer (Edward et al.
2004). However, summer drought was not severe at our
site (Fig. 1b). Therefore, the synchronous summer peak
of the root production rate and leaf photosynthetic
activity rate in our study site is not inconsistent with the
findings of previous studies. In the third case, understory
plants, which generally show greater leaf photosynthetic
activity when the overstory plants have fewer leaves
(e.g., Koizumi and Oshima 1985), could affect the stand-
total fine root production peak. In a Quercus-dominated
forest, Chen and Bledsoe (2002) found an autumn peak
in the stand-total (trees + grasses) fine root production
rate due to the active fine root production of understory
grasses. In their forest, the understory grasses showed a
higher fine root production rate in autumn, while over-
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Fig. 5 Average fine-root turnover (mm mm~' year™') through the
soil depth during July 2000 to July 2001 in a cool-temperate
deciduous forest at the Takayama survey site in Japan (n=38;
horizontal bars standard error). Based on each observation area,
production turnover (i.e., yearly total root production/Rv,,,,) and
decomposition turnover (i.e., yearly total root decomposition/

story trees showed a higher fine root production rate in
spring (Table 3). The fine root biomass was considerably
greater in the understory grasses than in the overstory
trees, which resulted in the autumn peak in the rate of
stand-total fine root production (Table 3). As a result,
the peak season in our study forest and the temperate
deciduous forests in the literature were observed in the
growing season (Table 3), while slight differences in the
peak seasons (spring, summer or autumn) in these for-
ests would be influenced by environmental factors, spe-
cies composition and their physiological characteristics.

Seasonal fluctuation pattern in the above-ground
and below-ground parameters

In our study forest, the productivity of the overstory
deciduous trees is highest at the end of summer (Ka-
wamura et al. 2001; Muraoka and Koizumi 2005), while
that of the understory evergreen bamboo is higher in
spring and autumn (Nishimura et al. 2004; Sakai and
Akiyama 2005) (Fig. 6). The rate of the stand-total fine
root increase (synonymous with the root production
rate) peaked in late summer and was continuously high
during the autumn when the overstory trees lose their
leaves (Figs. 4 and 6). In other words, the rate of the
stand-total fine root increase was higher when the
overstory or understory plants were vigorously leafing
and photosynthesizing (Figs. 4 and 6).

To verify the relationship between stand productivity
and stand-total fine root production rate, stand-level
daily NPP (gC m~? day ') was estimated by:
NPP = NEP + HR = NEP + (SR — RR) (5)

where NEP (gC m~2 day ') is the net ecosystem pro-
duction taken by a tower-based flux measurement and

Rv,.x) were calculated, where Rv,,, is the maximum value of
visible root length density during the survey year. Values with the
same letter are not significantly different among soil depths
according to Scheffe’s F-test based on one-way ANOVA (level of
significance 0.05). Bars at each point represent standard errors

HR (gC m 2 day ') is heterotrophic respiration, SR
(gC m 2 day ') is soil respiration (carbon dioxide re-
leased from the soil to the air) determined by a chamber
method, and RR (gC m > day ') is root respiration
estimated by a root trench experiment. During the sur-
vey year in the present study, daily estimated NPP values
were obtained from the measured values on a total of
43 days using the data from Saigusa, Lee and Mo
(personal communications) (relevant data and detail
methods were obtained from Saigusa et al. 2002; Lee
et al. 2003, 2005; Mo et al. 2005). A significant corre-
lation was found between stand-level daily NPP and
stand-total fine root production rate (P <0.0001,
R=0.797, n=43). At the stand level, the correlations
mentioned here were not in conflict with the hypothesis
that the seasonal pattern of the stand-total fine root
production rate is associated with the pattern of the
stand-level above-ground photosynthetic activity. The
rate of increase of the stand-total fine roots was clearly
influenced by the photosynthetic productivity of the
above-ground parts in both overstory and understory
plants.

Takayama Experimental Forest is dominated by the
genus Betula species (B. ermanii and B. platyphylla)
(Kawamura et al. 2001). In the B. varrucosa- and B.
pubescens-dominated forest in Holme Fen, England, the
fine root production rate peaks in the late summer and
sharply decreases in the deciduous tree defoliation sea-
son (autumn) (Ovington and Murray 1968). The peaks
of fine root production rate in the Betula-dominated
forests in Holme Fen and Takayama occur in the same
season. However, fine root production rate is still high in
the middle of the tree defoliation season in Takayama,
while it immediately decreases at the beginning of the
defoliation season in Holme Fen (Ovington and Murray
1968). Because Holme Fen and other forests in England



have no bamboo and a lower frequency of evergreen
understory plants (Tansley 1965), the higher fine root
production in the tree defoliation season in Takayama is
considered to be due to the understory evergreen bam-
boo. Consequently, our study suggests that the plants
dominating the understory and their life-history strategy
and foliation characteristics affect the productivity of the
below-ground parts in forest ecosystems.

Implications of the fine root demography
for the forest dynamics

Our results show that not only visible roots (Rv) but also
the other fine root parameters (production and decom-
position) decrease with increasing soil depths. The sea-
sonal patterns of the fine root demography parameters

Leaf expansion Defoliation a)

Leaf density
Light intensity

Overstory b)

Productivity

c)

Fine root
density

d)

Increase

Fine root
increase
Fine root
decrease

Decrease

¢ ————pt——»
Growing season Snow cover

Fig. 6 Schematic diagrams of the assumed seasonal changes in the
above-ground characteristics of plants, the stand-total fine root
dynamics and carbon movement through fine root turnover in a
layered cool-temperate deciduous forest with a snow cover period
(i.e., Betula-dominated forest with understory dwarf bamboo in
Takayama, central Japan). a Leaf density or leaf area index of
overstory (black), and relative light intensity beneath the overstory
(grey) (Kawamura et al. 2001). b Photosynthetic productivity of
overstory (black) and understory (grey) plants (Nishimura et al.
2004; Muraoka and Koizumi 2005; Sakai and Akiyama 2005). ¢
Fine root density including both overstory and understory plant
roots (Fig. 2). d Rates of fine root increase (black) and fine root
decrease (grey); they are evaluated from the stand-total fine root
density including both overstory and understory plant roots
(Fig. 4)
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were almost the same at different soil depths. The fine
root production rate in our study site was high not only
in summer but also in autumn, presumably due to the
presence of understory evergreen bamboo. The season-
ality of fine root production rate was supposedly af-
fected by the understory bamboo and the overstory
trees. Our findings could suggest that the foliation
strategy of the understory plant species has a significant
effect on the stand-total fine root demography.

The MR method is a powerful tool for studying
seasonal patterns of the fine root demography and for
long-term root studies. As shown by our results, fine
root decomposition turnover values could differ among
soil depths, which suggest that discrimination of soil
depths is necessary for studies of fine root dynamics.
Long-term root observations would provide a better
understanding of soil carbon dynamics through fine
roots. The inter-annual fluctuations of the fine root
demographic parameters would also be important
parameters in the carbon dynamics in forest ecosystems,
in the same way that fluctuations in inter-annual leaf
demographic parameters are used now.
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