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Abstract The annual dynamics of live and dead fine
roots for trees and the field layer species and live/dead
ratios were investigated at a coniferous fern forest
(Picea abies L. Karts) in Sweden. Our methods of
estimating the average amount of fine roots involved
the periodic sampling of fine roots in sequential cores
on four sampling occasions. The highest live/dead
ratio was found in the upper part of the humus layer
for both tree and field-layer species and decreased
with depth. Most tree fine roots on the four sampling
occasions were found in the mineral soil horizon,
where 86, 81, 85 and 89% of <1 mm and 89, 88, 89
and 92% of <2 mm diameter of the total amounts of
live fine roots in the soil profile were found. The
mean amounts of live fine roots of tree species for the
total soil profile on the four sampling occasions was
317, 150, 139 and 248 g m 2 for <I mm and 410,
225, 224 and 351 g m > for <2 mm diameter fine
roots. The related amount of dead fine roots was 226,
321, 176 and 299 g m 2 and 294, 424, 282 and
381 g m 2, respectively. Average amounts of live and
dead fine-roots and live/dead ratios from other Picea
abies forest ecosystems were within the range of our
estimates. The production of fine roots, <1 and
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<2 mm in diameter, estimated from the annual
increments in live fine roots, was 207 and
303 g m 2. The related accumulation of dead fine
roots was 257 and 345 g m %, The turnover rate of
tree fine roots <l mm in diameter in the total soil
profile amounted to 0.7 yr ' for live and 0.8 yr ' for
dead fine roots. The related turnover rates for tree fine
roots <2 mm were 0.4 yr ' and 0.7 yr . Our data,
although based on minimum estimates of the annual
fluxes of live and dead fine roots, suggests a carbon
flow to the forest soil from dead fine-roots even more
substantial than from the needle litter fall. Fine-root
data from several Picea abies forest ecosystems,
suggest high turnover rates of both live and dead tree
fine-roots.

Keywords Fine roots - Fine-root growth - Fine-root
production - Live/dead ratio - Root distribution -
Root turnover - Sequential core method

Introduction

Roots comprise a substantial fraction of the total plant
dry weight in forest ecosystems (Persson 2002). Tree
roots can be separated by size and function into three
different categories:

— coarse supportive roots with low turnover rates;
small diameter roots with low turnover rates
acting as conduits of water and mineral nutrients;
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— fine roots (mycorrhizal roots; <I mm or <2 in
diameter), with a high degree of soil penetration and
a high turnover rate (cf. Vogt and Persson 1991).

Fine roots are most frequently defined as <1 or
<2 mm in diameter in literature. In order to be able to
compare with results from other investigations both
diameter fractions were included in our calculations.

Fine roots are exploitive and adapt rapidly to
changes in mineral nutrient and water supply. Linné
(1772) stated with regards to the function of fine
roots: “The roots, their mouths are thin threadlike
straws, by the help of which they suck up a watery
tincture from the soil, as most exquisite from the top-
soil”. The fine roots form an active and spatially
variable threadlike network in the soil with a high
density in the top soil, decreasing in density down-
wards in the soil profile (cf. Bakker 1999; Bakker et
al. 2006; Borken et al. 2007; Konopka et al. 2005;
Lopez et al. 2001; Makkonen and Helmisaari 1999;
Persson 1979; Stober et al. 2000).

A substantial variation in live and dead fine-roots
and in the live/dead ratios should be expected during
the growth period related to the high root penetration
of the soil horizons (cf. John et al. 2001; Makkonen
and Helmisaari 1999; Persson 1980a; Persson 1983;
Stober et al. 2000). The production of new fine roots
is usually substantial during the growth period in
forest ecosystems (cf. Persson 1978; Persson 2000;
Persson and Ahlstrom 2002; Helmisaari et al. 2002;
Santantonio et al. 1977; Santantonio and Hermann
1985; Stober et al. 2000; Helmisaari et al. 2007). At
the same time, a substantial inflow of dead fine-root
litter into the soil takes place.

The rate of decomposition of different kind of plant
litter is affected by soil temperature and soil moisture
conditions (Bowen 1991; Marshall and Waring 1985;
Persson 1996; Prescott et al. 2004; Santantonio and
Hermann 1985). The decomposition of fine roots,
which takes place most extensively in the upper soil
layers, is strongly dependent on most specialised
microorganisms in the rhizosphere and the fresh
carbon supply from dead fine roots (cf. Cheng et al.
2003; Fontaine et al. 2003; Fontaine et al. 2004).
Traditional estimation of litter mass loss, through the
use of mesh litter bags, which includes some
experimental sources of errors, was avoided in our
study (cf. Prescott et al. 2004). Fine-root character-
istics such as the amount of live and dead roots in
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terms of dry weight (g m ) in different soil horizons,
the rooting density in terms of dry weight per soil
volume (g dm ) and the live/dead ratio, depend on a
variety of abiotic and biotic factors specific for
different forest stands (Persson 2000).

A reverse relationship is frequently found between
the amount of fine roots and nutrient availability
(Clemensson-Lindell and Persson 1995; Persson 1996;
Persson and Ahlstrtom 1999). With regards to the
sustainability of the forest ecosystems, decreased levels
of cations and increased levels of nitrogen have
increased the risk of root damage symptoms (Daldoum
and Ranger 1994; Persson et al. 1995a; Persson et al.
1995b; Puhe 1993; Ulrich et al. 1984; Vanguelova et al.
2005). Root proliferation around pockets of fertilizers
is commonly observed in forestry practice (Bowen
1984). In forest stands there appear to be limited
relationships between the total amounts of tree fine
roots extracted from soil cores and the distance to the
nearest tree (Kalisz et al. 1987; Moir and Bachelard
1969; Persson 1980a; Safford and Bell 1972).

On a global scale, a substantial fraction of the
atmosphere CO, is originating from dead and decom-
posing root tissues (Norby and Jackson 2000). The
input of root litter is an important contributor to the
ecosystem processes with regards to carbon and
nutrient cycling. High fluctuations in live and dead
fine roots are found in many forest ecosystems (cf. e.g.
Bakker 1998; Bakker et al. 2000; Finér et al. 2007,
Persson 1978; Persson 1979; Persson and Ahlstrom
2002; Helmisaari and Helmisaari 1992; Helmisaari and
Hallbécken 1999; Helmisaari et al. 2002; Helmisaari et
al. 2007; Stober et al. 2000). Characterizing turnover
times of fine roots and carbon allocation in trees is
essential in order to understand the patterns of carbon
cycling in forest ecosystems.

Fine roots exert a great influence on their environ-
ment by accumulating organic matter and redistribut-
ing mineral nutrients in the soil profile (Persson
2000). Root damage may be visualised by a decreased
live/dead ratio of the fine roots (Persson and Ahlstrom
2002). Few studies have so far examined annual
patterns in live/dead ratios of fine roots in relation to
soil water and mineral nutrient availability (cf.
Persson 2000; Persson 2002; Persson et al. 1995a;
Santantonio 1980; Santantonio and Hermann 1985).
Together with litter from aboveground tree parts, the
decaying root material forms the bases for the
complex biological cycles in the soil that includes



Plant Soil (2010) 330:329-344

331

bacteria, fungi and soil animals (cf. Cheng et al. 2003;
Fontaine et al. 2003).

The aims of our project, which was carried out in a
fresh/moist coniferous fern forest site, on the four
sampling occasions, at Forsmark in the central eastern
part of Sweden, were:

— to describe the changes during the growth period
in the amount of live and dead fine-roots and
rhizomes of tree species and field-layer species in
different diameter fractions.

— to describe the seasonal variation in depth
distribution of fine roots.

— to evaluate the live/dead ratio as a vitality
criterion of fine roots.

— to estimate the production and turnover rate.

— to compare our results with data from other
studies in Norway spruce stands.

Material and methods

The field studies were carried out within a forest site
close to the village of Forsmark in the central eastern

Table 1 Site characteristics of the fresh/moist coniferous fern forest

parts of Sweden and about 10 km from the Forsmark
nuclear power plant (Persson and Stadenberg 2007,
2008, 2009). The mean tree height was 19.8 m and
the tree density was 780 number of trees/ha (Table 1).
The site was of a coniferous fern type (Nordiska
Ministerradet 1978) and the soil type was a Regisol/
Gleysol. The tree layer consisted mainly of Picea
abies and some suppressed Betula verrucosa tree with
a basal area of 20.5 m*/ha and 6.5 m*/ha, respectively.
The above-ground tree litter fall was relatively low
and consisted mainly of Picea abies needles
(135 g m?; Mijofors et al. 2007). Dominant species
in the field-layer were Maianthemum bifolium, Anem-
one nemorosa, Hepatica nobilis, Listera ovata and
Rubus saxatilis and dominant ground-layer species
were Hylocomium splendens and Ptilium crista-
castrensis. The average thickness of the humus layer
was 5.2 cm. The soil pH (H,O) was between 6.7 and
7.9. The raw-humus layer was extensively developed
(Lundin et al. 2004).

The sequential core method (Vogt and Persson
1991) was used to describe root distribution with
depth (in the LFH-horizon and mineral soil layer as
deeply as possible) of both live and dead fine roots in

site at Forsmark (cf. Persson and Stadenberg 2007, 2008)

Latitude, longitude

Mean annual temperature

Mean precipitation (mm)

Vegetation period (No of days >5°C)

Soil pH (H,0) in the humus layer 0-30 cm
Soil pH (H,0O) in the mineral soil 0-10 cm
Soil pH (H,0) in the mineral soil 10-20 cm
Soil pH (H,0) in the mineral soil 55-65 cm
Soil type (Lundin et al. 2004)

Vegetation type (Nord. Ministerrad 1978)
Number of trees (ha ")

Basal area (m2 ha ')

Aboveground forest tree litterfall (gm 2 yr '; Mjofors et al. 2007)

Tree age (years)

Tree height (m)

Dominant height at 100 years (Hagglund 1973)

Diameter at breast height (dbh in cm)

Above-ground field-layer biomass (g m 2 ; Lofgren 2005)
Dominant field-layer species

Dominant ground-layer species

E 60° 22" N, 18° 11’ W
5.5°

758

199

6.7

7.2

7.4

7.9

Regosol/Gleysol
Coniferous fern type
780

20.5 (Picea abies), 6.5 (Betula verrucosa)
135

80-88

19.8

G20

26

24

Maianthemum bifolium, Anemone nemorosa, Hepatica nobilis,
Listera ovata, Rubus saxatilis

Hylocomium splendens, Ptilum crista-castrensis
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terms of dry weight. The depth distribution of roots of
tree and field-layer species was measured, at depth
intervals of 0-2.5 (H1), 2.5-5 (H2), 5-10 cm (H3) of
the LFH horizon and in 10 cm segments (M1-M3)
for the mineral soil profile down to 30 cm.

The soil sampling was carried out during 2004 in
the mid of October and during 2005 in the mid of
April, in the beginning of August and in the end of
October. The sampling interval between the 2nd and
3rd sampling was more than 3 month, why fluxes in
live and dead fine roots and turnover are under-
estimated during that period. A cylindrical steel corer,
with an inner diameter of 4.5 ¢cm, was used for the
soil sampling. In total 32 soil cores were taken from
the four corners of a quadrate covering 200 m”, 8 in
each corner (north, east, south and west). Each soil
sample was taken as deep as possible, viz. to a depth
where stones and larger blocks prevented further
penetration by the soil corer. Sampling was avoided
at a distance of less than 0.5 m from the holes from
the earlier soil cores.

The area, within which the soil corer was taken,
was chosen with the help of a sharp iron stick driven
down into the soil profile. An increased concentration
of roots along the surface area of the stones should be
expected in the forest soil. These roots were not
completely included in the soil samples by the soil
corer. On the other hand, the method of deliberately
choosing the sampling area by the help of the iron
stick to some extent causes an overestimation of the
fine roots in the deeper parts of mineral soil. The soil
corer was driven to a depth where only few root
fragments were sampled in the deepest soil layer (cf.
Persson and Stadenberg 2009).

The thickness of humus horizon was measured in
each soil core. The uppermost 0-2.5 cm layer
consisted of humus in all sites. The soil samples were
transferred into plastic bags and transported to our
laboratory and stored in a cold-storage at —4°C; a
temperature that did not damage the live tissue and
caused no change in ion concentrations (cf. Clemensson-
Lindell and Persson 1992).

The roots were sorted out from the soil cores
immediately after thawing. In order to distinguish live
roots from dead roots morphological characteristics
were used (Vogt and Persson 1991). Separation into
live and dead categories was carried out for both tree
roots and roots and rhizomes of other vascular species
(dwarf shrubs, herbs and grasses). It is essential to use
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distinct criteria while sorting the root fragments. Live
fine roots were defined as roots with a varying degree
of brownish/suberized tissues, often well branched,
with the main part of the root tips light and turgid or
changed into mycorrhizal root tips (Agerer 1987—
2002). In cases when there was a difficulty to judge if
a root fragment was live or dead, it was cut
lengthwise with a sharp dissection knife and the
judgement was based on the colour between cortex
and periderm.

The stele of live roots was white to slightly brown
and elastic. In roots considered as dead, the stele was
brownish and easily broken, and the elasticity was
reduced. Dead root fragments with a length <1 cm
were regarded as soil organic matter. The dry weight
was estimated for all root fractions after drying in an
oven at 65°C to constant weight /at least 24 h).

Roots were classified into the following root
diameter fractions: <1, 1-2, 2-3, 3-4, and 4-5 and
5-10 mm and separated into tree and field-layer
species. The following diameter fractions are only
reported here: <1 and <2 mm. Additional data for
larger diameter fractions are available in Persson and
Stadenberg 2007, 2008, 2009. The diameter separa-
tion was carried out for both tree roots and roots and
rhizomes of other vascular species (dwarf shrubs,
herbs and graminaceous species). The diameter
measurements were carried out in the mid of each
fragment using a pair of vernier callipers.

For most forest trees, roots <I mm in diameter
consist of ramifications with mycorrhizal root tips,
morphologically very distinctive from the rest of the
root system. In the past, researchers have arbitrarily
chosen root diameter size classes to describe what
have been called fine roots varying from <1 to 10 mm
(Vogt and Persson 1991).

Mycorrhizal root tips and long root tips in our study
were included within the <1 or <2 mm diameter range.
The selection of fine roots and rhizomes were unbiased;
all fragments were sampled without specification to
special roots, species or branching orders etc. (cf.
Persson 1979; Pregitzer et al. 2002; Xiangrong et al.
2007).

The fine-root production and turnover rates were
calculated from significant (Student’s t-test) incre-
ments of live and dead fine roots. The t-statistic
assumes that the individual data values are normally
distributed. Since the distribution pattern of fine roots
in the different soil cores was symmetric, the large
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number of samples (2=32) were expected to result in
means which are normally distributed. Comprehen-
sive descriptions of calculation methods used are to
be found in (Persson 1978; Persson 1980a). By
turnover, in this context, was meant the annual fluxes
in the live or dead fine-root compartment. Root
turnover rate (yr ') was calculated as annual incre-
ments in live and dead fine roots divided by the mean
of each of these compartments during the year. We
used mean live and mean dead instead of minimum or
maximum estimates of these categories during the
period of investigation to calculate turnover rates (cf.
Eissenstat and Yanai 2002).

Data from our sequential coring program of fine
roots were used for our calculations of turnover rates.
These calculations give minimum estimates since the
sampling frequency (on four sampling occasions)
covered only some of the major fluctuations, but not
all increases. On the other hand, the risk for
overestimation (the difference between the sum of
the observed increments and the corrected sum of
these increments, due to the random variations in the
means) is low with a low number of sampling
occasions and a high number of samples on each
sampling occasion (Persson 1978; Persson 1980a).

Results

The growth-pattern of the fine roots seemed to depend
on where in the soil they were developed. Live tree-fine
roots (<1 mm in diameter) were concentrated to the
uppermost part of both the humus and mineral soil
layers respectively (Tables 2; Fig. 1). In most soil
layers, except for in the deepest ones, the live amount
of tree fine roots was extensively developed compared
with dead fine roots. The proportion of live tree fine
roots was high especially in the top 2.5 cm of the
humus layer and in the top 10 cm of the mineral soil.
The high density of fine roots (g dm ) emphasized the
importance of those soil horizons for fine-root devel-
opment (Fig.1). Relatively more roots and rhizomes of
field-layer species were concentrated to the humus
layer than tree roots (Table 2). Most tree roots were
found in the top 10 cm of the mineral soil. Conse-
quently the tree roots were only to a limited extent
influenced by the competition from field-layer species.

A substantial seasonal variation in the amount of
live and dead tree fine roots was observed in all soil

horizons (Table 2). The live/dead ratio decreased in
the mineral soil substantially with depth (Table 3).
Most fine roots (both live and dead) were found in the
mineral soil. The highest live/dead ratio of tree fine
roots <1 mm in diameter (0.8-8.0) was found in the
uppermost 2.5 cm humus layer, the lowest ratio (0—
0.3) in the deepest part of the mineral soil horizon.
This distribution pattern was found for both fine roots
<1 mm and <2 mm in diameter (Table 3).

A higher live/dead ratio was found in the humus
layer than in the mineral soil for both tree roots and
roots and rhizomes of field-layer species for all root
fractions (Table 3). In the forest soil, the live tree fine-
roots are subsequently changed into dead fine-roots
and the dead fine roots into soil organic matter. The
live/dead ratio of the fine roots gives an indication of
the rate of growth and death in different soil horizons
and may be used as a vitality criterion.

A substantial seasonal variation during the year in
the amount of dead and dead tree fine roots was
observed in all soil horizons (Table 2). The mean
amounts of live fine roots of tree species for the total
soil profile on the four sampling occasions were 317,
113,150 and 248 g m ? for <1 mm and 410, 225, 224
and 358 g m 2 for <2 mm fine roots. The related
mean amounts of dead fine roots for <1 and <2 mm
diameter fine roots were 226, 321, 176 and 299 g m 2
and 294, 424, 282 and 389 g m 2, respectively. A
higher live/dead ratio was found in the humus layer
than in the mineral soil for both tree roots and roots
and rhizomes of field-layer species for all root
fractions (Table 3).

The live/dead ratio of the fine roots gives an
indication of the rate of growth and decomposition in
different soil horizons and may be used as a vitality
criterion. The live/dead ratio was increasing with a
larger diameter both for the fine roots of tree and for
field-layer species (Table 3). The fluctuations in the
live/dead ratio were reflected in the amounts of live
and dead fine roots during the period of investigation
(Table 2). High amounts of live fine roots were then
followed, on the next sampling occasion, by high
amounts of dead fine roots.

The field-layer vegetation was extensively devel-
oped in this fairly open forest site (780 trees/ha); the
above ground dry weight of the field layer was
24 ¢ m 2 at the time of peak development (Lofgren
2005; Table 1). The amount of live fine roots of the
field layer species was significantly decreasing during
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Table 2 The dry weight

distribution (g m ) of fine Sampling Horizon Tree species Dead Field-layer species
roots (<1 mm in diameter)
at different depths and in Depth (cm) Live Live Dead
different soil layers (H=hu-
mus; M=mineral soil) dur- 1) H0-25 30+35 4+5 15423 1+2
ing a year at the fresh/moist H25-5 4+12 4+11 1+6 8+22
o o et e w0 e
thickness of the humus layer M 0-10 228+138 136+70 74+£55 36+122
was 5.2 cm. The corer was M 10-20 51467 73+60 14+15 3+6
firiven as deeply as possiblfe M 20-30 248 5415 144 _
;:;(;rthe deepest mineral soil H 35244 11423 27449 06
M 272+190 208+91 88+58 39+122
H+M 317+196 226+88 115+87 41+122
) H0-2.5 17+28 23425 18421 344
H2.5-5 4+14 4+12 4+11 1£2
H 5-10 - - - -
M 0-10 69+62 195+141 69+90 42+70
M 10-20 19+24 83455 9+10 6+9
M 20-30 448 15+25 1£2 1£2
H 21433 27427 22426 4+4
M 91+73 294+183 78+90 49+74
H+M 113+£79 321+184 99+93 52+74
3) H 0-2.5 24424 6+7 8+14 2+4
H2.5-5 - - - -
H 5-10 - - - -
M 0-10 104+89 111+50 60+39 19£19
M 10-20 22434 62+40 12£15 3+7
M 20-30 - 246 0 0
H 24424 6+7 8+14 244
M 127+104 169+62 69+49 22421
H+M 150+112 176£70 78+56 24+21
) H0-2.5 27430 8+11 9+11 244
H25-5 1+£3 - 1+£3 -
H 5-10 - - - -
Estimates are given as mean M 0-10 152+100 188+103 66+53 30+32
values + SD (n=32). Sam- M 10-20 69+54 101£50 10+10 S5+11
pling Fook plac? on four M 20-30 B 248 B B
sampling occasions: Octo-
ber 20th, 2004 (1), April H 27431 8+11 9+12 245
18th, 2005 (2), August 2nd, M 220+123 291+133 7660 35440
2005 (3) and October 28th, H+M 248+134 299+136 85+65 37+41

2005 (4)

the period of study, suggesting that only few new
roots and rhizomes were formed (Table 2). The mean
dry weight of live fine roots (<1 mm in diameter) of
the field-layer species was 115, 99, 78 and 85 g m >
on the different sampling occasions (Table 2). The
related amount of dead fine roots was 41, 52, 24 and
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37 g m . Proportionally less dead fine-roots was
observed for field-layer species than for trees.

As a result of the heavy seasonal fluctuations of the
tree fine roots, high amounts of live fine roots were
continuously transferred into dead fine roots. These
fluctuations did not occur concurrently in the humus
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Forsmark AFM 001068

H1

H2
C
9 W dead
= H3 i
o O live
%
3 M1

M2

M3

0 2 4 6 8

Amount of fine roots (g dm-3)

Fig. 1 The amount of live and dead fine roots (g/dm>) in
different soil horizons on the first sampling occasion in October
20th, 2004. The depth intervals in the humus layer are of H1=
0-2.5 cm, H2=2.5-5 cm, H3=5-10 cm (the average depth was
5.2 cm). The mineral soil was separated into 10 cm segments
(M1, M2 and M3)

and mineral soil horizons. A most substantial produc-
tion in live fine-roots (<1 mm and <2 mm in
diameter) of 135 g m % and 134 g m * was calculated
during the year of investigation (Table 2 and 4). The
related accumulation of dead fine-roots was further-
more substantial, viz. 214 g m Z and 237 g m 2. In all
cases conservative estimates of the annual fine-root
production and accumulation in dead fine roots were
calculated since changes in the amount of fine roots
occurring between the different sampling occasions
were not included in these figures. The accumulation
of dead fine roots exceeded the annual litterfall from
needles and other above-ground components returned
to the forest floor, which amounted to 135 g m?
(Mjofors et al. 2007).

In forest ecosystems, at a steady state, it is
reasonable to assume that the annual accumulation
of fine roots should be in the same order in terms of
dry weight for the live and dead. In our investigation,
this was more or less the case. The turnover rates of
tree fine-roots <1 mm in diameter for the total soil
profile were 0.7 yr ' for live and 0.8 yr ' for dead
fine roots, respectively. The related figures for fine
roots <2 mm in diameter were 0.4 yr ' and 0.7 yr .
The turnover rate of <I mm fine roots seems to be
faster than of <2 mm fine roots.

The most substantial turnover of tree fine roots
took place in the mineral soil, where 86, 81, 85 and
89% of live fine roots <1 mm were distributed. The

related figures for fine roots <2 mm in diameter were
89, 88, 89 and 92%, respectively. It was impossible,
in our case to calculate significant turnover rates of
large diameter roots (2-10 mm in diameter) due to
their high variability.

Discussion

Fine-root characteristics such as the amount of live and
dead fine roots (g m 2), rooting density (g dm %) and the
live/dead ratio depend on a variety of abiotic and biotic
factors specific for different forest stands. The amounts
of live and dead tree fine roots at our site (113—
317 g m 2 for live and 176-321 g m > for dead fine
roots <I mm in diameter and 224410 g m 2 for live
and 282-424 ¢ m? for dead fine roots <2 mm in
diameter) did not differ from other European Picea
abies stands, taking into consideration the high seasonal
variability of the fine roots. The amount of live fine
roots at our site is slightly over the range of 184—
370 g m 2 for live fine roots (<2 mm in diameter) in
8 Picea abies stands throughout Finland (Helmisaari et
al. 2007). Low amounts of fine roots were obtained in a
60 year old fertile Picea abies stand in Estonia of 94
and 137 g m™? live fine roots and 142 and 154 g m >
for dead fine roots, <l and <2 mm in diameter,
respectively (Ostonen et al. 2005). Low mean amounts
of fine roots of live and dead fine roots were obtained
on five sampling occasions in a 93 year old Picea abies
stand in France at the northeastern side of the Vosges
Mountains (67 and 56 g m > for live and dead fine
roots <l mm in diameter; Stober et al. 2000).

The mean amounts of live fine roots (<1 mm in
diameter) in Picea abies chronosequence in southeast
Norway 10, 30, 60 and 120 years of age, were 22, 217,
107 and 75 g m "2, respectively (Borja et al. 2008). The
mean amounts of live fine roots (<2 mm in diameter)
from two sampling occasions, in spring and autumn, in
four German Picea abies stands, 5, 24, 42 and 97 years
of age, were 119, 497, 399 and 346 g m > (Claus and
George 2005). There was a clear effect of stand age on
fine-root biomass in the latter study, confirmed also by
two more forest chronosequences of similar age
dominated by Fagus sylvatica and Quercus robur,
suggesting that the highest amounts of live fine root
are in the adult but not mature stands.

The live/dead ratio in the total soil profile for tree
fine roots <I mm in diameter from our site (range
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Table 3 The live/dead ratio
of fine roots <1 and <2 mm Sampling ~ Horizon Tree roots <2 Roots and rhizomes of field-layer species
in diameter at different
depths (H=humus; M=min- Depth (ecm) <1 <1 <2
eral soil) at the fresh/moist
coniferous fern forest site at D H0-25 8.04 6.69 23.88 9.95
Forsmark H2.5-5 1.01 0.95 5.73 6.79
H 5-10 0.64 1.41 - -
M 0-10 1.67 1.75 2.07 4.67
M 10-20 0.70 0.72 4.58 4.67
M 20-30 0.34 0.37 31.18 34.30
H 3.18 2.94 13.50 10.33
M 1.31 1.31 2.26 2.59
H+M 1.40 1.29 2.80 3.14
) H0-2.5 0.76 0.86 6.00 7.56
H2.5-5 0.99 1.07 5.79 2.93
H 5-10 - - - -
M 0-10 0.35 0.51 1.62 1.90
M 10-20 0.23 0.51 1.52 1.06
M 20-30 0.23 0.37 0.82 2.65
H 0.78 0.90 5.50 6.80
M 0.31 0.50 1.59 1.78
H+M 0.35 0.53 1.90 2.14
3) H0-2.5 4.30 3.48 4.11 4.52
H2.5-5 - - - -
H 5-10 - - - -
M 0-10 0.93 0.94 3.19 3.04
M 10-20 0.36 0.42 3.51 3.23
M 20-30 0 0.34 0 0
H 4.00 3.43 4.00 5.00
M 0.75 0.73 3.14 3.12
H+M 0.85 0.79 3.25 3.14
“) H0-2.5 3.25 2.70 5.44 6.83
H25-5 - - 1.47 2.60
Sampling took place on four
sampling occasions: Octo- H5-10 B B B B
ber 20th, 2004 (1), April M 0-10 0.81 0.90 222 245
18th, 2005 (2), August 2nd, M 10-20 0.68 0.81 1.80 1.79
2003 (3. Sl done el M030 S -
with only very small H 3.38 2.81 4.50 6.00
amounts of either live or M 0.76 0.86 2.17 2.37
dead fine-root fragments are H+M 0.83 0.92 2.43 2.53

«

indicated by

0.4-1.4) for all four sampling occasions was within
the range of equivalent data (<1 mm in diameter) for
other Picea abies forest stands (Table 5). Nor did the
live/dead ratio calculated for tree fine roots <2 mm in
diameter (range 0.5-1.4) differ very much. Neverthe-
less, the contribution of different diameter classes and
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species to the general growth pattern of roots in the
soil may vary considerable.

Our investigation confirms the quantitative impor-
tance of the fine roots of field-layer species in an open
forest site (Table 2). In the boreal forest ecosystems
trees are frequently sparsely distributed and a sub-
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Table 4 The amount of live and dead fine roots (<1 mm and
<2 mm in diameter) on different sampling occasions, annual
means, production of live and accumulation of dead fine roots
(X increases) and the turnover rate in the total soil profile at the
fresh/moist coniferous fern forest site at Forsmark

Diameter/Sampling Live Dead

<1 mm

) 317+196 226+88"
?2) 113+79% 321+184%
3) 150+112 180+62°
“) 248+134° 299+136°
Annual means 207 257

Y Increases 135 214
Turnover rate 0.7 0.8

<2 mm

) 410+207 294+107°
2) 225+162 4244184
3) 224+162% 282498
4 358+176% 389+174°
Annual means 303 345

Y Increases 134 237
Turnover rate 0.4 0.7

Sampling took place on four sampling occasions: October 20th,
2004 (1), April 18th, 2005 (2), August 2nd, 2005 (3) and
October 28th, 2005 (4). Estimates are given as mean values +
SD (n=32). Significant increases are marked by *and °,
respectively. Differences are significant at p=0.005 (Student’s
t-test)

stantial field layer is developed (cf. Persson 1978;
Palviainen et al. 2005; Helmisaari et al. 2007; Persson
and Stadenberg 2009). The low tree density, at our
site, favoured the development of a luxurious field
layer. Investigations carried out in Calluna heathland
stands suggested a high root turnover rate as a key
factor in C, N, and P cycling (cf. Aerts et al. 1992). In
oligotrophic mire sites in the Southern Taiga roots of
herbs and shrubs show a high contribution (48-55%)
to the total carbon storages (cf. Golovatskaya and
Dyukarev 2009). The high live/dead ratio of the fine
roots and rhizomes of the field layer species in our
investigation (Table 5) suggests that they stayed alive
longer than tree fine roots, with a lower turnover rate.

Substantial variations in live and dead fine roots
and live/dead ratios usually occur in tree stands
depending on site quality (Helmisaari et al. 2007,
Ostonen et al. 1999; Persson 2002; Persson and
Ahlstrom 2002; Persson and Stadenberg 2009; Raich

and Nadelhoffer 1989; Stober et al. 2000; Vogt et al.
1983). Varying climatic and environmental factors
influence the rate of changes from one sampling
occasion to another and between years. Available
information in literature on the live/dead ratios of fine
roots of Picea abies from measurements in the field is
substantial (Table 5).

Fine-root “vitality” in terms of live/dead ratios of
the fine roots should be expected to be high especially
in the humus layer (cf. Brundrett 2002; Durall et al.
1994; Hooker et al. 1995). The presence of soil
organic matter improves the nutrient availability and
reduces soil strength. Tree fine roots are highly
dependent on the mycorrhizae for their nutrient
uptake (cf. Brundrett 2002; Marschner 2002). Roots
can be damaged by herbivores, pathogens, but also by
drought, water saturation, frost and wind movements
(Bloomfield et al. 1996; Hendricks et al. 2000;
Pregitzer et al. 2000).

High concentrations of dead fine roots in the
mineral soil may be a result of a high death rate and
a slow rate of decomposition (Table 3). Low amounts
of dead fine roots are most frequently found in the
humus layer in most forest sites (cf. e.g. Helmisaari et
al. 2007; Makkonen and Helmisaari 1999; Persson
1983; Persson and Stadenberg 2009). Although the
amounts of dead fine roots may be low, a high
turnover rate of fine roots should be expected in
humus layer. Thus, Persson and Stadenberg (2009)
investigating six different Swedish forest stands,
including our present stand, observed a high accumu-
lation of dead fine roots in the humus layer of two of
the water saturated forest stands. In the latter two wet
forest stands, a high death rate and a low decompo-
sition rate of fine roots due to oxygen deficiency
caused an accumulation of dead roots in the humus
layer and in the whole soil profile, not to be found to
such an extent in the other forest stands.

Fine roots are intensively penetrating wet and
nutrient rich horizons. Subsequent changes in the live/
dead ratios of fine-roots are frequently connected with
soil water availability. Plant root systems can rapidly
change their spatial pattern of water uptake in response
to increased water availability (Cerméak et al. 1993;
Nadezhdina et al. 2006). But fine roots are sensitive to
drought and their live/dead ratios are decreasing with
less water availability (cf. Olsthoorn 1991; Persson et
al. 1995b; Puhe et al. 1986; Santantonio et al. 1977;
Santantonio and Hermann 1985). Under summer
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Table 5 The amount of live

and dead fine roots (DW g Diameter (mm) Stand age Live Dead Live/dead ratio References
m?) and live/dead ratios in
some natural Picea abies <1 28 273 728 0.4 Persson et al. (1995a)
forest stands of fine roots <1 31 131 253 0.5 Piittsepp et al. (2006)
<1 mm and <2 mm in <1 35 134 391 0.3 van Praag et al. (1988)
diameter
<1 55 371 245 1.5 Persson and Stadenberg (2009)
<1 59-60 267 119 22 -
<1 60 94 137 0.7 Ostonen et al. (2005)
<1 80-100 173 234 0.7 Persson and Ahlstrom (2002)
<1 80-100 119 250 0.5 -
<1 80-100 167 135 1.2 -
<1 80-100 194 184 1.0 -
<1 80-100 220 106 22 -
<1 80-88 317 226 1.4 This study
<1 8088 113 321 0.4 -
<1 8088 150 180 0.8 -
<1 80-88 248 299 0.8 -
<1 93 70 45 1.6 Stober et al. (2000)
<1 93 63 64 1.0 -
<1 93 56 38 1.5 -
<1 93 40 37 1.1 -
<1 93 57 97 0.6 -
<2 10 108 65 1.7 Puhe (1993)
<2 18 197 105 1.9 -
<2 28 238 168 1.4 -
<2 13 154 4875 0.3 -
<2 22 227 238 1.0 -
<2 23 181 394 0.5 !
<2 26 492 174 2.8 Majdi and Persson (1993)
<2 40 276 381 0.7 Roehrig Hansen and Thomsen (1991)
<2 45 301 363 0.8 -
<2 53 273 297 0.9 Murach and Schiinemann (1985)
<2 55 499 344 1.5 -
<2 60 142 154 0.9 Ostonen et al. (2005)
<2 62 440 150 2.9 Murach et al. (1993)
<2 62 345 130 2.7 -
<2 59-60 365 167 2.2 Persson and Stadenberg (2009)
<2 66 725 1719 0.4 Roehrig Hansen and Thomsen (1991)
<2 85 220 74 3.0 Ulrich et al. (1984)
<2 80 360 330 1.1 Puhe et al. (1986)
<2 8088 410 294 1.4 This study
<2 8088 225 424 0.5 -
<2 80-88 224 282 0.8 -
<2 8088 358 389 0.9 -
<2 106 350 170 2.1 Puhe et al. (1986)
<2 115 510 260 2.0 -
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drought they die back to a great extent, but they are
rapidly recovered if environmental conditions become
more favourable (Puhe et al. 1986; Santantonio and
Hermann 1985; Persson 1978). Sporadically occurring
rain showers affect the upper soil layers during the
summer months and a high rate of death and
decomposition of fine roots should be expected
temporarily (cf. Bowen 1991; Gaul et al. 2008).

Root production of fine roots, live/dead ratios and
mineral nutrient concentrations are strongly influenced
by nitrogen availability in the soil, which also affects the
rate of decomposition of root litter (King et al. 2002;
Persson 1980a; Persson 1980b; Pregitzer et al. 2000;
Pregitzer et al. 2002; Puhe 2003; Vanguelova et al.
2005). Root proliferation in nutrient-rich patches is an
important mechanism increasing nutrient capture by
plants (Bowen 1984, Gross et al. 1993; Moar and
Wilson 2006; Pregitzer et al. 1993). Nitrogen tends to
limit plant growth on young soils in young postglacial
soils in Western Europe and North America, while
phosphorous becomes more limiting in other ancient
soil types exposed to long-range weathering and
erosion (Lambers et al. 2008).

Tree fine roots are concentrated with regards to dry
weight and length in diameters <I mm (Ford and
Deans 1977; Persson 1978; Roberts 1976; Vogt and
Persson 1991). Available information in literature
suggests a high fine root production with a seasonal
pattern different from needle or leaf production (cf.
e.g. Bakker et al. 2000; Finér et al. 2007; Helmisaari
et al. 2007; Janssen et al. 2002; Makkonen and
Helmisaari 1999; Persson 1983; Tateno et al. 2004).

Fine-root data from several Picea abies forest
stands, suggest high turnover rates of live and dead
fine roots. Thus, van Praag et al. (1988) reported
substantial turnover rates in a 80—88 year old stand in
Belgium of 1.0 yr ' for live fine roots and 1.0 yr'
and dead fine roots (<2 mm in diameter). Stober et al.
(2000) calculated turnover rates of 0.3 yr ' for live
and 0.5 yr ! for dead fine roots (<1 mm in diameter)
in a 120 year old stand in the northern parts of France.
Ostonen et al. (2005) obtained a high turnover rate of
1.8 yr ! for live fine roots (<2 mm in diameter) in a
fertile 60-year old stand in Estonia. The latter authors
furthermore, reported a turnover rate of 1.4 yr ' of
fine roots in ingrowth cores installed in the same
stand. From these data we may conclude that in Picea
abies forest stands, the turnover in the amounts of live
or dead fine-roots may exceed their annual means.

Tree fine roots enrich the soil with organic matter
and nutrients and they may quantitatively play a more
important role than the needles/leaves (Helmisaari et
al. 2007; Persson 1978; Ruess et al. 1996; Ruess et al.
2003; Scheffer and Aerts 2000; Scarascia-Mugnozza
et al. 2000; Vanninen and Mikeld 1999). Trees
maintain a large and more resistant fine-root system
at poor forest sites at the expensive of above-ground
growth (Ares and Peinemann 1992; Bloomfield et al.
1996; Persson 2002; Helmisaari et al. 2002).

The root function is costly and is enhanced by a
high carbohydrate supply (Agren et al. 1980; Ericsson
and Persson 1980; Hallgren et al. 1991; Johansson
1993; Kobe 1997; Langley et al. 2002; Lippu 1998;
Marshall and Waring 1985; Oren et al. 1988). High
starch reserves are accumulated in tree roots, support-
ing a high turnover rate (Ericsson and Persson 1980).
The below-ground starch reserves are mobilized at the
time of root growth and shoot elongation (cf. Ericsson
and Persson 1980; Marshall and Waring 1985).
Confounding effects of the starch storage in the entire
tree root systems, limited knowledge of translocation
and transport of carbohydrate between different root
tissues, make it difficult to conclude anything about
the actual carbon residence times in different root
tissues (cf. Matamala et al. 2003; Strand et al. 2008;
Trumbore and Gaudinski 2003).

Concluding remarks

Amounts of fine roots and fine-root production in
forest ecosystem vary with tree species, tree density
and soil fertility. The long-lived woody framework of
structural roots of forest trees support a mass of short-
lived nonwoody fine roots associated with mycorrhi-
zal fungi. Fine-root growth is the result of metabolic
processes and therefore regulated by soil temperature
and soil water conditions. Our understanding of the
turnover rates of fine roots under field conditions in
forest ecosystems is still incomplete, as well as the
mechanisms of root litter formation (cf. Gill and
Jackson 2000; Helmisaari et al. 2002; Meier and
Leuschner 2008; Persson 1978; Richter et al. 2007;
Vogt et al. 1983). Research into root senescence is
complicated by the fact that cessation of root
penetration is not synonymous with root death (Durall
et al. 1994; Enstone et al. 2001; Leshem 1965; Taylor
and Peterson 2000; Wilcox 1954).
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There is always a vital root and mycorrhizal
proliferation in the upper parts of the soil profile.
Mycorrhizal root tips are morphologically very
different from non-infected root tips and they consti-
tute a high proportion of the total number of root tips.
A large part of the fungal mycelium is outside the
root; the longevity of these hyphae was shown by
different investigators to be very short. Much more
work is still needed to quantify the role of mycorrhi-
zas in the carbon budgets of forests.

Correct methods for estimating the amount of live
and dead fine-roots in the forest soil are essential for
any calculation of average amounts of fine roots
(mycorrhizal and non-mycorrhizal) and turnover
rates. Results from our investigations clarify the
importance of using distinct morphological criteria
when sorting fine roots into live and dead tissues. Our
investigation revealed that amounts of live and dead
fine roots vary greatly with respect to season,
distribution in the soil profile and vegetation compo-
nents. The live/death ratio of the fine roots in this
context reflected the vitality of the fine roots, both
temporarily and spatially in the soil profile.

The highest live/dead ratio in our study was found
in the top of the humus layer for both the tree and
field-layer species, and the lowest in the deepest part
of the mineral soil. On the other hand, a substantial
amount of the root dry weight was concentrated to the
mineral soil horizon. Average live/dead ratios from
different Picea abies forest ecosystems confirm that
live/dead ratios in our investigation were within the
range of available data in literature. The live/dead
ratio was proved to be a powerful vitality criterion of
fine roots, revealing when new roots are formed.

Our methods of estimating fine-root production
and the average amount of fine roots, involved
periodic measurements of live and dead dry weight
of the fine roots from sequential core samples of
the forest soil. These data give instant measure of the
spatial and temporal distribution of fine roots in the
undisturbed soil-profile. The methods of estimating
fine-root production, mortality and turnover in the
field should involve the periodic measurements of
both live and dead dry weights of fine roots in
undisturbed soil horizons.

Fine-root data (<1 mm or <2 mm in diameter) from
Picea abies forest ecosystems suggest substantial
production and turnover rates of live and dead fine
roots in relation to the average values of those

@ Springer

categories. All calculated turnover rates are conserva-
tive since growth occurring between sampling occa-
sions are not be included. Our turnover rates (0.7 and
0.8 of fine roots <1 mm and 0.6 and 0.7 of fine roots
<2 mm in diameter respectively) were obtained from
four sampling occasions during a period of one year.
The contribution of different diameter classes and
species to the general growth pattern of roots in the
soil may vary considerable.

The annual production of fine roots in Picea abies
forest stands may amount to or exceed the average
amount of live fine roots during the same year.

Quantification of the amounts of fine roots is
highly desirable due to their important role as carbon
sinks and sources of input of soil organic matter to the
soil. It is essential to obtain data from sequential
coring, if an instant measure of the spatial and
temporal distribution of roots in the undisturbed soil
profile is a primary goal. The sampling frequency
should preferable cover the main fluctuations during
the growth period. A sufficient number of sequential
soil cores must be excavated on each sampling
occasion in order to detect significant changes.

The root function is extremely costly and is
enhanced by a high carbohydrate supply. Besides the
forest trees, the field-layer species in forest stands are
heavy contributors of soil organic matter. High annual
fluctuations in fine-root growth and turnover rates are
to be found in forest stands of different age, tree
density and vegetation type.
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