
Summary Variations in fine root biomass of trees and
understory in 16 stands throughout Finland were examined and
relationships to site and stand characteristics determined. Nor-
way spruce fine root biomass varied between 184 and 370 g
m–2, and that of Scots pine ranged between 149 and 386 g m–2.
In northern Finland, understory roots and rhizomes (< 2 mm di-
ameter) accounted for up to 50% of the stand total fine root bio-
mass. Therefore, the fine root biomass of trees plus understory
was larger in northern Finland in stands of both tree species, re-
sulting in a negative relationship between fine root biomass and
the temperature sum and a positive relationship between fine
root biomass and the carbon:nitrogen ratio of the soil organic
layer. The foliage:fine root ratio varied between 2.1 and 6.4 for
Norway spruce and between 0.8 and 2.2 for Scots pine. The ra-
tio decreased for both Norway spruce and Scots pine from
south to north, as well as from fertile to more infertile site
types. The foliage:fine root ratio of Norway spruce was related
to basal area and stem surface area. The strong positive correla-
tions of these three parameters with fine root nitrogen concen-
tration implies that more fine roots are needed to maintain a
certain amount of foliage when nutrient availability is low. No
significant relationships were found between stand parameters
and fine root biomass at the stand level, but the relationships
considerably improved when both fine root biomass and stand
parameters were calculated for the mean tree in the stand.
When the northern and southern sites were analyzed sepa-
rately, fine root biomass per tree of both species was signifi-
cantly correlated with basal area and stem surface area per tree.
Basal area, stem surface area and stand density can be esti-
mated accurately and easily. Thus, our results may have value
in predicting fine root biomass at the tree and stand level in bo-
real Norway spruce and Scots pine forests.

Keywords: boreal forest, carbon allocation, Picea abies, Pinus
sylvestris, understory.

Introduction

Roots of trees and understory vegetation contain considerable
stores of carbon and nutrients and therefore play an important

role in the carbon and nutrient dynamics of forest ecosystems.
However, there is insufficient quantitative information avail-
able about their contribution to the carbon and nutrient budgets
(Gower et al. 1994, Bartelink 1998, Trumbore and Gaudinski
2003, Majdi and Andersson 2004).

Knowledge of root biomass and its dynamics is essential for
a detailed understanding of carbon allocation and storage in
terrestrial ecosystems (Cairns et al. 1997). Direct assessment
of root biomass is laborious and costly, and therefore cannot be
employed in large surveys. As a result, the development of
models for predicting root biomass has been a research target
for several decades. Allometric biomass functions for coarse
roots have been developed for different species, sites and geo-
graphical regions (Santantonio et al. 1977, Nielsen 1990,
Kapeluck and Van Lear 1995). Recently, Bolte et al. (2004)
and Petersson and Ståhl (2006) developed allometric functions
for roots > 2 mm in diameter in German and Swedish stands of
Fagus sylvatica L., Picea abies L. Karst., Pinus sylvestris L.,
Betula pendula Roth. and Betula pubescens Ehrh.

It has proved difficult to develop allometric functions for
fine roots. Distinguishing among roots of different species and
between living and dead roots is the initial challenge. In
developing allometric functions, there is also the challenge of
assigning fine roots to individual trees. Further difficulties
arise because the growth and development of fine roots closely
reflect the heterogeneity of the soil environment, and because
fine root turnover can be rapid, resulting in large temporal and
spatial variations in fine root biomass.

Santantonio (1989) reported a linear relationship between
fine root and foliage biomass in several conifer species; how-
ever, many other studies have shown that this relationship is
highly variable (cf. Vanninen and Mäkelä 1999). Foliage bio-
mass is usually estimated by modeling, but models have not
been developed for all species or regions. To date, only a few
studies have attempted to establish relationships between fine
root biomass and more easily measured stand variables (e.g.
Santantonio 1989, Vogt et al. 1996, Cairns et al. 1997,
Vanninen and Mäkelä 1999, Li et al. 2003, Chen et al. 2004,
Ammer and Wagner 2005).

Cairns et al. (1997) showed that aboveground biomass den-
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sity and stand age and latitude are the most important predic-
tors of root biomass density. However, none of the tested
aboveground biomass variables (density, latitude, tempera-
ture, precipitation, temperature/precipitation ratios, tree type,
soil texture and age) had a substantial effect on the root:shoot
ratio.

Site fertility has been shown to affect the fine root:needle
biomass ratio of Scots pine (Vanninen and Mäkelä 1999).
Vanninen and Mäkelä (1999) found that basal area was a good
predictor of fine root biomass of Scots pine stands when the
data were stratified according to site quality. However, the site
quality classifications used in individual countries vary, mak-
ing it difficult to compare the results of different studies.

Most studies of fine roots in forests have concentrated on
tree fine roots, and the roots and rhizomes of the understory
vegetation have often been neglected. Although the understory
vegetation represents a relatively minor component of the
whole biomass of boreal forest ecosystems, it plays an impor-
tant role in annual biomass production and carbon and nutrient
cycling, especially at northern latitudes (Chapin 1980a,
Helmisaari 1995, Olsrud and Christensen 2004).

Quantification of fine roots is required to estimate their roles
as carbon stores and sources of the soil litter input. If the rela-
tionships between fine roots and more easily measurable vari-
ables could be identified, it would make an important contribu-
tion to carbon modeling and reporting. We studied fine root
biomass in 16 stands throughout Finland representing a range
of site fertilities and stand characteristics. Our study consid-
ered understory as well as tree belowground biomass. The spe-
cific aims were to: (1) describe the variation in Norway spruce,
Scots pine and understory fine root biomass on different sites;
and (2) determine whether there are relationships between fine
root biomass and site and stand factors.

Materials and methods

Experimental stands

We studied eight Norway spruce (Picea abies L. Karst.) and
eight Scots pine (Pinus sylvestris L.) dominated stands in Fin-
land (Figure 1). The stands belong to the intensive monitoring
network of the EU/Forest Focus and UN-ECE/ICP Forests
Level II monitoring programmes (International Cooperative
Programme on the Assessment and Monitoring of Air Pollu-
tion Effects on Forests).

The stands are located in different parts of Finland and rep-
resent relatively different climates (Table 1), site types (Ta-
ble 2) and stages of stand development (Table 3). The stands in
southern Finland are located in the humid continental region
and those in northern Finland in the sub-arctic climatic region.
In this study, the stands located below latitude 64° N were con-
sidered to be in southern Finland, and those to the north of this
latitude in northern Finland. The long-term (1961–1990) mean
annual effective temperature sum (threshold +5 °C) varied be-
tween 660 and 1290 d.d. (degree days), and mean annual pre-
cipitation between 420 and 630 mm. In addition to latitude, al-

titude has an effect on the summer temperature and tempera-
ture sum (Sjörs et al. 2004).

All the stands are in the boreal vegetation zone. The site
types vary from fertile herb-rich Oxalis–Myrtillus (OMT)
types to nutrient-poor xeric Calluna (CT) and Empetrum–
Calluna (ECT) types. The soil types are mostly podzols, ex-
cept for the relatively fertile sites at Punkaharju and Juupajoki
that are cambisols and arenosols. The soils include till, sandy
loam and loamy sand (Table 2). The thickness of the organic
layer varies between 5 and 10 cm in the Norway spruce stands
and between 2 and 5 cm in the Scots pine stands. The organic
layer is, on average, about 2 cm thicker in the stands in south-
ern Finland compared with those in northern Finland (Ta-
ble 2). The Norway spruce stands are located on till soils with a
stoniness varying between 5 and 49% (mean value 23%) of the
soil volume (0–30 cm mineral soil layer, Table 2). Most of the
Scots pine stands are on sandy sorted soils, with a stoniness of
between 0.5 and 9% (mean 3%) (Table 2). The stoniness was
measured at 60 locations in each stand and calculated accord-
ing to Viro (1952).

Twelve of the stands are in managed forests and have been
thinned at various stages of development. However, four of the
stands are relatively natural old-growth forests in nature con-
servation areas. In general, the stands in northern Finland have
been managed less intensively than the stands in southern Fin-
land. All stands have reached canopy closure. At the time of
the study, ages of the six relatively even-aged managed Nor-
way spruce stands varied between 55 and 140 years, and the
mean age of the largest trees in the two uneven-aged natural
stands was 170 years. Ages of the seven, relatively even-aged,
managed Scots pine stands varied between 55 and 200 years,
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Figure 1. Location of the Norway spruce (�) and Scots pine (�)
stands.
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and the mean age of the one uneven-aged natural stand was
130 years (Table 3). Stand age is higher in northern Finland
than in southern Finland because of the longer rotation period
in the north.

Stand characteristics and tree biomass

Each stand contained three sub-plots, 30 × 30 m in size, and a
surrounding buffer zone. Stand measurements were made on

all three sub plots in each stand. Tree species, diameter (at
1.3 m above ground level), tree height and crown length were
measured on all trees in the plot with a breast height diameter
of at least 4.5 cm. Taper curve functions of Laasasenaho
(1982) were used to estimate stem volume. The KPL program
(Heinonen 1994) was used to calculate the characteristics of
the individual trees and to transform them into stand-level esti-
mates.
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Table 1. Location and climate of the stands. Temperature sum and precipitation are for the period 1961–1990. Temperature sum equals the sum of
differences between daily mean temperatures and the threshold of +5 °C.

Stand Latitude (N) Longitude (E) Elevation (m) Annual mean

temperature sum (°C) precipitation (mm)

Norway spruce
Tammela 60° 38′ 23° 48′ 143 1253 625
Evo 61° 14′ 25° 04′ 165 1209 601
Punkaharju 61° 48′ 29° 19′ 88 1289 594
Juupajoki 61° 51′ 24° 18′ 177 1140 615
Uusikaarlepyy 63° 33′ 22° 29′ 3 1131 492
Oulanka 66° 18′ 29° 30′ 270 774 554
Kivalo 66° 20′ 26° 38′ 252 825 539
Pallasjärvi 67° 60′ 24° 14′ 300 683 480

Scots pine
Tammela 60° 37′ 23° 50′ 120 1275 627
Miehikkälä 60° 42′ 27° 50′ 48 1351 629
Punkaharju 61° 46′ 29° 20′ 99 1280 593
Juupajoki 61° 52′ 24° 13′ 154 1163 614
Lieksa 63° 09′ 30° 42′ 168 1066 623
Ylikiiminki 64° 58′ 26° 23′ 90 1030 524
Kivalo 66° 21′ 26° 44′ 145 885 537
Sevettijärvi 69° 35′ 28° 54′ 105 658 419

Table 2. Site and soil characteristics of the stands (Rautjärvi et al. 2002). Biotic region is according to Sjörs et al. (2004). Site type 1 is according to
Cajander (1949), and type 2 is according to Sjörs et al. (2004). An asterisk (*) denotes a soil structure of sorted glaciofluvial deposits.

Stand Site type 1 Site type 2 Biotic region Soil type Soil structure Stones Organic layer
(%)

cm N (%) C/N

Norway spruce
Tammela MT Mesic Southern boreal Haplic podzol Till 18.4 8 12.6 30.6
Evo OMT Herb-rich Southern boreal Cambic podzol Sandy loam 49 5 9.7 27.4
Punkaharju OMT Herb-rich Southern boreal Cambic arenosol Till 17.9 8 13.7 28
Juupajoki OMT Herb-rich Middle boreal Dystric cambisol Till 32.3 5 13 28.4
Uusikaarlepyy OMT Herb-rich Southern boreal Cambic podzol Till 5.2 10 16 27
Oulanka HMT Mesic Northern boreal Haplic podzol Sandy loam 17.3 6 7 46.7
Kivalo HMT Mesic Northern boreal Ferric podzol Till 16 5 10.4 43.9
Pallasjärvi HMT Mesic Northern boreal Ferric podzol Till 24.6 5 8.5 46.7

Scots pine
Tammela VT Sub-xeric Southern boreal Haplic podzol * 5.5 4 10.8 32.8
Miehikkälä CT Xeric Southern boreal Ferric podzol Till 6.3 4 10.2 40.9
Punkaharju VT Sub-xeric Southern boreal Ferric podzol Till 8.8 5 7.9 42.2
Juupajoki VT Sub-xeric Middle boreal Ferric podzol Till 2.2 5 12.5 36.1
Lieksa EVT Xeric Middle boreal Haplic podzol Loamy sand 0.5 5 8.6 52.7
Ylikiiminki ECT Xeric Middle boreal Ferric podzol Till 0.5 3 7.5 43.7
Kivalo EMT Sub-xeric Northern boreal Cambic podzol Till 0.5 3 8.7 44.7
Sevettijärvi UVET Sub-xeric Northern boreal Ferric podzol Sandy loam 0.5 2 10.4 42.2
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Stem surface area was calculated by determining the taper
curve of each stem and then dividing the stem into 10-cm long
sections. The surface area of each section was calculated based
on a cylindrical approximation.

Needle biomass estimates for individual trees were calcu-
lated with the functions of Marklund (1987, 1988), which in
most cases describe the biomass components (stem wood, liv-
ing and dead branches, bark, needles) as a function of tree spe-
cies, diameter and height. However, the functions describing
needle biomass for Norway spruce and Scots pine also include
crown length as an additional explanatory variable. The needle
mass function for Scots pine also includes the latitudinal
coordinate.

Fine and small root biomass

Fine root samples for biomass and nutrient determinations
were taken over 3 weeks (July 20–August 12, 1998) to facili-
tate comparisons between sites. From each stand, 12 root cores
were taken with a cylindrical soil corer (diameter 40 mm). The
cores were divided into sections comprising the organic layer
and the 0–5, 5–10, 10–20 and 20–30-cm mineral soil layers.
Roots were separated from the soil by washing. The roots were
sorted into living and dead based on color, elasticity and
toughness (Persson 1983), and further into Scots pine, Nor-
way spruce, birch and other broad-leaved species roots and
understory (mainly dwarf shrubs and grasses) roots and rhi-
zomes based on microscopic morphology and color. Roots less
than 2 mm in diameter were denoted as fine roots (Persson
1983, Vogt et al. 1983), and they included mycorrhizal short
root tips. Roots with a diameter of 2–5 mm were also sorted,
and they were classified as small roots.

Root samples were dried at 70 °C for 48 h, weighed and
milled. Total nitrogen was determined with a CHN analyzer
(Leco). Ash content of fine roots was determined to estimate
the extent to which mineral soil, still remaining on the fine
roots after washing, affected the dry mass values. The ash con-
tent was always less than 6%.

Root cores were taken from the buffer zone along the four
sides of one of the sub plots where conditions were assumed to
be representative of the whole stand. The managed stands were
homogeneous, but in the few unmanaged stands, trees were
unevenly distributed so 12 cores may have been insufficient to
provide a representative sample.

Fine root biomass in each of the volumetric mineral soil
samples was corrected for the presence of stones based on the
stoniness index (Viro 1952, Tamminen 1991).

Results

Variation in tree and understory fine root biomass

Mean fine root biomasses of Norway spruce (261 ± 57 g m–2)
and Scots pine (243 ± 88 g m–2) were of the same magnitude,
but with greater variation in the Scots pine stands. Fine root
biomass varied between 184 and 370 g m–2 in Norway spruce
(Figure 2a) and between 149 and 386 g m–2 in Scots pine (Fig-
ure 2b). Total fine root biomass of all tree species plus the total

biomass of understory roots and rhizomes (< 2 mm diameter)
varied between 207 and 552 g m–2 in the Norway spruce stands
(Figure 2a) and between 230 and 493 g m–2 in the Scots pine
stands (Figure 2b). Fine root biomass plus small root (< 5 mm
diameter) biomass varied between 380 and 1160 g m–2 (data
not shown).

Total fine root biomass of the Norway spruce stands was
nearly twice as high in northern Finland as in southern Finland
(Figure 2a), because of the relatively high proportion of
understory roots and rhizomes in northern Finland (16–43%
of the total fine root biomass) compared with southern Finland
(1–14%). Birch fine roots in the northern stands at Kivalo and
Pallasjärvi were primarily roots of the dwarf birch (Betula
nana L.), which is a dwarf shrub and was therefore omitted
from the tree stand measurements (Table 3). When the values
for birch roots were added to the understory root compart-
ment, understory roots accounted for one half of the fine root
biomass in Pallasjärvi. The Scots pine stands in southern Fin-
land had a relatively high understory belowground biomass
(ranging between 12 and 47% of the total; Figure 2b).

Dead fine roots as a proportion of the total of living plus
dead roots varied between 30 and 50% for tree fine roots. This
proportion was greater (but not significantly) in southern than
in northern Finland for both tree and understory roots (Fig-
ure 3). There were fewer dead understory roots than dead tree
roots.

Norway spruce and Scots pine had relatively and absolutely
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Figure 2. Living tree (all species on the site) and understory fine roots
in the organic layer + upper 30-cm mineral soil layer in (a) Norway
spruce and (b) Scots pine stands. Stands on the x-axis are in ascending
order of latitude (Table 1), the last three stands in both figures are
stands in northern Finland. Standard deviation within stands (n = 8
root cores per stand) is shown for Norway spruce, Scots pine and
understory fine roots.
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more fine roots in the organic layer in northern than in south-
ern Finland. Scots pine had more fine roots in the mineral soil
in northern than in southern Finland. The depth distribution of
fine roots differed by species only slightly in southern Finland,
whereas in northern Finland, Norway spruce fine roots were
more superficially distributed than those of Scots pine (Fig-
ure 4). Understory roots and rhizomes were more superficially
distributed than tree fine roots. A majority (67 ±19%) of all the
dwarf shrub and grass roots was located in the organic layer.
For trees, the corresponding value was 45 ±14%.

There was a significant (P < 0.01) relationship between fine
root biomass and the temperature sum (r 2 = 0.80) in Scots
pine, but not for Norway spruce (r 2 = 0.29). However, there
was a significant relationship between the biomass of all the
fine roots (including understory fine roots) in the Norway
spruce and Scots pine stands and the temperature sum (Fig-
ure 5a), as well as with the carbon:nitrogen (C:N) ratio of the
organic layer (Figure 5b). For stands of both tree species, the
relationships between total fine root biomass and the C:N ratio
of the soil organic layer were also significant (Norway spruce:
y = 14.61x – 156.96, r 2 = 0.90, P < 0.001; Scots pine: y =
14.58x – 262.68, r 2 = 0.66, P < 0.05).

Fine root biomass and stand characteristics

The ratio of stand needle biomass to fine root biomass varied
between 2.1 and 6.4 for Norway spruce, and between 0.8 and
2.2 for Scots pine. There was a decreasing trend in the ratio for
both Norway spruce and Scots pine on moving from south to
north, as well as from fertile to more infertile site types (Fig-
ure 6a). The ratio was smaller in the Norway spruce stands in
northern (2.1–3.4) than in southern (3.6–6.4) Finland (Fig-
ure 6b).

In Norway spruce, the stand foliage:fine root biomass ratio
was related to basal area (Figure 7a) and stem surface area
(Figure 7b), and all three parameters were significantly corre-
lated with the fine root N concentration (Figures 8a–c). The
Scots pine foliage:fine root biomass ratio was unrelated to
basal area, stem surface area or fine root N concentration, but
there was a significant relationship between foliage:fine root
biomass ratio and stand age in southern Finland ( y = 0.0057x +
0.167, r 2 = 0.87, n = 5 stands). The fine root N concentration of
both species was strongly correlated with the C:N ratio of the

organic layer (y = –0.018x + 1.50, r 2 = 0.77).
Commonly used variables describing stand structure, e.g.,

number of stems (r 2 = 0.25 and 0.29 for Norway spruce and
Scots pine, respectively), needle mass (r 2 = 0.00 and 0.18),
basal area (r 2 = 0.16 and 0.12) or the stem surface area (r 2 =
0.21 and 0.12), showed no significant correlations with fine
root biomass at the stand level. In contrast, significant correla-
tions were found when we recalculated the parameters for the
mean tree in the stand by dividing the stand-level values by
stem number (Chen et al. 2004).
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Figure 3. Dead fine roots of trees (all species on the site) and
understory, expressed as a percentage of total live and dead fine roots,
in Norway spruce and Scots pine stands in southern and northern Fin-
land (five stands of each tree species in southern Finland and three
stands of each tree species in northern Finland; Table 1).

Figure 4. Mean Norway spruce and Scots pine fine root density in dif-
ferent soil layers (Humus = organic layer; 0–10 cm, 10–20 cm and
20–30 cm are mineral soil layers) in southern (S) and northern (N)
Finland. Error bars are standard deviations between stands (five
stands of each species in southern Finland and three stands of each
species in northern Finland).

Figure 5. Relationships of tree (all species on the site) and understory
fine roots with (a) temperature sum (Table 1) and (b) C/N ratio of the
organic layer (Table 2) in Norway spruce (�) and Scots pine (�)
stands (n = 16 stands).
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When data were grouped according to tree species, linear re-
lationships could not be established between fine root biomass
tree–1 and basal area tree–1. For both species, the range of basal
area tree–1 was very different in northern Finland from that in
southern Finland (Figures 9a and 9b). As a result, when the
northern and southern sites were analyzed separately, fine root
biomass tree–1 of both species significantly correlated with
basal area tree–1 (Figures 10a and 10b).

In Figure 10a, we included data for young stands recalcu-
lated at the tree level from Helmisaari and Hallbäcken (1999; a
Norway spruce stand at Heinola, southern Finland) and
Helmisaari et al. (2002; three Scots pine stands in southern
Finland). Data from our study gave a similar relationship
( y = 92.52x) to that shown in Figure 10a, but with a lower r 2

value of 0.67 (P < 0.01). In Figure 10b, we included data recal-
culated at the tree level from Helmisaari and Hallbäcken
(1999; two Norway spruce stands in northern Finland). Data
from our study gave a slightly better relationship (y = 204.94,
r 2 = 0.81, P < 0.001) than that shown in Figure 10b, and
showed a correlation between fine root biomass tree–1 and the
stem surface area tree–1 (southern Finland r 2 = 0.62; northern
Finland r 2 = 0.82, data not shown).

Understory rhizome and root biomass (< 5 mm diameter)
was significantly related to the aboveground percentage cover

of the understory species groups, especially the dwarf shrub
cover (Figure 11). When the tree species were analyzed sepa-
rately, understory belowground biomass in the Scots pine
stands was best related to the cover of vascular plants (r 2 =
0.65, P < 0.05), whereas in the Norway spruce stands the rela-
tionship with the dwarf shrub cover gave the best result (r 2 =
0.89, P < 0.001).

Discussion

Fine root biomass and site characteristics

Mean tree fine root biomass values in our study were in the
same range as those previously reported for Scots pine and
Norway spruce in boreal forests (e.g., Helmisaari and
Hallbäcken 1999, Vanninen and Mäkelä 1999, Makkonen and
Helmisaari 2001, Claus and George 2005). In the study by
Vanninen and Mäkelä (1999), Scots pine fine root biomass
varied between 118 and 412 g m–2 in 23- to 178-year-old Scots
pine stands in southern Finland, which is comparable to our
range of 230–493 g m–2 in 55- to 200-year-old stands. Our
spruce fine root biomass values of 184–370 g m–2 were lower
than the range reported in Sweden (145–656 g m–2) by
Persson et al. (1995) and Majdi and Persson (1995).

Scots pine had more fine roots in northern Finland than in
southern Finland, whereas there were no clear differences be-
tween north and south Finland for Norway spruce. Two of the
Norway spruce stands in northern Finland were in unmanaged,
relatively pristine (Oulanka) or relatively unmanaged (Pallas-
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Figure 6. Stand-level foliage:fine root biomass ratios for Norway
spruce and Scots pine (a) according to tree species and site types (Ta-
ble 2) (filled bars = spruce, open bars = pine) and (b) according to tree
species in southern and northern Finland. Bars are standard deviations
between stands: OMT = 4 stands, HMT and VT = 3 stands each, and
all other site types were represented by 1 stand only; five stands of
each tree species in southern Finland and three stands of each tree spe-
cies in northern Finland. The site type UVET (needle:fine root ratio =
1.38) is missing from Figure 6a, as it is the northernmost stand close to
the timberline. Site types are according to Cajander (1949).

Figure 7. Relationships between stand-level Norway spruce fo-
liage:fine root biomass ratio and (a) basal area and (b) stem surface
area (n = 8 stands). Symbols: � = stands in northern Finland; and � =
stands in southern Finland.
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järvi) forests with a well-developed understory root system.
Thus, belowground competition with the understory vegeta-
tion may have adversely affected Norway spruce fine root bio-
mass in the northern stands.

The study stands were well past canopy closure, and under-
story belowground biomass did not correlate with any of the
stand variables. Because most of the understory roots were of
dwarf shrub, the understory rhizome and fine root biomass
was highest in the Norway spruce stands growing on the north-
ern Hylocomium–Myrtillus (HMT) site type where low stand
density and the narrow crown form of Norway spruce allows
light to penetrate to the forest floor. The understory rhizome
and fine root biomass in the Scots pine stands was more evenly
distributed over the sites, except in the case of the unmanaged
stand at Lieksa in eastern Finland, where understory below-
ground biomass was especially high.

Most of the understory belowground biomass consisted of
dwarf shrub rhizomes, which explains the strong relationship

with the dwarf shrub aboveground cover. The relationship was
strongest in the Norway spruce stands. The vegetation in the
southern spruce stands on fertile site types is characterized by
herbs (Salemaa and Korpela 2000), which have a high above-
ground cover but a small fine root biomass. However, the Scots
pine fine root biomass was best related to the cover of vascular
plants, including not only dwarf shrubs but also grasses that
have a well-developed belowground root system.

Muukkonen et al. (2006) developed models for predicting
understory aboveground biomass based on percent cover.
Their biomass data for field layer aboveground vegetation
gathered from 23 stands in upland soils showed a similar range
(0–250 g m–2) as our root and rhizome biomass data from
southern Finland showed for the understory belowground (2 to
280 g m–2). The linear relationships between understory
aboveground biomass and percent cover (Muukkonen et al.
2006) compared with ours on belowground biomass show that
there may be more belowground than aboveground understory
biomass even in southern Finland. Old stands from northern
Finland were not represented in the study by Muukkonen et al.
(2006).

Because of the abundant understory, total fine root biomass
was larger in northern Finland in stands of both tree species,
resulting in a negative relationship between fine root biomass
and temperature sum. However, the northern and southern Fin-
land stands formed two clusters, within which there was no re-
lationship between fine root biomass and temperature sum.
This means that temperature sum alone is not a sensitive vari-
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Figure 8. Relationships between stand-level (a) Norway spruce fo-
liage:fine root biomass ratio, (b) basal area and (c) stem surface area
and fine root nitrogen (N) concentration (n = 8 stands). Symbols: � =
stands in northern Finland; and � = stands in southern Finland.

Figure 9. Relationship between fine roots and basal area for (a) Nor-
way spruce and (b) Scots pine (n = 8 stands for each species). Sym-
bols: � = stands in northern Finland; and � = stands in southern
Finland.

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/27/10/1493/1659213 by guest on 21 August 2022



able across sites within southern or northern Finland.
There was a positive relationship between fine root biomass

and the C:N ratio of the organic layer. The C:N ratio was
higher in the Norway spruce stands in northern Finland
(44–47) than in southern Finland (27–31). In the Scots pine
stands, the differences in C:N ratio between northern (42–45)
and southern Finland (33–53) were smaller because Scots
pine grows naturally on less fertile sites. According to a survey
by Tamminen (2000), the organic layer C:N ratio averages
46.6 in the least fertile and 24.3 in the most fertile site type
group in Finland.

The low percentage of dead fine roots in northern Finland
(< 45% of all roots for trees and < 20% for the understory) may
be related to the longevity of fine roots and rhizomes, or to dif-
ferences in the decomposition rate, which is, however, lower in
the north and significantly related to climate parameters
(Kurka et al. 2000). The longevity of fine roots in the north
could be related to the optimization of nutrient uptake with as
low carbon costs as possible for fine root production. Chapin
(1980b) hypothesized that the maintenance of long-lived,
high-density fine root systems may be more adaptive in nutri-
ent-poor soils and that fine root turnover rates are higher in fer-
tile soils. According to Janssens et al. (2002), increased root
longevity is favored under nutrient-poor conditions because of
the need to avoid nutrient losses through root mortality.

The depth distribution of the fine roots of both tree species

was more superficial in northern Finland than in southern Fin-
land, particularly in Norway spruce. In northern Finland, espe-
cially on the HMT site type, nitrogen availability, soil temper-
ature and oxygen availability decrease more sharply on mov-
ing into deeper mineral layers than in southern Finland, which
may contribute to the superficial fine root distribution in the
north.

The fine root biomasses in our study were measured in the
2–10-cm-thick organic layer and the underlying 30-cm-thick
mineral soil layer. Taking Norway spruce and Scots pine to-
gether, the proportion of fine root biomass in the deepest layer
(20–30 cm mineral soil) was only 7.5 ± 4.1% of the whole
core. Quantities of fine root biomass beyond the maximum
sampling depth of the organic layer plus 30 cm mineral soil
were likely, therefore, to have been insignificant.

We sampled fine roots during the period of seasonal maxi-
mum fine root biomass for Scots pine in Finland (Makkonen
and Helmisaari 1998). Other studies, e.g., those of Vanninen
and Mäkelä (1999) and Ostonen et al. (2005), report only
small temporal variation in Scots pine and Norway spruce fine
root biomass during the growing season. There is also annual
variation in fine root biomass, especially during periods with
extreme weather conditions, e.g., drought (Makkonen and
Helmisaari 1998). There was no drought in summer 1998 in
Finland.

Fine root biomass and stand characteristics

Needle biomass relative to fine root biomass was lower in
northern Finland than in southern Finland, and on less fertile
sites compared with fertile sites. In Scots pine, this was mainly
because of the larger fine root biomass in the north, but for
Norway spruce, it was a reflection of the smaller needle bio-
mass of the narrow-canopy trees in the north. This means that,
based on site nutrient availability, trees may optimize their re-
source allocation strategies between photosynthesizing nee-
dles and fine roots. If nutrient availability is low (because of
low soil fertility or a short growing season, or both), there is in-
creased biomass allocation belowground. Laboratory studies
have also shown that plants with a low N supply develop a low
shoot: root ratio (Ericsson 1995).
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Figure 10. Relationships between fine roots and basal area for Nor-
way spruce and Scots pine in (a) southern Finland (n = 14 stands)
based on data from this study (�) and Helmisaari and Hallbäcken
(1999) and Helmisaari et al. (2002) (�) and in (b) northern Finland
(n = 8 stands) based on data from this study (�) and Helmisaari and
Hallbäcken (1999) (�).

Figure 11. Relationship between understory root biomass (roots
< 5 mm) and shrub cover in Norway spruce (�) and Scots pine (�)
stands (n = 16 stands).
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The published range of root:shoot ratios is broad (Sant-
antonio 1989, Olsthoorn 1991, Haynes and Gower 1995,
Hendricks and Bianchi 1995). Our fine root:foliage ratios of
0.46–0.74 for Scots pine on Vaccinium (VT) and Calluna
(CT) site types in southern Finland were within the range re-
ported for Scots pine stands on CT site type (0.46–0.81) by
Vanninen and Mäkelä (1999). The lower fine root:foliage ra-
tios for Norway spruce (0.15–0.48) and the more superficial
rooting pattern compared with Scots pine is consistent with the
greater sensitivity of Norway spruce to drought.

The foliage:fine root ratio of Norway spruce was related to
basal area and stem surface area. The strong positive correla-
tion of these three parameters with fine root nitrogen concen-
tration implies that more fine roots are needed to maintain a
certain amount of foliage when nutrient availability is low (cf.
Keyes and Grier 1981, Vogt et al. 1983, 1985, 1987, Gower et
al. 1992, Vanninen and Mäkelä 1999). The strong correlations
between fine root N concentration and basal area, stem surface
area and C:N ratio of the organic layer suggest that fine root N
is strongly related to N availability at the site. In Finland, N is
the main nutrient restricting growth on upland soils
(Mälkönen et al. 1990).

The foliage:fine root ratio of Scots pine did not correlate
with basal area, stem surface area or fine root N concentration.
Both fine root N concentration and foliage:fine root ratio at the
individual sites had a narrower range than in Norway spruce.
Scots pine has the capacity for efficient retranslocation and
can satisfy a large part of its nutrient requirements through this
process (Helmisaari 1992a, 1992b), which partly explains
why Scots pine biomass allocation is less dependent on soil
nutrient availability.

Processes related to fine root biomass, such as resource allo-
cation and nutrient and water uptake, should be investigated on
an average tree basis, rather than by comparing stands with a
varying number of trees. No significant stand-level relation-
ships were found between stand parameters and fine root bio-
mass, whereas the relationships were apparent when both fine
root biomass and stand parameters were calculated for an aver-
age tree in the stand. Our stands were all past canopy closure,
and most were even-aged with only one canopy layer. Thus,
average tree parameters calculated by dividing the parameters
by the stand density were considered to be representative of
the trees in the stands. We were able to use this approach be-
cause we sorted the understory and tree roots separately, which
is rarely done (Kurz et al. 1996, Cairns et al. 1997).

Our foliage:fine root ratios demonstrate that estimates of
fine root biomass of the mean tree in a stand can be made from
stand-level needle biomass and stand density only. Needle bio-
mass first has to be estimated with biomass models, which
may introduce an additional source of error. Also, part of the
variation in needle biomasses will be lost when biomass func-
tions are used based on mean needle mass. We used the bio-
mass functions of Marklund (1987, 1988), which are based on
material from Sweden, which is climatically similar to Fin-
land; however, the northernmost plots in our study are located
at high latitudes not represented by material in the study of
Marklund (1987, 1988). Thus, the needle biomass estimates

for those plots are less reliable. Also, the function for Scots
pine needle biomass uses stand location as an independent
variable, whereas the functions for Norway spruce do not. Be-
cause the geographical range of our Norway spruce plots is
large (from latitude 60° to 68° N), this is a potential source of
bias.

Because of the difficulties and sources of error in estimating
needle biomass, other tree dimensions may prove to be more
useful for predicting fine root biomass. Most of the equations
predicting coarse root biomass on the basis of stand measure-
ments include tree diameter as one of the factors (Santantonio
et al. 1977, Bolte et al. 2004). Our results suggest a strong pos-
itive correlation between fine root biomass and basal area and
stem surface area per average tree. In southern Scots pine and
Norway spruce stands, an average tree with a similar fine root
biomass as in northern Finland had more than twice the basal
area. Therefore, the best relationships were those calculated
separately for northern and southern Finland, independently of
tree species. Based on data from the literature, Chen et al.
(2004) found statistically significant correlations between fine
root biomass tree–1 and stem diameter at the ground surface
for boreal and temperate forests. The standard error of the esti-
mation was high in their study because the data represented
studies that employed different methods, sampling times and
root sample depths.

Our study was focused on the boreal region, and we used the
same methods, sampling period and root sample depths for all
stands. We found significant relationships between fine root
biomass and needle:fine root biomass ratio and stand parame-
ters. Because basal area, stem surface area and stand density
can be estimated accurately and easily, our results may have
value in predicting fine root biomass at the tree level and, fur-
ther, at the stand level in boreal Norway spruce and Scots pine
forests.

Acknowledgments

This study formed a part of the research projects “Pools and fluxes of
carbon in mineral soils” and “The response of forest ecosystems to en-
vironmental factors” carried out at the Finnish Forest Research Insti-
tute. The authors are grateful to forest engineers Pekka Välikangas
and Reijo Hautajärvi, and to the staff of the Salla Office of the
Rovaniemi Research Unit for performing the time-consuming fine
root sorting. The authors are also grateful to Prof. Annikki Mäkelä
and Dr. Krista Lõhmus for constructive comments on the manuscript.

References

Ammer, C. and S.Wagner. 2005. An approach for modeling the mean
fine-root biomass of Norway spruce stands. Trees 19:145–153.

Bartelink, H.H. 1998. A model of dry matter partitioning in trees. Tree
Physiol. 18:91–101.

Bolte, A., T. Rahmann, M. Kuhr, P. Pogoda, D. Murach and K. v.
Gadow. 2004. Relationships between tree dimension and coarse
root biomass in mixed stands of European beech (Fagus sylvati-
ca L .) and Norway spruce (Picea abies [L.] Karst.) Plant Soil
264:1–11.

Cairns, M.A., S. Brown, E.H. Helmer and G.A. Baumgardner. 1997.
Root biomass allocation in the world's upland forests. Oecologia
111:1–11.

1502 HELMISAARI, DEROME, NÖJD AND KUKKOLA

TREE PHYSIOLOGY VOLUME 27, 2007

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/27/10/1493/1659213 by guest on 21 August 2022



Cajander, A.K. 1949. Forest types and their significance. Acta For.
Fenn. 56:1–69.

Chapin, III, F.S. 1980a. Nitrogen and phosphorus nutrition and nutri-
ent cycling by evergreen and deciduous understory shrubs in an
Alaskan black spruce forest. Can. J. For. Res. 13:773–781.

Chapin, III, F.S. 1980b. The mineral nutrition of wild plants. Annu.
Rev. Ecol. Syst. 11:223–260.

Chen, W., Q. Zhang, J. Cihlar, J. Bauhaus and D.T. Price. 2004. Esti-
mating fine-root biomass and production of boreal and cool tem-
perate forests using aboveground measurements: A new approach.
Plant Soil 265:31–46.

Claus, A. and E. George. 2005. Effect of stand age on fine-root bio-
mass and biomass distribution in three European forest
chronosequences. Can. J. For. Res. 35:1617–1625.

Ericsson, T. 1995. Growth and shoot:root ratio of seedlings in relation
to nutrient availability. Plant Soil 168/169:205–214.

Gower, S.T., K.A. Vogt and C.C. Grier. 1992. Carbon dynamics of
Rocky Mountain Douglas-fir: influence of water and nutrient avail-
ability. Ecol. Monogr. 62:43–65.

Gower, S.T., H.L. Gholz, K. Nakane and V.C. Baldwin. 1994. Produc-
tion and allocation patterns of pine forests. Ecol. Bull. 43:115–135.

Haynes, B.E. and S.T. Gower. 1995. Belowground carbon allocation
in unfertilized and fertilized red pine plantations in northern Wis-
consin. Tree Physiol. 15:317–325.

Heinonen, J. 1994. Koealojen puu- ja puustotunnusten
laskentaohjelma KPL. Käyttöohje. Summary. Computer
programme package for computing stand and single tree character-
istics from sample plot measurements. Metsäntutkimuslaitoksen
Tiedonantoja 504:1–80.

Helmisaari, H.-S. 1992a. Nutrient retranslocation in three Pinus
sylvestris stands. For. Ecol. Manage. 51:347–367.

Helmisaari, H.-S. 1992b. Nutrient retranslocation within the foliage
of Pinus sylvestris. Tree Physiol. 10:45–58.

Helmisaari, H.-S. 1995. Nutrient cycling in Pinus sylvestris stands in
eastern Finland. Plant Soil 168-169:327–336.

Helmisaari, H.-S. and L. Hallbäcken. 1999. Fine-root biomass and
necromass in limed and fertilized Norway spruce (Picea abies (L.)
Karst.) stands. For. Ecol. Manage. 119:99–110.

Helmisaari, H.-S, K. Makkonen, S. Kellomäki, E. Valtonen and
E. Mälkönen. 2002. Below- and aboveground biomass, production
and nitrogen use in Scots pine stands in eastern Finland. For. Ecol.
Manage. 165:317–326.

Hendriks, C.M.A. and F.J.J.A. Bianchi. 1995. Root density and root
biomass in pure and mixed forest stands of Douglas-fir and beech.
Neth. J. Agric. Sci. 43:321–331.

Janssens, L.A., D.A. Sampson, J. Curiel-Yuste, A. Carrara and
R. Ceulemans. 2002. The carbon cost of fine root turnover in a
Scots pine forest. For. Ecol. Manage. 168:231–240.

Kapeluck P.R. and D.H. Van Lear. 1995. A technique for estimating
below-stump biomass of mature loblolly pine plantations. Can.
J. For. Res. 25:355–360.

Keyes, M.R. and C.C. Grier. 1981. Above- and belowground produc-
tion in 40-year-old Douglas-fir stands on low and high productivity
sites. Can. J. For. Res. 11:599–605.

Kurka, A.-M., M. Strarr, M. Heikinheimo and M. Salkinoja-Salonen.
2000. Decomposition of cellulose strips in relation to climate,
litterfall nitrogen, phosphorus and C/N ratio in natural boreal for-
ests. Plant Soil 219:91–101.

Kurz, W.A., S.J. Beukema and M.J. Apps. 1996. Estimation root bio-
mass and dynamics for the carbon budget of the Canadian forest
sector. Can. J. For. Res. 26:1973–1979.

Laasasenaho, J. 1982. Taper curve and volume functions for pine,
spruce and birch. Commun. Inst. For. Fenn. 108:1–74.

Li, Z., W.A. Kurz, M.J. Apps and S.J. Beukema. 2003. Belowground
biomass dynamics in the Carbon Budget Model of Canadian Forest
Sector: Recent improvements and implications for the estimation
of NPP and NEP. Can. J. For. Res. 33:126–136.

Majdi, H. and P. Andersson. 2004. Fine root production and turnover
in a Norway spruce stand in northern Sweden: effects of nitrogen
and water manipulation. Ecosystems 8:191–199.

Majdi, H. and H. Persson. 1995. Effects of ammonium sulphate appli-
cation on the chemistry of bulk soil, rhizosphere, fine roots and
fine-root distribution in a Picea abies (L.) Karst stand. Plant Soil
168/169:151–160.

Makkonen, K. and H.-S. Helmisaari. 1998. Seasonal and yearly varia-
tions of fine-root biomass and necromass in a Scots pine (Pinus
sylvestris L.) stand. For. Ecol. Manage. 102:283–290.

Makkonen, K. and H.-S. Helmisaari. 2001. Fine root biomass and
production in Scots pine stands in relation to stand age. Tree
Physiol. 21:193–198.

Mälkönen, E., J. Derome and M. Kukkola. 1990. Effects of nitrogen
inputs on forest ecosystems. Estimation based on long-term fertili-
sation experiments. In Acidification in Finland. Eds. P. Kauppi,
P. Anttila and K. Kenttämies. Springer-Verlag, Berlin, Heidelberg,
pp 325–347.

Marklund, L.G. 1987. Biomass functions for Norway spruce in Swe-
den. Report No. 43. Department of Forest Survey, Swedish Univer-
sity of Agricultural Sciences, 127 p.

Marklund, L.G. 1988. Biomassafunktioner för tall, gran och björk i
Sverige. Sver. Lantbruksuniv. Inst. Skogstaxering. Rapp.-Skogg
45:1–73.

Muukkonen, P., R. Mäkipää, R. Laiho, K. Minkkinen, H. Vasander
and L. Finér. 2006. Relationship between biomass and percentage
cover in understorey vegetation of boreal coniferous forests. Silva
Fenn. 40:231–245.

Nielsen, C. 1990. Einflusse von Pflanzenabstand und Stammzahlhal-
tung auf Wurzelform, Wurzelbiomasse, Verankerung sowie auf die
Sturmfestigkeit bei Fichte. Schriften der Forstl. Fak. Der Univ.
Göttingen und der Nds. Forstl. Versuchsanstalt 100, pp 1–277.

Olsrud, M. and T.R. Christensen. 2004. Carbon cycling in subarctic
tundra: seasonal variation in ecosystem partitioning based on in
situ 14C pulse-labelling. Soil Biol. Biogeochem. 36:245–253.

Olsthoorn, A.F.M. 1991. Fine root density and root biomass of two
Douglas-fir stands on sandy soils in The Netherlands. 1. Root bio-
mass in early summer. Neth. J. Agric. Sci. 39:49–60.

Ostonen, I., K. Lõhmus and K. Pajuste. 2005. Fine root biomass, pro-
duction and its proportion of NPP in a fertile middle-aged Norway
spruce stand: comparison of soil core and ingrowth core methods.
For. Ecol. Manage. 212:264–277.

Persson H.A. 1983. The distribution and productivity of fine roots in
boreal forests. Plant Soil 71:87–101.

Persson, H., Y. von Fricks, H. Majdi and L.-O. Nilsson. 1995. Root
distribution in a Norway spruce (Picea abies (L.) stand) subjected
to drought and ammonium-sulphate application. Plant Soil
168/169:161–165.

Petersson, H. and G. Ståhl. 2006. Functions for below-ground bio-
mass of Pinus sylvestris, Picea abies, Betula pendula and Betula
pubescens in Sweden. Scand. J. For. Res. 21(Suppl. 7):84–93.

Rautjärvi, H., L. Ukonmaanaho and H. Raitio. 2002. Forest conditon
monitoring in Finland. National report 2001. The Finnish Forest
Research Institute, Research Papers 879, 117 p.

Salemaa, M. and L. Korpela. 2000. Results of the intensive monitor-
ing of forest ecosystems in 1998 (ICP Forests/Level II): Vegeta-
tion. In Forest Condition Monitoring in Finland—National Report
1999. Eds. L. Ukonmaanaho and H. Raitio. The Finnish Forest Re-
search Institute, Research Papers 782:47–54.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

FINE ROOT BIOMASS IN RELATION TO SITE AND STAND CHARACTERISTICS 1503

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/27/10/1493/1659213 by guest on 21 August 2022



Santantonio, D. 1989. Dry-matter partitioning and fine-root produc-
tion in forests—a new apprach to a difficult problem. In Biomass
Production by Fast Growing Trees. Eds. J.S. Pereira and J.J. Lands-
berg. Kluwer Academic Publishers, Dordrecht, pp 57–72.

Santantonio, D., R.K. Hermann and W.S. Overton. 1977. Root bio-
mass studies in forest ecosystems. Pedobiologia 17:1–31.

Sjörs, H., B. Jonsell and R. Elven. 2004. Features of Nordic environ-
ment and vegetation. In Flora Nordica. General Volume. Ed.
B. Jonsell. Stockholm, pp 37–100.

Tamminen, P. 1991. Kangasmaan ravinnetunnusten ilmaiseminen ja
viljavuuden alueellinen vaihtelu Eelä-Suomessa. Summary: Ex-
pression of soil nutrient status and regional variation in soil fertility
of forested sites in southern Finland. Folia For. 777, 40 p.

Tamminen, P. 2000. Soil factors. In Forest Condition in a Changing
Environment—The Finnish Case. Ed. E. Mälkönen. Forestry Sci-
ences. Kluwer Academic Publishers, Dordrecht, pp 72–86.

Trumbore, S.E. and J.B. Gaudinski. 2003. The secret lives of roots.
Science 302:1344–1345.

Vanninen, P. and A. Mäkelä. 1999. Fine root biomass of Scots pine
stands differing in age and site fertility in southern Finland. Tree
Physiol. 12:823–830.

Viro, P.J. 1952. Kivisyyden määrittämisestä. Summary: On the deter-
mination of stoniness. Commun. Inst. For. Fenn. 40, 23 p.

Vogt, K.A., C.C. Grier, C.E. Meier and M.R. Keyes. 1983. Organic
matter and nutrient dynamics in forest floors of young and mature
Abies amabilis stands in Western Washington, as suggested by
fine-root input. Ecol. Monogr. 53:139–157.

Vogt, K.A., D.J. Vogt, E.E. Moore, W. Littke, C.C. Grier and
L.I. Leney. 1985. Estimating Douglas-fir fine root biomass and
production from living bark and starch. Can. J. For. Res. 15:
177–179.

Vogt, K.A., D.J. Vogt, E.E. Moore, B.A. Fataga, M.R. Redlin and
R.L. Edmonds. 1987. Conifer and angiosperm fine-root biomass in
relation to stand age and site productivity in Douglas-fir forests.
J. Ecol. 75:857–870.

Vogt, K.A., D.J. Vogt, P.A. Palmiotto, P. Boon, J. O´Hara and
H. Asbjornsen. 1996. Review of root dynamics grouped by climate,
climatic forest type and species. Plant Soil 187:159–219.

1504 HELMISAARI, DEROME, NÖJD AND KUKKOLA

TREE PHYSIOLOGY VOLUME 27, 2007

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/27/10/1493/1659213 by guest on 21 August 2022


