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The major part of carbon (C) flow into forest soil consists of continually renewed fine roots and
aboveground litterfall. We studied the belowground C input from the fine root litter of trees and under-
storey vegetation in relation to their aboveground litterfall in two Norway spruce (Picea abies L.) stands
located in northern and southern Finland. The production of fine roots was estimated by using turnover
and biomass data from minirhizotrons and soil cores. The foliage litter production of trees was estimated
from litter traps, and that of the understorey vegetation from its annual growth and coverage. Finally, we
augmented the data with four spruce plots in Sweden in order to study the above- and belowground litter
ratios along latitudinal and soil fertility gradients.

The fine root biomass of spruce trees per stand basal area was almost double in the northern site
compared to the southern site. Furthermore, spruce fine roots in the north persisted significantly longer
(97 ± 2 weeks) than spruce roots in the south (89 ± 2 weeks) or understorey fine roots at both sites. The
annual production of tree foliage litter was higher in the southern stand, but the total amount of litter
(including trees and understorey, above- and belowground) was similar at both sites, as was the ratio
between the above- and belowground litter production.

The role of understorey vegetation was greater in the northern site where it was responsible for 23%
and 33% of below- and aboveground litter production, respectively, compared to 11% and 15% in the
south. Thus, both below- and aboveground understorey C input is substantial and should be taken into
account in ecosystem C cycle models.

The regression between the aboveground:belowground litter production-ratio and the C:N-ratio of the
organic layer (combined data from Finland and Sweden), showed that the share of belowground litter
production increased when site fertility decreased. This shift in the litter production pattern from above-
to belowground in the least fertile sites may have an impact on litter C quality and soil C storage.

� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

The largest pools of terrestrial organic carbon (C) are found in
soils, especially boreal forest soils and wetlands (IPCC, 2007). In
the boreal region, Picea forests have the highest forest floor C
stocks, followed by Pinus and broadleaf forests (Gärdenäs, 1998;
Ågren et al., 2007; Stendahl et al., 2010; Vesterdal et al., 2013). Soil
C stocks are controlled by the input of C by litter production and
the output of C by decomposition (heterotrophic respiration), auto-
trophic respiration and leaching. Forest floor C turnover is most
influenced by foliar litter quantity and quality, whereas mineral
soil C turnover is affected by root litter and dissolved organic C
(Vesterdal et al., 2013). Many studies have quantified C pools and
fluxes (Gaudinski et al., 2000; Lehtonen, 2005; Jansson et al.,
2008; Kleja et al., 2008; Hansson et al., 2013b), but as there are a
large number of influencing factors in each ecosystem the esti-
mates vary considerably.

Abundant data is available for C input through aboveground lit-
ter (Starr et al., 2005; Saarsalmi et al., 2007; Ukonmaanaho et al.,
2008), whereas belowground litter C input is more laborious to
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quantify. Therefore, it is often predicted using biomass allocation
functions (e.g. Marklund, 1987; Repola, 2009) and a constant turn-
over ratio. Several empirical methods exist for quantifying root
biomass and turnover rate and litter production, such as sequential
cores, ingrowth cores and nets, rhizotrons and minirhizotrons, all
with their pros and cons. Some of the methods give more compa-
rable results than others (Neill, 1992; Samson and Sinclair, 1994;
Makkonen and Helmisaari, 1999; Jose et al., 2001; Tierney and
Fahey, 2002; Ostonen et al., 2005; Guo et al., 2008b and references
therein, Gaul et al., 2009; Brunner et al., 2013). As a result, one of
the major uncertainties in C flow studies is estimating the fine root
litter production. According to Peltoniemi et al. (2004) fine root
turnover affected the average C stock and C accumulation rate
most when the turnover rate of other tree compartments were
kept constant. Fine root litter production ranged from 0.65 (with
low turnover) to three times (with high turnover) the needle litter
production.

For estimating fine root turnover, we used the minirhizotron
(MR) method, acknowledged by Hendricks et al. (2006) as the most
reliable method for root production estimates. In addition to choice
of the method, the extremely heterogenic soil environment and
continuously renewed roots also challenge root research. Changes
in environmental conditions, the length of the study period, verti-
cal distribution of roots in the soil, and root order and diameter
have all been shown to affect root survival (Godbold et al., 2003;
Baddeley and Watson, 2005; Guo et al., 2008a,b; Valenzuela-
Estrada et al., 2008; Kitajima et al., 2010). According to the cost-
benefit hypothesis (Eissenstat et al., 2000) fine roots should live
longer in harsh environmental conditions, where the construction
costs in means of expended C are higher, compared to the sites
with more favorable temperature, water and nutrient availability
conditions.

During the past few decades the main interest in forest research
has been in net primary production, whereas currently the whole C
cycle, especially the annual C input into the forest soil and the soil
C storage, has also become an important topic (Lehtonen, 2005; Lal,
2005; Meier and Leuschner, 2010; Hansson et al., 2013b). However,
litter or net primary production studies often focus either on the
aboveground or the belowground part, which results in a poor
understanding of the whole tree and stand level interactions. Com-
plete C cycle studies include soil C inputs by trees, understorey and
mycorrhizal fungi and C outflows by auto- and heterotrophic respi-
ration as well as by leaching. In Scandinavian conifer forests C cycle
studies have been performed e.g. by Lehtonen (2005), Kleja et al.
(2008), Ilvesniemi et al. (2009) and Hansson et al. (2013b). How-
ever, the conclusions regarding the major litter sources, or even
the C balance, have not been consistent.

Norway spruce (Picea abies (L.) Karst) is one of the two most
common coniferous tree species of the European boreal region. It
has a large canopy with 6–10 needle cohorts (Sander and
Eckstein 2001). Norway spruce does not shed needles of one needle
cohort at a time, but the long-term mean can be considered as
being equivalent to such a behavior. Norway spruce aboveground
litterfall has been quantified at many different sites in Scandinavia
(Bille-Hansen and Hansen, 2001; Saarsalmi et al., 2007;
Ukonmaanaho et al., 2008; Nilsen and Strand, 2013), but fine root
litter production only at a few sites (Majdi and Andersson, 2005;
Hansson et al., 2013a; Leppälammi-Kujansuu et al., 2014). The
annual aboveground understorey litter production is generally
estimated as being equal to annual growth (Helmisaari, 1995;
Schulze et al., 2009) or as biomass multiplied by turnover rate
(Lehtonen, 2005; Kleja et al., 2008; Hansson et al., 2013b). The con-
tribution of understorey to the total aboveground litter production
in spruce forests varies widely, between 14 and 35% (Kleja et al.,
2008; Hansson et al., 2013b). At northern latitudes, especially
belowground understorey vegetation is known to play an
important role in annual biomass production and carbon and
nutrient cycling (Helmisaari et al., 2007; Olsrud and Christensen,
2004; Kleja et al., 2008; Helmisaari, 1995). Nevertheless, it is still
neglected in most litter production studies. This may lead to sub-
stantial underestimations of C flux into the soil, as fine roots can
produce more biomass annually than the other parts of the tree
combined (Helmisaari et al., 2002), and half of the fine root bio-
mass in the soil can be understorey fine roots and rhizomes
(Helmisaari et al., 2007). According to Peltoniemi et al. (2006),
turnover rates of fine roots and understorey vegetation comprise
one of the most significant parameters for soil C stock. Overall, in
order to obtain a better understanding of the function of the whole
ecosystem, it is important to include both above- and belowground
parts of both trees and understorey in the analyses.

In this study two, and eventually six, climatically different Nor-
way spruce stands were investigated regarding their C input into
the soil via below- and aboveground litter production. The amount
of root-origin litter was determined from tree and understorey fine
roots and rhizomes and the quantity of aboveground litter from
foliage litterfall and from the litter produced by understorey vege-
tation. As the growing season is shorter and soil organic layer
C:N-ratios are higher in the north, we hypothesized that more of
the litter production would be directed belowground than above-
ground in the northern site compared to the southern site, in order
to guarantee sufficient acquisition of nutrients. Based on the
cost-benefit hypothesis, we expected that plants growing in the
northern site would have a longer root lifespan than plants grow-
ing in the south. We also hypothesized that the share of below-
ground litter production would increase along the latitudinal
gradient.
2. Material and methods

2.1. Site descriptions

The northern (N) site, Kivalo, was located in the northern boreal
region in Finnish Lapland (66�200N/26�400E) and the southern (S)
site, Olkiluoto, in the southern boreal region in Eurajoki, south-
western Finland (61�130N/21�280E) (Fig. 1). Understorey vegetation
at Kivalo represented mesic site type (Hylocomium–Myrtillus type,
HMT) and the most abundant species were Vaccinium myrtillus and
forest mosses (Pleurozium schreberi, Hylocomium splendens and
Dicranum spp.). Olkiluoto represented a more fertile site type (Oxa-
lis–Myrtillus type, OMT) and was characterized by an abundant
forest moss layer with many herb and fern species. The cover of
dwarf shrubs was only 2–4% (Aro et al., 2012). Soil type in Kivalo
was podsolic loamy sand (Smolander and Kitunen, 2011) and in
Olkiluoto fine-textured till (Rautio et al., 2004). At Olkiluoto, there
were birch trees (17% of overall tree number) growing among the
spruces. Root biomass and foliage litterfall of these birch trees
were excluded from the data. Stand, climate and soil characteris-
tics of the sites are described in Helmisaari et al. (2009), Aro
et al. (2012) and in Tables 1 and 2.

For widening the variation in above- and belowground litter C
input and discussing it in relation to site nutrient availability, we
included four additional Norway spruce sites from a north–south
transect in Sweden (Fig. 1): Flakaliden (64�070N/19�270E), and
Knottåsen (61�000N/16�130E) in the boreal zone, Asa (57�080N/
14�450E) in the boreo-nemoral zone (Kleja et al., 2008) and
Tönnersjöheden (56�400N/13�030E) in the cold temperate vegeta-
tion zone (Hansson et al., 2011). Climatic conditions (Table 1) as
well as nutrient availability change along the latitude gradient:
Tönnersjöheden, the southernmost site, is a site with high N
deposition (18 kg ha�1 yr�1, Bergholm et al., 2003), leading to high
N mineralization and availability (Olsson et al., 2012) whereas at



Fig. 1. Location of the study sites in Finland and four extra sites in Sweden.

Table 2
Soil characteristics. Stoniness is an average between the plots unless only one plot is
included. The pH and C:N-ratio of the organic layer at the sites were provided by
Smolander and Kitunen (2002), Potila et al. (2007), Hansson et al. (2011) and Berggren
et al. (2004).

Organic layer Mineral soil

Thickness (cm) pH C:N-ratio Stoniness (%)

Finland Kivalo 4.4 4.0 32 25
Olkiluoto – 3.9 24 34

Sweden Flakaliden 2.3 4.2 40 26
Knottåsen 3.4 4.2 35 44
Asa 4.8 3.6 32 33
Tönnersjöheden 6.7 4.1 24 39
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Flakaliden, the northernmost site, the annual N deposition load is
on the same level as at Kivalo (less than 3 kg ha�1 yr�1, Lindroos
et al., 2007; Kleja et al., 2008) and N mineralization and availability
were low (Smolander and Kitunen, 2002; Andersson et al., 2002).
2.2. Minirhizotrons

Fine root elongation and longevity were monitored using the
MR method (Majdi et al., 2005). At Kivalo, nine MR tubes, three
in each of the three plots (25 m � 25 m), were installed vertically
in the soil in 2003. At Olkiluoto, five MR tubes were installed in
June 2007. Due to high stone content of the soil at Olkiluoto
(Table 2) horizontal tubes were also used: two vertical and three
horizontal tubes were inserted in the soil of one (30 m � 30 m)
plot. At both sites, image collection with the MR camera (BTC-2;
Bartz Technology, Santa Barbara, USA) started one year after the
installation, continuing through three growing seasons. Roots were
photographed 11 times at Kivalo in 2004–2006 and 15 times at
Olkiluoto in 2008–2010 (Table 3). Images of 1.1 � 2.0 cm were
Table 1
General stand and climate characteristics of the study sites. The stand characteristics w
Tönnersjöheden in 2009 (Aro et al., 2010; Hansson et al., 2011) and at the other Swedish sit
precipitation (MAP), mean annual temperature (MAT) and mean length of the growing sea
the dataset of the Finnish Meteorological Institute, and in Sweden 1961–1990, Alexanders
Staaf, 1995). Ba = stand basal area.

Stem density (ha�1) Ba (m2 ha�1) Mean stem D (cm

Finland Kivalo 939 20 18
Olkiluoto 667 31 31

Sweden Flakaliden 20
Knottåsen 18 11
Asa 1528 26
Tönnersjöheden 614 29 25
taken continuously on two sides of each tube, and the total length
of the image column was 10–19 cm in the vertical tubes and 57 cm
in the horizontal tubes. A total of 8452 images were taken during
the study period, of which 2849 at Kivalo and 5603 at Olkiluoto.

The survival of fine roots was analyzed by RooTracker (Duke
University, Durham, N.C.) (Kivalo) and WinRHIZOTron MF 2005
(Regent, Quebec, Canada) (Olkiluoto) softwares. As root orders
(Pregitzer et al., 2002) are difficult to trace with the MR method
(Withington et al., 2006), we considered every segment (mostly
root tips) as an individual root; remembering that distal roots
could not survive if the connected higher order root had died. All
traced roots from the first session (404 of the 3563 roots) were
excluded from the analysis because the birth time of the fine roots
was unknown. Appeared roots were followed until estimated to be
dead on the basis of visual criteria: unsuberized, turgid roots
turned to dark brown/black (grass roots light brown), wrinkled
and produced no new roots in subsequent viewings. The time of
death and birth were fixed in the midpoint between the sessions.
The disappeared roots were treated as ‘‘censored’’ because in our
earlier paper (Leppälammi-Kujansuu et al., 2014) we showed that
only a small fraction of the disappeared roots were actually grazed.
Most roots disappeared for other reasons (e.g. became covered by
fungal mycelia, other roots or soil), and were thus presumably still
alive at the time of disappearance. Likewise, roots living at the end
of the monitoring period were treated as censored. For the survival
analysis, the data from all MR tubes per site were combined.

The mean diameter (D), length and location of each root and
ectomycorrhizal (EcM) root tip were recorded, and the roots were
classified as tree, dwarf shrub or grass/herb roots. The fine roots
were divided in five D classes: 1: <0.2 mm, 2: 0.2–0.3 mm, 3:
0.3–0.4 mm, 4: 0.4–0.5 and 5: >0.5 mm. The longevity of fine roots
was analyzed separately for two depths: (1) topsoil: all the fine
roots growing in the horizontal tubes plus those growing in the
upper five centimeters of the vertical tubes and (2) mineral soil:
the rest of the fine roots in the vertical tubes. As MR tubes at the
sites were of different length (i.e. different total image area per
tube), the number of MR tubes could not be used for comparing
the total elongation or the number of fine roots. Therefore, when
ere measured at Kivalo in 2000 (Smolander and Kitunen, 2002), at Olkiluoto and
es in 2001 (Kleja et al., 2008; Berggren et al., 2004). In both countries the mean annual
son (>5 �C, MLGS) were calculated for a 30-yr period (in Finland 1981–2011, based on
son et al., 1991; Kleja et al., 2008), except the MLGS at Tönnersjöheden (Olsson and

) Age of dominant trees (yr) MAP (mm yr�1) MAT (�C) MLGS (d yr�1)

74 517 0.7 112
96 545 5.3 162
42 523 1.2 120
37 613 3.4 160
38 688 5.5 190
54 1053 6.4 204
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comparing the number or the elongation of fine roots between the
sites, the variable was divided by the number of images filmed per
session at each site. For comparing the mean D of a fine root of the
sites the independent samples t-tests (IBM SPSS Statistics 20) were
used with the level of statistical significance of a = 0.05, and each
side of the MR tube was considered as an independent replicate
(10 in Olkiluoto, 17 in Kivalo).

We estimated the median and mean longevity of the fine roots
as well as differences between the survival probabilities of differ-
ent groups by a parametric regression model with Weibull error
distribution (Weibull, 1951) using the SurvReg function in the R
program (R 2.13.0). In order to provide comparability with many
earlier fine root publications, we also estimated the median
longevity of fine roots using the non-parametric Kaplan–Meier sur-
vival function (Surv function in the R program) (Kaplan and Meier,
1958). The regression model uses the survival data more effectively
than the Kaplan–Meier function through the assumption of equal
variances of longevity in different treatment classes.

2.3. Root sampling

For the fine root measurements, sixty soil cores at Kivalo
(40 mm in D, in August 1999, twenty cores per plot) and six soil
cores at Olkiluoto (60 mm in D, in August 2008) were randomly
sampled. Autumn sampling was chosen on the basis of the results
of previous boreal conifer studies, according to which the seasonal
maximum fine root biomass occurs at the end of the growing sea-
son (Makkonen and Helmisaari, 1998; Ostonen et al., 2005). At
Kivalo the organic layer was separated and thereafter the mineral
soil was divided into 10 cm layers. At Olkiluoto, we did not
separate the organic layer but instead divided the cores into
5 cm layers, because the organic layer was not clearly distinguish-
able and the upper mineral soil layer consisted of a mixture of
organic and mineral soil. Owing to the high stoniness of the site,
the maximum sampling depth at Olkiluoto was only 15 cm
whereas at Kivalo it was 34 cm. The stoniness of each plot (Table 2)
was taken into consideration when calculating the dry mass of the
weighed fine roots in the mineral soil by using the stoniness index
(Viro, 1952; Tamminen, 1991).

Roots were wet-sieved and sorted under a dissecting microscope
into different tree species, understorey, biomass and necromass cat-
egories according to their color, elasticity and toughness (Persson,
1983). Understorey roots were further separated into dwarf shrub
roots and grass & herb roots. Roots smaller than 2 mm were
regarded as fine roots (Persson, 1983; Vogt et al., 1983), and living
tree fine roots (plus understorey fine roots at Olkiluoto) were fur-
ther sorted into two D classes: 1–2 mm or <1 mm, the latter includ-
ing EcM short root tips. As practically all spruce root tips are
colonized by EcM in boreal spruce forests (Taylor et al., 2000), no
separation between EcM and non-EcM root tips was made. At both
sites 10% of the roots in each sorted sample of living roots <1 mm in
D were used for counting the number of EcM tips on short roots
with the aid of a microscope, and weighed separately. The root sam-
ples were dried at 70 �C for 48 h, and weighed.

2.4. Below- and aboveground litter production

For estimating the belowground litter production the median
fine root age of trees and understorey in the stands perceived from
the survival analyses and the fine root biomass data from the soil
cores of the same stands were used. As the majority (99.8%) of
the fine roots traced for the survival analysis was <1 mm in D, only
the biomass of the tree roots <1 mm in D was used in the produc-
tion calculations. For understorey the fine root biomass <2 mm in D
was used because at Olkiluoto all shrub fine roots and 34% of grass
fine roots were <1 mm in D. Thus, the error resulting from using a
different upper D was considered to be minor. For estimating the
annual fine root production (kg ha�1), fine root biomass (kg ha�1)
in different soil layers was divided by the fine root turnover time
(yr) in the topsoil and the mineral soil.

At Kivalo, the aboveground litterfall of the understorey vegeta-
tion was assessed in 2000 by Nieminen and Smolander (2006).
Their estimate, 100 g m�2 yr�1, was used as a proxy of the annual
aboveground understorey litterfall at Kivalo.

At Olkiluoto, the aboveground litterfall of the understorey veg-
etation was estimated according to the annual biomass in August
2008. Six vegetation-humus squares sized 30 cm � 30 cm were
chosen in the buffer zone of the vegetation monitoring plot
(30 m � 30 m). The monitoring design of vegetation is described
in Aro et al. (2012). The squares were located systematically along
one side of the plot and the total studied area was 0.54 m2. The
organic layer (including the ground litter) and all the ground veg-
etation growing on each square was removed in one piece. The
understorey vegetation was divided according to plant species
and the current-year growth; older living parts and dead biomass
were separated, oven-dried (60 �C) and weighed.

The aboveground tree foliage litterfall was collected by 12
conical traps located systematically on the stands. The traps had
a collection area of 0.5 m2 and were placed 1.5 m above ground
level. The collection took place about once a month during the
growing season during the period of October 1999 – October
2002 at Kivalo, and from November 2007 to the end of October
2011 at Olkiluoto. The samples were oven-dried, sorted to needles
and other components (leaves, twigs, cones and all other material)
and weighed. We excluded birch leaf litter from the aboveground
litter production of Olkiluoto, and pooled other components than
needle litter. The average annual litter production of the collection
period is reported. For further information about the foliage litter-
fall at the sites, see Aro et al. (2012) and Ukonmaanaho et al.
(2008). The total annual litter production was calculated by com-
bining the above- and belowground litter production. The flux of
C was estimated as 50% of the litter production.

We augmented the data with four spruce plots in Sweden in
order to study the above- and belowground litter ratios along lat-
itudinal and soil fertility gradients. The original data from Flakal-
iden, Knottåsen and Asa was published in Kleja et al. (2008) and
from Tönnersjöheden by Hansson et al. (2013a,b). We used the
data published in these papers to calculate aboveground:below-
ground litter production-ratio against the organic layer C:N-ratio.
However, our fine root production data from Tönnersjöheden dif-
fers from the papers by Hansson et al. (2013a,b) as we calculated
belowground spruce root litter production for roots <1 mm in D
instead of <2 mm in D published in Hansson et al. (2013a,b).
3. Results

3.1. Fine roots and mycorrhiza

We observed and followed the lifecycle of a total of 2323 new
fine roots at the Kivalo site and 834 roots at the Olkiluoto site, of
which 40% and 58%, respectively, were spruce roots and the rest
understorey roots and rhizomes. Practically all traced roots
(99.8%) were <1 mm in D. The mean D of spruce fine root differed
significantly (P < 0.01) between the sites (0.27 ± 0.08 mm at Kivalo
and 0.32 ± 0.10 mm at Olkiluoto, measured with the MR method)
(Fig. 2a). For the understorey the corresponding numbers for the
mean root D were 0.20 ± 0.09 mm at Kivalo and 0.27 ± 0.12 mm
at Olkiluoto (Fig. 2b), with only a tendency of thinner understorey
roots at Kivalo (P = 0.082).

We compared the number and the elongation of roots per MR
image between the sites. For this, at both sites, the total number



Fig. 2. Diameter class distribution of (a) spruce fine roots and (b) understorey roots and rhizomes at the Kivalo (N) and Olkiluoto (S) study sites.

J. Leppälammi-Kujansuu et al. / Forest Ecology and Management 326 (2014) 79–90 83
and total elongation of spruce fine roots were divided by the num-
ber of MR images per session. There were more than twice as many
spruce fine roots and twofold root elongation per image at Kivalo
than at Olkiluoto (3.6 roots and 12.4 mm elongation vs. 1.3 roots
and 4.9 mm elongation at Kivalo and Olkiluoto, respectively)
(Fig. 3).

Spruce fine root biomass (<1 mm in D) was similar at the two
sites (336 g m�2 and 285 g m�2 at Kivalo and Olkiluoto, respec-
tively, Fig. 4a) although the sampling depth was lower at Olkiluoto
due to high stoniness of the soil. However, taking into account the
stand size, i.e. calculating fine root biomass on the basis of stand
basal area, the tree fine root biomass at Kivalo was almost double
compared to that at Olkiluoto (Fig. 4b). The percentage of spruce
roots <1 mm in D of spruce roots <2 mm in D was 66% and 67%
at Kivalo and at Olkiluoto, respectively.

Understorey fine root biomass (<2 mm in D) was three times
higher at Kivalo than at Olkiluoto (Fig. 4c). In the north, shrubs
formed the greatest part of this biomass (82%) whereas in the
south, practically all understorey fine roots were grass/herb roots.
The share of understorey of total fine root biomass (<2 mm in D)
was 17% at Kivalo and 7% at Olkiluoto.

Both the frequency and the number of EcM root tips per square
meter were substantially higher at Kivalo than at Olkiluoto
(Fig. 5a); at Kivalo the average number of EcM root tips mg�1 of
fine root was 6.9 whereas at Olkiluoto the frequency was 4.5
EcM root tips mg�1 of fine root (<1 mm in D). The number of EcMs
per stand basal area was fourfold at Kivalo compared to Olkiluoto
(Fig. 5b).

3.2. Fine root survival

At the end of the 3 yr study period, 54% and 20% of all tree fine
roots had died at Olkiluoto and Kivalo, respectively. The share of
disappeared roots was the same at both sites (26%).

The survival of spruce fine roots in the northern site was signif-
icantly higher than in the southern site (P < 0.05), and higher than
Fig. 3. Spruce root elongation (mm) and the number of spruce roots per MR image
at Kivalo (N) and Olkiluoto (S).
the survival of understorey fine roots at both sites (Table 3). There
was no substantial difference in the median longevities between
the regression model with the Weibull error distribution and the
Kaplan–Meier survival function (Table 3). By treating the disap-
peared roots as dead instead of censored the median root longev-
ities were 16–26% shorter in the regression model with Weibull
error distribution, and 15–41% shorter estimated by Kaplan–Meier
survival function (data not shown).

At Olkiluoto, soil depth did not affect either spruce or understo-
rey root survival. At Kivalo, roots growing in the topsoil had shorter
longevity than roots growing in the mineral soil (P < 0.01, Table 3).
The percentage of traced spruce fine roots in the topsoil and min-
eral soil were 79% and 21% at Olkiluoto, whereas at Kivalo the cor-
responding distribution was even.

The comparison of the root cohorts born in the first filming year
strongly indicated a shorter lifespan of the roots born during the
winter months (Fig. 6a–d), but at Olkiluoto the number of roots
in some cohorts was low. During the whole study period, most of
the fine roots (both spruce and understorey) were born in July
and August. According to the total number of deaths, one third of
deaths occurred outside the growing season. However, as the per-
iod lengths were not even, we standardized them by dividing the
number of deaths by the number of weeks in each period. After this
correction, the majority of spruce and understorey roots died in
August and in July, respectively.

3.3. Below- and aboveground litter C

The total below- and aboveground litter C flux (including trees
and understorey) was 272 and 235 g C m�2 yr�1 at Kivalo and
Olkiluoto, respectively (Table 4). The aboveground:belowground
litter production ratio was 1.3 for Kivalo and 1.5 for Olkiluoto. At
the northern site, the understorey litter comprised 28% of the total,
whereas the corresponding figure at the southern site was 13%.

The annual belowground C input from fine root litter, both tree
and understorey, was higher at Kivalo than at Olkiluoto (Table 4).
The share of understorey fine root litter of the belowground litter
production was 23% and 11% at the northern and southern site,
respectively.

The annual aboveground litter C input from foliage and under-
storey was almost equal at Kivalo (153 g C m�2) and Olkiluoto
(142 g C m�2) even though aboveground understorey litter produc-
tion was 2.4 times higher at Kivalo than at Olkiluoto (Table 4). At
both sites tree foliage litter production varied between the years
(data not shown), but the average foliage litterfall was 1.2 times
higher at Olkiluoto than at Kivalo (2419 and 2067 kg ha�1 yr�1 at
Olkiluoto and Kivalo, respectively, Table 4). Needle litter consisted
of 50% and 46% of total foliar litterfall at Olkiluoto and Kivalo,
respectively (average between the years). At Kivalo, the above-
ground understorey litter consisted mainly of mosses (coverage
37%) and bilberry (coverage 22%) (Nieminen and Smolander,
2006), whereas at Olkiluoto 58% of annual biomass production
(dry weight g m�2) was produced by mosses (Haapanen, 2010).



Table 3
Median (weeks ± se) longevity of Norway spruce and understorey fine roots at the
Kivalo and Olkiluoto study sites estimated by the regression model with Weibull error
distribution, at two soil depths. Median longevity (with 95% confidence limits)
estimated by the Kaplan–Meier survival function resulted in nearly similar values as
the regression model, with significant (P < 0.01) differences in spruce fine root
survival between the sites. N = number of roots.

Spruce Understorey

Kivalo Olkiluoto Kivalo Olkiluoto

N 930 487 1393 347
Weibull 97 ± 2b 89 ± 2a 86 ± 1a 86 ± 2a

Kaplan–Meier 102 (102–107) 93 (84–98) 98 (83–98) 98 (79–98)
Topsoil 103 ± 3b 89 ± 2 104 ± 3d 87 ± 2
Mineral soil 89 ± 3a 89 ± 7 77 ± 1c 92 ± 11

The letters (a–b, a–b and c–d) indicate significant (P < 0.01) differences between the
groups.
Image collections at Kivalo 23.6.2004; 27.7.2004; 25.8.2004; 5.7.2005; 4.8.2005;
1.9.2005; 27.9.2005; 31.5.2006; 11.7.2006; 9.8.2006; 12.9.2006.
Image collections at Olkiluoto 26.6.2008; 15.8.2008; 11.9.2008; 15.10.2008;
26.5.2009; 1.7.2009; 4.8.2009; 3.9.2009; 6.10.2009; 18.5.2010; 22.6.2010;
27.7.2010; 1.9.2010; 5.10.2010; 18.5.2011.

Fig. 4. Spruce fine root biomass (<1 mm in D) per (a) square meter (m2), (b) stand basal area (ba), and (c) understorey fine root biomass (<2 mm in D) g m�2 at Kivalo (N) and
Olkiluoto (S). Bar indicate standard deviation; Kivalo n = 3, Olkiluoto n = 1.

Fig. 5. Number of ectomycorrhizal (EcM) root tips per (a) mg of fine root (<1 mm in D) and (b) stand basal area (ba) at Kivalo (N) and Olkiluoto (S). Bar indicate standard
deviation; Kivalo n = 3, Olkiluoto n = 1.
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The inclusion of data from four more Norway spruce stands,
Tönnersjöheden, Asa, Knottåsen and Flakaliden (Fig. 1) along a
north–south gradient, allowed us to examine relations of below-
ground and aboveground litter production with more data. The
aboveground tree litterfall decreased significantly towards the
higher organic layer C:N-ratio (P < 0.01), and to a lesser extent
towards the lower stand basal area (P < 0.05). For trees, the total
litter C input (including below- and aboveground) tended to
decrease towards higher C:N-ratios (R2 = 0.59, P = 0.08) (Fig. 7a),
whereas for the understorey the trend was the opposite
(R2 = 0.64, P = 0.06) (Fig. 7b). The southernmost site, Tönnersjöhe-
den, was the most fertile site (lowest C:N-ratio), with highest for-
est productivity highest site index and here the tree foliage
litterfall was 2.2 times higher than the belowground litter C input
(Fig. 7c). At the least productive sites the share of belowground lit-
ter C input was almost equal to the aboveground input. Thus, the
shift in allocation from aboveground to belowground did not fol-
low tree age, latitude or the length of growing season gradient
(P > 0.05) but rather the organic layer C:N-ratio gradient
(R2 = 0.70, P < 0.05) (Fig. 7c).
4. Discussion

4.1. Fine root biomass and morphology

The sites clearly differed in climate, with lower mean annual
temperature and a shorter growing season at Kivalo than at Olkilu-
oto. Both sites were rather fertile, but fertility is always connected
to site location through climate, especially the length of the grow-
ing season. A fertile site in Lapland is not comparable to a fertile



Fig. 6. Survival curves of spruce and understorey fine root cohorts born during the first year of image acquisition (2004–2005 at Kivalo, 2008–2009 at Olkiluoto).

Table 4
The annual belowground (BG) C input (C g m�2) into the different soil depths via fine roots and aboveground (AG) litter C in six Norway spruce stands along a latitudinal gradient.
The original data from Flakaliden, Knottåsen and Asa was published in Kleja et al. (2008) and from Tönnersjöheden partly by Hansson et al. (2013a,b).

Belowground Aboveground BG % of total

Topsoil Mineral soil Sum spruce US BG total Needles Branches Other Sum spruce US AG total

Kivalo 43 48 91 27 118a 48 4 51 103c 50e 153 43
Olkiluoto 26 57 83 10 93b 59 18 43 121d 21f 142 40
Flakaliden 9 48 57 41 98 60 32 92 62
Knottåsen 38 44 82 50 132 68 33 101 66
Asa 22 62 84 17 101 101 17 118 50
Tönnersjöheden 38 19 57 1 58 128 24 152 31

a Soil coring in 1999, MR image collection 2004–2006.
b Soil coring in 2008, MR image collection 2008–2010.
c Foliage litter trapping 2000–2002.
d Foliage litter trapping 2008–2011.
e Vegetation analysis & ground vegetation sampling 2000.
f Vegetation analysis & ground vegetation sampling 2008.
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site in southern Finland, which can also be seen from the higher
C:N-ratio in the organic layer (Table 2) and lower net N minerali-
zation rate (Potila et al., 2007; Olsson et al., 2012) at Kivalo com-
pared with Olkiluoto. Due to differences in site conditions, root
characteristics and litter production at the sites were not expected
to be identical.

At higher northern latitudes with a lower temperature sum,
spruce short roots have been shown to grow thinner and longer
(Ostonen et al., 2007, 2011), to have more EcM root tips
(Helmisaari et al., 2009) and fine root biomass (Helmisaari et al.,
2007) in relation to foliage mass and basal area than trees growing
at lower latitudes. In this study there were similar trends: Firstly,
the fine root biomass per square meter at the sites was almost equal,
but calculating per stand basal area there was a clear difference:
spruces in the north had twofold higher fine root biomass than
spruces at Olkiluoto. Secondly, the morphology of fine roots at the
sites differed: fine roots tended to be thinner and grow more length
in the north than in the south. This is supported by the earlier cli-
mate gradient studies where the Norway spruce EcM root tips were
observed to be 2.1 times longer and significantly thinner in the
northern Finland than in Germany (Ostonen et al., 2011, 2013).
Thirdly, the frequency of EcM root tips and the number of EcM roots
per stand basal area at Kivalo were multiple compared to Olkiluoto.
This is in accordance with the result of Helmisaari et al. (2009) and
Ostonen et al. (2007, 2011), who reported increases in root tip num-
bers along the latitudinal gradient (up to tenfold).



Fig. 7. The total litter production of (a) Norway spruce and (b) understorey, as well as c) tree aboveground (AG):belowground (BG)-ratio in relation to organic layer C:N-ratio.
The original data from Flakaliden, Knottåsen and Asa was published in Kleja et al. (2008) and from Tönnersjöheden partly by Hansson et al. (2013a,b).
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Trees growing at higher latitudes turn to the extensive foraging
strategy, increasing fine root biomass and length to enlarge root
absorbing area and to provide sufficient water and nutrient uptake
(Ostonen et al., 2011). Our results showed clearly higher fine root
elongation rate, biomass and EcM tip number per stand basal area
in the north, supporting that concept. Lower fine root elongation,
biomass and root tip number per stand basal area in the southern
site might indicate higher nutrient uptake efficiency of fine root
area unit (intensive foraging), which has been achieved by mor-
phological adaptations or changes in associated microbial and
mycorrhizal symbionts (Lõhmus et al., 2006; Ostonen et al.,
2011). An increase in the number of mycorrhizal root tips in the
north is also in accordance with the increased share of organic N
uptake in the low-productivity forests (Nordin et al., 2001;
Kielland et al., 2007), where mycorrhizal communities are known
to be able to degrade polymeric N compounds and to absorb amino
acids for growth (Näsholm et al., 2009).

The share of understorey of all fine root biomass (<2 mm in D)
was 17% at Kivalo and 7% at Olkiluoto. These figures are within the
range of reported values from northern (16–43%) and southern (1–
14%) Norway spruce stands (Helmisaari et al., 2007), and reflect the
thinner crown of the northern Norway spruce, which allows more
light to penetrate to the forest floor. The share of spruce fine
roots <1 mm in D of roots <2 mm in D (66% and 67% at Kivalo and
Olkiluoto, respectively) was also comparable to the reported
percentages in Sweden (62%, Leppälammi-Kujansuu et al., 2013),
Estonia (66%, Ostonen et al., 2005), Finland (55%, Helmisaari et al.,
2007) and Norway (41–55%, Børja et al., 2008). Ectomycorrhizal
short root tips have been reported to account for 50% of the
biomass of spruce roots less than 1 mm in D (Helmisaari et al.,
2009), which are generally of first and second order (Ostonen
et al., 2011).

4.2. Root survival

Spruce fine roots lived longer at the northern site (Kivalo) than
at the southern site (Olkiluoto). This is in line with the results of
several publications on temperature and fertility gradients
(Hendrick and Pregitzer, 1993; Eissenstat and Yanai, 1997; Gill
and Jackson, 2000; Nadelhoffer, 2000; Yuan and Chen, 2010), and
also with the observation that roots tend to exhibit low mortality
rates over winter (Hendrick and Pregitzer, 1993; Andersson and
Majdi, 2005). At Kivalo, the winter is longer and the snow cover
thicker than at Olkiluoto. Thick snow cover provides protection
against deep soil frost (Solantie, 2000) but also delays soil thawing.
Delayed soil thawing experiments have shown cold soil tempera-
tures to be associated with lower water and nutrient uptake, espe-
cially nitrogen (Repo et al., 2007; Dong et al., 2001), which also
relates to lower availability. Fine root nitrogen concentration has
been shown to be lower at Kivalo than at Olkiluoto (Helmisaari
et al., 2007; Haapanen, 2009), which is in accordance with the
decreasing trend of nitrogen concentration of Norway spruce fine
roots along a latitudinal gradient (Högberg et al., 1998). On the
other hand, fine root nitrogen concentrations have been shown
to correlate positively with fine root mortality (Pregitzer et al.,
1995; Majdi and Andersson, 2005; Withington et al., 2006;
McCormack et al., 2012). Mild winters in the south may also have
caused cryoturbation (frost churning), and stress to the plant roots
(Tierney et al., 2001; Kreyling et al., 2012), and thus may have
decreased the spruce fine root lifespan in the south.

At the northern site, fine roots lived longer in the mineral soil,
whereas at the southern site fine root longevity was not related
to the soil layer. At Olkiluoto soils are pedologically young (500–
2000 years) and weakly developed (Tamminen et al., 2007) due
to their location on a land-up lift area, whereas Kivalo soils are
fully developed podzols, with a thick moss layer limiting the
surface soil temperature (Sirén, 1955). The birches growing among
the spruces at Olkiluoto may also have altered the soil properties
(Smolander and Kitunen, 2002; Smolander et al., 2005;
Smolander and Kitunen, 2011). Bioturbation and root grazing
(Stevens and Jones, 2006) were probably higher at the southern
site, which was the case in Southern Sweden compared to Kivalo
(Olsson et al., 2012). Furthermore, moss and shrub-dominated
understorey vegetation contributed to the development of the
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thick organic humus layer at Kivalo, whereas moss and
herb-dominated understorey at Olkiluoto produced a more favor-
able organic layer. Also, due to the high stoniness in Olkiluoto soils,
horizontal MR tubes were also used, which led to a considerably
higher proportion of fine roots in the organic layer than in the min-
eral soil.

Seasonality affects fine root longevity, as has been widely
observed (Johnson et al., 2000; Kern et al., 2004; Andersson and
Majdi, 2005; Finér et al., 2011; Gu et al., 2011; Wu et al., 2013).
By using the MR method we confirmed that fine roots mostly grew
in the late summer and early autumn (July–August), corresponding
to the root growth maximum reported by Hansson et al. (2013a)
and Noguchi et al. (2005). In boreal conditions, Norway spruce root
growth in early summer is likely to be hindered by low soil tem-
peratures. We also recorded that fine roots born in the end of the
growing season (after shoot growth), when the soil was still warm
and sufficient C was available, had better survival compared to
roots born outside the growing season. The result is comparable
to the seasonality of Norway spruce fine root survival in the Flakal-
iden soil warming experiment (Leppälammi-Kujansuu et al., 2014).
The effects of seasonal changes in carbohydrate availability on root
lifespan were also discussed by Anderson et al. (2003) and
Eissenstat and Yanai (1997).

The survival of understorey fine roots at both sites was compa-
rable to spruce survival at Olkiluoto, which is in line with the
results of Hansson et al. (2013a) who found no significant
difference between the longevity of understorey fine roots and
birch/pine fine roots of similar D class. In some studies, understo-
rey fine roots have been recorded to have shorter lifespans than
those of trees (Finér and Laine, 2000; Majdi and Andersson,
2005) or to live longer at high altitudes compared to low altitudes
(Fitter et al., 1998). However, it must be kept in mind that combin-
ing all understorey vegetation is somewhat arbitrary because this
flora includes a variety of species from annual to perennial plants
with different lifespans.

4.3. Litter production and C flux

The total litter C input (235 and 272 g C m�2 yr�1) at the sites
was comparable to the reported litter C fluxes in other Nordic Nor-
way spruce forests, 190–233 g C m�2 yr�1 (<1 mm in D, Kleja et al.,
2008) and 282 g C m�2 yr�1 (<2 mm in D, Hansson et al., 2013b).
The aboveground-belowground litter production (both trees and
understorey)-ratio was 1.3 in Kivalo and 1.5 in Olkiluoto.

The contribution of understorey vegetation to stand litter pro-
duction differed between the sites. In the north 23% of below-
ground and 33% of aboveground litter was produced by
understorey vegetation whereas the corresponding percentages
at Olkiluoto were 11% and 15%. Kleja et al. (2008) reported contri-
butions of 40% and 15% for below- and aboveground field vegeta-
tion in northern, and 17% and 1% in southern spruce forest in
Sweden. Majdi and Andersson (2005) reported corresponding per-
centages (35–40%) when studying the belowground production in
a northern spruce forest. A litter component study in Finnish boreal
forests supports our results as in the southern forests litter pro-
duced by the trees constituted the most important litter C stock
whereas dwarf shrubs dominated litter C stock in the north (Hilli
et al., 2010). Understorey vegetation may also affect the size of soil
C storage: in pine forest in southeastern USA the soil C storage was
lower in plots where the understorey vegetation had been elimi-
nated, with or without fertilization (Shan et al., 2001). After com-
bining the production of tree and understorey roots, there was
no difference in fine root production between the sites, but the
absorbing root area was higher in the northern site compared to
the south, as pointed out in the previous section. Our C flux from
spruce root litter (83–91 g C m�2 yr�1) falls within the relatively
wide range of other reported C fluxes from Norway spruce forests:
25–57 g C m�2 yr�1 (<1 mm in D, Majdi and Andersson, 2005;
Lukac and Godbold, 2010), 130–143 g C m�2 yr�1 (<2 mm
in D, Hansson et al., 2013b; Majdi and Nylund, 2001) and
276 g C m�2 yr�1 (<5 mm in D, van Praag et al., 1988).

The calculation of understorey root litter production was based
on roots less than 2 mm in D, whereas roots less 1 mm in D were
used for spruce root litter. Furthermore, the fine root turnover time
was estimated only for roots less than 1 mm in D. This led to a
slight overestimation of the amount of understorey litter produc-
tion. The understorey root separation data from Olkiluoto (to <1
and 1–2 mm in D, not shown) showed that all shrub roots and
34% of grass/herb roots were less than 1 mm in D. By calculating
the understorey litter production at both sites based on D distribu-
tion data at Olkiluoto, the litter C flux into the soil would have been
4 g C m�2 yr�1 and 6 g C m�2 yr�1 lower at Kivalo and Olkiluoto,
respectively. However, our understorey fine root litter production
of 10 and 27 g C m�2 yr�1 is on the same level as 17–50 g C m�2 yr�1

reported by Kleja et al. (2008) and 37 g C m�2 yr�1 by Majdi and
Andersson (2005).

Tree foliar litterfall was 1.2 times higher in the south than in the
north, but due to the abundant aboveground understorey litter
production the total aboveground litter C flux was slightly higher
in the north. As the majority of litter production at both sites orig-
inated from trees (72% and 87% at Kivalo and Olkiluoto, respec-
tively), the larger trees (higher basal area) with greater foliage at
Olkiluoto provide one explanation for this, which is supported by
expansion of the regression analysis to include the Swedish sites
as well. Furthermore, the needle retention time in the northern
parts of Finland is longer and thus the needle production is corre-
spondingly lower (Ukonmaanaho et al., 2008). In addition, the
northern spruce trees (Picea abies ssp. odovata) have a genetic
tendency to grow narrower crowns with less foliage mass than
southern spruce trees (Picea abies) (although they are genetically
similar and belong to the same species (Krutovskii and
Bergmann, 1995)).

Mean aboveground spruce litter productions (2067 kg ha�1 yr�1

in the north and 2418 kg ha�1 yr�1 in the south) were on the same
level as the means of 18 spruce stands throughout Finland, 1200
and 2800 kg ha�1 yr�1 in the north and south, respectively
(Saarsalmi et al., 2007). Ukonmaanaho et al. (2008) reported higher
spruce litterfall values in southern Finland and lower values in
northern Finland, but their dataset was smaller (two sites in north-
ern and five sites in southern Finland). According to Saarsalmi et al.
(2007), the most reliable predictors of annual canopy litterfall were
latitude, mean temperature sum and of the stand characteristics
mean tree height. Starr et al. (2005) reached the same conclusions
based on 34 Scots pine stands throughout Finland.

Nitrogen deposition in Central Europe is higher than in Scandina-
via (Högberg et al., 1998; Lindroos et al., 2007; Dise et al., 2011), and
nitrogen cannot be considered to be a growth-limiting factor in cen-
tral European forests. By contrast, in northern Europe the C:N-ratio
well describes the nutrient availability and forest productivity of a
site. Regressing the ratio of above- and belowground spruce litter
production against the C:N-ratio of the organic layer of the sites
revealed the significant relationship of site productivity with above-
and belowground litter C input: the lower the C:N-ratio, the rela-
tively more litter was produced aboveground than belowground.

The significance of nutrient availability, especially nitrogen, for
the C allocation patterns of Norway spruce has been demonstrated
in several modeling studies (Mäkelä et al., 2008; Dewar et al.,
2009; Valentine and Mäkelä, 2012). The result also supports the
functional equilibrium hypothesis (Brouwer 1963), which predicts
that plants increase the relative production of a responsible
absorbing organ in order to improve the uptake of a limiting
resource and reduce stress. Thus, according to the regression, the
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lower the forest productivity, the higher the share of root-origin
litter C, which may have an impact on C sequestration into the for-
est soil. Some studies have found differences in root litter quality
(Uselman et al., 2012) or decomposability (Vivanco and Austin,
2006; Hansson et al., 2010; Freschet et al., 2013) compared with
leaf litter which suggest that the mean residence time of the root
litter in the soil could be longer than that of leaf litter. This point
needs further research, and if validated, should be taken into
account in C cycle models.

The ratio of aboveground:belowground litter production at the
sites was close to one (0.8–1.4), except at Tönnersjöheden. As in
our study only the belowground litter C input from fine roots less
than 1 mm in D was estimated; the actual belowground litter pro-
duction was greater than reported here. Fine roots 1–2 mm in D as
well as coarse roots also produce litter, even if with a slower turn-
over (Nygren et al., 2009). In addition, the survival of fine roots less
than 0.5 mm in D could be shorter than the estimated 86–97 weeks
for roots <1 m in D in this study, as observed in several studies
(Wells and Eissenstat, 2001; Wells et al., 2002; Anderson et al.,
2003) with broadleaf species. For Norway spruce, Hansson et al.
(2013) however reported similar fine root lifespans for fine roots
<0.5 and 0.5–1 mm in D in Sweden. Even if the fine roots with
EcM short roots with a D < 1 mm produce most of the belowground
litter adding also the thicker root compartments in belowground
litter C input estimates would mean that the total belowground lit-
ter C input probably exceeds the aboveground litter C input in the
majority of boreal forests.

5. Conclusions

Two Finnish Norway spruce stands growing in climatically con-
trasting conditions showed no difference in absolute amounts of
fine root biomass per square meter, but after taking into account
the lower basal area, the fine root biomass was higher in the north-
ern stand. The survival of spruce fine roots was higher in the north
than in the south, whereas there was no difference in the longevity
of understorey fine roots between the sites. The spruce trees grow-
ing in the south produced more foliar litter than trees growing in
the north, but the substantial contribution of understorey vegeta-
tion in the north led to higher total aboveground litter C input in
the north than in the south. The belowground litter C input (from
trees and understory) at the sites was almost equal, but analogous
to aboveground, in the belowground the litter C input originating
from the understory vegetation was substantially higher in the
north than in the south. Longer lifespan of fine roots, thinner roots,
more fine root biomass per basal area, and number of roots and
EcM root tips in the north compared to the south, all point to adap-
tation of spruce to Nordic conditions in order to sustain sufficient
acquisition of nutrients in climatically harsh conditions.

Expanding the data with four Swedish Norway spruce stands
revealed that the aboveground:belowground litter production-
ratio was more related to the organic layer C:N-ratio than to
latitude. The less productive sites produced relatively more litter
belowground than aboveground and a substantial part of the litter
originated from the understory. These differences in the origin of
litter C may have an effect on C residence time in the soil, and
should thus be examined more and possibly taken into account
in future C cycle models. As demonstrated, the below- and above-
ground components of litter are strongly intertwined and should
always be studied in conjunction with each other.

Acknowledgements

In addition to the institutions of the authors, this study was
funded by the Academy of Finland, the Nordic Forest Research
Co-operation Committee (SNS) and the Olkiluoto studies also by
Posiva Oy. The authors are grateful to Dr. Aino Smolander and
Dr. Tiina Nieminen from the Finnish Forest Research Institute as
well as Dr. Isabella Børja from the Norwegian Forest and Landscape
Institute for contribution to the data collection. We also thank
Laimi Truus from the University of Tallinn, and Juha Kemppainen,
Pekka Välikangas, Tauno Suomilammi and Jarmo Mäkinen from the
Finnish Forest Research Institute for technical assistance. The lan-
guage of the manuscript was revised by Michael Bailey.
References

Ågren, G.I., Hyvönen, R., Nilsson, T., 2007. Are Swedish forest soils sinks or sources
for CO2-model analyses based on forest inventory data. Biogeochemistry 82,
217–227.

Alexandersson, H., Karlström, C., Larsson-McCann, S., 1991. Temperaturen och
nederbörden i Sverige 1961–1990. Referensnormaler, SMHI.

Anderson, L.J., Comas, L.H., Lakso, A.N., Eissenstat, D.M., 2003. Multiple risk factors
in root survivorship: a 4-year study in Concord grape. New Phytol. 158, 489–
501.

Andersson, P., Majdi, H., 2005. Estimating root longevity at sites with long periods of
low root mortality. Plant Soil 276, 9–14.

Andersson, P., Berggren, D., Nilsson, I., 2002. Indices for nitrogen status and nitrate
leaching from Norway spruce (Picea abies (L.) Karst.) stands in Sweden. For.
Ecol. Manage. 157, 39–53.

Aro, L., Derome, J., Helmisaari, H., Hökkä, H., Lindroos, A., Rautio, P., 2010. Results of
Forest Monitoring on Olkiluoto Island in 2009. Working report 2010-65. Posiva
Oy, Eurajoki.

Aro, L., Hökkä, H., Lindroos, A., Rautio, P., Salemaa, M., Helmisaari, H., Leppälammi-
Kujansuu, J., 2012. Results of Forest Monitoring on Olkiluoto Island in 2011.
Working Report 2012-87. Posiva Oy, Eurajoki.

Baddeley, J.A., Watson, C.A., 2005. Influences of root diameter, tree age, soil depth
and season on fine root survivorship in Prunus avium. Plant Soil 276, 15–22.

Berggren, D., Bergkvist, B., Johansson, M., Langvall, O., Majdi, H., Melkerud, P.,
Nilsson, Å, Weslien, P., Olsson, M., 2004. A description of LUSTRA’s common
field sites. Report nr 87. Swedish Univ. of Agricultural Sciences, Uppsala.

Bergholm, J., Berggren, D., Alavi, G., 2003. Soil acidification induced by ammonium
sulphate addition in a Norway spruce forest in southwest Sweden. Water Air
Soil Pollut. 148, 87–109.

Bille-Hansen, J., Hansen, K., 2001. Relation between defoliation and litterfall in some
Danish Picea abies and Fagus sylvatica stands. Scand. J. For. Res. 16, 127–137.

Børja, I., De Wit, H.A., Steffenrem, A., Majdi, H., 2008. Stand age and fine root
biomass, distribution and morphology in a Norway spruce chronosequence in
southeast Norway. Tree Physiol. 28, 773–784.

Brouwer, R., 1963. Some aspects of the equilibrium between overground and
underground plant parts. Jaarboek Instituut voor Biologisch en Scheikundig
Onderzoek van Landbouwgewassen, Wageningen 1963, 31–39.

Brunner, I., Bakker, M.R., Björk, R.G., Hirano, Y., Lukac, M., Aranda, X., Børja, I.,
Eldhuset, T.D., Helmisaari, H., Jourdan, C., Konôpka, B., López, B.C., Miguel Pérez,
C., Persson, H., Ostonen, I., 2013. Fine-root turnover rates of European forests
revisited: an analysis of data from sequential coring and ingrowth cores. Plant
Soil 362, 357–372.

Dewar, R.C., Franklin, O., Mäkelä, A., McMurtrie, R.E., Valentine, H.T., 2009. Optimal
function explains forest responses to global change. Bioscience 59, 127–139.

Dise, N.B., Ashmore, M., Belyazid, S., Bleeker, A., Bobbink, R., de Vries, W., Erisman,
J.W., Spranger, T., Stevens, C.J., van der Berg, L., 2011. Nitrogen as a threat to
European terrestrial biodiversity. In: Sutton, M.A., Howard, C.M., Erisman, J.W.,
Billen, G., Bleeker, A., Grennfelt, P., van Grinsven, H., Grizzetti, B. (Eds.). The
European Nitrogen Assessment. Cambridge University Press, pp. 463–494.

Dong, S., Scagel, C.F., Cheng, L., Fuchigami, L.H., Rygiewicz, P.T., 2001. Soil
temperature and plant growth stage influence nitrogen uptake and amino
acid concentration of apple during early spring growth. Tree Physiol. 21, 541–
547.

Eissenstat, D.M., Yanai, R.D., 1997. The ecology of root lifespan. In: Begon, M., Fitter,
A.H. (Eds.), Advances in Ecological Research. Academic Press, London, pp. 1–60.

Eissenstat, D.M., Wells, C.E., Yanai, R.D., Whitbeck, J.L., 2000. Building roots in a
changing environment: implications for root longevity. New Phytol. 147, 33–42.

Finér, L., Laine, J., 2000. The ingrowth bag method in measuring root production on
peatland sites. Scand. J. For. Res. 15, 75–80.

Finér, L., Ohashi, M., Noguchi, K., Hirano, Y., 2011. Fine root production and turnover
in forest ecosystems in relation to stand and environmental characteristics. For.
Ecol. Manage. 262, 2008–2023.

Fitter, A.H., Graves, J.D., Self, G.K., Brown, T.K., Bogie, D.S., Taylor, K., 1998. Root
production, turnover and respiration under two grassland types along an
altitudinal gradient: influence of temperature and solar radiation. Oecologia
114, 20–30.

Freschet, G.T., Cornwell, W.K., Wardle, D.A., Elumeeva, T.G., Liu, W., Jackson, B.G.,
Onipchenko, V.G., Soudzilovskaia, N.A., Tao, J., Cornelissen, J.H.C., 2013. Linking
litter decomposition of above- and below-ground organs to plant-soil feedbacks
worldwide. J. Ecol. 101, 943–952.

Gärdenäs, A.I., 1998. Soil organic matter in European forest floors in relation to
stand characteristics and environmental factors. Scand. J. For. Res. 13, 274–283.

http://refhub.elsevier.com/S0378-1127(14)00193-5/h0005
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0005
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0005
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0005
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0010
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0010
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0020
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0020
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0020
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0025
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0025
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0015
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0015
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0015
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0040
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0040
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0050
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0050
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0050
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0055
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0055
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0060
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0060
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0060
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0065
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0065
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0065
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0070
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0070
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0070
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0070
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0070
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0075
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0075
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0085
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0085
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0085
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0085
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0095
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0095
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0090
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0090
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0100
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0100
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0105
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0105
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0105
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0110
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0110
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0110
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0110
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0115
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0115
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0115
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0115
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0120
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0120


J. Leppälammi-Kujansuu et al. / Forest Ecology and Management 326 (2014) 79–90 89
Gaudinski, J.B., Trumbore, S.E., Davidson, E.A., Zheng, S., 2000. Soil carbon cycling in
a temperate forest: radiocarbon-based estimates of residence times,
sequestration rates and partitioning of fluxes. Biogeochemistry 51, 33–69.

Gaul, D., Hertel, D., Leuschner, C., 2009. Estimating fine root longevity in a
temperate Norway spruce forest using three independent methods. Funct. Plant
Biol. 36, 11–19.

Gill, R.A., Jackson, R.B., 2000. Global patterns of root turnover for terrestrial
ecosystems. New Phytol. 147, 13–31.

Godbold, D.L., Fritz, H., Jentschke, G., Meesenburg, H., Rademacher, P., 2003. Root
turnover and root necromass accumulation of Norway spruce (Picea abies) are
affected by soil acidity. Tree Physiol. 23, 915–921.

Gu, J., Yu, S., Sun, Y., Wang, Z., Guo, D.L., 2011. Influence of root structure on root
survivorship: an analysis of 18 tree species using a minirhizotron method. Ecol.
Res. 26, 755–762.

Guo, D.L., Mitchell, R.J., Withington, J.M., Fan, P., Hendricks, J.J., 2008a. Endogenous
and exogenous controls of root life span, mortality and nitrogen flux in a
longleaf pine forest: root branch order predominates. J. Ecol. 96, 737–745.

Guo, D.L., Li, H., Mitchell, R.J., Han, W., Hendricks, J.J., Fahey, T.J., Hendrick, R.L.,
2008b. Fine root heterogeneity by branch order: exploring the discrepancy in
root turnover estimates between minirhizotron and carbon isotopic methods.
New Phytol. 177, 443–456.

Haapanen, A. (Ed.), 2009. Results of Monitoring at Olkiluoto in 2008 – Environment.
Working report 2009-45. Posiva Oy, Eurajoki.

Haapanen, A. (Ed.), 2010. Results of Monitoring at Olkiluoto in 2009 – Environment.
Working Report 2010-45. Posiva Oy, Eurajoki.

Hansson, K., Kleja, D.B., Kalbitz, K., Larsson, H., 2010. Amounts of carbon mineralised
and leached as DOC during decomposition of Norway spruce needles and fine
roots. Soil Biol. Biochem. 42, 178–185.

Hansson, K., Olsson, B.A., Olsson, M., Johansson, U., Kleja, D.B., 2011. Differences in
soil properties in adjacent stands of Scots pine, Norway spruce and silver birch
in SW Sweden. For. Ecol. Manage. 262, 522–530.

Hansson, K., Fröberg, M., Helmisaari, H., Kleja, D.B., Olsson, B.A., Olsson, M., Persson,
T., 2013a. Carbon and nitrogen pools and fluxes above and below ground in
spruce, pine and birch stands in southern Sweden. For. Ecol. Manage. 309, 28–
35.

Hansson, K., Helmisaari, H., Sah, S., Lange, H., 2013b. Fine root production and
turnover of tree and understorey vegetation in Scots pine, silver birch and
Norway spruce stands in SW Sweden. For. Ecol. Manage. 309, 58–65.

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

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

Helmisaari, H., Derome, J., Nöjd, P., Kukkola, M., 2007. Fine root biomass in relation
to site and stand characteristics in Norway spruce and Scots pine stands. Tree
Physiol. 27, 1493–1504.

Helmisaari, H., Ostonen, I., Lõhmus, K., Derome, J., Lindroos, A., Merila, P., Nöjd, P.,
2009. Ectomycorrhizal root tips in relation to site and stand characteristics in
Norway spruce and Scots pine stands in boreal forests. Tree Physiol. 29, 445–
456.

Hendrick, R.L., Pregitzer, K.S., 1993. The dynamics of fine root length, biomass, and
nitrogen content in two northern hardwood ecosystems. Can. J. For. Res. 23,
2507–2520.

Hendricks, J.J., Hendrick, R.L., Wilson, C.A., Mitchell, R.J., Pecot, S.D., Guo, D.L., 2006.
Assessing the patterns and controls of fine root dynamics: an empirical test and
methodological review. J. Ecol. 94, 40–57.

Hilli, S., Stark, S., Derome, J., 2010. Litter decomposition rates in relation to litter
stocks in boreal coniferous forests along climatic and soil fertility gradients.
Appl. Soil Ecol. 46, 200–208.

Högberg, P., Högbom, L., Schinkel, H., 1998. Nitrogen-related root variables of trees
along an N-deposition gradient in Europe. Tree Physiol. 18, 823–828.

Ilvesniemi, H., Levula, J., Ojansuu, R., Kolari, P., Kulmala, L., Pumpanen, J.,
Launiainen, S., Vesala, T., Nikinmaa, E., 2009. Long-term measurements of the
carbon balance of a boreal Scots pine dominated forest ecosystem. Boreal
Environ. Res. 14, 731–753.

IPCC, 2007. The physical science basis. Contribution of working group I to the fourth
assessment report of the intergovernmental panel on climate change In Climate
Change 2007: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt,
K.B., Tignor, M., Miller, H.L. (Eds.). Cambridge Univ. Press, Cambridge and New
York.

Jansson, P., Svensson, M., Kleja, D.B., Gustafsson, D., 2008. Simulated climate change
impacts on fluxes of carbon in Norway spruce ecosystems along a climatic
transect in Sweden. Biogeochemistry 89, 81–94.

Johnson, M.G., Phillips, D.L., Tingey, D.T., Storm, M.J., 2000. Effects of elevated CO2,
N-fertilization, and season on survival of ponderosa pine fine roots. Can. J. For.
Res. 30, 220–228.

Jose, S., Gillespie, A., Seifert, J., Pope, P., 2001. Comparison of minirhizotron and soil
core methods for quantifying root biomass in a temperate alley cropping
system. Agrofor. Syst. 50, 161–168.

Kaplan, E.L., Meier, P., 1958. Nonparametric estimation from incomplete
observations. J. Am. Statist. Assoc. 53, 457–481.

Kern, C.C., Friend, A.L., Johnson, J.M., Coleman, M.D., 2004. Fine root dynamics in a
developing Populus deltoides plantation. Tree Physiol. 24, 651–660.

Kielland, K., McFarland, J.W., Ruess, R.W., Olson, K., 2007. Rapid cycling of organic
nitrogen in taiga forest ecosystems. Ecosystems 10, 360–368.
Kitajima, K., Anderson, K.E., Allen, M.F., 2010. Effect of soil temperature and soil
water content on fine root turnover rate in a California mixed conifer
ecosystem. J. Geophys. Res. G Biogeosci. 115, G04032.

Kleja, D.B., Svensson, M., Majdi, H., Jansson, P., Langvall, O., Bergkvist, B., Johansson,
M., Weslien, P., Truusb, L., Lindroth, A., Ågren, G.I., 2008. Pools and fluxes of
carbon in three Norway spruce ecosystems along a climatic gradient in Sweden.
Biogeochemistry 89, 7–25.

Kreyling, J., Peršoh, D., Werner, S., Benzenberg, M., Wöllecke, J., 2012. Short-term
impacts of soil freeze-thaw cycles on roots and root-associated fungi of Holcus
lanatus and Calluna vulgaris. Plant Soil 353, 19–31.

Krutovskii, K.V., Bergmann, F., 1995. Introgressive hybridization and phylogenetic
relationships between Norway, Picea abies (L.) Karst., and Siberian, P. obovata
Ledeb., spruce species studied by isozyme loci. Heredity 74, 464–480.

Lal, R., 2005. Forest soils and carbon sequestration. For. Ecol. Manage. 220, 242–258.
Lehtonen, A., 2005. Carbon stocks and flows in forest ecosystem based on forest

inventory data. Dissertationes Forestales 11, 1–51.
Leppälammi-Kujansuu, J., Ostonen, I., Strömgren, M., Nilsson, L., Kleja, D.B., Sah, S.,

Helmisaari, H., 2013. Effects of long-term temperature and nutrient
manipulation on Norway spruce fine roots and mycelia production. Plant Soil
366, 287–303.

Leppälammi-Kujansuu, J., Salemaa, M., Kleja, D.B., Linder, S., Helmisaari, H., 2014.
Fine root turnover and litter production of Norway spruce in a long-term
temperature and nutrient manipulation experiment. Plant Soil 374, 73–88.

Lindroos, A., Derome, J., Derome, K., 2007. Open area bulk deposition and stand
throughfall in Finland during 2001–2004. Working Paper of the Finnish Forest
Research Institute 45, 81-82.

Lõhmus, K., Truu, M., Truu, J., Ostonen, I., Kaar, E., Vares, A., Uri, V., Alama, S., Kanal,
A., 2006. Functional diversity of culturable bacterial communities in the
rhizosphere in relation to fine-root and soil parameters in Alder stands on
forest, abandoned agricultural, and oil-shale mining areas. Plant Soil 283, 1–10.

Lukac, M., Godbold, D.L., 2010. Fine root biomass and turnover in southern taiga
estimated by root inclusion nets. Plant Soil 331, 505–513.

Majdi, H., Andersson, P., 2005. 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., Nylund, J., 2001. Hur påverkas träden under mark? In Persson, T., L.
Nilsson, (Eds.). Skogabyförsöket B Effekter av långvarig kväve-och svavel-
tillförsel till ett skogsekosystem. Naturvårdsverket Rapport 5173,67–74 (in
Swedish).

Majdi, H., Pregitzer, K.S., Morén, A., Nylund, J., Ågren, G.I., 2005. Measuring fine root
turnover in forest ecosystems. Plant Soil 276, 1–8.

Mäkelä, A., Valentine, H.T., Helmisaari, H., 2008. Optimal co-allocation of carbon
and nitrogen in a forest stand at steady state. New Phytol. 180, 114–123.

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

Makkonen, K., Helmisaari, H., 1999. Assessing fine-root biomass and production in a
Scots pine stand – comparison of soil core and root ingrowth core methods.
Plant Soil 210, 43–50.

Marklund, L.G., 1987. Biomass functions for Norway spruce (Picea abies (L.) Karst.)
in Sweden. Report 43. Swedish Univ. of Agricultural Sciences, Uppsala.

McCormack, L.M., Adams, T.S., Smithwick, E.A.H., Eissenstat, D.M., 2012. Predicting
fine root lifespan from plant functional traits in temperate trees. New Phytol.
195, 823–831.

Meier, I.C., Leuschner, C., 2010. Variation of soil and biomass carbon pools in beech
forests across a precipitation gradient. Glob. Change Biol. 16, 1035–1045.

Nadelhoffer, K.J., 2000. The potential effects of nitrogen deposition on fine-root
production in forest ecosystems. New Phytol. 147, 131–139.

Näsholm, T., Kielland, K., Ganeteg, U., 2009. Uptake of organic nitrogen by plants.
New Phytol. 182, 31–48.

Neill, C., 1992. Comparison of soil coring and ingrowth methods for measuring
belowground production. Ecology 73, 1918–1921.

Nieminen, T.M., Smolander, A., 2006. Forest under-storey vegetation and plant litter
decomposition under three different dominant tree species. In: Räty, M.,
Bärlund, I., Makkonen, K., Kähkönen, M., Esala, M. (Eds.), Miten maamme makaa
– Suomen maaperä ja sen tila. IV Maaperätieteiden päivien laajennetut
abstraktit. Finnish soil science society and Uni. of Helsinki; Dept. Applied
chemistry and microbiol, Helsinki, pp. 54–55.

Nilsen, P., Strand, L., 2013. Carbon stores and fluxes in even- and uneven-aged
Norway spruce stands. Silva Fenn. 47, 1024.

Noguchi, K., Sakata, T., Mizoguchi, T., Takahashi, M., 2005. Estimating the
production and mortality of fine roots in a Japanese cedar (Cryptomeria
japonica D. Don) plantation using a minirhizotron technique. J. For. Res. 10,
435–441.

Nordin, A., Högberg, P., Näsholm, T., 2001. Soil nitrogen form and plant nitrogen
uptake along a boreal forest productivity gradient. Oecologia 129, 125–132.

Nygren, P., Lu, M., Ozier-Lafontaine, H., 2009. Effects of turnover and internal
variability of tree root systems on modelling coarse root architecture:
comparing simulations for young Populus deltoides with field data. Can. J. For.
Res. 39, 97–108.

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

Olsson, B.A., Staaf, H., 1995. Influence of harvesting intensity of logging residues on
ground vegetation in coniferous forests. J. Appl. Ecol. 32, 640–654.

http://refhub.elsevier.com/S0378-1127(14)00193-5/h0125
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0125
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0125
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0130
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0130
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0130
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0135
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0135
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0140
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0140
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0140
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0145
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0145
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0145
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0155
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0155
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0155
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0150
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0150
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0150
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0150
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0180
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0180
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0180
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0185
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0185
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0185
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0170
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0170
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0170
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0170
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0175
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0175
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0175
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0190
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0190
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0200
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0200
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0200
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0195
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0195
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0195
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0205
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0205
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0205
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0205
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0210
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0210
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0210
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0215
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0215
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0215
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0220
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0220
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0220
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0225
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0225
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0235
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0235
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0235
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0235
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0240
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0240
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0240
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0245
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0245
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0245
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0245
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0250
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0250
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0250
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0255
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0255
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0260
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0260
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0265
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0265
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0270
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0270
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0270
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0275
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0275
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0275
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0275
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0280
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0280
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0280
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0285
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0285
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0285
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0290
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0295
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0295
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0300
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0300
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0300
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0300
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0305
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0305
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0305
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0315
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0315
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0315
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0315
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0320
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0320
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0325
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0325
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0325
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0335
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0335
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0340
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0340
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0345
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0345
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0345
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0350
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0350
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0350
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0360
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0360
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0360
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0365
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0365
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0370
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0370
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0375
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0375
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0380
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0380
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0385
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0385
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0385
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0385
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0385
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0385
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0390
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0390
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0395
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0395
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0395
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0395
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0400
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0400
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0405
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0405
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0405
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0405
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0410
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0410
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0410
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0410
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0415
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0415


90 J. Leppälammi-Kujansuu et al. / Forest Ecology and Management 326 (2014) 79–90
Olsson, B.A., Hansson, K., Persson, T., Beuker, E., Helmisaari, H., 2012. Heterotrophic
respiration and nitrogen mineralisation in soils of Norway spruce, Scots pine
and silver birch stands in contrasting climates. For. Ecol. Manage. 269, 197–205.

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

Ostonen, I., Lõhmus, K., Helmisaari, H., Truu, J., Meel, S., 2007. Fine root
morphological adaptations in Scots pine, Norway spruce and silver birch
along a latitudinal gradient in boreal forests. Tree Physiol. 27, 1627–1634.

Ostonen, I., Helmisaari, H., Borken, W., Tedersoo, L., Kukumägi, M., Bahram, M.,
Lindroos, A., Nöjd, P., Uri, V., Merilä, P., Asi, E., Lõhmus, K., 2011. Fine root
foraging strategies in Norway spruce forests across a European climate gradient.
Glob. Change Biol. 17, 3620–3632.

Ostonen, I., Rosenvald, K., Helmisaari, H., Godbold, D., Parts, K., Uri, V., Lõhmus, K.,
2013. Morphological plasticity of ectomycorrhizal short roots in Betula sp and
Picea abies forests across climate and forest succession gradients: its role in
changing environments. Frontiers Plant Sci. 4: Article 335.

Peltoniemi, M., Mäkipää, R., Liski, J., Tamminen, P., 2004. Changes in soil carbon
with stand age – an evaluation of a modelling method with empirical data.
Glob. Change Biol. 10, 2078–2091.

Peltoniemi, M., Palosuo, T., Monni, S., Mäkipää, R., 2006. Factors affecting the
uncertainty of sinks and stocks of carbon in Finnish forests soils and vegetation.
For. Ecol. Manage. 232, 75–85.

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

Potila, H., Sarjala, T., Aro, L., 2007. Dissolved nitrogen transformations and microbial
community structure in the organic layer of forest soils in Olkiluoto in 2006.
Working Report 2007–08. Posiva Oy, Eurajoki.

Pregitzer, K.S., Zak, D.R., Curtis, P.S., Kubiske, M.E., Teeri, J.A., Vogel, C.S., 1995.
Atmospheric CO2, soil nitrogen and turnover of fine roots. New Phytol. 129,
579–585.

Pregitzer, K.S., DeForest, J.L., Burton, A.J., Allen, M.F., Ruess, R.W., Hendrick, R.L.,
2002. Fine root architecture of nine North American trees. Ecol. Monogr. 72,
293–309.

Rautio, P., Latvajärvi, H., Jokela, A., Kangas-Korhonen, P., 2004. Forest resources on
Olkiluoto Island. Working Report 2004–35. Posiva Oy, Eurajoki.

Repo, T., Sutinen, S., Nöjd, P., Mäkinen, H., 2007. Implications of delayed soil
thawing on trees: a case study of a Picea abies stand. Scand. J. For. Res. 22, 118–
127.

Repola, J., 2009. Biomass equations for Scots pine and Norway spruce in Finland.
Silva Fenn. 42, 605–624.

Saarsalmi, A., Starr, M., Hokkanen, T., Ukonmaanaho, L., Kukkola, M., Nöjd, P.,
Sievänen, R., 2007. Predicting annual canopy litterfall production for Norway
spruce (Picea abies (L.) Karst.) stands. For. Ecol. Manage. 242, 578–586.

Samson, B.K., Sinclair, T.R., 1994. Soil core and minirhizotron comparison for the
determination of root length density. Plant Soil 161, 225–232.

Sander, C., Eckstein, D., 2001. Foliation of spruce in the Giant Mts. and its coherence
with growth and climate over the last 100 years. Ann. For. Sci. 58, 155–164.

Schulze, I., Bolte, A., Schmidt, W., Eichhorn, J., 2009. Phytomass, litter and net
primary production of herbaceous layer. Pages 155–181 In: Brumme, R., Partap,
K.K. (Eds.). Functioning and Management of European Beech Ecosystems.
Ecological studies 208. Springer.

Shan, J., Morris, L.A., Hendrick, R.L., 2001. The effects of management on soil and
plant carbon sequestration in slash pine plantations. J. Appl. Ecol. 38, 932–941.

Sirén, G., 1955. The development of spruce forest on raw humus sites in Northern
Finland and its ecology. Acta Forestalia Fennica 62, 1–408.

Smolander, A., Kitunen, V., 2002. Soil microbial activities and characteristics of
dissolved organic C and N in relation to tree species. Soil Biol. Biochem. 34, 651–
660.

Smolander, A., Kitunen, V., 2011. Comparison of tree species effects on microbial C
and N transformations and dissolved organic matter properties in the organic
layer of boreal forests. Appl. Soil Ecol. 49, 224–233.

Smolander, A., Loponen, J., Suominen, K., Kitunen, V., 2005. Organic matter
characteristics and C and N transformations in the humus layer under two
tree species, Betula pendula and Picea abies. Soil Biol. Biochem. 37, 1309–1318.

Solantie, R., 2000. Snow depth on January 15th and March 15th in Finland 1919–98,
and its implications for soil frost and forest ecology. Meteorological
Publications. Edita, Helsinki.
Starr, M., Saarsalmi, A., Hokkanen, T., Merilä, P., Helmisaari, H., 2005. Models of
litterfall production for Scots pine (Pinus sylvestris L.) in Finland using stand, site
and climate factors. For. Ecol. Manage. 205, 215–225.

Stendahl, J., Johansson, M., Eriksson, E., Nilsson, Å., Langvall, O., 2010. Soil organic
carbon in Swedish spruce and pine forests – differences in stock levels and
regional patterns. Silva Fenn. 44, 5–21.

Stevens, G.N., Jones, R.H., 2006. Patterns in soil fertility and root herbivory interact
to influence fine-root dynamics. Ecology 87, 616–624.

Tamminen, P., 1991. Kangasmaan ravinnetunnusten ilmaiseminen ja viljavuuden
alueellinen vaihtelu Etelä-Suomessa. Summary: Expression of soil nutrient
status and regional variation in soil fertility of forested sites in southern
Finland. Folia Forestalia 777 (In Finnish with summary in English).

Tamminen, P., Aro, L., Salemaa, M., 2007. Forest soil survey and mapping of the
nutrient status of the vegetation on Olkiluoto Island - Results from the First
Inventory on the FEH Plots. Working Report 2007–78. Posiva Oy, Eurajoki.

Taylor, A.F.S., Martin, F., Read, D.J., 2000. Fungal diversity in ectomyccorhizal
communities of norway spruce (Picea abies (L.) karst.) and beech (Fagus
sylvatica L.) along a north-south transect in europe. In: Schulze, E. (Ed.).
Ecological Studies, vol. 142. Carbon and Nitrogen Cycling in European Forest
Ecosystems. Springer Verlag, Berlin Heidelberg, pp. 343–365.

Tierney, G.L., Fahey, T.J., 2002. Fine root turnover in a northern hardwood forest: a
direct comparison of the radiocarbon and minirhizotron methods. Can. J. For.
Res. 32, 1692–1697.

Tierney, G.L., Fahey, T.J., Groffman, P.M., Hardy, J.P., Fitzhugh, R.D., Driscoll, C., 2001.
Soil freezing alters fine root dynamics in a northern hardwood forest.
Biogeochemistry 56, 175–190.

Ukonmaanaho, L., Merilä, P., Nöjd, P., Nieminen, T.M., 2008. Litterfall production
and nutrient return to the forest floor in Scots pine and Norway spruce stands in
Finland. Boreal Environ. Res. 13, 67–91.

Uselman, S.M., Qualls, R.G., Lilienfein, J., 2012. Quality of soluble organic C, N, and P
produced by different types and species of litter: Root litter versus leaf litter.
Soil Biol. Biochem. 54, 57–67.

Valentine, H.T., Mäkelä, A., 2012. Modeling forest stand dynamics from optimal
balances of carbon and nitrogen. New Phytol. 194, 961–971.

Valenzuela-Estrada, L.R., Vera-Caraballo, V., Ruth, L.E., Eissenstat, D.M., 2008. Root
anatomy, morphology, and longevity among root orders in Vaccinium
corymbosum (Ericaceae). Am. J. Bot. 95, 1506–1514.

van Praag, H., Sougnez-Remy, S., Weissen, F., Carletti, G., 1988. Root turnover in a
beech and a spruce stand of the Belgian Ardennes. Plant Soil 105, 87–103.

Vesterdal, L., Clarke, N., Sigurdsson, B.D., Gundersen, P., 2013. Do tree species
influence soil carbon stocks in temperate and boreal forests? For. Ecol. Manage.
309, 4–18.

Viro, P.J., 1952. On the determination of stoniness. Commun. Inst. For. Fenn. 40, 1–
115 (In Finnish with English summary).

Vivanco, L., Austin, A.T., 2006. Intrinsic effects of species on leaf litter and root
decomposition: a comparison of temperate grasses from North and South
America. Oecologia 150, 97–107.

Vogt, K.A., Moore, E.E., Vogt, D.J., Redlin, M.J., Edmonds, R.L., 1983. Conifer fine root
and mycorrhizal root biomass within the forest floors of Douglas – fir stands of
different ages and site productivities. Can. J. For. Res. 13, 429–437.

Weibull, W., 1951. A statistical distribution function of wide applicability. J. Appl.
Mech. 18, 293–297.

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

Wells, C.E., Glenn, D.M., Eissenstat, D.M., 2002. Changes in the risk of fine-root
mortality with age: a case study in peach, Prunus persica (Rosaceae). Am. J. Bot.
89, 79–87.

Withington, J.M., Reich, P.B., Oleksyn, J., Eissenstat, D.M., 2006. Comparisons of
structure and life span in roots and leaves among temperate trees. Ecol.
Monogr. 76, 381–397.

Wu, Y., Deng, Y., Zhang, J., Wu, J., Tang, Y., Cao, G., Zhang, F., Cui, X., 2013. Root size
and soil environments determine root lifespan: evidence from an alpine
meadow on the Tibetan Plateau. Ecol. Res. 28, 493–501.

Yuan, Z.Y., Chen, H.Y.H., 2010. Fine root biomass, production, turnover rates, and
nutrient contents in boreal forest ecosystems in relation to species, climate,
fertility, and stand age: literature review and meta-analyses. Crit. Rev. Plant Sci.
29, 204–221.

http://refhub.elsevier.com/S0378-1127(14)00193-5/h0420
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0420
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0420
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0440
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0440
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0440
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0435
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0435
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0435
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0430
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0430
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0430
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0430
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0445
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0445
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0445
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0450
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0450
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0450
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0455
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0455
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0470
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0470
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0470
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0470
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0465
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0465
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0465
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0475
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0475
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0475
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0480
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0480
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0485
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0485
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0485
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0495
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0495
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0490
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0490
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0505
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0505
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0510
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0510
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0515
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0515
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0515
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0520
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0520
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0520
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0525
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0525
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0525
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0535
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0535
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0535
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0540
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0540
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0540
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0545
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0545
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0565
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0565
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0565
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0570
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0570
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0570
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0575
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0575
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0575
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0580
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0580
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0580
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0585
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0585
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0590
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0590
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0590
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0595
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0595
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0600
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0600
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0600
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0605
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0605
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0610
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0610
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0610
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0615
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0615
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0615
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0620
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0620
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0625
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0625
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0630
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0630
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0630
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0635
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0635
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0635
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0640
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0640
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0640
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0645
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0645
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0645
http://refhub.elsevier.com/S0378-1127(14)00193-5/h0645

	Fine root longevity and carbon input into soil from below- and aboveground litter in climatically contrasting forests
	1 Introduction
	2 Material and methods
	2.1 Site descriptions
	2.2 Minirhizotrons
	2.3 Root sampling
	2.4 Below- and aboveground litter production

	3 Results
	3.1 Fine roots and mycorrhiza
	3.2 Fine root survival
	3.3 Below- and aboveground litter C

	4 Discussion
	4.1 Fine root biomass and morphology
	4.2 Root survival
	4.3 Litter production and C flux

	5 Conclusions
	Acknowledgements
	References


