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Fine root morphological traits and production in coniferous- and
deciduous-tree forests with drained and naturally wet nutrient-rich
organic soils in hemiboreal Latvia

Fine root production is one of the key elements of carbon (C) turnover in soil
in afforested peatlands and forest lands with organic soils. We estimated vari-
ability in fine root morphology traits and annual production in hemiboreal
forests dominated by coniferous trees (Norway spruce) and deciduous trees
(silver birch and black alder) with nutrient-rich organic soils in Latvia. In total,
23 research sites were established in drained and naturally wet forests of dif-
ferent ages, and ingrowth core techniques were used to sample fine roots and
subsequently determine fine root morphology traits and annual production,
and calculate C input through fine root litter. Significant differences in several
fine root morphological traits between coniferous- and deciduous-trees-domi-
nated stands were found. Fine root production tended to be higher in conifer-
ous-trees-dominated stands and positively correlated with several forest stand
characteristics: stand age, average tree diameter at breast height, basal area
and average tree height, but negatively correlated with nitrogen and phospho-
rus content in soil. C input through fine root litter ranged up to 0.46 + 0.16 t
ha' yr'. It is necessary to conduct further research, including multi-annual es-
timates in a wider set of forest stands with diverse dominant tree species and
growing conditions, to improve estimates, patterns and understanding of C
flows through fine root litter in drained and naturally wet organic soils.
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Introduction

Fine roots are short-lived, small-diameter
(= 2 mm) roots associated with mycor-
rhizae, and they represent the main frac-
tion of below-ground litter (Lehtonen
2005, Finér et al. 2011, Mccormack et al.
2015). Fine root net primary production
constitutes an important but often insuffi-
ciently measured part of the C budget of
forest ecosystems because below-ground
litter C input is more laborious to quantify
(Helmisaari et al. 2007, Leppdlammi-Kujan-
suu et al. 2014). A better understanding of
the factors affecting fine root production,
especially in forests with nutrient-rich or-
ganic soils, which are considered to be a
significant source of GHG emissions, is im-
portant for improving national-, regional-,

and global-level C cycling models for forest
ecosystems, and one of the approaches for
gaining information is the collection of new
empirical data (Finér et al. 2011, Lampela et
al. 2022).

Growth of the root system is crucial both
for the development of visible above-
ground plant structures and for soil forma-
tion (Lehtonen 2005, Mccormack et al.
2015). Fine roots play a key role in regulat-
ing biogeochemical cycles in forest ecosys-
tems, especially of water and nutrients (Os-
tonen et al. 2011, Lukac 2012, Fortier et al.
2019). Furthermore, fine roots form and
provide the network where mycorrhizal as-
sociations can develop, improving tree nu-
trition, stress tolerance and disease protec-
tion (Fortier et al. 2019). Fine roots also
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contribute to greenhouse gas (GHG) fluxes
through, for instance, root respiration, rhi-
zosphere methane (CH,) oxygenation and
passive transport of CH, to the atmosphere
by aerenchymous roots (lversen et al.
2018). In addition, fine roots account for
most of the surface area and length of for-
est root systems, and are therefore impor-
tant components of forest biomass (Pers-
son 1983).

Fine roots are the most short-lived part of
the root system (Lukac 2012). The lifespan
of fine roots in woody plants, in particular
of the smallest order rootlets, is typically
not more than a few months (Eissenstat et
al. 2000). According to Fortier et al. (2019),
fine root production and mortality rates
also fluctuate during the growing season,
with production and mortality peaks in the
spring and autumn.

Fine root production and anatomical and
morphological traits vary widely due to ge-
netic variability (plant functional type) and
differing forest site types and local environ-
mack et al. 2015). Fine root production and
morphological traits are largely determin-
ed by environmental conditions such as soil
temperature, soil water content (ground-
water level), nutrient availability, strength
(density and compaction), aeration and
ecological interactions with other species
including their fungal symbionts (Lyr &
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Fig. 1- Location of the research sites in Latvia.

Hoffmann 1967, Tryon & Chapin 11l 1983,
Persson 1992, Steele et al. 1997, Finér &
Laine 1998, Ostonen et al. 2006, Keel et al.
2012). The vertical fine root biomass distri-
bution shows high densities of roots in the
top soil layers and a gradual decrease of
fine root biomass density with depth
(Ugawa et al. 2010). Claus & George (2005)
found a clear effect of stand age on stand-
ing fine root biomass, with the highest fine
root biomass in adult but not mature
stands.

Through fine root turnover or uninter-
rupted growth and dieback fine roots play
a significant role in forest C cycles, affect-
ing the average C stock and accumulation
rate in soil (Jackson et al. 1997, Jones et al.
2004, Peltoniemi et al. 2004, Finér et al.
2011, Pierret et al. 2016, Liu et al. 2019,
Sierra et al. 2020). For this reason, it is im-
portant to precisely estimate not only the
standing biomass of fine roots, but also its
rate of turnover (Yuan & Chen 2010). The
availability of direct and reliable methods
for measuring the turnover of fine roots is
limited (Brunner et al. 2012). The main rea-
son for this is that the two component pro-
cesses of root turnover — namely growth
and dieback of fine roots - nearly always
happen in the same place and at the same
time (Johnson et al. 2001). Our knowledge
of the contribution of fine root life cycles
to C cycles in forests still remains insuffi-
cient (Lukac 2012).

Forests with nutrient-rich organic soils
have been highlighted due to its unclear
role in achieving climate neutrality goals.
To improve knowledge about hemiboreal
forest ecosystems with nutrient-rich or-
ganic soils, the aim of this study was to
evaluate fine root morphological traits and
production (including C input through fine
root litter) as well as the affecting factors
in coniferous and deciduous tree forests
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with drained and naturally wet nutrient-
rich organic soils in Latvia.

Materials and methods

Study sites

The study was performed in 23 research
sites, established in 2020, representing typ-
ical forests with nutrient-rich organic soils
in the hemiboreal region in Latvia (Fig. 1,
Tab. 1). The research sites were dominated
by coniferous trees (Norway spruce, Picea
abies H. Karst.) and deciduous trees (silver
birch, Betula pendula Roth and black alder,
Alnus glutinosa Gaertn), respectively. All re-
search sites were divided according to the
soil moisture conditions (drained or natu-
rally wet) based on the national forest site
type classification system (Buss 1981). Co-
niferous-trees-dominated stands included
in the study represented stands with
drained organic soils, but deciduous-trees-
dominated stands represented both
groups of soil moisture condition (drained
and naturally wet organic soils). At sites
with naturally wet nutrient-rich organic
soils, the understorey is formed by Fran-
gula alnus, Salix sp., Padus avium, Ribes ni-
grum and Viburnum sp.; in the herb layer
species preferring wet conditions prevail,
such as ferns, sedges, and on mounds Ox-
alis acetosella, Vaccinium myrtillus and Ma-
ianthemum bifolium; the moss layer is
scarce but rich in species such as Calier-
gonella sp., Climacium sp., Plagiomnium sp.,
Calliergon sp., and on mounds Rhytidiadel-
phus sp., Hylocomium splendens, Eurhyn-
chium sp. (Zalitis 2006). In research sites
with drained nutrient-rich organic soils, the
understorey is formed by Frangula alnus,
Sorbus aucuparia, Juniperus communis,
Salix cinerea and Daphne mezereum; in the
herb layer Vaccinium myrtillus, Oxalis ace-
tosella, Dryopteris carthusiana, Calamagros-

tis sp., ferns, Cirsium oleraceum, and in the
moss layer Hylocomium splendens, Pleuro-
sium schreberi, Dicranum sp., Rhytidiadel-
phus, Brachythecium sp., Eurhynchium sp.
and Cirriphyllum piliferum (Zalitis 2006).
The area of each sample plot (in total 25)
was 500 m?, with a radius in a plane of 12.62
m.

In 2020 and 2021, the weather conditions
in Latvia were typical (representative) for
the region and no significant deviations
from the norm were detected, as well as
did not variate significantly between re-
search sites. In Latvia, the mean annual
precipitation in 2020 and 2021 was 641.5
and 676.3 mm, respectively. The mean an-
nual air temperature was +8.8 °C in 2020
and +7.0 °C in 2021 (LYGMC Klimata Portals
2023).

Fine root sampling and sample
processing

The root ingrowth method was used,
whereby root growth into in situ incuba-
tions of root-free soil (Raich et al. 1994,
Majdi 1996, Vogt et al. 1998) was employed
to estimate annual fine-root production in
the surrounding soil. Before installation, in-
growth cores (diameter 40 mm, length 80
cm) were filled with local soil, which was
roughly sieved to remove living and fresh-
ly-dead roots and rough wood. The cores
were packed tightly to get similar bulk den-
sity with surrounding soil and thus avoid
poor root growth and underestimates. Fine
root (trees + understorey vegetation) sam-
ples were collected using three root in-
growth cores placed randomly in each sam-
ple plot (i.e., three root ingrowth cores per
sample plot, totaling 75 root ingrowth
cores) under uniform forest canopy. In-
growth cores were inserted into the soil to
a depth of 80 cm from the surface of the
forest floor. Installation of root ingrowth
cores was performed in May 2020, using a
corer-installer and soil auger. Ingrowth
core samples were collected once in May
2021 (covering one full calendar year),
when all ingrowth core samples were re-
moved.

All obtained samples were transported to
the Latvian State Forest Research Institute
(LSFRI) “Silava” laboratory (Salaspils,
Latvia). In the laboratory, roots from sam-
ples were washed free of soil, and fine
roots (diameter < 2 mm) were separated.
Collected fine roots were not segregated
into the roots of trees and other under-
storey vegetation. Thus, pooled fine root
samples (trees + understorey vegetation)
were further used for determination of fine
root morphological traits and dry mass.
The dry mass was determined after deter-
mination of fine root morphological traits
and drying of fine root samples at 70 °C to
constant mass.

Determination of fine root
morphological traits

The morphological traits of fine roots
were investigated prior to drying. Each
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Fine roots in hemiboreal forests with nutrient-rich organic soils

Tab. 1 - Stand parameters and characteristics of the research sites. (Age): stand age; (BA): basal area; (D): tree density; (GS): grow-
ing stock; (DBH): tree diameter at breast height; (H): tree height. Values are averages + standard error, the range of values is in

brackets.

Soil moisture

Dominant species condition Age BA D GS DBH H
(no. sites) (no. sites) (yrs) (m?ha'") (n ha) (m® ha’) (cm) (m)

_ . drained (6) 38+7 20.0+3.3  1523+353 17238  16.6:1.7 16.4:1.7
D_fﬂdubf?ushtg‘)es (13): (19-62) (11.0-33.7)  (340-2660) (58-307)  (10.3-21.8)  (10.0-22.0)
silver pirc ,
black alder (6 44 10 241:53 3700 +1456 272:104 12.9:2.9  14.1:2.8

© naturally wet (7) (10-73) (2.5-39.9)  (1160-11700)  (8-809) (3.3-23.0)  (4.6-25.6)
Coniferous trees (10): 4 .4 (10 52+5 26.6+2.5 825 + 93 292+31  20.9:0.8  20.0+0.7
Norway spruce (10) (27-74) (14.6-38.5)  (362-1320)  (174-462)  (18.1-25.4)  (16.2-23.0)

root sample (tree roots and understorey
vegetation roots combined) was scanned
(resolution 1200 dpi) using an EPSON Ex-
pression 12000XL. Fine root length density
(m m?3 soil), specific root length (m g dry
fine root mass), volume density (cm3 m3
soil), root surface area (m> m3 soil) and
specific root surface area (m? g* dry fine
root mass), mean root diameter (mm), and
fine root tip frequency expressed as tip
number on a dry mass basis (n mg* dry fine
root mass) were calculated from the scans
and fine root biomass data using the Win-
Rhizo™ 2019 software (Régent Instruments
Inc., Quebec City, Canada).

Estimation of carbon input with fine
root litter

The study assumed that annual fine root
production is equal to annual fine root lit-
ter amount (Norby et al. 2004, Finér et al.
2011, Laiho et al. 2014, Leppdlammi-Kujan-
suu et al. 2014). To calculate C input with
fine root litter, it was assumed that the C
content in root biomass was 48% for broad-
leaves-dominated stands and 51% for coni-
fers-dominated stands (Lamlom & Savidge
2003, IPCC 2006, Bardule et al. 2021).

Soil sampling and analysis

In all research sites, soil samples were col-
lected every 10 cm of depth between 0 and
80 cm. Two sets of composite samples
were collected in each research site. Soil
samples were transported to the LVS EN
ISO 17025:2018-accredited laboratory at the
LSFRI “Silava” and were prepared for
analyses according to LVS ISO 11464:2005.
Soil bulk density was calculated from the
mass and the volume of a soil sample ac-
cording to LVS ISO 11272:2017. The follow-
ing general chemistry parameters were de-
termined: pH(KCI) was determined using a
glass electrode in a 1:5 (volume fraction)
suspension of soil in 1 mol L' potassium
chloride (KCI) solution according to LVS EN
ISO 10390:2022; total C (TC, g kg™) and total
nitrogen (TN, g kg') content were deter-
mined using elementary analysis methods
(dry combustion) by LVS ISO 10694:2006
and LVS ISO 13878:1998, respectively. Or-
ganic carbon concentration (OC, g kg") was
calculated as the difference between TC
concentration and inorganic carbon (car-
bonate) concentration determined using a
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volumetry method (Eijkelkamp calcimeter),
according to LVS 1SO 10693:20914. Concen-
trated nitric acid (HNO;) extractable potas-
sium (K, g kg') and phosphorus (P, g kg")

was determined using inductively coupled
plasma-optical emission spectrometry (ICP-
OES) method. In addition, OC/TN (C/N) ra-
tio was calculated as a proxy to charac-
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Fig. 2 - Morphological traits and annual production of fine roots (average values *
standard error; tree and understorey vegetation roots combined). Different capital
letters indicate significant differences among stands with coniferous- and deciduous-
trees dominated stands with drained organic soils. Different lowercase letters indicate
significant differences among stands with drained and naturally wet organic soils
within the group of deciduous-trees dominated stands (no significant differences
were found). The number of samples (n) for each grouping is shown.
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Fig. 3 - Spearman’s correlations between fine root morphological traits, fine root pro-
duction and mean forest stand characteristics. Positive correlations are displayed in
blue and negative correlations in red. Colour intensity and the size of the circle are
proportional to the correlation coefficients. The legend below the correlogram shows
the correlation coefficients and their corresponding colours. Correlations with p >
0.05 are considered non-significant (crosses are added).
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terise the decomposition of soil organic
matter (Navratil et al. 2021, Schuster et al.
2022).

Data analysis

Data processing and all statistical analy-
ses were performed in the R environment
(R v. 4.0.3, RStudio v, 1.3.1093). A Wilcoxon
rank-sum test with continuity correction
was used to evaluate possible differences
in morphological traits and production of
fine roots between the pooled research
sites in groups of type of dominant tree
species (coniferous or deciduous trees)
and soil moisture conditions (drained or
naturally wet). Correlations between mor-
phological traits and production of fine
roots, selected variables of soil general
chemistry and forest stand characteristics
were tested with Spearman’s p using a sig-
nificance level of p < 0.05. Fig. 2 and Fig. 4
were prepared using R package “ggplot2”,
and Fig. 3 was prepared using the “cor-
rplot” and “Hmisc” packages.

Results

Morphological traits and production of
fine roots

Fine root morphological traits showed
relatively high variation even within forest
stands with the same type of dominant
tree species and soil moisture conditions
(Fig. 2). In stands with drained organic
soils, both mean fine root length density
and specific root length was higher in de-
ciduous-trees-dominated stands (2332 *
1022 m m?3 and 30.6 * 5.6 m g", respec-
tively) than in coniferous-trees-dominated
stands (1125 £ 121 m m3 and 14.4 £1.2m g*,
respectively). Similarly, mean fine root sur-
face area and specific fine root surface area
was higher in deciduous-trees-dominated
stands (1.96 + 0.90 m> m3 and 0.026 *
0.003 m? g7, respectively) than in conifer-
ous-trees-dominated stands (1.49 + 0.16 m?
m3 and 0.018 + 0.001 m* g*, respectively).
Statistically significant difference between
deciduous-trees- and coniferous-trees-do-
minated stands was found for specific fine
root length and specific fine root surface
area.

In stands with drained organic soil, both
average diameter and volume density of
fine roots in coniferous-trees-dominated
stands (0.44 * 0.02 mm and 166 * 19 cm3
m3, respectively) were significantly higher
than that in deciduous-trees-dominated
stands (0.32 * 0.03 mm and 142 +* 69 cm3
m3, respectively), but the average fine root
tip frequency per unit dry mass was signifi-
cantly higher in deciduous-trees-dominated
stands (17.6 * 3.5 n mg" dry fine root mass)
than in coniferous-trees-dominated stands
(10.6 + 1.7 n mg" dry fine root mass). No
statistically significant differences in fine
root morphological traits among decidu-
ous-trees-dominated stands with different
soil moisture conditions (drained or natu-
rally wet) were found.

Similarly to fine root morphological traits,

iForest 16: 165-173



Fine roots in hemiboreal forests with nutrient-rich organic soils

Tab. 2 - Characteristics of soil chemistry in research sites. (SBD): soil bulk density; (OC): organic carbon concentration; (TN): total
nitrogen. Values are averages + standard error.

Z)(;Fr:le;'r?:nt tree sr;'?;:sture dzc::h (kSBn[:") ( ?(C_1) ( -II-(N_1) r(a:\::?o ( I'(( ) ( kP ) (EEI[)
species condition (cm) g g ke g ke gke gke
. drained 0-10 239.8 £28.8 393.2+40.0 27.4+3.2 145+05 0.73£0.12 2.02x0.55 5.0+0.5
Deciduous trees
naturally wet 0-10 281.3 +55.6 416.4+53.2 21929 19.2+7.0 0.57+0.05 0.96+0.20 4.2:0.4
Coniferous trees drained 0-10 228.7+35.0 481.2+27.0 21.8+2.4 26.6+6.3 0.46+0.03 1.08+0.15 4.1+0.3

fine root production also showed a high
variation. Nevertheless, in stands with
drained organic soil included in the study,
average fine root production was signifi-
cantly higher in coniferous-trees-domi-
nated stands (0.69 + 0.08 t ha*yr') than in
deciduous-trees-dominated stands (0.46 *
0.15 t ha'yr'), but no statistically significant
differences in fine root production be-
tween deciduous-trees-dominated stands
with different soil moisture condition were
found.

Factors affecting fine root
morphological traits and production
General forest stand characteristics and
soil chemistry parameters at different
depths (Tab. 2) were screened for relation-
ships (Spearman’s correlations) with fine

root morphological traits and production
(Fig. 3, Fig. 4). Fine root production was
positively correlated with stand age (p =
0.58), average tree diameter at breast
height (p = 0.48), basal area (p = 0.45) and
average tree height (p = 0.44). Several sig-
nificant correlations were found between
fine root morphological traits and stand
characteristics as well (Fig. 3). Correlation
analysis between fine root production and
chemical characteristics of soil showed a
negative correlations with TN content in
soil at the 0-10 cm layer (p = -0.47) and P
content in soil at the 0-10 and 10-20 cm
layer (p =-0.46 and p =-0.48, respectively —
Fig. 4). No significant correlations were
found between fine root morphological
traits and selected soil parameters, except
a positive correlation between fine root

volume density and P content in soil at the
50-80 cm layer (p = 0.51).

Carbon input through fine root litter
The average C input through fine root
(tree and understorey vegetation) litter
ranged from 0.038 £ 0.022 t ha" yr' in the
youngest deciduous-trees-dominated
stand with drained soil included in the
study, to 0.46 * 0.16 t ha” yr'in the conifer-
ous-trees-dominated stands with drained
soil, which were the oldest stands included
in the study, with relatively high stem
biomass parameters. The average annual C
input through fine root litter in the re-
search sites was 0.23 + 0.03 t ha" yr". Linear
regressions describing the dependence of
annual C input through fine root litter (tree
and understorey vegetation roots com-

_Fig.5-Annualcarbon .| )4 004¢+ 0083 051 f(x)=0.0064x +0.0749
input through fine root o
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bined) on stand age, average tree diameter
at breast height, basal area and TN content
in soil at 0-10 cm depth are shown in Fig. 5.

Discussion

Morphological traits of fine roots

Fine roots are one of the most physiologi-
cally active parts of plants and contribute
significantly to below-ground C fluxes in
forest ecosystems (Borja et al. 2008, Finér
et al. 2011, Zhu et al. 2021). Fine root mor-
phological traits and production are sensi-
tive to the connected environment and its
changes (Zhu et al. 2021). Several size-re-
lated traits of root morphology can reflect,
for instance, resource availability, including
nutrient and water (Ostonen et al. 1999,
Fuchs et al. 2020, Zhu et al. 2021). In addi-
tion, the root branching pattern of the spe-
cies determines the morphological traits of
fine roots (Ostonen et al. 2007). Several
studies revealed significant differences in
fine root morphological traits of coniferous
and deciduous trees (Ostonen et al. 2006,
2007), as well as the impact of tree age and
soil microbial community on fine root pa-
rameters (L6hmus et al. 2006, Ostonen et
al. 2006).

Several traits of root morphology can be
used as important indicators of a stand nu-
trient-uptake efficiency, and plant survival
and growth strategies (Borja et al. 2008,
Zhu et al. 2021). For instance, the specific
surface area and specific length of fine
roots reflects the fine root resource alloca-
tion and nutrient absorption (Zhu et al.
2021). Generally, our estimates of fine root
specific area were slightly lower compared
with values previously reported in litera-
ture for stands with the same tree species
in the Baltic Sea Region. Our fine root spe-
cific area values ranged from 12.5 to 44.8
m? kg dry fine root mass. In Estonia and
Finland, studies revealed that the range of
variation in mean specific root area was 29-
74 m? kg for Norway spruce, 84-194 m? kg
for silver birch (Ostonen et al. 1999, 2006,
2007), and 79-155 m? kg* for black alder
(Ostonen et al. 2006). However, these re-
sults reflect mycorrhizal roots (short roots)
lacking secondary thickening and are mor-
phologically distinct from other fine roots.
In spruce stands in southeast Norway,
mean specific root area expressed per unit
soil volume ranged from 2.4 to 35.4 m> m3
(Borja et al. 2008) which is also slightly
higher than our estimated range of corre-
sponding values. Possible reasons for the
lower fine root specific area values ob-
tained within this study could be the depth
from which fine roots were collected, that
was greater in our study than in the above-
mentioned studies (Ostonen et al. 1999,
2006, 2007, Borja et al. 2008). As fine root
specific area decreases significantly from
topsoil to deeper soil layers (Ostonen et al.
2006, Borja et al. 2008), fine root sampling
depth could explain lower mean fine root
specific area values obtained within this
study. In addition, our results reflect com-
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bined results of morphological traits of
both trees and understorey vegetation
which can cause differences compared to
fine root morphological traits of trees only.

Our estimates of the range of variation in
mean specific root length for Norway
spruce were up to 23.7 m g dry fine root
mass, but up to 61.8 m g dry fine root
mass for the deciduous tree species. Osto-
nen et al. (2006, 2007) also found that val-
ues of specific root length were higher for
deciduous tree species (up to 204 m g for
silver birch) than for coniferous trees (up
to 47 m g for Norway spruce). Our results
of specific root length for Norway spruce
are in line with the results obtained in Nor-
way spruce stands in southeast Norway
where specific root length ranged from
13.4 t0 19.8 m g (Borja et al. 2008). Similar
to the fine root specific area, specific root
length tends to decrease from topsoil to
deeper soil layers (Ostonen et al. 2006,
Borja et al. 2008), thus the greater fine
root sampling depth could explain the
lower mean fine root specific area values
obtained within this study.

We found significantly higher average
fine root tip frequency in deciduous-trees-
dominated stands than in coniferous-trees-
dominated stands. In general, our results
are slightly lower than those obtained in
Norway-spruce- and silver-birch-dominated
stands in Finland and Estonia, where aver-
age short root tip frequency ranged from
19.9 * 1.2 t0 24.9 * 1.2 n mg" dry short root
mass for Norway spruce and from 54.4 +
3.8 to 67.1 £ 6.6 n mg™ dry short root mass
for silver birch (Ostonen et al. 2007). Osto-
nen et al. (2006) reported that average
short root tip frequency in black-alder-
dominated stands in Estonia ranged up to
126.4 * 7.1 n mg" dry short root mass. In
general, fine root tip frequency showed no
consistent pattern and was mostly unaf-
fected by stand age and stand above-
ground biomass parameters. Similarly,
Borja et al. (2008) concluded that there
was no significant effect of stand age on
specific root tip density of fine roots in Nor-
way spruce stands.

We found that Norway-spruce-dominated
stands had a statistically higher average
fine root diameter relative to the stands
dominated by deciduous species. Ostonen
et al. (2007) observed a similar trend in
their study and reported that statistically
higher average short root diameter was
found in Norway-spruce dominated stands
(0.53 £ 0.02 mm in Estonia and 0.45-0.49 *
0.01mm in Finland) when compared to sil-
ver-birch- and black-alder dominated
stands in Estonia (0.32-0.34 * 0.01 mm and
0.39 = 0.01mm, respectively — Ostonen et
al. 2006).

Production of fine roots and its
affecting factors

In general, fine root production varies
widely both within and among different
types of boreal forests with organic soils
(Lampela et al. 2022). Yuan & Chen (2010)

estimated that the average production of
fine roots (< 2 mm in diameter) in boreal
forest ecosystems was 2.83 t ha” yr' (both
mineral and organic soils were included).
Furthermore, they found that broad-leaved
species generally had lower fine root pro-
duction than those dominated by needle-
leaved species (2.01 + 0.17 and 2.31 + 0.12 t
ha" yr', respectively - Yuan & Chen 2010).
Similarly, Steele et al. (1997) reported that
production of fine roots was even four-fold
higher in northern black spruce stands
than in southern aspen stands in Canadian
boreal forests. Finér et al. (2011) estimated
that average production of fine roots for all
plants (trees + understorey) in boreal and
temperate forest ecosystems was 3.11 *
2.59 t ha' yr' and 4.28 £ 3.75 t ha' yr, re-
spectively; however, mineral and organic
(peatland) soils were not analysed sepa-
rately. Lampela et al. (2022) found that av-
erage fine root production in boreal
forested peatland varied from 0.31t ha* yr'
to 1.20 t ha' yr"; furthermore, there were
no significant differences in total fine root
production between the undrained and
drained sites. Our estimates in forests with
nutrient-rich organic soils showed that av-
erage fine root production ranged from
0.46 £ 0.15 t ha'yr'in deciduous-trees-dom-
inated stands with drained organic soils to
0.69 % 0.08 t ha'yr'in Norway spruce dom-
inated stands with drained organic soils.
Furthermore, we found a positive correla-
tion between fine root production and
stand age, average tree diameter at breast
height, basal area and average tree height.
These results are in line with previous find-
ings in Finland demonstrating that stand
basal area predicts fine root biomass bet-
ter than any other stand variable alone
(Lehtonen et al. 2016). In addition, we
found a negative correlation between fine
root production and N and P content in soil
as well as a positive correlation (although
statistically insignificant) between fine root
production and C/N ratio in soil. These
trends could be explained by vegetation
capacity to adapt to shortages in nutrients
by increasing the absorptive capacity of
the root system through extensive strat-
egy enhancing root production and main-
taining larger absorbing surface areas or
through intensive strategy modifying root
morphology and physiology in order to in-
crease uptake efficiency per root mass
(Fuchs et al. 2020). Several studies have
demonstrated that fine root production is
inversely related to soil nutrient status
(Borja et al. 2008, Ding 2021) and N deposi-
tion (Wang et al. 2019, Zhu et al. 2021).
Studies along boreal and temperate forest
ecosystems showed that fine root biomass
per tree stand basal area decreases signifi-
cantly from nutrient-poor to nutrient-rich
sites (Nadelhoffer 2000, Ding et al. 2021,
Lampela et al. 2022).

Another explanation for obtaining lower
fine root production values than most val-
ues reported for boreal and temperate
forests could be the use of ingrowth core
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method for the first year. First year results
most likely reflect a lagged root growth
due to cutting of the roots during the in-
stallation of ingrowth cores resulting in a
slow rates of root recolonisation in the
root-free cores (Steele et al. 1997, Finér &
Laine 2000, Lukac & Godbold 2021). For in-
stance, Steele et al. (1997) concluded that
the ingrowth core method provides an esti-
mate of the minimum amount of biomass
allocated to fine root production. Finér &
Laine (2000) emphasized that ingrowth
core method provide a reliable and quanti-
tative results comparable with, for in-
stance, sequential coring method, if the
time passed since the installation of bags is
long enough (i.e. > 2 growing seasons). Os-
tonen et al. (2005) also concluded that fine
root production values from ingrowth
cores were approximately two times
smaller than those obtained by soil cores
even in the third year. Thus, the first year
results of fine root production obtained
within this study using the ingrowth core
method most likely provided a lowered val-
ues. Nevertheless, ingrowth core method
in short-term studies (as in our case) can
provide insight into the fine root growth
potential and is suitable for comparing the
effects of different dominant tree species,
soil moisture condition and other affecting
factors (Finér & Laine 2000). Some addi-
tional drawbacks of the ingrowth core
method were discussed by Vogt et al.
(1998) and Lukac (2012).

Carbon input through fine root litter

The results of our study show a positive
trend for C input through fine-root litter to
increase along with stand age and average
tree diameter at breast height and basal
area, and a negative decreasing trend
along with N and P content in soil at the o-
20 cm layer. In general, our average values
of C input through fine root litter (up to
0.46 + 0.16 t ha"' yr') were slightly lower
than the relatively wide range of other re-
ported C fluxes from Norway spruce, silver
birch and black alder forests in the boreal
region. According to results of a study con-
ducted in Sweden and Finland, the input of
C with fine root litter in birch stands was
0.77 t Cha'yr'(Hansson et al. 2011) and 1.16
t C ha' yr' (Ding 2021), whereas in spruce
stands it ranged from 0.51to 1.32 t Cha" yr*
(Kleja et al. 2008, Hansson et al. 2011, Lep-
palammi-Kujansuu et al. 2013, 2014). Fur-
thermore, their results showed that fine
root lifespan was significantly shorter, and
litter input higher, in warmer and more nu-
trient-rich soil. This should be considered in
the context of global warming and increas-
ing soil temperatures (Leppalammi-Kujan-
suu et al. 2013, Ding 2021).

In previous studies conducted in Latvia,
modelled C annual input through tree be-
low-ground litter in forests with drained or-
ganic soils based on stem biomass data
was estimated to be 1.43 + 0.07 t ha™ yr'in
Norway-spruce dominated stands and 1.70
+0.07 t ha' yr' in silver birch stands (Bard-
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ule et al. 2021). Experimental outcomes
from this study revealed that previously
modelled annual C input through tree be-
low-ground litter based on stem biomass
data and several assumptions (Bardule et
al. 2021) could be overestimated for nutri-
ent-rich organic soils. Although the longev-
ity of fine roots varies depending from dif-
ferent affecting factors (Hansson et al.
2013, Leppdlammi-Kujansuu et al. 2014), the
fine root C inputs into soils are generally
estimated by multiplying annual fine root
production or fine root biomass multiplied
by turnover rate (as the inverse of lon-
gevity) by C content in root biomass (Nor-
by et al. 2004, Kleja et al. 2008, Finér et al.
2011, Leppdlammi-Kujansuu et al. 2014,
Kwatcho-Kengdo et al. 2023). Also, this
study assumed that annual fine root pro-
duction is equal to annual fine root litter
amount. Certainly, this assumption comes
with some limitations, for instance, the co-
existence of fast cycling fine roots (Kwat-
cho-Kengdo et al. 2023). Thus, it should be
noted that the use of this assumption may
slightly decrease accuracy of estimates of
annual C input through tree below-ground
litter as well.

Conclusions

In general, both fine root morphological
traits and production show a high variation
in nutrient-rich organic soils in Latvia. Nev-
ertheless, significant differences in several
fine root morphological traits and produc-
tion between coniferous- and deciduous-
trees dominated stands were found as well
as fine root production was positively cor-
related with several forest stand character-
istics, such as stand age, average tree di-
ameter at breast height, basal area and av-
erage tree height. Because forest stand
above-ground biomass characteristics can
be estimated accurately and easily, our em-
pirical data may provide useful information
for predicting tree and understory vegeta-
tion fine root production and consequently
C input through fine root litter at the stand
level in hemiboreal forests with nutrient-
rich organic soils. Furthermore, fine root
production was negatively correlated with
TN and P content in soil, reinforcing previ-
ously-reported trends that fine root bio-
mass decreases from nutrient-poor to nu-
trient-rich sites.

Considering that our fine root production
estimates in nutrient-rich organic soils are
lower than values previously reported for
boreal and temperate regions, it is neces-
sary to conduct further research including
multi-annual estimates in a wider set of for-
est stands with diverse dominant tree
species and growing conditions to improve
estimates, patterns and understanding of C
flows through fine root litter in drained and
naturally wet organic soils.
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