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ABSTRACT

Boreal forest soils are globally one of the most extensive carbon storages, whereas soil
respiration (CO2 efflux) forms the largest carbon flux from the ecosystem to the atmosphere.
Current changes in the world climate may have unpredictable effects on belowground carbon
processes, and thereby, on the carbon balance of boreal forests.

To better understand the various processes in soil and to quantify the potential changes in
the carbon cycle, forest-floor respiration (RFF) was partitioned into five different components,
and tree-root respiration (RR) was estimated, using four different methods in a mature boreal
Scots pine (Pinus sylvestris L.) stand in southern Finland. Non-structural carbohydrate (NSC)
concentrations in tree roots were determined, and carbon allocation to belowground by trees
was estimated with the whole-tree carbon model ‘CASSIA’. In addition, RR and heterotrophic
soil respiration (RH) were separated using root exclusion in seven coniferous forests along a
latitudinal gradient in Northern and Central Europe.

The RR comprised almost half of the RFF, the RH almost a third, and ground vegetation
and respiration of mycorrhizal hyphae the remaining fifth in the boreal Scots pine stand.
While the annual RR decreased throughout the first three study years, the RH increased when
the mycorrhizal roots were excluded from the treatments. The RR and most of the NSC
concentrations were higher in the warmer years and lower in the cooler, as estimated with
most of the methods. Three methods resulted in rather similar RR estimations, while the RR

estimated with root incubation was significantly lower. The RR was over 50% of the annual
photosynthesis in the northernmost forest stand, whereas in the southernmost stand it was
only up to 15%. Carbon allocation to the belowground, as modelled with CASSIA was a third
of the annual photosynthesis on average and almost 5% for the symbiotic mycorrhizae.

Keywords: soil respiration, CO2, roots, non-structural carbohydrate (NSC), Pinus sylvestris,
boreal forest
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1 INTRODUCTION

1.1 Boreal forests and belowground dynamics

The boreal forest, or taiga, encircles the earth roughly between 48° and 70° N latitudes,
covering North America, Northern Europe, Russia and Northeastern China. The boreal
ecosystem is the second largest forested biome (Kasischke 2000) and is globally one of the
most extensive reservoirs of carbon (C) (Bradshaw and Warkentin 2015). The boreal region
is characterized by a cool, wet climate, with long winters and short summers, resulting in low
decomposition rates and accumulation of C. However, the average temperature has continued
to increase, being greatest in the high latitudes of Northern Europe, especially during winter
(IPCC 2014). On the one hand, warming increases photosynthetic production (i.e. gross
primary production; GPP) (McMahon et al. 2010; Keenan et al. 2014), which may even
further enhance C sequestration in boreal ecosystems (Briceño-Elizondo et al. 2006; Jansson
et al. 2008; Ueyama et al. 2013). On the other hand, it may increase the activity of autotrophic
plants and decompositioning in soils, thus increasing carbon-dioxide (CO2) emissions as soil
respiration (Rustad et al. 2001; Bond-Lamberty et al. 2010, 2018; Wang et al. 2014).
Warming may shorten the snow-cover period in spring and advance the start of the growing
season in the Northern Hemisphere (Collins et al. 2013), while also postponing the start of
autumn (McMahon et al. 2010), thereby increasing the length of the growing season.
However, the delayed snowfall and weakened insulation by the snow cover can, in turn,
decrease temperatures in the soil (TS) (Halim and Thomas 2018). With increasing
temperatures, vapour-pressure deficits (VPDs) of the air may increase leading to higher
evapotranspiration rates from forests (Kirschbaum 2000), which may, in turn, enhance the
drying of soils. Therefore, the soil-water content (SWC) may become a more important factor
determining terrestrial C exchange in boreal forests than currently (Liu et al. 2019). Even
though summers have rarely been extremely hot and dry in Northern European forests, some
examples from recent years (such as 2018) are available (Lindroth et al. 2020; Peters et al.
2020).

Coniferous trees such as spruce (Picea A. Dietr.), larch (Larix Mill), pine (Pinus L.) and
fir (Abies Mill), which are adapted to cold temperatures, snow and tolerate varying water
availability during the year, e.g. due to frozen soil, predominate in boreal forests (Kasischke
2000). The forest floor is inhabited by many evergreen dwarf shrubs, such as heather
(Calluna vulgaris (L.) Hull), lingonberry (Vaccinium vitis-idaea L.), crowberry (Empetrum
nigrum L.), and deciduous bilberry (Vaccinium myrtillus L.), also in addition to grasses and
herbs. The ground floor is often covered by mosses and lichens. The soil microbiota are
dominated by saprotrophic microbes and fungi, which are primary decomposers of soil-
organic matter (SOM) (Read 1991). Boreal forests have relatively cold, wet acidic soils in
which decomposition and nutrient cycling rates are relatively low, and plant roots and
microorganisms in the soil compete mostly for nutrients (Kuzyakov and Xu 2013). Many of
the coniferous tree species form symbiotic associations with ectomycorrhizal fungi, whereas
dwarf shrubs form symbioses with ericoid mycorrhizae (Read 1991). Host plants benefit from
gaining nitrogen (N), phosphorus (P) and other nutrients from mycorrhizae that would
otherwise be unavailable to them, while the mycorrhizae benefit from the host plant by
obtaining photosynthates (i.e. C compounds) (Smith and Read 2008). Substantial amounts of
C are allocated to the mycorrhizal fungi by the host plant (Leake et al. 2001); thus the
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mycorrhizal hyphal necromass together with root litter forms a significant fraction of the
SOM (Clemmensen et al. 2013).

Ecto- and ericoid mycorrhizal fungi also have saprotrophic capabilities by releasing
degrading enzymes, mostly to scavenge nutrients from recalcitrant organic C resources in the
soil (Read and Perez-Moreno 2003; Phillips et al. 2014). The presence of ecto- and ericoid
mycorrhizal fungi may suppress the saprotrophic activity in a so-called ‘Gadgil effect’
(Gadgil and Gadgil 1971, 1975), which may result from multiple causes, e.g. from
competition for resources between saprotrophic and ectomycorrhizal fungi, or from the
chemical inhibition or parasitism of one by the other (Fernandez and Kennedy 2016). With a
secure flow of organic C from the host plant, mycorrhizal fungi are likely in a favourable
position to compete for nutrients with saprotrophs (Smith and Read 2008). Due to the Gadgil
effect, the exclusion of mycorrhizal roots may enhance the activity of heterotrophic
saprotrophs in the soil. Moreover, soil heterotrophic microbes also benefit from plant-derived
C from roots and mycorrhizae, resulting in increase in decomposition in a so-called
‘rhizosphere-priming effect’ (Kuzyakov 2006; Bengtson et al. 2012). However, free
exudation from plant roots to soil in forested ecosystems with ectomycorrhizal plants is
considered negligible (Nehls 2008; Jones et al. 2009), and most of the photosynthates are
allocated to fungal symbionts.

1.2 C cycling in boreal forest floor

Due to extensive C storage, boreal ecosystems play important roles in the global C budget;
thus changes in their C balance may greatly impact the atmospheric CO2 concentration. Most
of the C resides in soils and peatlands in the boreal region (Raich and Schlesinger 1992;
Bradshaw and Warkentin 2015), while as the largest C flux from the ecosystem to the
atmosphere, soil respiration is a key component of CO2 exchange (Janssens et al. 2001). Soil
respiration consists of autotrophic respiration of tree roots (RR), respiration of the external
hyphae of symbiotic mycorrhizal fungi (RMY) and nonsymbiotic heterotrophic microbes (RH),
such as saprotrophic bacteria and fungi, that decompose SOM (Figure 1) (Kuzyakov 2006;
Kutsch et al. 2009). In addition to trees and soil microbiota, respiration of ericaceous dwarf
shrubs (RSHR) and other ground vegetation (e.g. grasses, mosses and herbs; RGMH) forms a
significant part of the total forest-floor respiration (RFF).

Forest-floor vegetation in boreal forests contributes significantly to GPP (Goulden and
Crill 1997; Morén and Lindroth 2000; Kulmala et al. 2011, 2019). Mosses in the ground floor
are known to affect soil moisture and temperature by controlling hydrological processes
(Clymo and Hayward 1982; Beringer et al. 2001) and acting as insulators (Bonan, 1991;
Beringer et al. 2001; O'Donnell et al. 2009; Soudzilovskaia et al. 2013). Ericaceous dwarf
shrubs and their ericoid roots are known to alter their living conditions, not only by lowering
the soil pH and degrading SOM, but also by forming recalcitrant compounds (Adamczyk et
al. 2016). Trees and ground vegetation species compete for recourses in the forest floor, yet
they also have interconnections belowground. Studies have shown that trees and dwarf shrubs
may be interconnected via common mycorrhizal networks (Villarreal-Ruiz et al. 2004; Sietiö
et al. 2018), while trees exchange C assisted by common ectomycorrhizal networks (Pickles
et al. 2017), even in substantial amounts among tall trees (Klein et al. 2016). The effects of
different ground vegetation species on various ecosystem properties e.g. respiration can be
determined, e.g. using vegetation removals (see Wardle and Zackrisson 2005; Hautala et al.
2008), while RMY can be determined using mesh fabrics with various pore sizes (Moyano et
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Figure 1. Schematic figure of aboveground carbon (C) exchange in photosynthesis and
respiration, belowground C allocation to roots and root-associated mycorrhizal symbionts and
to exudation, and various respiration sources of tree roots (RR), symbiotic mycorrhizal fungi
(RMY), and heterotrophic microbes (RH). Photo of Scots pine by Juho Aalto.

al. 2008; Fenn et al. 2010; Heinemeyer et al. 2012; Yan et al. 2019), such as 50 µm (Andrew
et al. 2014; Hagenbo et al. 2019), enables ingrowth of external mycorrhizal fungal hyphae.

Tree roots, especially fine roots, are an important component of the belowground
biogeochemical (Ostonen et al. 2017) and C cycles, since two-thirds of the net primary
production (NPP) of trees in a Scots pine could be allocated to roots (Helmisaari et al. 2002).
Trees allocate C compounds as nonstructural carbohydrates (NSCs, mostly sugars and starch)
to different organs for growth, metabolic processes and C storage (Hartmann and Trumbore
2016). NSCs are also used for other purposes, such as cold tolerance in plants, and soluble
sugars (mainly glucose, fructose and sucrose) to regulate water and osmotic potential in plant
cells (Hartmann and Trumbore 2016). Soluble sugars in roots are used, e.g. for sustaining
nutrients and water acquisition via osmoregulation, whereas starch plays a role as a reservoir
for future use (Dietze et al. 2014; Martínez-Vilalta et al. 2016). Increased NSC concentration
can be observed in stressed trees, e.g. under drought conditions (Körner 2003; Salmon et al.
2020), even though NSC depletion can be a sign of decline in plant vitality. Trees may
increase belowground C allocation in early drought to produce root biomass to maintain
water uptake and promote drought resistance and recovery (Hartmann et al. 2020).
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The RR is an important indicator for root C dynamics and overall tree metabolisms and is
controlled by allocation of photosynthates to roots during the growing season (Pregitzer et
al. 2000; Hopkins et al. 2013). TS is one of the most important drivers for the RR, and with
global warming, increased temperatures may increase the activity of tree roots, and thereby
their respiration (Pregitzer et al. 2000; Wang et al. 2014). However, since roots are in direct
contact with the soil, it has been challenging to separate and measure only the RR or RH.
Several ways for estimating the RR have been used, such as various physical separation
methods (e.g. root exclusion, girdling) and isotopic approaches (Hanson et al. 2000). In
addition, the RR can also be directly measured from living roots in the soil (Rakonczay et al.
1997) or excised roots (Burton and Pregitzer 2003; Makita et al. 2012, 2013). The root-
exclusion method, or so-called ‘trenching’ (TR), has long been used to physically separate
the RH from the RFF to obtain the contribution of the RR (Hanson et al. 2000; Kuzyakov 2006).
In the method, the roots are excluded from the soil by cutting them around the intact plot,
and new ingrowth of roots is prevented by installing root-impermeable material (e.g. deep-
reaching collar or mesh fabric). Root exclusion is reasonably simple and inexpensive in
comparison to other methods (e.g. C isotopic analysis), although it is laborious when
constructed. It is also problematic to label mature trees with C isotopes in the field, a method
often forbidden at long-term experimental sites, since they induce disturbances in future
studies using natural isotope abundances. In addition to the physical methods, the RR has
been estimated by modelling. Examples of these methods include separation of the RR and
RH, using their different temperature sensitivities (e.g. Pumpanen et al. 2008, 2015), or
modelling the RR directly with a tree-level model such as in Schiestl-Aalto et al. (2015).
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2 AIM AND OBJECTIVES OF THE STUDY

The aim of this dissertation was to determine the C dynamics of the forest floor, especially
in boreal tree roots, and to analyse the effects of physical (e.g. climate) and biological (e.g.
interaction between forest-floor organisms) factors on the seasonal and interannual variations
in belowground C dynamics. The objectives were to determine: 1) the respiration rates of
different forest-floor components and 2) the dynamics of tree-root NSC concentrations in
comparison to environmental factors and other C fluxes of the tree.

Furthermore, four specific research questions were addressed:

1. What is the contribution of the different forest-floor components (e.g. heterotrophic
microbes, ground vegetation species and mycorrhizal fungi) to the forest-floor
respiration? (I)

2. What are the pros and cons of the various methods used to determine the respiration
of different forest-floor components and tree roots? (I–III)

3. What drives the respiration and the NSC dynamics of tree roots? (I–IV)
4. How much NSC is allocated to tree roots and to belowground symbionts in the

whole-tree C balance method? (IV)

For this purpose, various experiments were conducted in a Scots pine stand located at the
Station for Measuring Ecosystem-Atmosphere Relations (SMEAR II) in Hyytiälä, southern
Finland (I–IV) and in seven conifer stands along a latitudinal gradient from the boreal to the
temperate climate zones in Northern and Central Europe (II). Measurements at the sites were
conducted during several growing seasons under varying weather conditions.
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Figure 2. Six study sites along a latitudinal gradient in the boreal, hemiboreal, and temperate
climate zones in Northern Europe (II) (original drawing by Mari Mäki). Scots pine stands in
Värriö (SMEAR I station) and Hyytiälä (SMEAR II station) in black, Scots pine and Norway
spruce stands Punkaharju and Tammela in yellow, a mixed Scots pine/ Norway spruce stand
in Norunda in orange, and a Scots pine stand in Brasschaat in black.

covered by bilberry, sphagnum mosses (Sphagnum spp.), and bracken (Pteridium aquilinum
(L.) Kuhn) (Morén and Lindroth 2000). The site in Brasschaat was a 90-year-old Scots pine
stand with patches of deciduous tree species, such as the pedunculate oak (Quercus robur
L.), with an average dominant tree height of 21.3 m in 2012 (Bequet et al. 2012) and a density
of 384 stems ha–1 in 2014 (Horemans et al. 2020). The forest floor in Brasschaat is covered
by mosses, such as the cypress-leaved plait-moss (Hypnum cupressiforme Hedw.) and
grasses, such as Purple moor-grass (Molinia caerulea (L.) Moench) (Janssens et al. 1999;
Curiel et al. 2005).

3.2 Ancillary environmental measurements (I–IV)

TS, soil moisture and SWC were measured automatically at the SMEAR II station in Hyytiälä.
The TS was measured with thermocouples (NXP Semiconductors, Eindhoven, the
Netherlands) at 2–5-cm and 9–14-cm depths, respectively. SWC was measured using time-
domain reflectometry (Campbell Scientific Inc., Logan, UT, USA) and with a Delta-T Theta
probe soil-moisture sensor (Delta-T Devices Ltd., Cambridge, UK) at 14–25-cm and 10-cm
depths, respectively. The air temperature (TA) was measured with a Pt100 sensor at a height
of 16.8 m at the SMEAR II station in Hyytiälä. The thermal time (i.e. the effective
temperature sum; TSUM; degree-day, °Cd) (Trudgill et al. 2005), was calculated as the sum of
the daily average temperatures above 5 °C from days when the average temperature was
permanently more than 5 °C.

The net ecosystem CO2 exchange (NEE) was measured using the eddy covariance (EC)
technique, with a closed-path CO2/H2O gas analyser (LI-COR Inc., Lincoln, NE, USA) and
an ultrasonic 3D anemometer (Gill Instruments Ltd. Lymington, Hampshire, UK) above the
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Figure 3. A square root-exclusion (trenching) plot with normal ground vegetation in 2015 (I)
(photo by Jussi Heinonsalo) (A), and a round trenching plot under construction after trench
excavation and mesh fabric installation around the intact soil in 2017 (III) (photo by Kira Ryhti)
(B) in Hyytiälä.

vegetation was cut from the plots (CUT). The combinations of below- and aboveground
treatments and the number of plots for each site are presented in Table 1.

After construction of the plots and ground vegetation treatments, the collars for the
manual chamber measurements, tubes for soil-moisture profile probe (Delta-T Devices Ltd.)
in Hyytiälä (I, III) and collars for the manual chamber measurements in Värriö, Punkaharju
and Tammela (II) were installed.

3.3.2 Chamber- and plot-specific measurements

The CO2 effluxes were measured with manual and automated chambers, using a standard
closed-chamber technique (e.g. Pumpanen et al. 2015) at each experimental plot on
permanently installed collars during the snow-free seasons (I–III). The chambers enclosed
all the intact ground vegetation (mosses, dwarf shrubs etc.), if there were any left in the
treatment (i.e. CUT, SHR) (Table 1), and were ventilated with ambient air between the
measurements. All the chambers were darkened and ventilated, except for Norunda where
they were transparent (Table 1) (I–III).

The manual cylindrical chamber in Hyytiälä (Figure 4A) was 19.7 cm in diameter and
23.9 cm (I) or 19.9 cm (III) in height. The CO2 concentration in the headspace of a chamber
was measured with a GMP343 infrared sensor (Vaisala Oyj, Vantaa, Finland) at 5-sec
intervals for 5 min (I) and 5, 15 or 30 min (III). The same data measured in I were also used
for Hyytiälä in II (Table 1, 2), and the same measurement protocol as described previously
for Hyytiälä were used in Värriö (II), but the chamber was 20 cm in diameter and 25 cm in
height. The CO2 effluxes in Tammela and Punkaharju were manually measured using a
cylindrical chamber with a diameter of 30 cm and a height of 21 cm (II). The CO2

concentration was measured in the chamber headspace with a portable infrared CO2 analyser
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iButton temperature sensors (Maxim Integrated, San Jose, CA, USA) in Hyytiälä (I, III),
Värriö, Punkaharju and Tammela, using type T thermocouples in Norunda and a TS probe
(LI-COR Inc.) in Brasschaat (II).

Table 1. Chamber method, site, included in article, ground vegetation treatments: ground
vegetation removed (CUT), only dwarf shrubs left (SHR), normal intact vegetation (NOR) and
trenching treatments: trenching (TR) using 1-µm (TR1) and 50-µm (TR50) mesh fabric, and
non-trenched controls (CON), number of the plots at each site (I–III).

Chamber Site Article Trenching Plots Control Plots

Manual Hyytiälä I TR1/50-CUT 6 CON-CUT 6

TR1/50-SHR 6 CON-SHR 6

TR1/50-NOR 6 CON-NOR 12

Hyytiälä II TR1-NOR 6 CON-NOR 12

Värriö II TR1-NOR 8 CON-NOR 20

Punkaharju II TR50-NOR 12 CON-NOR 24 (+12)

Tammela II TR50-NOR 12 CON-NOR 24 (+12)

Hyytiälä III TR1-CUT 6 CON-NOR 12

Automatic Norunda II TR1-NOR 2–3 CON-NOR 3–4

Brasschaat II TR1-NOR 4 CON-NOR 6

Hyytiälä III – CON-NOR 2–3

Table 2. Chamber method, site, included in article, transparency of the chamber,
measurement period and interval at each site (I–III).

Chamber Site Article Transparency Years Interval

Manual Hyytiälä I / II Darkened 2013–2015 2–4 weeks

Värriö II Darkened 2015–2018 2–4 weeks

Punkaharju II Darkened 2015–2016 1 week

Tammela II Darkened 2015–2016 1 week

Hyytiälä III Darkened 2017–2018 2–4 weeks

Automatic Norunda II Transparent 2015–2018 30 min

Brasschaat II Darkened 2015–2018 30 min

Hyytiälä III Darkened 2013–2015 30 min

Darkened 2017–2018 30 min















26

general linear-hypothesis test (Hothorn et al. 2008) at significance levels of P < 0.01 and P
< 0.001. The normalized yearly CO2 emissions of the treatments in Hyytiälä were compared
in year 2013 to years 2014 and 2015 with the Wilcoxon signed-rank test at a significance
level of P < 0.05 (I).

The effects of the various environmental drivers (i.e. TS and SWC) on the RH and RR

measured at each site (II) were tested, using linear mixed-effect models that were estimated
based on the maximum-likelihood (ML) method, and the best model was chosen, based on
the Bayesian information criterion (BIC) and the Akaike information criterion (AIC). The
effect of a fixed-intercept parameter (B0), TS (BT) and RWC (BRWC), and interaction of all
these parameters was tested and only statistically significant parameters were included in the
model. In addition, linear-regression analysis was conducted between the RR and GPP, and
between the RR and the annual temperature sum at a significance level of P < 0.05 (II).

The associations between the various environmental variables (i.e. temperature, SWC),
NSC concentrations and variables of the RR and RRES of incubated roots in Hyytiälä in 2017–
2018 were tested with Pearson’s correlation analysis and linear regression analysis at a
significance level of P < 0.05 (III). In addition, the correlations between the four methods of
determining the RR in Hyytiälä were tested with Pearson’s correlation analysis (III).

R (R Core Team 2019), MATLAB (version 2018a, MathWorks, Natick, MA, USA) and
SPSS Statistics (IBM SPSS, Armonk, NY, USA) softwares was used in the statistical
analyses.
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4 RESULTS AND DISCUSSION

4.1 Overview of environmental conditions and fluxes (I–IV)

The TA levels in spring and summer were lowest in 2017 than in other years within the period
2013–2018 in Hyytiälä (Figure 7A). This resulted in wide differences in the TSUM (i.e. thermal
time; the sum of the daily average temperatures above 5 °C), which were 1463, 1417, 1213,
1347, 1040 and 1669 °Cd in 2013–2018, respectively, 2018 being the warmest year. The TS

fluctuation lagged behind that of TA, being lower than in the TA in summer and higher during
winter (Figure 7A). The monthly mean TA and annual TSUM were highest in the southernmost
temperate Scots pine forest (Brasschaat) and lowest in the northernmost boreal Scots pine
forest (Värriö) (II).

The annual GPPs (1307, 1266, 1289, 1309, 1204, and 1249 g C m–2 yr–1 in 2013–2018,
respectively; Figure 7B) and annual NEEs (–293, –299, –323, –295, –299, and –324 g C m–

2 yr–1 in 2013–2018, respectively; Figure 7B) in Hyytiälä were comparable in different years,
despite larger interannual changes in TSUM values. The annual GPP was highest at the
southernmost site in Brasschaat and lowest at the northernmost site in Värriö (II)

The mean RFF measured with manual chambers in Hyytiälä was highest in summer 2018,
while the mean respiration in the TR plots by heterotrophic microbes (i.e. RH) was highest in
2015 (Figure 7C). Similarly, the RFF in mature Scots pine and mixed Norway spruce stands
in Sweden was higher in the warmer, dryer year 2018 than in the cooler, wetter year 2017
(Chi et al. 2021). The mean RFF decreased from 2013 to 2015, probably following the changes
in the TS and SWC, whereas RH in the TR plots increased due to the ‘Gadgil effect’ (Gadgil
and Gadgil 1971, 1975) (I). The annual RFF increased with the TSUM in both Scots pine and
Norway spruce stands along the latitudinal gradient, with exception of the mixed Scots pine/
Norway spruce forest in Norunda, where RFF was highest in all of the study years (II).
Norunda is known to be a long-term net source of CO2, potentially due to high levels of
decomposition of old SOM and thereby high RH (Lagergren et al. 2019; Shahbaz et al. 2022).
Janssens et al. (2001) found that neither soil respiration nor the TER of 18 forested sites
throughout Europe was associated with the mean annual temperature, but that both were
significantly associated with the GPP, and thus with the productivity of the site. However,
the TSUM is probably a better measure of growing season temperature than is the annual mean
temperature, since it only accounts for daily average temperatures above 5 °C.

The mean SWC in the TR plots was higher in most years than in the continuously
measured SWCs in the intact soil of Hyytiälä (Figure 7D). The driest year was also the
warmest year, i.e. 2018, when the continuously measured SWC in the soil of the upper B
horizon was lowest (< 0.2 m3 m–3) from June to September, whereas in 2013 and 2014, the
SWC was lowest in early August and during September to October in 2015 (Figure 7D). The
years 2016 and 2017 were moist, and the SWC was above 0.2 m3 m–3 throughout the year.
The monthly mean SWCs varied between the sites along the latitudinal gradient, but were
usually higher at the boreal Norway spruce sites than at the Scots pine sites (II).
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Figure 7. Daily mean air temperature (T) in black and soil T at 9–14-cm depths in orange (A),
gross primary production (GPP) and measured net ecosystem carbon dioxide (CO2) exchange
(NEE) (B), mean forest floor respiration at intact plots ± standard error (SE) in black and mean
respiration of root-exclusion (trenching; TR) plots without ground vegetation (TR1-CUT) ± SE
in pink (C), soil-water content (SWC) in the soil at 10-cm depth at intact plots in black and in
TR plots ± SE in blue (D) at the Hyytiälä field site in 2013–2018 (I–IV).







31

Figure 8. Mean tree root respiration (RR), using excised root incubation in pink, mean RR

partitioned from total forest floor respiration in the field using the root exclusion method in
purple, mean RR between chambers partitioned with a temperature response approach from
total forest floor respiration in grey and RR simulated with the whole-tree carbon (C) balance
model ‘CASSIA’ in blue in 2013–2018 in Hyytiälä (I–IV).

tion of fine roots can be explained by diameter, root tissue density, N content or total root
length per unit root mass, which also accounts for branching of the roots (Burton et al. 2002;
Makita et al. 2009, 2012, 2016). Moreover, the root samples were excavated from topsoil,
which may be significantly drier than the deeper soil layers, which may not represent the
status of the entire root system, including the deeper soil layers, varying root types and
symbiotic microbes.

The RR showed a statistically significant association with soil moisture at all sites, except
in the northernmost stand in Värriö (II). Besides, Matkala et al. (2021) found no effect of
extreme weather events (e.g. extremely warm, dry years; including year 2018) on the TER,
respiration potential or water exchange of a Scots pine stand in Värriö located in eastern
Finnish Lapland (Figure 1). In contrast, the TER and respiration potential decreased, due to
warm, dry summers in a Norway spruce forest in western Finnish Lapland (Matkala et al.
2021). The significant associations between the RR and soil moisture (II) were mostly
negative at the Scots pine sites, while in the pure Norway spruce stands, the associations were
positive. This indicates that a decrease in soil moisture also decreases the activity of tree roots
(i.e. RR), as shown by Norway spruce, which are less resilient to warm, dry periods than are
Scots pine (Lagergren and Lindroth 2002; Baumgarten et al. 2019; Matkala et al. 2021),
which may be seen (II) as a decrease in the RR with soil moisture in the Norway spruce
stands. Various tree species also have different types of root systems and strategies for
responding to drought stress by modifying their water uptake dynamics (Grossiord et al.
2017). Plants can, for example, grow roots deeper to reach deeper water sources (Mackay et
al. 2020). Furthermore, a decrease in soil moisture decreased the RR of the incubated roots
when the temperature effect was removed (i.e. RRES; Equation 12) in Hyytiälä (III). Likewise,
Burton and Pregitzer (2003) found that dry conditions significantly reduced the respiration
rates of the excised roots of sugar maple (Acer saccharum Marshall) and red pine (Pinus
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resinosa Alton) in Michigan, USA. However, as noted previously, the root samples for
incubation were excavated from the topsoil, which may be significantly drier than the deeper
soil layers (III), whilst the CO2 efflux measured in the TR experiments (I–III) also arose
from the deeper soil layers.

4.4 Non-structural carbohydrate dynamics of tree roots (III, IV)

The raffinose concentration in the incubated roots in Hyytiälä (III) was clearly higher in
spring and autumn than in summer, and rather similar in 2017–2018 (Figure 9A), while the
results for 2015 were lacking (IV). The fructose and glucose concentrations were on average
higher in warm year 2018 than in 2015 or 2017 (Figure 9B). The annual pattern of the fructose
and glucose concentrations varied between the study years, decreasing during the summers
in 2015 and 2017, and increasing during summer 2018. The sucrose + glucose + fructose
(SGF) sum and the sucrose concentrations tended to increase towards the end of the study
years (Figure 9C). The starch content showed no clear interannual differences between the
study years (Figure 9D). The total NSC (i.e. soluble sugars and starch) concentration,
upscaled for the whole tree in 2015, increased in spring, peaked in June and decreased again
towards autumn, mainly due to changes in starch concentration (IV).

The sucrose, glucose and fructose concentrations were higher in the drier, warmer year
2018 than in the moister, cooler year 2017, indicating osmoregulation in the roots (III).
Under dry conditions, the concentration of solutes (i.e. sugars) increases in tree tissues, such
as roots, to increase the osmotic pressure in response to water stress and to maintain water
balance in the cells. The glucose and fructose concentrations especially were correlated
negatively with the SWC, but also sucrose, SGF and soluble sugars were also negatively
associated with the SWC (III). The soil moisture also decreased in late summer 2015, while
the glucose concentration seemingly increased along with it (Figure 9B). Similarly,
Koppenaal et al. (1991) found higher glucose and fructose concentrations in the roots of
water-stressed jack pine (Pinus banksiana Lambert) and white spruce (Picea glauca
(Moench) Voss) seedlings after exposure to 7 days of water stress. Zang et al. (2014)
observed a significant negative correlation between the root fructose concentrations and
reduced soil moisture in European beech (Fagus sylvatica L.) saplings. Furthermore, the
soluble sugar concentrations correlated negatively with the SWC, which is in line with
previous findings of increased soluble sugar concentrations in roots under water stress (Kim
et al. 2000; Rogiers et al. 2011; Galiano et al. 2017). The raffinose concentrations in the
incubated roots correlated positively with the SWC; however, the correlation was likely due
to coincidence between the higher SWC and lower TS, and a strong negative correlation
between the TS and raffinose concentrations in the roots (III). Likewise, Niederer et al. (1992)
found higher raffinose concentrations in Norway spruce roots during winter and lower
concentrations in summer. Decreasing temperatures and a change from long to short days in
autumn stimulate cold and frost adaptation and induce raffinose synthesis. However,
Wiemken and Ineichen (1993) noticed that raffinose accumulated in Norway spruce roots
when they were cooled, even if the shoots, which primarily perceive the photoperiod and
temperature changes were kept in a warm environment or removed. The starch concentration
in the incubated roots was insensitive to changes in the SWC, but correlated positively with
the TS (III). After removing the effect of temperature on the RR of the incubated roots, the
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Figure 9. Mean concentrations ± standard error (SE) of raffinose in purple (A), fructose and
glucose in black and light blue, respectively (B), sucrose, glucose and fructose (SGF)
combined and sucrose in black and pink, respectively (C) and starch in black (D) in fine roots
obtained with a soil corer in 2015 (IV) and incubated root samples in 2017 and 2018 (III) in
Hyytiälä.






























