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1. INTRODUCTION

1.1. The impact of climate change on forest ecosystems

Global climate change is increasing air and soil temperature, altered precipitation
patterns, and rising anthropogenic nitrogen (N) deposition, which poses sub-
stantial risks to the world’s forest ecosystems in exceptionally high latitudes
(Hyvonen et al., 2007; IPCC, 2013). This is of concern since about 59% of soil’s
carbon (C) and associated peat deposits are located in high-latitude forests (Dixon
et al., 1994). A minor increase in global mean temperature can alter these forest
ecosystems’ C and nutrient cycles (Leppdlammi-Kujansuu et al., 2013). Forest eco-
system functioning highly depends on belowground processes, mainly regulated
by trees’ fine roots and their functional traits (Freschet et al., 2017). However,
studies on belowground characteristics are often limited due to methodological
sampling difficulty compared to aboveground studies. Available research methods
for below-ground estimation are subject to uncertainties and possible errors (Addo-
Danso et al., 2016). Knowledge about tree belowground adaptations to various
environmental conditions is crucial for evaluating the resilience of different tree
species to climate change and predicting forest C and nutrient fluxes.

Soil warming is one of the principal controlling factors on root growth and func-
tions (Pregitzer, 2000; Kwatcho Kengdo et al., 2022). Shifts in soil temperature
may determine the initiation and cessation of trees’ root growth, cell elongation,
root length, and diameter extension, regulating the rates of nutrient and water
uptake (Lyr and Garbe, 1995; Pregitzer, 2000). Besides, the response of fine root
systems to soil warming is linked to other soil conditions, such as moisture and
nutrient availability, which can differ among tree species (Wang et al., 2021). Con-
sequently, an improved understanding of how forest trees respond to soil tempe-
rature is crucial to develop strategies for preserving forest tree growth and sur-
vival in the face of the ongoing soil warming episode.

High-latitude peatlands store one-third of the global soil C and are thought to
be particularly susceptible to climate change (van der Velde et al., 2021). Water
table depth in peatlands is a vital soil variable in plant growth and C cycling
(Holden et al., 2011). Peatlands in boreal and hemiboreal zones have been com-
monly drained to lower the water table level and promote aeration of the root
zone (Becker et al., 2018). Estonia is among the most peatland-rich countries in
the world, with 20% (9,150 km?) of its forests growing on peat soils, from which
14% are drained (Paal and Leibak, 2011; Raudsaar et al., 2016). Tree growth in
many boreal coniferous forests was improved due to peatland drainage (Gustav-
sen et al., 1998; MacDonald and Yin, 1999). Besides, several researchers reported
that tree growth improved at sites near the ditches (Miina, 1994; Hokka et al.,
2021). Because the decomposition rate of organic matter, aeration of the sub-
strate, and nutrient availability are increased, caused by lowered water table levels
at distances near ditches (Miina, 1994; Roy et al., 2000). Previous studies showed
shifts in the soil bacterial and fungal communities with a distance gradient from



the ditch (Qui et al., 2013; Truu et al., 2020). At the same time, knowledge about
fine root response characteristics of trees at drained peatlands is still required to
elucidate the drained peatland forest’s functioning and help better peatland
management strategies under ongoing climate change.

In high latitudes, an increase in air temperature and precipitation frequency
co-occurs with a rise in relative air humidity (RH) (Oksanen et al., 2018). High
RH may improve the growth rate by lowering the plant’s evaporative demand,
promoting stomatal opening, and enhancing photosynthesis (Dai et al., 1992;
Fanourakis et al., 2020). But reduced transpiration flux due to elevated RH limits
the mass flow of soluble minerals in the soil and hinders the transport of mineral
nutrients from roots to leaves, thus negatively affecting plant growth and pro-
ductivity (Sellin et al., 2017; Tegeder and Masclaux-Daubresse, 2018). Reduced
transpiration flux under elevated RH can increase soil moisture, influencing
roots’ growth environment and morphological and physiological traits (Hansen
etal., 2013). In silver birch trees, fine root systems, particularly absorptive roots,
reflected morphological adjustments to high air humidity (Parts et al., 2013; God-
bold et al., 2014). Compared with fine root morphological traits, far less is known
about fine root physiological traits such as carbon exudation and respiration —
C efflux processes from roots- (Jakoby et al., 2020) in response to air humidity
changes.

Over the past century, N availability in forest ecosystems has increased via
increased deposition of inorganic N forms, such as nitrate (NO3") and ammonium
(NH4") (Galloway et al., 2003). Inorganic N forms- NO3~ or NH4 " participate in
plants’ physiological and biochemical processes, such as photosynthesis and
water and mineral nutrient absorption (Ding et al., 2018). It has been shown that
the deposition of inorganic N forms affects photosynthesis and ultimately enhances
forest growth; however, the overload of N deposition leads to a decline in forest
productivity (Aber et al., 1998). The uptake of either NO3~ or NH4" by tree roots
often depends on plant species and their growth strategy (Templer and Dawson,
2004). The soil’s inorganic N forms may also influence C efflux processes from
roots, such as exudation and respiration (Bloom et al., 1992). Also, fine root mor-
phology was shown to be highly variable to soil N dynamics (Guo (a) et al., 2008);
although the degree of many fine root morphological responses to N deposition
is still controversial and may be ascribed to plant species, and soil environment
(Zhu et al., 2021).

1.2. Fine roots and their contribution to soil C cycle

Fine roots (i.e., diameter < 2 mm) are an essential component of plants for
resource acquisition and mediate biogeochemical soil cycles (Gill and Jackson,
2000). However, tree fine root biomass (FRB) accounts for a small portion (about
5%) of the total root biomass, in forest ecosystems, plants may allocate C up to
75% of annual net primary production (NPP) to fine roots (Vogt et al., 1995; Finér
et al., 2011). Fine root production (FRP) is defined as the new fine root biomass



under 2 mm diameter accumulated per unit of ground surface area per unit of time
(Huaraca Huasco et al., 2021). FRP has important implications for forest eco-
system productivity and belowground C dynamics, representing a significant
source of soil C through root death and rhizodeposition (Jones et al., 2004; Finér
etal., 2011). In addition to the soil C transferred through fine root turnover, rhizo-
deposition is another process of release of C compounds from living plant roots
into the rhizosphere (Jones et al., 2004). For example, root exudation transfers
about 5-21% of total photosynthetically fixed C into the rhizosphere (Haichar
et al., 2014), which can comprise up to 10% of NPP in forests (Phillips et al., 2011).
Fine root respiration is another source of CO- efflux from forest soils, in which
more than 50% of photosynthetically fixed C is released into the soil (Reich et al.,
1998; Hogberg et al., 2002).

It is highly argued that root-mediated C estimates are subject to uncertainties
(Addo-Danso et al., 2016). Thus, accurate estimation of FRB, FRP and turnover
are especially needed for reliable understanding of forest ecosystem C pools and
fluxes. Ingrowth core (IC) is one of the most commonly used methods to measure
fine root biomass and production in situ, based on soil pits with or without a mesh
bag filled with root-free soil (Makkonen and Helmisaari, 1998; Kubisch et al.,
2016). However, the reliability of this method is impaired by several limitations.
For instance, the IC installation causes soil disturbance and root cuttings that may
initiate extensive new growth of fine roots from callus tissue, leading to higher
estimates of FRP (Cameron and Thomson, 1969; Lukac, 2012). In addition, root-
free soil may alter the soil’s physical and chemical properties inside the core
(Makkonen and Helmisaari, 1998). Furthermore, root growth proceeds faster
inside the core due to the lack of competition compared to the surrounding soils,
resulting in the overestimation of FRP (Lukac, 2012). Ingrowth mesh (IM) is an
alternative method based on a more effortless installation procedure, placing a
sheet of mesh vertically into the forest soil for a specific period, causing minimal
soil disturbance (Godbold et al., 2007; Hirano et al., 2009). It has been shown
that the IM method can underestimate FRP (Andreasson et al., 2016) due to mea-
suring only living fine roots or biomass. Measuring the amount of root death or
necromass is impossible with the IM method. Besides, a small mesh size (1 mm)
in the IM method can prevent pioneer roots (i.e., apical diameter > 1mm) from
passing through the mesh, causing shifts in lateral roots morphology through root
clustering or bending root growth, leading to underestimation of FRP (Montag-
noli et al., 2014). Therefore, using different root research methods could lead to
under-or over-estimating fine root-mediated C rates.
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1.3. Functional traits of fine roots:
biomass, morphology, and physiology

The fine root systems are composed of individual roots of different morphology
and size, implying heterogeneous physiological traits and functions (Eissenstat et
al., 2000). According to their functions, fine roots can be divided into absorptive
and transport roots (McCormack et al., 2015). Absorptive roots, defined as first-
and second-order roots, exhibit primary development and, with their ecto-
mycorrhizal (ECM) fungal associates, constitute the most active parts of the fine
root system that are responsible for soil resource acquisition (McCormack et al.,
2015). In boreal and temperate forests, absorptive roots prevalently form ECM
symbioses with higher fungi, which are involved in multiple functions of the plant
host roots (Pritsch and Garbaye, 2011). Conversely, transport roots, or so-called
pioneer roots, occur in the higher orders (i.e., > third-order roots) and, with their
secondary growth, have the function of transporting water and mineral nutrients
(Sutton and Tinus, 1983; Guo (b) et al., 2008; Bagniewska-Zadworna et al., 2012;
McCormack et al., 2015).

Fine root systems modify their biomass allocation and morphological and
physiological functions to acclimate to environmental changes and optimize re-
source acquisition (Wang et al., 2016; Nikolova et al., 2020). For instance, an
increase in biomass partitioning to roots may promote the uptake of mineral subs-
tances (Oleksyn et al., 1998). A higher investment in FRB is tightly associated
with extensive foraging strategies under nutrient-poor conditions (Helmisaari et al.,
2007). Specific root area (SRA) and specific root length (SRL) are linked to root
functioning and determine the rates of resource uptake (Fitter, 1985; Makita et al.,
2012). Fine roots with higher SRA or SRL mean a higher surface area per root
biomass which may result in higher resource acquisition efficiency and intensive
plant growth (Weemstra et al., 2016). A reduction in either root tissue density
(RTD) or root diameter (D) leads to a higher SRA and SRL (Weemstra et al.,
2016). Fine roots with larger root D usually liver longer (McCormack et al. 2012).
RTD is commonly associated with many critical aspects of root lifespan and
survival (McCormack et al., 2012; Weemstra et al., 2016). Fine roots with high
RTD are expected to live longer and to be more conservative with soil resources
(Eissenstat et al., 2000; Reich, 2014). Branching intensity (BI) is a key root func-
tional trait for soil resource acquisition, and the BI of absorptive roots indicates
the plasticity of absorptive roots to nutrient patches (Liese et al., 2017). Increased
Bl is associated with a higher proportion of absorptive root tips per length or mass
unit and higher resource uptake capacity (Guo et al., 2008 (b); McCormack et al.,
2015). Besides, fine roots, through the exudation of a wide variety of primary and
secondary metabolites, may regulate soil microbial community, nutrient cycling,
and soil enzyme activity (Jones et al., 2004; Shi et al., 2011; Haichar et al., 2014).
Root respiration influences root functions, providing driving force for growth,
maintenance, and ion uptake (Hogberg et al., 2002; Lambers et al., 2008). Root
exudation and respiration significantly contribute to the belowground C dynamics,
but how they related to branching fine root system and functional root orders is
less well known.
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1.4. Variability of fine root traits

Variations in fine root morphological and chemical traits of individual root
segments can explain the high variability in exudation and respiration rates within
aroot system (Rewald et al., 2014; Sun et al., 2021). For example, Sun et al. (2021)
found a negative correlation between root morphological conservative trait—
RTD — and fine root exudation. A positive correlation was observed between
N content and root respiration (Pregitzer et al., 1998). There is also growing evi-
dence that root respiration rate varies with root diameter (Pregitzer et al., 1998;
Chen et al., 2010), and it was highest at first-order roots (Jia et al., 2011). Simi-
larly, the root exudation rate increased with decreasing root diameter, reflecting
a close relationship between the physiological function of fine roots concerning
the shift between root orders (Akatsuki and Makita, 2020). Despite this, the role
of the proportion of the functionally different root orders within fine root systems,
including absorptive, pioneer, and transport roots, in determining both C-release
processes- exudation and respiration- remains relatively unknown.

Global studies reported that fine root traits vary widely along with soil and
climatic gradients (Comas et al., 2002; Meier et al., 2020). For example, in warmer
soils, FRB increased (Wang et al., 2021) and decreased (Melillo et al., 2011).
Oleksyn et al. (1999) found that harsh edaphic environments existing in Northern
pine populations stimulated proportional distribution of biomass to fine roots.
Soil temperature increased root exudation rate and affected absorptive root
morphological traits, resulting in a higher SRA, SRL, and a lower RTD in coni-
ferous tree species (Yin et al., 2013; Parts et al., 2019). Root exudation may
respond to soil pH, although past studies have found contradictory results (Meharg
and Killham, 1990; Meier et al., 2020). RTD was negatively correlated with soil
pH (Freschet et al., 2017). It has been suggested that the root exudation rate
depends on atmospheric CO concentration, N availability, and soil moisture con-
ditions (Kuzyakov, 2002; Phillips et al., 2009; Meier et al., 2020). Fine root respi-
ration rates strongly depended on soil factors, such as temperature, N availability,
and moisture (Zogg et al., 1996; Jarvi and Burton, 2013). However, the conflicting
results in fine root traits are primarily related to the species identity and plant
functional groups. Yet further studies are required to understand how and to what
extent soil and climate conditions drive fine root trait responses among various
tree species.

Moreover, climatic variations, especially air temperature and precipitation,
affect fine root growth and its production patterns interannually and geographi-
cally (Pregitzer et al., 2000; Olesinski et al., 2012; Fukuzawa et al., 2013). Several
field experiments using interannual variation and latitudinal transects revealed
significant relationships between FRP rate and temperature (Pregitzer et al., 2000;
Yuan and Chen, 2010; Olesinski et al., 2012). Ruess et al. (1998) suggested that
the FRP rate will increase during warmer and drier years. Also, it has been hypo-
thesized that roots grow faster at higher temperatures (Pregitzer et al., 2000).
Identifying temporal and spatial patterns of fine root production is essential for
generalizing FRP characteristics and its growth dynamics under changing climate.
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In addition, fine root production patterns differ among species (Fukuzawa et al.,
2013), and considering the role of different plant species on C dynamics in forest
ecosystems is necessary.

1.5. Aims of the thesis

The overall objective of this doctoral thesis was to analyze the acclimation stra-
tegies of fine roots of different tree species (deciduous vs. coniferous) to changing
climate and soil conditions. Comparing deciduous and coniferous trees in fine root
trait responses will contribute to a better understanding of the resilience of various
forest trees under predicted climate scenarios. We primarily examined a set of
fine root functional traits such as biomass, morphological, and physiological traits
of trees with some aboveground characteristics, including photosynthesis, transpi-
ration rate, and leaf N concentrations under environmental shifts. We also investi-
gated the relationships between fine root characteristics and various climate and
soil factors depending on functional root orders such as absorptive, pioneer, and
transport roots.

The specific aims were:

1) To analyze the effect of elevated RH and inorganic N forms (NO3~, NH4")
on fine root C fluxes such as exudation and respiration, morphology, and
aboveground traits (photosynthesis, transpiration, and foliar [N]) within and
between tree species, including hybrid aspen, silver birch, and Scots pine.
We also assessed how differences in proportions of fine root functional
groups such as absorptive, pioneer, and transport roots affect fine root C
exudation rate (I).

2) To investigate the morphological variation of absorptive roots across dis-
tance gradient from the ditch in drained peatland forests in Estonia domi-
nated by Downy birch and Norway spruce to identify the most responsive
absorptive root morphological traits in acclimation strategies of investigated
tree species (II).

3) To evaluate the global patterns in the responses of fine root biomass and
morphology of trees (deciduous and coniferous) to soil warming. In addition,
we assessed the impact of warming magnitude, soil depth, and tree species
in our meta-analysis (III).

The main hypotheses were:

1) lower transpiration rate limits N uptake, particularly for nitrate-fertilized
trees. Elevated RH increases fine root C exudation rate depending on fine
root functional distribution.

2) The effect of distance from the ditch on absorptive root morphological varia-
tion is similar between birch and spruce, which concurs with an increase in
the mean SRA and SRL and a decrease in the mean RTD towards far away
distances.

13



2. MATERIAL AND METHODS

2.1. Description of study sites

The measurements of the belowground traits (fine root C exudation and respiration,
fine root morphology) and aboveground traits (photosynthesis, transpiration, foliar
[N]) were carried out in controlled climate chamber experiments. In this experi-
ment, three different tree species- hybrid aspen (Populus * wettsteinii Himet-
Ahti), silver birch (Betula pendula Roth.), and Scots pine (Pinus sylvestris L..) —
were included, which are characterized by different growth potentials, water- and
nutrient-use strategy (Publication I).

Morphological variation of the absorptive roots was studied in 6 drained peat-
land forests with a long drainage history growing on Histosol in the Jarvselja
experimental forest area in the eastern part of Estonia (Truu et al., 2020). Three
stands dominated by Downy birch (Betula pubescens), and three stands domi-
nated by Norway spruce (Picea abies) were under investigation, and the stands
were coded as B1-B3 for birch and S1-S3 for spruce stands (Table 1).

Table 1. Geographical coordinates and means + standard errors of fine root biomass and
soil characteristics of the four sampling plots per each stand (B1-B3, birch stands; S1—
S3, spruce stands) and of the three replicate stands per birch and spruce in drained
peatland forests (Truu et al., 2020) (Publication II).

Fine Soil

Repli- Geo- oot Peat tempera- Soil water

cate graphical . depth pH-m20 P content-10cm

Stands  coordinates biomass (cm) ture-10cm (m3>m™)

(gm?) (0O

Bl N 58°1824,8 222433 43+2  4.38+0.05 11.76+0.04  0.21+0.02
E 27°1523,1

B2 N 58°1721,4 206+50  87+1 5.68+0.05 12.00+0.21  0.23+0.03
E 27°19'3,2

B3 N 5818'37,0 251425 77£3  4.85+0.03 11.86+0.08  0.30+0.06
E 27°21'11,8

Means for 226+20  69+6  4.97+0.16 11.87+0.07  0.25+0.03

birch

S1 N 58°18'6,3 242+40 4942  5.08+0.13 11.68+0.18  0.32+0.03
E 27°16'54,0

S2 N 58°17'49,3 289471 365 4.93+0.30 10.76+0.10  0.24+0.03
E 27°14'53,4

S3 N 58°15'14,5  140+42 65+6  4.04+0.05 11.23+0.07  0.19+0.02
E 27-17'44,2

Means for 217£33 514 4.63+0.16 11.23+0.12 0.25+0.02

spruce
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In each stand, a gradient with four sampling plots at distances of 5, 15, 40, and
80 m from the ditch was selected. In one of the spruce stands (S3), the most
distant plot from the ditch was at 40 m, and plots at 5 m and 15 m were duplicated
toward the next ditch at the same stand (Publication II).

A meta-analysis was performed with 149 paired observations from 43 publi-
cations between 1999 and 2020 that investigated fine root biomass and morpho-
logy of tree species (deciduous vs. coniferous) to global soil warming experiments
across the world’s biomes (Publication III).

For all the studied stands in this doctoral thesis, comprehensive background
data of the climate variables, stand, and soil characteristics were described more
thoroughly in the corresponding publications.

2.2. Controlled climate chamber experiments

The impact of elevated RH and inorganic N sources (NO3~, NH4") on above- and
belowground parameters of trees (Publication I) were studied on 20 one-year-old
micro-propagated hybrid aspen saplings, 20 two-year-old silver birch saplings,
and 32 five-year-old Scots pine saplings. Tree saplings were kept in two double-
sided Percival AR-95 HIL (Percival Scientific Inc., USA) growth chambers with
constant temperature (~21.6 °C) and light intensity (~ 600-800 pmol m™ s at
the top of the saplings) for four months (see the publication I for a detailed
description).

Two chamber experimental units were conducted for air humidity treatments:
1) moderate (mRH), where the RH was set at 80% and 65% during night and day,
respectively. 2) elevated (eRH), where the chamber RH was set at 80% during
both night and day. The air RH and temperature were measured with HMP45A
sensors (Vaisala, Helsinki, Finland) located at the height of the tree canopies
inside the chambers. For N treatments, half of the trees of each species were fer-
tilized with nitrate (NO3"), and the other half of the trees were fertilized with
ammonium (NH4"). The soil surface of the pots was sealed with aluminum foil
to prevent soil evaporation. Tree saplings were weighed and watered every
morning to compensate for the water loss during transpiration and to maintain the
upper limit of the soil water content at 60% of the field capacity. From the pot
weight and leaf area data, the whole tree transpiration rate (E, g m> h™') was
calculated in the third month of the experiments, when the leaf area of the trees
was highest.

2.3. Fine root carbon exudation
and respiration measurements

For fine root carbon exudates collection (Publication I) followed by the culture-

based cuvette method (Phillips et al., 2008), one branched fine root segment
(approximately 10 cm long) that remained attached to the target trees was chosen
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for each sapling. The intact root system, including absorptive, transport, and pio-
neer root tips, was carefully washed with water, and soil particles were removed
entirely. Each root sample was placed into a sterile plastic 30 mL syringe tube
containing approximately 20 mL of sterile glass beads (@ 0.5-1.25 mm) and
sealed with rubber septum covered with parafilm, with a wedge cut to accommo-
date the protruding root. C-free nutrient solution (0.5 mM NH4NO;, 0.1 mM
KH,POy4, 0.2 mM K»S04, 0.2 mM MgSQy, and 0.3 mM CaCl,) was added to the
syringes to maintain humid conditions. After 24 h stabilization, the root systems
were flushed three times with a fresh carbon-free solution to remove soluble C
and incubated for the next 24 h with a fresh carbon-free solution. Solutions
containing exudates were collected from syringes, kept in 40 mL glass vials with
silicon caps, and stored at 4 °C until further measurement of total organic carbon
(TOC, mg C I'), used by a Vario TOC analyzer (Elementar GmbH, Germany).
All analyses were done within 24 h after collection. TOC was multiplied by the
quantity of the solution, and the exudation rate was calculated by dividing the
carbon content by the surface area (EXc area, ig C cm™ day™) and the dry mass of
fine root segments (EXc mass, mg C g day™).

Fine root respiration rates (Publication I) were measured using CIRAS-2
equipped with a conifer cuvette. The fine root samples were rinsed to remove soil
particles, and the clean roots were immediately placed into the conifer cuvette.
The fine root respiration rates were recorded after ~5 min when the readings had
stabilized and determined at a constant cuvette temperature (22 °C), external CO,
concentration (~400 ppm), and with a high RH (> 90 %) to avoid any dehydration
of root samples during respiration measurements. Fine root surface area was
measured with WinRHIZO™ Pro (Regent Instruments Inc. 2003) to calculate
fine root respiration per unit fine root surface area (Rroot areas tmol CO; m? s7™),
and dry weight was used to calculate the per-unit fine root dry mass (Rroot_mass,
pumol CO, g s™).

2.4. Gas exchange, leaf area, and nitrogen measurements
of aboveground components

In controlled climate chamber experiments (Publication I), the leaf conductance
(g1) and net photosynthesis (Py.) were measured in three fully developed sample
leaves per tree for aspen and birch inside growth chambers with a portable gas
analyzer CIRAS-2 (PP-Systems, Amesbury, MA) equipped with a standard leaf
cuvette in the second month of study. Leaves at higher canopy positions were
randomly sampled in aspen and the 3", 5™ and 7™ leaves from the top of the
upper canopy branch were measured in birch. The shoot conductance (gshoot) and
Pre in one previous and two current year shoots (each bearing ~60 needles) of
pine trees were measured inside a growth chamber with CIRAS-2 provided with
a conifer cuvette. The gas exchange measurements of aspen and birch trees were
conducted once in the middle of the experiment. For pine trees, an average of four
measurements taken at two-week intervals in the second and third months was
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used. In aspen and birch, the daytime gas exchange measurements of leaves were
carried out at constant irradiance (800 umol m~ s™') using the external light unit
of the cuvette. In pine, the external light unit was not used, and the daily measure-
ments were conducted at the sample shoot position inside the growth chamber at
an irradiance level ~400 pmol m s™'. All gas exchange measurements were
conducted at a constant temperature (22 °C), and external CO, concentration
(~400 ppm), and the ambient RH was < 70% inside the cuvette to avoid water
vapor condensation in the measuring unit.

For aspen and birch trees, the total leaf area at the end of the experiment was
measured with an area meter LI-3100C (LI-COR Biosciences, USA). The pro-
jected area of a subsample of 100 needles from previous and current years was
measured for Scots pine. The biomass (stem/branches, leaves/needles) was dried
separately at 65 °C for at least 48 h, and the dry mass was measured. The total
needle area was calculated based on the sample needle area and dry mass and the
total needle dry mass. The N concentrations of leaves and needles were deter-
mined using a Kjeltec Auto 1030 Analyzer (FOSS Tecator AB, Hoganés, Sweden).
Specific leaf/needle area (SLA, m* kg™') was calculated by dividing the leaf/needle
area by dry mass (Publication I).

2.5. Fine and absorptive root morphology:
sampling and measurements

For absorptive root morphology (publication II), root samples were collected at
the end of the growing season (September-October 2018) from the 20 cm deep
topsoil layers with a spade at random locations in drained peatland forests in
Estonia. We collected five root samples per sampling plot at distances of 5, 15,
40, and 80 m from the ditch. 125 root samples were totally collected from three
birch and three spruce stands, packed in plastic bags, transported to the lab, and
stored at 4 °C until further processing in the lab. Subsequently, five to six approxi-
mately 10 cm long fine root segments were removed from each root sample. Tree
fine roots were separated from the fine roots of understory vegetation visually
according to their morphology and color. Fine root segments of each sample were
washed free of soil particles, kept with water in plastic containers, and stored in
the freezer (—18 °C) until further absorptive root morphological analysis. First-
and second-order roots, defined as absorptive roots (Pregitzer et al., 2002;
McCormack et al., 2015), were assessed in publication II. Four random sub-
samples were created from fine root segments of a sample. Absorptive roots of
each subsample (about 20—40 tips) were randomly taken from fine root segments
and counted under the microscope. In controlled climate chamber experiments
(Publication I), fine roots (< 2mm in diameter) morphology of aspen, birch, and
pine trees were analysed. Fine and absorptive roots were washed with tap water
and were cleaned with a small soft brush to remove all soil and organic debris
(Publication I and II). Fine and absorptive roots of each subsample were placed

17



in a transparent water-filled tray with minimum overlap and scanned (Publication
I and II).

The following characters for fine and absorptive roots were measured with
WinRHIZO™ Pro (Regent Instruments Inc. 2003) (Publication I and II): the
length (L, cm), surface area (SA, cm?), and mean root diameter (D, mm), and root
volume (V, cm?®). The root subsamples were oven-dried at 65 °C for 4 hours (for
absorptive roots) and 48 hours (for fine roots), and subsequently, the dry weight
was measured. Different parameters were calculated: specific root area (SRA=
surface area/mass, m” kg), specific root length (SRL= length/mass, m g"), root
tissue density (RTD= mass/volume, kg m), branching intensity per unit of length
(BIL= tips/length, no cm™) or branching intensity per unit of dry weight (Blw=
tips/dry weight, no mg™). Additionally, 9 aspen, 10 birch, and all 32 pine tree root
samples were divided into absorptive (first and second-order roots), pioneer (long
root tips with primary structure as early-stage transport roots), and transport roots
(long woody roots), and measured separately with WinRHIZO™ Pro
(Publication I). Absorptive (absorb), pioneer (pioneer), and transport (transp) root
proportion (%) of total fine root sample area (SA), length (L), and dry weight
(DW) were calculated (Publication I).

2.6. Data extraction of soil warming impacts
on fine root trait response: a meta-analysis

We searched peer-reviewed publications between 1999 and 2020 that investi-
gated the effect of soil warming on fine root (diameter < 2 mm) trait responses
using the Web of Science, Google Scholar, and FRED database (Publication III).
The following fine root traits were extracted from each study: fine root biomass
(FRB, g m™?), and fine root morphological indicators, including diameter (D, mm),
specific root length (SRL, m g™), and specific root area (SRA, m*kg™). We used
the following combination of keywords for our systematic search such as “fine
roots biomass”, “fine roots morphology or fine root diameter, or D, specific root
length or SRL, and specific root area or SRA”, “soil warming or soil temperature”
(Appendix, Publication III). We applied the following criteria to select appro-
priate publications: only soil warming manipulation (with control and treatment)
data were chosen; control and treatment had the same initial conditions and were
reported for the same tree species; only publications from studies that reported
the warming magnitude as well as the means, the number of sample sizes/repli-
cations, and the standard deviations or standard error of fine-root traits were in-
cluded. Present data were directly compiled from tables or extracted from figures
by PLOT DIGITIZER (http:// https://plotdigitizer.com) (Wang et al., 2021) from
the original publications. We also extracted the studied site information, including
continent, latitude (°), longitude (°), mean annual temperature (MAT, °C), mean
annual precipitation (MAP, mm), the studied biome, tree species (deciduous and
coniferous), warming magnitude (°C), and soil depth (cm) from each study
(Supplementary data, Publication III).
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2.7. Statistical analyses

Statistical analyses were carried out using the STATISTICA 7.1 software (Stat-
Soft Inc., Tulsa, Ok, USA) (Publications I, I) and Comprehensive Meta-Analysis
(CMA) statistical software, version 3 for the meta-analysis study (Publication III).
The statistical significance level was accepted as p < 0.05 for all the analyses. The
normality of the variable distribution was verified using the Shapiro—Wilk, and
Kolmogorov—Smirnov tests. Fine root C exudation rates per root area were log-
transformed, and the homogeneity of variance was tested using F and Levene
tests and for the C exudation between species and treatments, Kruskal-Wallis
multiple comparison analysis was used (Publication I). In publications I and II,
one-way analysis of variance (ANOVA), followed by Tukey’s HSD, were used
to determine the effects of air humidity on fine root exudation, respiration, morpho-
logical traits, and aboveground measurements within and between tree species (1),
also the impacts of distance from the ditch, replicate forest stands and tree species
on absorptive root morphological traits (II). A correlation matrix (Pearson’s r;
p <0.05) was constructed in publication II to observe the correlations between
the stand and soil characteristics and between absorptive root morphological traits
and stand and soil properties. Multiple stepwise regression analysis was used to
determine which soil and root-related properties influenced the absorptive root
morphology of the trees (II). In publications I and II, linear regression analyses
were used to determine the relationship between root C exudation rates and fine
root morphology (I), and the relationship between absorptive root morphological
traits and the significant factors of the stand and soil characteristics (II). Gene-
ralized linear models (GLM: Type III SS) were used to assess the effects of tree
species, RH and N treatments, and the proportional distribution of absorptive,
pioneer, and transport roots within fine roots on C exudation rates (I). The same
GLM was applied to assess the impact of forest stand and distance from the ditch
on absorptive root morphological traits in tree species (II).

Redundancy analysis (RDA) (CANOCO program; ter Braak and Smilauer,
2002) was used in publication I to detect the relationships between fine root
morphological characteristics, including C exudation, and the proportional length,
surface area, and mass of absorptive, pioneer, and transport roots; tree species,
RH, and N source as descriptive factors. Partial canonical analysis was performed
to assess the effect of each explanatory data set (Legendre and Legendre, 1998)
(D). The significance of the RDA results was tested with a permutation test (Monte
Carlo test (999); P < 0.01) (I). In publication II, RDA was applied to describe
relationships between absorptive root morphological traits, tree species, forest
stands, sampling plots, stands, and soil characteristics.

The meta-analysis (Publication III) was conducted by calculating the effect
size for each study using the standardized mean differences method and deter-
mining the sum of the effect sizes. I* was calculated for quantifying inconsistency
(Higgins and Thompson, 2002):

19



12 = (Q_Tdf) x 100%

Q is the chi-squared statistic used to assess the statistical heterogeneity in the
meta-analyses, and df indicates its degrees of freedom (Higgins and Thompson,
2002). If the I? index was insignificant, the fixed effects model was used.
Sensitivity analysis was used to detect unfitting effect sizes in the meta-analysis;
if outliers and extreme effects were identified and removed, the analysis was
repeated. In this meta-analysis, a statistical index (classic fail-safe N) was used
to investigate the publication bias. If the publication bias was detected and non-
significant findings were reported, the results of that study were not included in
the meta-analysis (if there is no publication bias, the graph is symmetrical, and
the amount of scatter around the intervention effect size decreases with increasing
sample size). Tree species (deciduous and coniferous) were considered the
discrete moderator variable, and soil depth and warming magnitude were used as
continuous moderator variables for the meta-regression model. Data compiled for
meta-analysis were taken from either experimental warming or natural gradients;
thus, the impact of geographic regions was not considered for further statistical
analyses.
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3. RESULTS AND DISCUSSION

3.1. Experimental air humidity and nitrogen source
impacts on above- and belowground traits

In the controlled climate chamber experiment (Publication I), the eRH signifi-
cantly decreased the transpiration flux (E) in all tree species, such as aspen, birch,
and pine (Figure 1, D and Table 2 in I). The cause of this reduced transpiration
rate is due to the reduced driving force for transpiration at elevated RH, which
affects plant growth and productivity (Tegeder and Masclaux-Daubresse, 2018).
Nevertheless, increasing RH might also lead to an increase in leaf or canopy con-
ductance, and to a consequent rise in the transpiration rate, which has been shown
earlier in birch (Kupper et al., 2017). However, a higher leaf and shoot conduc-
tance in aspen and pine under elevated RH did not increase the transpiration rate
in our study (Table 2, I). The soil nitrogen source affected the E, and this effect
was species-specific. In birch, the E was higher in nitrate-fertilized trees than in
ammonium-fertilized trees (Table 2, Figure 2a, in I). The possible reasons arise
rather from the increased mobility of NO3™ than NH4" in soil solution, leading to
a high NO3™ mass flow under a higher transpiration flux (Cramer et al., 2009).
Evidence also showed that nitrate sources enhanced aquaporin expression in root
cells leading to a higher water flux (Gao et al., 2018). Similarly, a previous study
in birch saplings revealed higher whole tree and root system conductance in
nitrate-fertilized trees (Kupper et al., 2020). Also, foliar N concentrations were
significantly lower at eRH than at mRH in birch (Figure 1, F), and this was evi-
dent only in nitrate-fertilized trees (Figure 2b, I). Our results indicate that E did
not affect the uptake of NH4" since the two humidity treatments revealed similar
foliar N concentrations (Figure 2b, I). However, we observed that the uptake of
NH4" is more favored than NO3™ at higher air humidity when the E is limited.
The air humidity treatments significantly affected Pye in pine only (Figure 1, C),
whereas greater net photosynthesis was found at eRH than mRH. This higher
photosynthesis at higher air humidity is probably linked to a twofold increase in
Zshoot Of pine at eRH (Table 2, I), resulting in increased CO, diffusion to the chloro-
plast and metabolic constraints. Increased stomatal and mesophyll resistance are
the leading cause of decreased CO, diffusion from the atmosphere to the site of
carboxylation and reduced photosynthesis under water limitation (Grassi and
Magnani, 2005; Chaves et al., 2009). However, photosynthetic capacity varies
among species (Hikosaka and Shigeno, 2009). It has been shown that in evergreen
conifers, the share of mesophyll resistance in the total resistance of CO, diffusion
is higher than in deciduous tree species (Tomas et al., 2013). Moreover, in pine
trees, the total biomass increased at eRH coincided with a two-fold lower C exu-
dation rate (Table 1 in I), implying faster growth due to increased photosynthetic
assimilation of CO» at higher humidity. While in deciduous trees (e.g., aspen and
birch), the air humidity did not affect the Py (Figure 1, C).
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Figure 1. Average =+ standard error of fine root carbon exudation rate per fine root surface
area (a); fine root respiration rate per fine root surface area (b); net photosynthesis rate (c);
transpiration rate (d); above: belowground biomass dry weight ratio (e) and leaf or needle
[N] (f) of Populusxwettsteinii, Betula pendula and Pinus sylvestris. Lower case letters indi-
cate the species-specific effects between air humidity treatments. Capital letters “ABC”
indicate the differences between species at moderate relative air humidity (mRH), and
capital letters “XYZ” indicate the differences between species at elevated relative air
humidity (eRH) (P<0.05).
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However, in aspen, the g increased at eRH, and the overall highest Py found in
birch was related to the higher foliar N concentrations and leaf conductance
(Table 2, I). Elevated RH increased specific leaf area (SLA) in deciduous trees
(e.g., aspen and birch), while soil NH4" fertilization increased SLA in pine
saplings (Table 2, I). A previous study revealed that birch saplings acclimated to
humidification through adjustment in aboveground morphology, including a rise
in SLA, to maintain tree growth under diminished mineral nutrition and photo-
synthesis (Sellin et al., 2015). Also, the plastic response of specific leaf area to
nitrogen fertilization indicated previously coupled up with leaf functional traits
(Sun et al., 2022).

It has been shown that nutrient deficiency (Neumann and Romheld, 2000),
rates of C assimilation (Hill et al. 2007), and increased soil and air temperature
(Yinetal.,, 2013; Yang et al., 2020) may increase C exudation. While in our study,
neither changes in air humidity nor differences in the soil N source increased the
C exudation in all investigated tree species, which indicates sufficient resource
uptake for trees. However, at the eRH treatment, we observed a decreased C
exudation in pine and a weak tendency of enhanced exudation in aspen and birch
(Figure 1A, Table 1 in I). Enhanced root exudation is a typical response for plants
exposed to stress conditions (Karst et al., 2017). Stress-induced C exudation may
alter soil microbial communities and fertility, positively affecting plant growth
and survival (Yin et al., 2014). Moreover, many exogenous factors were shown
to influence root respiration rates. For example, fine root respiration is highly
sensitive to soil water availability, temperature (Zogg et al., 1996; Jarvi and
Burton, 2013), soil fertility (Li et al., 2017), and atmospheric CO, concentration
(Clinton and Vose, 1999). In our study, fine root respiration rates were affected
by air humidity treatments which were only evident in aspen; lower respiration
was found at eRH than at mRH (Figure 1B, Table 1 in ). We revealed that below-
ground carbon fluxes had some species-specificity, varying highly between deci-
duous and coniferous species. One explanation for species differences in the rate
of C fluxes observed in our study may be related to differences in species stra-
tegies for responding to environmental shifts. In present study, pine had the hig-
hest fine root C exudation, while birch had the highest fine root respiration rates
(Figures 1, A, and B). Correspondingly, several studies revealed that deciduous
trees had much higher respiration rates than coniferous species (Reich et al., 1998;
Han and Zhu, 2021).

3.2. Air humidity impact on fine root morphological
acclimation and functional distribution

Air humidity treatment caused a species-specific response in the fine root morpho-
logical traits of studied trees. At higher RH, the mean SRA increased in birch,
while it decreased in pine, due to significantly lower RTD in birch and higher
root D in pine at eRH (Table 1, I). Similar to our findings, free air humidity mani-
pulation experiments (FAHM) revealed the longer and thinner fine roots with
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higher SRA of birch in response to the rise in air humidity, indicating fine root
morphological adjustments to enhance resource acquisition (Parts et al., 2013).
Variations in fine root morphological traits may affect the belowground C fluxes
(Sun etal.,2021). The present study observed a positive correlation between SRA
and SRL of deciduous trees and the C exudation rate at eRH. The higher SRA and
SRL increase the root-soil connections, corresponding to the increase in the aver-
age C exudation rate (Tiickmantel et al., 2017). Besides, we found that the lower
SRA and SRL of pine coincided with the lower C exudation rates. Previous studies
reported that fine roots with lower RTD exude more intensively because of higher
shares of younger and metabolically active fine roots (Akatsuki and Makita,
2020). Indeed, the functional distribution of fine roots and the proportion of dif-
ferent root orders, such as absorptive, pioneer, and transport roots in a fine root
system, affect the C-release processes, such as exudation and respiration rates. At
the same time, the C exudation flux has been so far measured as a sum of exuded
C from all three functional root orders, including absorptive, pioneer, and trans-
port roots (Phillips et al., 2008). Our results indicated that the amount of fine root
C exudation depended on different proportions of functional root orders. For
example, the higher amount of C released by actively growing pioneer roots since
the greater Exc_mass Was linked to a higher share of pioneer roots (Figure 2). A
seasonal trend in C exudation flux previously found, indicating more significant
fluxes in early summer and mid-autumn corresponded with the fine root C allo-
cation pattern (Pritchard et al., 2008). The higher shares of pioneer and absorptive
roots were reported in beech and spruce during early and late summer (Nikolova
etal., 2020). Evidence also showed a positive correlation between root respiration
rate and root diameter (Pregitzer et al., 1998; Chen et al., 2010), reflecting a close
connection between fine root functional distribution and its metabolic activity.
The respiration rate was higher in absorptive than transport roots (Trocha et al.,
2017).

Our results indicated that the functional distribution of fine roots adjusted in a
species-specific manner varied among deciduous and coniferous species. We ob-
served a higher proportion of pioneer and transport roots in aspen and pine trees,
respectively (Figure 2), corresponding with previous research (Nikolova et al.,
2020). Beyond the effect of tree species on C-release fluxes, in the present study,
a considerable variation in fine root C exudation and morphological traits was
explained by the functional distribution of absorptive, pioneer, and transport roots.
However, shifts in climatic conditions can remarkably affect this functional distri-
bution of fine roots. Across a latitudinal gradient, the proportional biomass of
absorptive roots of deciduous and coniferous species increased towards the north-
ern boreal forest (Ostonen et al., 2017). Therefore, we can assume that differences
in the functional distribution of different fine root orders can cause the observed
variability in the C exudation rate of diverse forest ecosystems. In our controlled
climate chamber experiment (Publication I), the tree saplings were grown at dif-
ferent humidity and soil fertilization treatments, which could affect the fine root
functional distribution and their morphological traits, leading to variation in C
exudation fluxes. Nevertheless, the proportion of functionally different root orders
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of trees measured in this lab experiment was comparable to those reported in
natural forest conditions, implying the applicability of lab-measured fine root C
exudation rates for estimating total belowground forest C budgets. However,
species-specific exudation rates exist in different fine root orders responding to
environmental shifts.
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Figure 2. Pie charts showing the distribution of absorptive, pioneer, and transport roots
within fine root samples (%) for Populus x wettsteinii, Betula pendula, and Pinus sylvestris.
The first row shows the distribution of functional groups per surface area, the second for
length, and the third for dry mass. Asterisks denote significant differences within one
functional group (per surface area, length, or dry mass, respectively) between the tree
species (P<0.05).

3.3. Absorptive root morphological acclimation of trees
associated with ditch distance

In studied drained peatland forests, different tree species (i.e., deciduous vs. coni-
ferous) exhibited different absorptive root morphology (Table 2), which determine
the contrasting nutrient foraging strategies among tree species (Liu et al., 2015;
Yang et al., 2021). Similar to the earlier study performed in the alkaline soils
(Ostonen et al., 2006), our study at peatland forests with organic soils showed that
the mean absorptive root D and RTD were lower in birch than those in spruce,
which led to a higher mean SRA and SRL in birch than spruce (Table 2, Table
S1in II). Bl and Bl were 2 and 3 times higher in birch than spruce, respectively
(Table 2). However, the mean SRA and SRL of birch studied in drained peat soils
were lower than those previously measured in alkaline soils, but the similar values
of spruce did not differ between alkaline and organic soils (Ostonen et al., 2006).

Distance from the ditch affected absorptive root morphological traits, such as
mean SRA and SRL, in a similar direction in both tree species (Table 2). From a
distance of 5 to 80 m from the ditch, mean SRA increased by about 10 and 5% in
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birch and spruce, respectively; the mean RTD reduced by about 10% in both trees
(Table 2). This uniform response found among birch, and spruce contradicts several
reported species-specific root morphological responses to adverse soil conditions
(Zhou et al., 2019; Lozano et al., 2020). However, consistent root morphological
responses among several grassland species to wind intensity were also found
(Werger et al., 2020).

In this study, shifts in absorptive root morphological traits, including SRA and
RTD, can reflect shifts in nutrient foraging and the morphological adjustments of
absorptive roots to the local soil condition along with different distances from the
ditch. An increase in SRA and a decrease in RTD towards spatially higher dis-
tances from the ditch highlights the more efficient acquisition of soil resources.
Increasing absorptive surface area per unit mass is linked to more root resource
uptake efficiency (Weemstra et al., 2016). We also observed that FRB per stand
basal area at the spruce stands tended to be lower at nearer distances to the ditch
highlighting the more advanced foraging efficiency close to the ditch than far
away distances (Figure 3B). This is because fewer roots in the belowground sup-
ported the same basal area unit in the aboveground at near distances to the ditch.
However, the soil physical and chemical properties in drained peatland forests were
not dependent on the distance gradient from the ditch (Table 1). For example, a
similar soil water content was observed along with distances from the ditch ranging
from 0.22 to 0.27 m* m from plot 5 to plot 80, respectively (Figure S2 in II).
This is in contrast with previous studies that showed specific soil properties depen-
ding on the distance gradient from the ditch; poor soil properties were found
towards higher distances from the ditch (Miina, 1994; Roy et al., 2000). A higher
water table level at sites located far from the ditch leads to less aeration of the sub-
strate and a lower decomposition rate of organic matter resulting in limited soil
resources (Miina, 1994). However, several studies mentioned the effects of other
factors than ditch distances on peat soil hydrology, such as topography, vege-
tation characteristics, tree stands, meteorological conditions, and peat hydraulic
properties (Young et al., 1997; Leppa et al., 2020). Previous studies showed that
ditch distance led to an apparent change in soil microbial communities (Fang et al.,
2017; Truu et al., 2020). For example, Qiu et al. (2013) mentioned that the soil
fungal communities were more diverse at a 5-m distance with relatively good
drainage conditions than those at other distances with relatively poor drainage
conditions. Changes in the root-associated mycorrhizal fungi may be related to
changes in their growing environment. According to previous studies, ECM fungi
contribute substantially to soil nutrient availability, and exhibit contrasting foraging
strategies with varying enzyme activities, nutrient uptake capacities (Pritsch and
Garbaye, 2011; Tedersoo et al., 2012). Therefore, considering the roots and the
root-associated microbial acclimation particularly ECM fungi in peat soils would
help better to identify tree growth responses and peatland forest functioning.
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Figure 3. Means of the fine root biomass per stand basal area (FRB/BA, kg m2) with the
standard error bars of three replicate stands per sampling plot at the distances of 5, 15,
40, and 80 m from the ditch in Downy birch (A) and Norway spruce (B). Small letters
indicate a statistically significant difference (one-way ANOVA, followed by Tukey’s
HSD; p < 0.05) of the mean spruce FRB/BA between four sampling plots.

3.4. Absorptive root morphology in relation to stand
and soil properties

According to redundancy analysis, absorptive root morphological parameters
correlated significantly with tree species, forest stands (B1 and S2), sampling
plots located at 15 and 80 m distances from the ditch, stand density, BA, FRB, soil
N and P concentration, and soil water content (Figure 4). Altogether, these factors
accounted for 65.4% of the total variation in morphological traits (Figure 4A).

Soil physical and chemical properties, such as peat depth, pH, and temperature,
significantly affected trees’ absorptive root morphological traits, and this effect
was species-specific (Figure 5). Similar to our findings, previous studies showed
that the impact of soil conditions on absorptive root morphology varies among
plant species (Lozano et al., 2020). In addition to soil factors, forest stand affected
the variation of absorptive root morphological traits, including L, Bl;, and RTD
only in birch (Table S3 in II). Peat depth in birch stands varied from 43 cm at B1
to 57 cm at B2 stand, negatively affecting the mean RTD of birch stands (Figure
5A). In spruce, absorptive roots were thinner and had higher RTD in the most
acidic soils (Figures 5 B, and C). Since soil pH is negatively correlated with peat
depth in spruce stands (Table S2 in II), we assume that the peat layer is becoming
more profound in more acidic soils, leading to a lower decomposition rate and
limited nutrient availability.
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Therefore, the thinner absorptive roots with high RTD in acidic soils could be
linked to a higher resource acquisition efficiency aligning with an earlier study
(Dot et al., 2020). Soil temperature in spruce stands significantly affected root
branching intensity: in warmer soils, less-branched absorptive roots were evident
(Figure 5D). Correspondingly, it has been revealed that soil warming reduced the
root branching intensity of spruce (Parts et al., 2019). We assume that the minerali-
zation rates and nutrient availability are reduced in less warm soils; thus, the high
BI can support the rapid and extensive proliferation to enhance nutrient uptake
(Liese et al., 2017).

3.5. The impact of soil warming on fine root biomass
and morphology: a meta-analysis

Present meta-analysis (III) revealed an increase in FRB with increased soil
warming (p=0.001, Figure 6), which was consistent with previous studies (Wang
et al.,, 2021; Lin et al., 2010). This may be attributable to the photosynthesis
stimulation and extension of growing season at higher temperatures, enhanced
fine root growth (Malhotra et al., 2020). However, our results showed that with
increasing warming magnitude the effect size for FRB significantly decreased
(p=0.00, Table 3), which can be due to an increase in root mortality at elevated
temperatures as suggested previously (Wang et al., 2021).

In contrast to FRB, fine root morphological traits such as SRL, SRA, and D
were unresponsive to soil warming in the current meta-analysis (Figure 6, Table 3).
This result is in contradiction with previous studies that found fine root morpho-
logical shifts as a consequence of soil warming (Bjork et al., 2007; Parts et al.,
2019). Besides, we suggest that different responses of fine root traits to warming
could have been affected by the limited sample size used for morphological traits
(SRL, n=12; SRA, n=6; D, n=5), compared to FRB observations (n=42).

At the tree species level, the effect of soil warming and depth on FRB differed
significantly between deciduous and coniferous species (Figure 6, Table 3). Our
finding aligns with previously reported species-specific root morphological
responses to adverse soil conditions (Lozano et al., 2020; Forster et al., 2021).
Also, the heterogeneity of fine root responses to soil warming changes at a global
scale may be the result of the interactions of different experimental factors and
climatic conditions. Soil depth affected fine root morphological traits, including
SRA and D, and warming effects on SRA and D increased in deeper soil horizons
(Table 3). In this regard, we propose that warming magnitude and soil depth prob-
ably interact with each other to impact fine root traits, and such interactions may
vary with other soil environmental factors (e.g., moisture, acidity, and soil struc-
ture) and tree species. For example, deciduous trees (e.g., beech stand) produced
higher SRA and SRL, enhanced resource uptake in the organic layer than in the
mineral soils (Kirfel et al., 2019), while coniferous trees (e.g., pine stand) exhi-
bited similar fine root morphology in both soil layers (Forsetr et al.,2021).
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Figure 6. Effect sizes of fine root traits, including fine root biomass (FRB), and fine root
morphological traits such as specific root length (SRL), specific root area (SRA), and
diameter (D) of coniferous and deciduous trees to soil warming. Error bars represent 95%
confidence intervals (CI). The central vertical line shows an effect size of zero. The effect
of soil warming on fine root traits was considered significant if the 95% CI of effect size
for a variable did not overlap zero.
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4. CONCLUSIONS

This thesis demonstrates how different climate- and soil-change factors affect fine
root functional traits of deciduous (e.g., silver birch, Downy birch, and Hybrid
aspen) and coniferous (e.g., Scots pine and Norway spruce) tree species to iden-
tify the most plastic fine root traits in response to environmental change for both
species. The focus of this study was on trees’ belowground traits including fine root
biomass, morphological acclimation, C flux variability associated with fine root
functional distribution responding environmental shifts.

Deciduous and coniferous tree species responded to the different environmental
factors through alterations in a number of fine root traits, and their acclimation
responses were largely species-specific.

In response to increased RH, transpiration rate was reduced in all studied tree
species, potentially hindering the nutrient acquisition by mass flow. The trans-
piration rate also depended on the prevailing soil N source in birch, in which
water flux was higher in nitrate-fertilized soils than in ammonium-fertilized soils.
The foliar N concentration of nitrate-fertilized birch trees was lower at eRH than
mRH, while it was similar between air humidity treatments for ammonium-ferti-
lized trees. This finding suggests that in deciduous trees (e.g., silver birch), the
reduced transpiration flux due to elevated RH decreases nitrate uptake more than
ammonium acquisition, this was in agreement with our hypothesis. The higher
RH affected fine root C fluxes, decreased fine root mass-specific exudation rate
in pine, and decreased fine root respiration in aspen, which contradicted our hypo-
thesis, stating that elevated air humidity increases fine root C exudation and respi-
ration. Although exudation rates in birch and aspen tended to be higher at eRH
compared to mRH, but the increased pattern remained insignificant. Soil N treat-
ment did not significantly affect fine root carbon processes such as exudation and
respiration rates in any of the studied trees. Moreover, any significant relationship
between fine root C exudation and the leaf net photosynthesis rate was not ob-
served. We showed that functionally different fine root proportions, such as
absorptive, pioneer, and transport roots, determined the C exudation rate and fine
root morphological traits, supporting our hypothesis. However, species differed
in the C exudation rates and morphology, suggesting a species-specific response to
environmental change. The eRH significantly increased the proportion of absorp-
tive roots in deciduous trees (aspen and birch), corresponding to a higher SRA,
SRL, and increased C exudation rate, in contrast to coniferous trees (pine).

In this work, fine and absorptive root morphology was highly plastic to environ-
mental changes. Increased air humidity caused contrasting shifts in fine root
morphology for birch and pine. Contrasting root morphology among species may
exhibit distinctive acclimation processes and nutrient-foraging strategies of trees.
The increase in SRA in birch was due to a decrease in RTD, while thicker fine
roots drove a decline in SRA in pine at eRH. At drained peatland forests, simi-
larly, absorptive root morphological traits differed between tree species, birch
absorptive roots were significantly thinner, and had a higher SRA, SRL, and BI
with a lower RTD compared to those of spruce absorptive roots. However, in this
work, the overall morphological reaction of absorptive roots to a distance gradient
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from the ditch at drained peat soils was uniform between species. Irrespective of
tree species, SRA increased while RTD decreased toward higher ditch distances,
indicating an acclimation in absorptive roots to the local soil properties at dif-
ferent distances from the ditch and a potential shift in nutrient foraging. Although,
the studied ditch distance gradient did not exert any significant change on soil
properties, except a tendency of higher soil moisture towards far away distances.
It is also notable that considering factors other than distance gradients, such as
topography, vegetation characteristics, tree stands, climate, and peat properties,
can contribute better to the local soil hydrology. In the same study, soil physical
and chemical properties such as peat depth, pH, and soil temperature influenced
the species-specific responses of absorptive root morphology in birch and spruce.
Among studied root morphological traits, RTD was the most sensitive below-
ground trait at drained peatland birch, and spruce stands. High RTD indicates trees’
adaptation to the more acidic soil with thicker peat depth where the decomposition
of organic matter and nutrient availability were limited. On the other hand,
thinner absorptive root D was produced toward acidic soils only in spruce stands,
attributed to higher nutrient absorption efficiency. Besides, root branching inten-
sity (per mass unit) was responsive to soil temperature change at spruce-drained
peat soils. Higher branched root system was observed in less warm soils, reflecting
the plasticity of absorptive root systems for extensive proliferation at cooler soils,
with limited mineralization capacity and scarce resources.

In our meta-analysis, on the other hand, fine root morphology of trees remained
unchanged under increased soil warming at the global scale. These nonsignificant
results when testing the warming effects on trees’ fine root morphology might be
the result of limited data available on different root morphological traits. A more
comprehensive examination of these root morphological characteristics in response
to global climate warming is required in the future studies. Instead, we found that
trees allocate more biomass to fine roots toward soil warming, depending on the
magnitude of warming. The effect size of FRB decreased with increasing waring
magnitude, indicating that root growth of trees is limited under higher warming
environments due to soil water stress.

This thesis thoroughly explains the responses of trees’ fine root functional traits
and the prospective acclimation capacities of deciduous and coniferous species to
changing climate and soil conditions. Our findings have potential implications for
future investigations into the adaptation mechanisms of different species to
environmental shifts and future forest ecosystem modeling. Our results underline
the importance of fine root partitioning on morphology and C-release functioning
of fine roots. Despite interspecific differences in absorptive root morphology, we
detected a similar morphological acclimation pattern in deciduous and coniferous
species in drained peatland forests. Our global meta-analysis proposes that
warming condition enhances trees’ biomass allocation to belowground, modu-
lated by warming magnitude. However, there is a crucial need for future investi-
gations on the interactive effects of global change factors on the acclimation pro-
cesses of fine roots along with root-associated microbial communities, particu-
larly on ECM fungi, to better predict the forest belowground feedback to climate
change.

35



REFERENCES

Aber, J., McDowell, W., Nadelhoffer, K., Magill, A., Berntson, G., Kamakea, M.,
McNulty, S., Currie, W., Rustad, L. and Fernandez, 1., 1998. Nitrogen saturation in
temperate forest ecosystems: hypotheses revisited. BioScience, 48(11), pp. 921-934.

Addo-Danso, S.D., Prescott, C.E. and Smith, A.R., 2016. Methods for estimating root
biomass and production in forest and woodland ecosystem carbon studies: A review.
Forest Ecology and Management, 359, pp. 332-351.

Akatsuki, M. and Makita, N., 2020. Influence of fine root traits on in situ exudation rates
in four conifers from different mycorrhizal associations. Tree physiology, 40(8),
pp- 1071-1079.

Andreasson, F., Gonzalez, M., Augusto, L. and Bakker, M.R., 2016. Comparison of
ingrowth cores and ingrowth meshes in root studies: 3 years of data on Pinus pinaster
and its understory. Trees, 30(2), pp. 555-570.

Bagniewska-Zadworna, A., Byczyk, J., Eissenstat, D.M., Oleksyn, J. and Zadworny, M.,
2012. Avoiding transport bottlenecks in an expanding root system: xylem vessel
development in fibrous and pioneer roots under field conditions. American Journal of
Botany, 99(9), pp. 1417-1426.

Baldocchi, D., Kelliher, F.M., Black, T.A. and Jarvis, P., 2000. Climate and vegetation
controls on boreal zone energy exchange. Global change biology, 6(S1), pp. 69-83.

Becker, H., Aosaar, J., Varik, M., Morozov, G., Aun, K., Mander, U., Soosaar, K. and
Uri, V., 2018. Annual net nitrogen mineralization and litter flux in well-drained downy
birch, Norway spruce and Scots pine forest ecosystems. Silva Fennica, 52(4), pp. 1-18.

Bloom, A.J., Sukrapanna, S.S. and Warner, R.L., 1992. Root respiration associated with
ammonium and nitrate absorption and assimilation by barley. Plant Physiology, 99(4),
pp. 1294-1301.

Bjork, R.G., Majdi, H., Klemedtsson, L., Lewis-Jonsson, L. and Molau, U., 2007. Long-
term warming effects on root morphology, root mass distribution, and microbial
activity in two dry tundra plant communities in northern Sweden. New Phyto-
logist, 176(4), pp. 862—873.

Cajander, A.K., 1949. Forest types and their significance.

Cameron, R.J. and Thomson, G.V., 1969. The vegetative propagation of Pinus radiata:
root initiation in cuttings. Botanical Gazette, 130(4), pp. 242-251.

Chaves, M.M., Flexas, J. and Pinheiro, C., 2009. Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. Annals of botany, 103(4),
pp- 551-560.

Chen, D., Zhou, L., Rao, X,, Lin, Y. and Fu, S., 2010. Effects of root diameter and root
nitrogen concentration on in situ root respiration among different seasons and tree
species. Ecological Research, 25(5), pp. 983-993.

Clinton, B.D. and Vose, J.M., 1999. Fine root respiration in mature eastern white pine
(Pinus strobus) in situ: the importance of CO 2 in controlled environments. Tree
Physiology. 19: 475-479.

Comas, L., Bouma, T. and Eissenstat, D., 2002. Linking root traits to potential growth
rate in six temperate tree species. Oecologia, 132(1), pp. 34-43.

Cramer, M.D., Hawkins, H.J. and Verboom, G.A., 2009. The importance of nutritional
regulation of plant water flux. Oecologia, 161(1), pp. 15-24.

Dai, Z., Edwards, G.E. and Ku, M.S., 1992. Control of photosynthesis and stomatal con-
ductance in Ricinus communis L.(castor bean) by leaf to air vapor pressure deficit.
Plant physiology, 99(4), p.1426.

36



Ding, L., Lu, Z., Gao, L., Guo, S. and Shen, Q., 2018. Is nitrogen a key determinant of
water transport and photosynthesis in higher plants upon drought stress?. Frontiers in
plant science, p.1143.

Doi, R.; Tanikawa, T.; Wada, R.; Hirano, Y., 2020. Morphological traits of Chamaecyparis
obtusa fine roots are sensitive to soil acid buffering capacity. Plant Soil, 452, 73-85.
Dixon, R.K., Solomon, A.M., Brown, S., Houghton, R.A., Trexier, M.C. and
Wisniewski, J., 1994. Carbon pools and flux of global forest ecosystems. Science,

263(5144), pp. 185-190.

Eissenstat, D.M., Wells, C.E., Yanai, R.D. and Whitbeck, J.L., 2000. Building roots in a
changing environment: implications for root longevity. The New Phytologist, 147(1),
pp. 33-42.

Fang, Y., Wang, F., Chen, J., Lin, C. and Lin, X., 2017. Microbial responses in a cold
waterlogged paddy field to different distances from a drainage ditch. Chilean journal
of agricultural research, 77(1), pp. 87-94.

Fanourakis, D., Aliniaeifard, S., Sellin, A., Giday, H., Korner, O., Nejad, A.R., Delis, C.,
Bouranis, D., Koubouris, G., Kambourakis, E. and Nikoloudakis, N., 2020. Stomatal
behavior following mid-or long-term exposure to high relative air humidity: A review.
Plant Physiology and Biochemistry, 153, pp. 92—105.

Finér, L., Ohashi, M., Noguchi, K. and Hirano, Y., 2011. Fine root production and
turnover in forest ecosystems in relation to stand and environmental characteristics.
Forest Ecology and Management, 262(11), pp. 2008-2023.

Freschet, G.T., Valverde-Barrantes, O.J., Tucker, C.M., Craine, J.M., McCormack, M.L.,
Violle, C., Fort, F., Blackwood, C.B., Urban-Mead, K.R., Iversen, C.M. and Bonis, A.,
2017. Climate, soil and plant functional types as drivers of global fine-root trait
variation. Journal of Ecology, 105(5), pp. 1182—1196.

Forster, A., Hertel, D., Werner, R. and Leuschner, C., 2021. Belowground consequences
of converting broadleaf to conifer forest: Comparing the fine root systems of Euro-
pean beech and Scots pine. Forest Ecology and Management, 496, p.119457.

Fitter, A.H., 1985. Functional significance of root morphology and root system archi-
tecture. Special publications series of the British Ecological Society, (4), pp. 87-106.

Fukuzawa, K., Shibata, H., Takagi, K., Satoh, F., Koike, T. and Sasa, K., 2013. Temporal
variation in fine-root biomass, production and mortality in a cool temperate forest
covered with dense understory vegetation in northern Japan. Forest Ecology and
Management, 310, pp. 700-710.

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P., Howarth, R.-W., Cowling,
E.B. and Cosby, B.J., 2003. The nitrogen cascade. Bioscience, 53(4), pp. 341-356.

Gao, L., Lu, Z., Ding, L., Guo, J., Wang, M., Ling, N., Guo, S. and Shen, Q., 2018. Role
of aquaporins in determining carbon and nitrogen status in higher plants. International
journal of molecular sciences, 19(1), p.35.

Gill, R.A. and Jackson, R.B., 2000. Global patterns of root turnover for terrestrial eco-
systems. The New Phytologist, 147(1), pp. 13-31.

Godbold, DL., Lukac, M., Bamb, rick M., Turner, G., 2007. Measurement of root pro-
duction using a root meshes in southern taiga forest of Russia. 4th International
Symposium on Physiological Processes in Roots of Woody Plants. Book of Abstracts
132.

Godbold, D., Tullus, A., Kupper, P., Sober, J., Ostonen, 1., Godbold, J.A., Lukac, M.,
Ahmed, I.U. and Smith, A.R., 2014. Elevated atmospheric CO2 and humidity delay
leaf fall in Betula pendula, but not in Alnus glutinosa or Populus tremula x tre-
muloides. Annals of Forest Science, 71(8), pp. 831-842.

37



Guo, D., Mitchell, R.J., Withington, J.M., Fan, P.P. and Hendricks, J.J., 2008 (a). Endo-
genous and exogenous controls of root life span, mortality and nitrogen flux in a
longleaf pine forest: root branch order predominates. Journal of Ecology, 96(4), pp.
737-745.

Guo, D., Xia, M., Wei, X., Chang, W., Liu, Y. and Wang, Z., 2008 (b). Anatomical traits
associated with absorption and mycorrhizal colonization are linked to root branch
order in twenty-three Chinese temperate tree species. New Phytologist, 180(3), pp.
673-683.

Grassi, G. and Magnani, F., 2005. Stomatal, mesophyll conductance and biochemical
limitations to photosynthesis as affected by drought and leaf ontogeny in ash and oak
trees. Plant, Cell & Environment, 28(7), pp. 834-849.

Gustavsen, H.G., Heinonen, R., Paavilainen, E. and Reinikainen, A., 1998. Growth and
yield models for forest stands on drained peatland sites in southern Finland. Forest
Ecology and Management, 107(1-3), pp. 1-17.

el Zahar Haichar, F., Santaella, C., Heulin, T. and Achouak, W., 2014. Root exudates
mediated interactions belowground. Soil Biology and Biochemistry, 77, pp.69—80.

Han, M. and Zhu, B., 2021. Linking root respiration to chemistry and morphology across
species. Global Change Biology, 27(1), pp. 190-201.

Hari P., and Kulmala M. (2005) Station for Measuring Ecosystem-Atmosphere Relations
(SMEAR II). Boreal Environment Research 10: 315-22.

Hansen, R., Mander, U., Soosaar, K., Maddison, M., Lohmus, K., Kupper, P., Kanal, A.,
Sdber, J., 2013.Greenhouse gas fluxes in an open air humidity manipulation experi-
ment. Landscape Ecology 28, 637-649.

Higgins, J.P. and Thompson, S.G., 2002. Quantifying heterogeneity in a meta-analysis.
Statistics in medicine, 21(11), pp. 1539-1558.

Hikosaka, K. and Shigeno, A., 2009. The role of Rubisco and cell walls in the interspecific
variation in photosynthetic capacity. Oecologia, 160(3), pp. 443-451.

Hill, P., Kuzyakov, Y., Jones, D. and Farrar, J., 2007. Response of root respiration and
root exudation to alterations in root C supply and demand in wheat. Plant and Soil,
291, pp. 131-141.

Hirano, Y., Noguchi, K., Ohashi, M., Hishi, T., Makita, N., Fujii, S. and Finér, L., 2009.
A new method for placing and lifting root meshes for estimating fine root production
in forest ecosystems. Plant Root, 3, pp. 26-31.

Hégberg, P., Nordgren, A. and Agren, G.I1., 2002. Carbon allocation between tree root
growth and root respiration in boreal pine forest. Oecologia, 132(4), pp. 579-581.
Hokké, H., Laurén, A., Stenberg, L., Launiainen, S., Lepp4d, K. and Nieminen, M., 2021.

Defining guidelines for ditch depth in drained Scots pine dominated peatland forests.

Holden, J., Wallage, Z.E., Lane, S.N. and McDonald, A.T., 2011. Water table dynamics
in undisturbed, drained and restored blanket peat. Journal of Hydrology, 402(1-2), pp.
103-114.

Huaraca Huasco, W., Riutta, T., Girardin, C.A., Hancco Pacha, F., Puma Vilca, B.L.,
Moore, S., Rifai, S.W., del Aguila Pasquel, J., Araujo Murakami, A., Freitag, R. and
Morel, A.C., 2021. Fine root dynamics across pantropical rainforest ecosystems.
Global change biology.

Hyvénen, R., Agren, G.I1., Linder, S., Persson, T., Cotrufo, M.F., Ekblad, A., Freeman, M.,
Grelle, A., Janssens, L.A., Jarvis, P.G. and Kellomiki, S., 2007. The likely impact of
elevated [CO2], nitrogen deposition, increased temperature and management on
carbon sequestration in temperate and boreal forest ecosystems: a literature review.
New Phytologist, 173(3), pp. 463—480.

38



IPCC, 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change., in: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Bosc-
hung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.). Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.

Jakoby, G., Rog, 1., Megidish, S. and Klein, T., 2020. Enhanced root exudation of mature
broadleaf and conifer trees in a Mediterranean forest during the dry season. Tree
Physiology, 40(11), pp. 1595-1605.

Jarvi, M.P. and Burton, A.J., 2013. Acclimation and soil moisture constrain sugar maple
root respiration in experimentally warmed soil. Tree physiology, 33(9), pp. 949-959.

Jia, S., Wang, Z., Li, X., Zhang, X. and Mclaughlin, N.B., 2011. Effect of nitrogen fer-
tilizer, root branch order and temperature on respiration and tissue N concentration of
fine roots in Larix gmelinii and Fraxinus mandshurica. Tree Physiology, 31(7), pp.
718-726.

Jones, D.L., Hodge, A. and Kuzyakov, Y., 2004. Plant and mycorrhizal regulation of
rhizodeposition. New phytologist, 163(3), pp. 459—480.

Karst, J., Gaster, J., Wiley, E. and Landhdusser, S.M., 2017. Stress differentially causes
roots of tree seedlings to exude carbon. Tree physiology, 37(2), pp. 154—164.

Katayama, A., Kho, L.K., Makita, N., Kume, T., Matsumoto, K. and Ohashi, M., 2019.
Estimating fine root production from ingrowth cores and decomposed roots in a
bornean tropical rainforest. Forests, 10(1), p.36.

Kwatcho Kengdo, S., PerSoh, D., Schindlbacher, A., Heinzle, J., Tian, Y., Wanek, W. and
Borken, W., 2022. Long-term soil warming alters fine root dynamics and morphology,
and their ectomycorrhizal fungal community in a temperate forest soil. Global Change
Biology, 28(10), pp. 3441-3458.

Kirfel, K., Heinze, S., Hertel, D. and Leuschner, C., 2019. Effects of bedrock type and
soil chemistry on the fine roots of European beech—A study on the belowground plasti-
city of trees. Forest Ecology and Management, 444, pp. 256-268.

Kubisch, P., Hertel, D. and Leuschner, C., 2016. Fine root productivity and turnover of
ectomycorrhizal and arbuscular mycorrhizal tree species in a temperate broad-leaved
mixed forest. Frontiers in plant science, 7, p.1233.

Kupper, P., Rohula, G., Inno, L., Ostonen, I, Sellin, A. and Sober, A., 2017. Impact of high
daytime air humidity on nutrient uptake and night-time water flux in silver birch, a
boreal forest tree species. Regional Environmental Change, 17(7), pp. 2149-2157.

Kupper, P., Rohula-Okunev, G., Sell, M., Kangur, O., and Sellin, A., 2020. Effects of air
humidity and soil nitrogen source on diurnal water flux in hybrid aspen and silver
birch. Acta Horticulturae 1300:153-160.

Kuzyakov, Y., 2002. Factors affecting rhizosphere priming effects. Journal of Plant
Nutrition and Soil Science, 165(4), pp. 382-396.

Lambers, H., Chapin, F.S. and Pons, T.L., 2008. Plant physiological ecology (Vol. 2, pp.
11-99). New York: Springer.

Legendre, P., and Legendre, LFJ.,1998. Numerical Ecology. Elsevier, Amsterdam, pp. 852.

Leppa, K., Korkiakoski, M., Nieminen, M., Laiho, R., Hotanen, J.P., Kieloaho, A.J.,
Korpela, L., Laurila, T., Lohila, A., Minkkinen, K. and Mékipai, R., 2020. Vegetation
controls of water and energy balance of a drained peatland forest: Responses to
alternative harvesting practices. Agricultural and Forest Meteorology, 295, p.108198.

39



Leppéilammi-Kujansuu, J., Ostonen, 1., Stromgren, M., Nilsson, L.O., Kleja, D.B., Sah,
S.P. and Helmisaari, H.S., 2013. Effects of long-term temperature and nutrient mani-
pulation on Norway spruce fine roots and mycelia production. Plant and Soil, 366(1),
pp. 287-303.

Li, D., Nan, H., Liang, J., Cheng, X., Zhao, C., Yin, H., Yin, C. and Liu, Q., 2017.
Responses of nutrient capture and fine root morphology of subalpine coniferous tree
Picea asperata to nutrient heterogeneity and competition. PloS one, 12(11),
p.e0187496.

Liese, R., Alings, K. and Meier, 1.C., 2017. Root branching is a leading root trait of the
plant economics spectrum in temperate trees. Frontiers in plant science, 8, p.315.
Lin, D., Xia, J. and Wan, S., 2010. Climate warming and biomass accumulation of

terrestrial plants: a meta-analysis. New Phytologist, 188(1), pp. 187—198.

Liu, B., Li, H., Zhu, B., Koide, R.T., Eissenstat, D.M. and Guo, D., 2015. Comple-
mentarity in nutrient foraging strategies of absorptive fine roots and arbuscular
mycorrhizal fungi across 14 coexisting subtropical tree species. New Phytologist,
208(1), pp- 125-136.

Lohmus, K. and Ivask, M., 1995. Decomposition and nitrogen dynamics of fine roots of
Norway spruce (Picea abies (L.) Karst.) at different sites. Plant and Soil, 168, pp. 89—
94.

Lozano, Y.M., Aguilar-Trigueros, C.A., Flaig, I.C. and Rillig, M.C., 2020. Root trait
responses to drought are more heterogeneous than leaf trait responses. Functional
Ecology, 34(11), pp. 2224-2235.

Lukac, M., 2012. Fine root turnover. In Measuring roots (pp. 363—373). Springer, Berlin,
Heidelberg.

Lyr, H. and Garbe, V., 1995. Influence of root temperature on growth of Pinus sylvestris,
Fagus sylvatica, Tilia cordata and Quercus robur. Trees, 9(4), pp. 220-223.

Macdonald, S.E. and Yin, F., 1999. Factors influencing size inequality in peatland black
spruce and tamarack: evidence from post-drainage release growth. Journal of Eco-
logy, 87(3), pp. 404—412.

Makita, N., Kosugi, Y., Dannoura, M., Takanashi, S., Niiyama, K., Kassim, A.R. and
Nik, A.R., 2012. Patterns of root respiration rates and morphological traits in 13 tree
species in a tropical forest. Tree physiology, 32(3), pp. 303-312.

Makkonen, K. and Helmisaari, H.S., 1998. Seasonal and yearly variations of fine-root
biomass and necromass in a Scots pine (Pinus sylvestris L.) stand. Forest ecology and
management, 102(2-3), pp. 283-290.

Makkonen, K. and Helmisaari, H.S., 1999. Assessing fine-root biomass and production
in a Scots pine stand—comparison of soil core and root ingrowth core methods. Plant
and soil, 210(1), pp. 43-50.

Malhotra, A., Brice, D.J., Childs, J., Vander Stel, H.M., Bellaire, S.E., Kraeske, E.,
Letourneou, S.M., Owens, L., Rasnake, L.M. and Iversen, C.M., 2020. SPRUCE
production and chemistry of newly-grown fine roots assessed using root ingrowth
cores in SPRUCE experimental plots beginning in 2014. Oak Ridge National
Lab.(ORNL), Oak Ridge, TN (United States).

McCormack, M.L., Adams, T.S., Smithwick, E.A.H., Eissenstat, D.M., 2012. Predicting
fine root lifespan from plant functional traits in temperate trees. New Phytologist 195,
823-831. https://doi.org/10.1111/j.1469-8137.2012.04198.x

McCormack, M.L., Adams, T.S., Smithwick, E.A. and Eissenstat, D.M., 2014. Variability
in root production, phenology, and turnover rate among 12 temperate tree species.
Ecology, 95(8), pp. 2224-2235.

40



McCormack, M.L., Dickie, [.A., Eissenstat, D.M., Fahey, T.J., Fernandez, C.W., Guo, D.,
Helmisaari, H.S., Hobbie, E.A., Iversen, C.M., Jackson, R.B. and Leppilammi-
Kujansuu, J., 2015. Redefining fine roots improves understanding of below-ground
contributions to terrestrial biosphere processes. New Phytologist, 207(3), pp. 505-518.

Meharg, A.A. and Killham, K., 1990. The effect of soil pH on rhizosphere carbon flow
of Lolium perenne. Plant and Soil, 123(1), pp. 1-7.

Meier, 1.C., Tiickmantel, T., Heitkdotter, J., Miiller, K., Preusser, S., Wrobel, T.J., Kande-
ler, E., Marschner, B. and Leuschner, C., 2020. Root exudation of mature beech
forests across a nutrient availability gradient: the role of root morphology and fungal
activity. New Phytologist, 226(2), pp. 583—594.

Melillo, J.M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., Burrows, E.,
Bowles, F., Smith, R., Scott, L. and Vario, C., 2011. Soil warming, carbon—nitrogen
interactions, and forest carbon budgets. Proceedings of the National Academy of
Sciences, 108(23), pp. 9508-9512.

Miina, J., 1994. Spatial growth model for Scots pine on drained peatland. Silva Fennica,
28, 15-217.

Montagnoli, A., Terzaghi, M., Scippa, G.S. and Chiatante, D., 2014. Heterorhizy can lead
to underestimation of fine-root production when using mesh-based techniques. Acta
oecologica, 59, pp. 84-90.

Morozov, G., Aosaar, J., Varik, M., Becker, H., Lohmus, K., Padari, A., Aun, K. and
Uri, V., 2019. Long-term dynamics of leaf and root decomposition and nitrogen
release in a grey alder (Alnus incana (L.) Moench) and silver birch (Betula pendula
Roth.) stands. Scandinavian Journal of Forest Research, 34(1), pp. 12-25.

Nadelhoffer, K.J. and Raich, J.W., 1992. Fine root production estimates and belowground
carbon allocation in forest ecosystems. Ecology, 73(4), pp. 1139-1147.

Nikolova, P.S., Bauerle, T.L., Hiberle, K.H., Blaschke, H., Brunner, I. and Matyssek, R.,
2020. Fine-root traits reveal contrasting ecological strategies in european beech and
norway spruce during extreme drought. Frontiers in plant science, 11, p.1211.

Nilsson, M.C. and Wardle, D.A., 2005. Understory vegetation as a forest ecosystem
driver: evidence from the northern Swedish boreal forest. Frontiers in Ecology and
the Environment, 3(8), pp. 421-428.

Neumann, G. and Rombheld, V., 2000. The release of root exudates as affected by the
plant’s physiological status. In The rhizosphere (pp. 57-110). CRC press.

Oksanen, E., Lihavainen, J., Keinidnen, M., Keski-Saari, S., Kontunen-Soppela, S.,
Sellin, A. and Sober, A., 2018. Northern forest trees under increasing atmospheric
humidity. In Progress in Botany Vol. 80 (pp. 317-336). Springer, Cham.

Oleksyn, J., Modrzynski, J., Tjoelker, M.G., Z- ytkowiak, R., Reich, P.B. and Karo-
lewski, P., 1998. Growth and physiology of Picea abies populations from elevational
transects: common garden evidence for altitudinal ecotypes and cold adaptation.
Functional Ecology, 12(4), pp. 573-590.

Oleksyn, J., Reich, P.B., Chalupka, W. and Tjoelker, M.G., 1999. Differential above-and
below-ground biomass accumulation of European Pinus sylvestris populations in a
12-year-old provenance experiment. Scandinavian Journal of Forest Research, 14(1),
pp. 7-17.

Olesinski, J., Krasowski, M.J., Lavigne, M.B., Kershaw Jr, J.A. and Bernier, P.Y., 2012.
Fine root production varies with climate in balsam fir (Abies balsamea). Canadian
Journal of Forest Research, 42(2), pp. 364-374.

41



Ostonen, 1., Léhmus, K., Alama, S., Truu, J., Kaar, E., Vares, A., Uri, V. and Kurvits, V.,
2006. Morphological adaptations of fine roots in Scots pine (Pinus sylvestris L.),
silver birch (Betula pendula Roth.) and black alder (Alnus glutinosa (L.) Gaertn.)
stands in recultivated areas of oil shale mining and semicoke hills. Oil Shale, 23(2).

Ostonen, 1., Truu, M., Helmisaari, H.S., Lukac, M., Borken, W., Vanguelova, E., God-
bold, D.L., Lohmus, K., Zang, U., Tedersoo, L. and Preem, J.K., 2017. Adaptive root
foraging strategies along a boreal-temperate forest gradient. New Phytologist, 215(3),
pp.- 977-991.

Paal, J. and Leibak, E., 2011. Estonian mires: inventory of habitats. Regio, Tartu.

Parts, K., Tedersoo, L., Lohmus, K., Kupper, P., Rosenvald, K., Sober, A. and Ostonen, 1.,
2013. Increased air humidity and understory composition shape short root traits and
the colonizing ectomycorrhizal fungal community in silver birch stands. Forest
Ecology and Management, 310, pp. 720-728.

Parts, K., Tedersoo, L., Schindlbacher, A., Sigurdsson, B.D., Leblans, N.I., Oddsdéttir,
E.S., Borken, W. and Ostonen, 1., 2019. Acclimation of fine root systems to soil
warming: comparison of an experimental setup and a natural soil temperature
gradient. Ecosystems, 22(3), pp. 457-472.

Persson, H.A., 1983. The distribution and productivity of fine roots in boreal forests. Plant
and soil, 71, pp. 87-101.

Phillips, R.P., Erlitz, Y., Bier, R. and Bernhardt, E.S., 2008. New approach for capturing
soluble root exudates in forest soils. Functional Ecology, 22(6), pp. 990-999.

Phillips, R.P., Bernhardt, E.S. and Schlesinger, W.H., 2009. Elevated CO2 increases root
exudation from loblolly pine (Pinus taeda) seedlings as an N-mediated response. Tree
physiology, 29(12), pp. 1513—1523.

Phillips, R.P., Finzi, A.C. and Bernhardt, E.S., 2011. Enhanced root exudation induces
microbial feedbacks to N cycling in a pine forest under long-term CO2 fumigation.
Ecology letters, 14(2), pp. 187-194.

Pregitzer, K.S., Laskowski, M.J., Burton, A.J., Lessard, V.C. and Zak, D.R., 1998.
Variation in sugar maple root respiration with root diameter and soil depth. Tree
physiology, 18(10), pp. 665-670.

Pregitzer, K.S., King, J.S., Burton, A.J. and Brown, S.E., 2000. Responses of tree fine
roots to temperature. The New Phytologist, 147(1), pp. 105-115.

Pregitzer, K.S., DeForest, J.L., Burton, A.J., Allen, M.F., Ruess, R.W. and Hendrick,
R.L., 2002. Fine root architecture of nine North American trees. Ecological mono-
graphs, 72(2), pp. 293-309.

Pritchard, S.G., Strand, A.E., McCormack, M.L., Davis, M.A., Finzi, A.C., Jackson, R.B.,
Matamala, R., Rogers, H.H. and Oren, R.A.M., 2008. Fine root dynamics in a loblolly
pine forest are influenced by free-air-CO2-enrichment: A six-year-minirhizotron
study. Global Change Biology, 14(3), pp. 588—602.

Pritsch, K. and Garbaye, J., 2011. Enzyme secretion by ECM fungi and exploitation of
mineral nutrients from soil organic matter. Annals of Forest Science, 68, pp. 25-32.

Qiu, S., Wang, M K., Wang, F., Chen, J., Li, X., Li, Q., Lin, C. and Lin, X., 2013. Effects
of open drainage ditch design on bacterial and fungal communities of cold water-
logged paddy soils. Brazilian Journal of Microbiology, 44, pp. 983-991.

Raudsaar, M.; Kaia-Liisa, S.; Valgepea, M. Yearbook Forest, Estonian Environment
Agency: Tartu, Estonia: 2016.

42



Reich, P.B., Walters, M.B., Tjoelker, M.G., Vanderklein, D. and Buschena, C., 1998.
Photosynthesis and respiration rates depend on leaf and root morphology and nitrogen
concentration in nine boreal tree species differing in relative growth rate. Functional
Ecology, 12(3), pp. 395-405.

Reich, P.B., 2014. The world-wide ‘fast-slow’plant economics spectrum: a traits mani-
festo. Journal of Ecology, 102(2), pp. 275-301.

Rewald, B., Rechenmacher, A. and Godbold, D.L., 2014. It’s complicated: intraroot
system variability of respiration and morphological traits in four deciduous tree species.
Plant Physiology, 166(2), pp. 736-745.

Roy, V., Plamondon, A.P. and Bernier, P.Y., 2000. Draining forested wetland cutovers
to improve seedling root zone conditions. Scandinavian Journal of Forest Research,
15(1), pp. 58-67.

Ruess, R.W., Hendrick, R.L. and Bryant, J.P., 1998. Regulation of fine root dynamics by
mammalian browsers in early successional Alaskan taiga forests. Ecology, 79(8), pp.
2706-2720.

Sellin, A., Rosenvald, K., Ounapuu-Pikas, E., Tullus, A., Ostonen, I. and Léhmus, K., 2015.
Elevated air humidity affects hydraulic traits and tree size but not biomass allocation
in young silver birches (Betula pendula). Frontiers in Plant Science, 6, p.860.

Sellin, A., Alber, M., Keindnen, M., Kupper, P., Lihavainen, J., Lohmus, K., Oksanen, E.,
Séber, A., Sober, J. and Tullus, A., 2017. Growth of northern deciduous trees under
increasing atmospheric humidity: possible mechanisms behind the growth retardation.
Regional Environmental Change, 17(7), pp. 2135-2148.

Shi, S., Richardson, A.E., O’Callaghan, M., DeAngelis, K.M., Jones, E.E., Stewart, A.,
Firestone, M.K. and Condron, L.M., 2011. Effects of selected root exudate compo-
nents on soil bacterial communities. FEMS microbiology ecology, 77(3), pp. 600-610.

Son, Y., Lee, Y.Y., Jun, Y.C. and Kim, Z.S., 2004. Light availability and understory
vegetation four years after thinning in a Larix leptolepis plantation of central Korea.
Journal of forest research, 9(2), pp. 133-139.

Steingrobe, B., Schmid, H. and Claassen, N., 2000. The use of the ingrowth core method
for measuring root production of arable crops—influence of soil conditions inside the
ingrowth core on root growth. Journal of Plant Nutrition and Soil Science, 163(6), pp.
617-622.

Sun, L., Ataka, M., Han, M., Han, Y., Gan, D., Xu, T., Guo, Y. and Zhu, B., 2021. Root
exudation as a major competitive fine-root functional trait of 18 coexisting species in
a subtropical forest. New Phytologist, 229(1), pp. 259-271.

Sun, L., Yang, G., Zhang, Y., Qin, S., Dong, J., Cui, Y., Liu, X., Zheng, P. and Wang, R.,
2022. Leaf functional traits of two species affected by nitrogen addition rate and
period not nitrogen compound type in a meadow grassland. Frontiers in Plant
Science, 13, p.485.

Sutton, R.F. and Tinus, R.W., 1983. Root and root system terminology. Forest Science,
29(suppl 1), pp.a0001-z0001.

Tedersoo, L., Naadel, T., Bahram, M., Pritsch, K., Buegger, F., Leal, M., Kdljalg, U. and
Poldmaa, K., 2012. Enzymatic activities and stable isotope patterns of ecto-
mycorrhizal fungi in relation to phylogeny and exploration types in an afrotropical
rain forest. New Phytologist, 195(4), pp. 832—843.

Tegeder, M. and Masclaux-Daubresse, C., 2018. Source and sink mechanisms of nitrogen
transport and use. New phytologist, 217(1), pp. 35-53.

43



Templer, P.H. and Dawson, T.E., 2004. Nitrogen uptake by four tree species of the Cats-
kill Mountains, New York: implications for forest N dynamics. Plant and Soil, 262(1),
pp- 251-261.

Tomas, M., Flexas, J., Copolovici, L., Galmés, J., Hallik, L., Medrano, H., Ribas-Carbd, M.,
Tosens, T., Vislap, V. and Niinemets, U., 2013. Importance of leaf anatomy in de-
termining mesophyll diffusion conductance to CO2 across species: quantitative limi-
tations and scaling up by models. Journal of experimental botany, 64(8), pp. 2269—
2281.

Trocha, L.K., Bulaj, B., Kutczynska, P., Mucha, J., Rutkowski, P. and Zadworny, M., 2017.
The interactive impact of root branch order and soil genetic horizon on root respiration
and nitrogen concentration. Tree physiology, 37(8), pp. 1055-1068.

Truu, M., Ndolvak, H., Ostonen, 1., Oopkaup, K., Maddison, M., Ligi, T., Espenberg, M.,
Uri, V., Mander, U. and Truu, J., 2020. Soil Bacterial and Archaeal Communities and
Their Potential to Perform N-Cycling Processes in Soils of Boreal Forests Growing
on Well-Drained Peat. Frontiers in microbiology, 11, p.3112.

Tiickmantel, T., Leuschner, C., Preusser, S., Kandeler, E., Angst, G., Mueller, C.W. and
Meier, I.C., 2017. Root exudation patterns in a beech forest: dependence on soil depth,
root morphology, and environment. Soil Biology and Biochemistry, 107, pp. 188—197.

van der Velde, Y., Temme, A.J., Nijp, J.J., Braakhekke, M.C., van Voorn, G.A., Dekker,
S.C., Dolman, A.J., Wallinga, J., Devito, K.J., Kettridge, N. and Mendoza, C.A., 2021.
Emerging forest—peatland bistability and resilience of European peatland carbon
stores. Proceedings of the National Academy of Sciences, 118(38).

Vogt, K.A., Vogt, D.J., Palmiotto, P.A., Boon, P., O’Hara, J. and Asbjornsen, H., 1995.
Review of root dynamics in forest ecosystems grouped by climate, climatic forest type
and species. Plant and soil, 187(2), pp. 159-219.

Wang, P., Diao, F., Yin, L. and Huo, C., 2016. Absorptive roots trait plasticity explains
the variation of root foraging strategies in Cunninghamia lanceolata. Environmental
and Experimental Botany, 129, pp. 127-135.

Wang, P., Huang, K. and Hu, S., 2020. Distinct fine-root responses to precipitation
changes in herbaceous and woody plants: a meta-analysis. New Phytologist, 225(4),
pp. 1491-1499.

Wang, J., Defrenne, C., McCormack, M.L., Yang, L., Tian, D., Luo, Y., Hou, E., Yan, T.,
Li, Z.,Bu, W. and Chen, Y., 2021. Fine-root functional trait responses to experimental
warming: a global meta-analysis. New Phytologist, 230(5), pp. 1856—1867.

Weemstra, M., Mommer, L., Visser, E.J., van Ruijven, J., Kuyper, T.W., Mohren, G.M.
and Sterck, F.J., 2016. Towards a multidimensional root trait framework: a tree root
review. New Phytologist, 211(4), pp. 1159-1169.

Werger, L., Bergmann, J., Weber, E. and Heinze, J., 2020. Wind intensity affects fine
root morphological traits with consequences for plant-soil feedback effects. AoB
Plants, 12(5), p.plaa050.

Yang, L., Wang, X., Mao, Z., Jiang, Z., Gao, Y., Chen, X. and Aubrey, D.P., 2020. Root
exudation rates decrease with increasing latitude in some tree species. Forests, 11(10),
p.1045.

Yin, H., Xiao,J., Li, Y., Chen, Z., Cheng, X., Zhao, C. and Liu, Q., 2013. Warming effects
on root morphological and physiological traits: the potential consequences on soil C
dynamics as altered root exudation. Agricultural and forest meteorology, 180, pp.
287-296.

Yin, H., Wheeler, E. and Phillips, R.P., 2014. Root-induced changes in nutrient cycling
in forests depend on exudation rates. Soil Biology and Biochemistry, 78, pp. 213-221.

44



Young, K.L., Woo, M.K. and Edlund, S.A., 1997. Influence of local topography, soils,
and vegetation on microclimate and hydrology at a high Arctic site, Ellesmere Island,
Canada. Arctic and Alpine Research, 29(3), pp. 270-284.

Yuan, Z.Y. and Chen, H.Y., 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. Critical Reviews in Plant Sciences,
29(4), pp. 204-221.

Zogg, G.P., Zak, D.R., Burton, A.J. and Pregitzer, K.S., 1996. Fine root respiration in
northern hardwood forests in relation to temperature and nitrogen availability. Tree
Physiology, 16(8), pp. 719-725.

Zhou, M., Wang, J., Bai, W., Zhang, Y. and Zhang, W.H., 2019. The response of root
traits to precipitation change of herbaceous species in temperate steppes. Functional
Ecology, 33(10), pp. 2030-2041.

Zhu, H., Zhao, J. and Gong, L., 2021. The morphological and chemical properties of fine
roots respond to nitrogen addition in a temperate Schrenk’s spruce (Picea schrenkiana)
forest. Scientific reports, 11(1), pp. 1-12.

45



SUMMARY

The rising global temperature associated with precipitation shifts, rising air relative
humidity (RH), and nitrogen (N) deposition pose challenges to the world’s forest
ecosystem functioning, especially high-latitude- forests. Of particular concern are
northern peatland forests which represent globally significant stores of soil
carbon (C) and will experience dramatic changes due to ongoing climate change.
Peatlands in boreal and hemiboreal forests have extensive drainage ditch net-
works to lower the water table and improve tree growth by increasing nutrient
availability via the decomposition of organic matter. Tree growth response may
vary across distances from the drainage ditch causing shifts in local site pro-
perties. However, we lack sufficient understanding of the resilience of forest eco-
systems, particularly drained peatlands affected by various environmental
stressors.

Tree species have evolved various functional and structural traits in above and
belowground components to resist environmental stresses. However, studies on
belowground characteristics are often limited due to methodological sampling
difficulty compared to aboveground studies. Belowground components, especially
fine roots, and their functional traits are highly responsive to varying environ-
mental conditions and are critical to the maintenance of many tree functions. Fine
roots (i.e., <2 mm in diameter) contribute significantly to forest ecosystems’ C,
water, and nutrient fluxes through soil resource acquisition, turnover, and
rhizodeposition processes such as respiration and exudation. Fine roots are
functionally divided into absorptive and transport roots. Absorptive roots (i.e.,
first and second orders) have a strong potential for soil resource acquisition as
transport roots or so-called pioneer roots (i.e., > third-order roots), enhance
transportation function. Fine root systems based on their functional root orders,
such as absorptive and transport roots, may exhibit different reactions to environ-
mental shifts.

Trees can optimize resource acquisition and acclimate to environmental
changes by modifying fine root biomass and several morphological and physio-
logical traits. For instance, higher investment in fine root biomass (FRB) is com-
monly associated with extensive foraging strategies under nutrient-poor condi-
tions. High specific root area (SRA) and specific root length (SRL) mean a higher
surface area per lower biomass investments, reflecting higher resource acquisition
efficiency and intensive plant growth. Fine roots with larger root diameters (D)
usually live longer. Fine root tissue density (RTD) is commonly associated with
many critical root lifespan and survival aspects. Fine roots with high RTD are
expected to live longer and to be more conservative with soil resources. Increased
branching intensity (BI) is associated with a higher proportion of root tips per
length or mass unit and higher resource uptake capacity. In addition to the morpho-
logical adjustments, fine roots exude primary and secondary metabolites into the
soil, which may regulate soil microbial community, nutrient cycling, and soil
enzyme activity. About 5-21% of total photosynthetically fixed C is exuded into
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the rhizosphere. Fine root respiration is another source of CO; efflux from forest
soils, which accounts for 50% of total soil respiration.

Several global studies indicate that climatic and soil variables are often subs-
tantial drivers of fine-root trait variation. Soil warming has increased FRB and
root exudation rates, resulting in higher SRA and SRL and lower RTD in several
coniferous species. Variations in soil factors such as moisture, temperature, and
N availability strongly influenced fine root respiration rates. Under elevated air
humidity, FRB increased, and thinner, and longer absorptive roots were formed,
while RH-induced root physiological responses remained underrepresented.
Moreover, inter-annual or geographical fluctuations in meteorological para-
meters, especially air temperature, and precipitation, may substantially affect fine
root production dynamics. Fine root growth rate increased towards warmer years
or regions. Besides, different tree species may exhibit varying nutrient uptake
capacities and distinctive fine root dynamics under climate shifts. Therefore,
knowledge of fine root responses of different tree species to various environ-
mental variables is crucial for evaluating tree species’ resilience and predicting
the patterns of C allocation and N cycling in forest ecosystems under ongoing
projected climates.

This doctoral thesis aimed to analyze the fine root acclimation strategies of
different tree species (deciduous and coniferous) to varying climate and soil
conditions.

The main objectives were:

1) To evaluate fine root C fluxes such as exudation and respiration, fine root
morphological variation along with aboveground traits such as photo-
synthesis, transpiration, and leaf N concentration of tree species (hybrid aspen,
silver birch, and Scots pine) in response to elevated RH and soil inorganic N
sources (NO3~, NH4"). Moreover, we analyzed the role of different fine root
functional groups (absorptive, pioneer, and transport roots) on fine root C
exudation rate (I).

2) To investigate the morphological variation of absorptive roots across distance
gradient from the ditch in drained peatland forests in Estonia dominated by
Downy birch and Norway spruce to identify the most plastic traits in fine
root acclimation strategies of tree species (II).

3) To assess the response patterns of fine root traits, including biomass and
morphology of trees (deciduous and coniferous), to soil warming at a global
scale study. In addition, we assessed the impacts of warming magnitude, soil
depth, and tree species in this meta-analysis (I1I).

The measurements for above- and belowground traits were carried out in
controlled climate chamber experiments, where trees grown at moderate (mRH)
and elevated air humidity (eRH) and also fertilized with nitrate and ammonium
(D). Morphological variation of the absorptive roots was studied in 6 drained
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peatland forests growing on Histosol in the Jarvselja experimental forest area in
the eastern part of Estonia. In each stand, a gradient with four sampling plots at
distances of 5, 15, 40, and 80 m from the ditch was selected (II). We performed a
meta-analysis with 149 paired observations from 43 publications between 1999
and 2020 that studied fine root biomass and morphology of tree species
(deciduous vs. coniferous) responding to various soil warming magnitudes across
the global biomes (III).

The current study showed tree species-specific responses to climate change
and soil nutrient availability affecting soil C balances. In climate chamber experi-
ments (I), transpiration was reduced in all studied trees under eRH. Soil N sources
also influenced the transpiration rate, and it increased in nitrate-fertilized birch
saplings. Unlike ammonium-fertilized trees, we observed a lower foliar N
concentration in nitrate-fertilized birch trees at eRH than mRH. We suggest that
the uptake of NO;™ is more diminished than NH4" under eRH, where the transpi-
ration flux and mass flow slow down. Pine photosynthesis rate increased under
eRH, associated with elevated leaf (shoot) conductance. Regarding belowground
traits, eRH significantly decreased C fluxes. Root mass-specific exudation in pine
and root respiration in aspen reduced at higher air humidity treatments. Fine root
morphology was also influenced by air humidity treatments; specific root area
increased in birch but decreased in pine at eRH. Our result suggested that fine
roots with higher specific SRA and SRL and lower RTD, with a higher share of
thinner, younger, and metabolically active roots, can exudate more C into the soil.
We highlight a strong connection between fine root morphology and C-fluxes
depending on root partitioning (I). In drained peatland forests (II), absorptive
roots morphologically adjusted to the local soil condition across ditch distances.
The absorptive root morphological responses were uniform between birch and
spruce. With increased distance from the ditch, the mean SRA increased, while
the mean RTD decreased in both trees, reflecting a potential shift in nutrient
foraging in relation to spatially different distances from the ditch. Although soil
properties (e.g., peat depth, pH, and temperature) influenced the species-specific
responses of absorptive root morphological traits, the corresponding soil factors
did not vary across distance gradient. We can assume that other factors (e.g., tree
stands, climate conditions, peat, and subsoil hydraulic properties) might influence
the local soil hydrology rather than distance to ditch (II). In the current meta-
analysis (III), soil warming increased fine root biomass (FRB), which differed
between deciduous and coniferous species. We observed that the warming effects
on fine root biomass decreased with greater warming magnitude. We suggested
that a rise in soil temperature could initially stimulate fine root growth, probably
caused by enhanced photosynthesis. In contrast, fine root biomass is diminished
under elevated temperatures, which can be due to low soil water levels. Fine root
morphological traits, by contrast, were unresponsive to the global soil warming
magnitudes. Meanwhile, insignificant responses of fine root morphological traits
in our study can be linked to the limited available sample sizes. Thus, future
studies should prioritize further examining these critical fine root morphological
traits in response to global warming. Our meta-analysis suggested that trees
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allocate more biomass to fine roots under warmer conditions, while fine root
morphological plasticity is less influenced.

This study focused on trees’ above- and below-ground acclimation, especially
fine root functional traits to climate and soil changes. We outlined specific accli-
mation capacities for tree species, such as deciduous and coniferous, under
environmental shifts. Our results underline the importance of root partitioning
and functional orders on fine root trait responses such as morphology and C
fluxes. The findings indicated morphological plasticity in fine and absorptive
roots when trees acclimate to a changing climate. We suggest evaluating more
comprehensive analyses of fine root traits along with other soil microbiomes,
especially root-associated ectomycorrhizal fungi, and under multifactorial envi-
ronmental conditions.
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SUMMARY IN ESTONIAN

Kliimamuutuste mdju leht- ja okaspuude peenjuurte
omadustele

Globaalse temperatuuri tous koos kaasnevate muutustega sademetes, suhtelises
ohuniiskuses ja lammastiku depositsioonis mojutab oluliselt maailma metsadko-
stisteemide toimimist, mérgatavamad on muutused korgetel laiuskraadidel kasva-
vates metsades. Enim ohustatud on metsad turbasel mullal, kus on talletunud
tilemaailmselt téhtis siisinikuvaru ning kus toimuvad kliimast tingitud olulised
muutused. Turbamullal kasvavates boreaalsetes ja hemiboreaalsetes metsades on
ulatuslikud kuivenduskraavide vorgud, et alandada veetaset ja parandada puude
juurdekasvu. Tdnu orgaanilise aine lagunemisele paraneb toitainete kittesaada-
vus. Puude kasv voib erineda soltuvalt kaugusest kuivenduskraavist, tdheldatav
on lokaalne varieeruvust kasvukoha omadustes. Paraku puudub meil piisav aru-
saam metsadkosiisteemide, eriti kuivendatud turbaalade vastupidavusest mitme-
sugustele keskkonnastressidele.

Puuliikidel on keskkonnamdjude talumiseks vélja kujunenud erinevad funkt-
sionaalsed ja struktuursed tunnused nii maapealsetes kui maa-alustes osades.
Sageli piiravad maa-aluste néditajate uuringuid vorreldes maapealsete uuringutega
metoodilised raskused proovide votmisel. Maa-alusteks uuringuteks kasutatavaid
meetodeid mojutavad mitmed médramatused ja vdimalikud vead. Puude maa-
alused komponendid, eriti peenjuured ja nende funktsionaalsed omadused rea-
geerivad erinevatele keskkonnatingimustele ning on mitmete funktsioonide taga-
misel kesksel kohal. Hoolimata sellest, et peenjuured moodustavad vaid umbes
5% puude biomassist, voib nende toodang ulatuda kuni 75%ni metsadko-
slisteemide aastasest esmasest netotoodangust. Peenjuured aitavad mullaressurs-
side omandamise, kdibe ja risosfddri depositsiooniprotsesside nagu hingamine ja
eksudatsioon kaudu oluliselt kaasa metsadkosiisteemide siisiniku, vee ja toit-
ainete voogudele. Peenjuured on juured 1dbimddduga alla 2 mm ning need jaga-
takse funktsionaalselt imi- ja transpordijuurteks. Imijuurtel (esimest ja teist jarku
juurtel) on oluline roll mullaressursside omandamisel, samas kui transpordijuured
ehk nn pioneerjuured (> kolmandat jarku juured) tagavad toitainete ja vee trans-
pordi. Peenjuured eristatuna vastavalt funktsionaalsele juurjérjekorrale — imi- ja
transpordijuured, vdivad keskkonnamuutustele reageerida erinevalt. Puud saavad
optimeerida ressursside omandamist ja kohaneda keskkonnamuutustega, muutes
peenjuurte biomassi ja mitmeid morfoloogilisi ning fiisioloogilisi tunnuseid.
Naiteks seostatakse suuremaid investeeringuid peenjuurte biomassi ulatuslike
toitumisstrateegiatega toitainevaestes tingimustes. Korge juure eripindala ja juure
eripikkus tdhendavad suuremat pindala viiksemate biomassiinvesteeringute korral,
mis tagab suurema ressursi omandamise efektiivsuse ja intensiivsema kasvu.
Suurema 14bimddduga peenjuured elavad tavaliselt kauem. Peenjuure kudede
tihedust seostatakse tavaliselt juure eluea ja ellujadmise kriitiliste aspektidega.
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Suure kudede tihedusega peenjuured elavad eeldatavasti kauem ja on mulla-
ressursside suhtes tundlikumad. Suurenenud hargnemise intensiivsus on seotud
suurema juuretippude osakaaluga pikkus- vOi massiithiku kohta ja suurema
ressursi omastamisvdimega. Lisaks morfoloogilistele kohastumistele eritavad
peenjuured pinnasesse primaarseid ja sekundaarseid metaboliite, mis voivad
reguleerida mulla mikroobikooslust, toitainete ringlust ja mulla ensiitimide aktiiv-
sust. Umbes 5-21% kogu fotosiinteetiliselt fikseeritud siisinikust eritub riso-
sfadri. Peenjuurte hingamine on iiks CO, metsamuldadest viljumise allikas, mis
moodustab 50% kogu mullahingamisest.

Nagu néitavad mitmed tilemaailmsed uuringud, mdjutavad kliima- ja pinnase-
muutujad sageli peenjuurte omaduste plastilisust. On ndidatud, et mulla soojene-
mine suurendas peenjuurte biomassi ja juurte kdivet ning pohjustas mitmetel
okaspuuliikidel juurte suuremat eripinda ja -pikkust ning madalamat juurekoe
tihedust. Mullategurite, nagu niiskus, temperatuur ja ldimmastiku kéttesaadavus,
kodikumised mdjutasid oluliselt peenjuurte hingamisméaira. Korgendatud Shu-
niiskuses suurenes juurte biomass ning moodustusid dhemad ja pikemad imi-
juured, samas kui suhtelisest dhuniiskusest tulenevad juurte fiisioloogilised reakt-
sioonid jdid alaesindatuks. Veelgi enam, meteoroloogiliste parameetrite, eriti Shu-
temperatuuri ja sademete aastatevahelised v3i geograafilised kdikumised voivad
oluliselt mojutada peenjuurte juurdekasvu diinaamikat. Positiivne seos peen-
juurte produktsiooni mééra ja Shutemperatuuri vahel on leidnud kinnitust; peen-
juure kasvukiirus suureneb soojematel aastatel voi piirkondades. Lisaks voib
erinevatel puuliikidel olla erinev toitainete omastamise vdime ja iseloomulik
peenjuure tootlikkus kliimamuutuste ajal. Seetdttu on {ilioluline uurida puude
peenjuurte omaduste reaktsioone erinevatele keskkonnatingimustele, et hinnata
erinevate liikide vastupidavust ning prognoosida siisiniku eraldumise ja lammas-
tiku tsiikli mustreid metsadkosiisteemides prognoositava kliima tingimustes.

Doktorit6d eesmirk oli analiilisida erinevate puuliikide (leht- ja okaspuud)
peenjuure aklimatiseerumisstrateegiaid erinevates kliima- ja mullatingimustes.

Peamised eesmirgid olid:

1) Hinnata puuliikide (hiibriidhaab, hobekask ja harilik méind) peenjuurte
stisinikuvoogusid nagu eksudatsioon ja hingamine, peenjuurte morfoloogi-
list varieeruvust koos maapealsete tunnustega, nagu fotosiintees, transpirat-
sioon ja lehtede lammastiku kontsentratsioon, vastusena mulla suhtelise niis-
kuse ja mulla anorgaaniliste lammastikuallikate (NO3-, NH4+) suurene-
misele. Lisaks analiiiisisin erinevate peenjuurte funktsionaalriihmade (imi-,
pioneer- ja transpordijuured) rolli siisiniku eksudatsiooni kiiruses peen-
juurtest (I).

2) Uurida imijuurte morfoloogilist varieerumist kraavist ldhtuval kaugus-
gradiendil Eesti kuivendatud turbametsades, kus domineerivad kask ja
kuusk, et teha kindlaks kdige plastilisemad tunnused puuliikide peenjuurte
aklimatiseerumisstrateegiates (I1).
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3) Hinnata peenjuurte tunnuste, sealhulgas puude (leht- ja okaspuu) biomassi
ja morfoloogia reageerimismustreid mulla soojenemisel globaalses mastaabis.
Lisaks hindasin selles metaanaliiiisis (III) soojenemise ulatuse, pinnase
stigavuse ja puuliikide mdju.

Maapealsete ja maa-aluste tunnuste mootmised tehti kontrollitud kliimakambriga
katsetes, kus puud kasvasid mdddukas ja korgendatud dhuniiskuses ning neid
védetati ka nitraadi ja ammooniumiga (I). Imijuurte morfoloogilist varieerumist
uuriti kuues kuivendatud metsas, mis kasvavad Jéarvselja katseala turbamullal Ida-
Eestis. Igas puistus valiti nelja proovitiikiga gradient 5, 15, 40 ja 80 m kaugusel
kraavist (II). Tegin metaanaliilisi 149 paarisvaatlusega 43st publikatsioonist
aastatest 1999-2020, milles uuriti puuliikide (leht- ja okaspuu) peenjuurte bio-
massi ja morfoloogiat, nende reageerimist mulla soojenemisele globaalsetes
bioomides (I11).

Uuring néitas puuliigispetsiifilisi reaktsioone kliimamuutustele ja mulla toit-
ainete kittesaadavusele, mis mdjutavad mulla siisinikutasakaalu. Kliimakambri
katsetes (I) vihenes korgenenud suhtelise dhuniiskuse tingimustes transpiratsioon
koigil uuritud puuliikidel, mida on ka varem téheldatud. Pinnase lammastiku-
allikad mojutavad ka transpiratsiooni kiirust ja see suurenes nitraadiga véetatud
kaskedes, mida tdenéoliselt stimuleerib nitraadi mojul suurenenud akvaporiini
ekspressioon juurerakkudes. Erinevalt ammooniumiga véetatud puudest tdheldasin
nitraadiga vietatud kaskedel madalamat lehtede ldmmastikusisaldust modduka
ohuniiskuse juures kui korgenenud suhtelise Shuniiskuse korral, mis on koos-
kolas varasemate uuringutega. Tuleb arvata, et suurema suhtelise dhuniiskuse tingi-
mustes, kus transpiratsioonivoog ja massivool aeglustuvad vidheneb nitraadi
omastamine ammooniumi omastamisest enam. Ménni fotosiinteesi kiirus suurenes
korgenenud suhtelise ohuniiskuse tingimistes, mis on seotud lehtede (vOrsete)
suurenenud juhtivusega. Maa-aluste tunnuste osas vihendas kdrgenenud suhte-
line Shuniiskus markimisviérselt siisiniku vooge. Kdrgema Shuniiskuse tingi-
mustes vihenes juuremassispetsiifiline eksudatsioon ménnil ja juurehingamine
haaval. Teisalt on ndidatud, et abiootiliste stressoritega kokku puutunud puud
suurendasid juureeksudaatide hulka. Oletame, et kasvuks ja ellujddmiseks vois
puudel olla toitainete varu (I). Peenjuurte morfoloogiat mdjutas ka Shuniiskuse
muutumine; korgenenud suhtelise Shuniiskuse tingimustes suurenes juure eripind
kasel, kuid vihenes ménnil. Leidsime peenjuured, millel on kdrgem juure eripind
ja -pikkus ning madalam koetihedus, mis viitab peenemate, nooremate ja meta-
boolselt aktiivsete juurte suuremale osakaalule, suurendades juure-mulla {ihen-
dusi ja eritades pinnasesse rohkem siisinikku, tuues esile tugeva seose peenjuure
siisinikuvoogude ja sellest sGltuva juurte hargnemise morfoloogia vahel (I).
Kuivendatud turbametsades (II) kohanesid kase ja kuuse imijuured (s.o. esimest
jateist jarku juured) morfoloogiliselt kohaliku mulla seisundiga vastavalt kaugus-
tega kraavist sarnaselt, kauguse kavades suurenes keskmine juure eripind, samas
kui keskmine koe tihedus vihenes molemal liigil, tuues esile voimaliku kohane-
mise toitainete leidmisel. Kuigi mulla omadused, nagu turba siigavus, pH ja tem-
peratuur, mdjutasid neelduvate juuremorfoloogiliste tunnuste liigispetsiifilisi
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reaktsioone, ei muutunud vastavad mullategurid kaugusgradiendil (I). Erinevalt
minu tulemustest nditasid varasemad uuringud nihkeid mulla omadustes (nt niis-
kus, toitainete kontsentratsioon) ja mikroobikooslustes seoses ruumiliselt erine-
vate kaugustega kraavist. Kohalikku pinnase hiidroloogiat vdivad mojutada ka
muud tegurid (nt puistud, kliimatingimused, turvas ja aluspinnase hiidraulilised
omadused), mitte pelgalt kaugus kraavist. Metaanaliiiis (III) niitas, et mulla
soojenemine suurendas peenjuurte produktsiooni, mis erines leht- ja okaspuu-
liikidel. Eelkdige viahendas soojenemine peenjuurte biomassi, mis on kooskdlas
teiste uuringutega. Mullatemperatuuri tous tingib alguses peenjuurte kasvu kiire-
nemise ja tootlikkuse suurenemise, mis on pohjustatud fotosiinteesist. Samas
viheneb peenjuurte kasv soojemas mullas niiskuse vihenemise tottu.

Globaalne metaanaliiiis ei tuvastanud peenjuurte morfoloogiliste tunnuste rea-
geerimist mulla soojenemisele samas suurjargus. Samas teised uuringud téhel-
dasid olulisi nihkeid peenjuurte morfoloogias soojemas keskkonnas, et opti-
meerida mullaressursse ja sdilitada juurdekasvu. Seejuures saab meie uuringus
peenjuurte morfoloogiliste tunnuste (st imijuurte eripikkus, eripind ja diameeter)
ebaolulisi reaktsioone seostada piiratud valimiga. Seega peaks tulevaste uuringute
prioriteet olema kriitiliste peenjuurte morfoloogiliste tunnuste edasine uurimine
vastusena globaalsele soojenemisele. Praegune metaanaliiiis viitab, et soojemates
tingimustes kasvatavad puud rohkem peenjuurte biomassi, samas kui peenjuurte
morfoloogilist plastilisust mojutatakse vihem.

See uuring keskendus puude maapealsele ja maa-alusele aklimatiseerumisele,
eriti peenjuurte funktsionaalsetele tunnustele seoses kliima ja pinnase muutus-
tega. Selgitasin leht- ja okaspuuliikide spetsiifilisi kohanemisvéimeid keskkonna
muutudes. Tulemused réhutavad juurte hargnemise ja funktsionaalse jargu téhtsust
peenjuurte omaduste reaktsioonides. T60 annab {iilevaate peenjuuretoodangu
tdpsemast hindamisest, vottes arvesse uurimismeetodite moju ning ajalisi ja
ruumilisi kliimak&ikumisi, et minimeerida metsadkosiisteemide siisinikuringe
ebamédrasust. Otstarbekas oleks teha peenjuurte tunnuste pohjalikumaid ana-
liiise koos teiste mulla mikrobioomidega, eriti juurtega seotud ektomiikoriisa
seentega ja multifaktoriaalsetes keskkonnatingimustes.
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