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Abstract

Aims Fine roots, that comprise the adjustable part
of the root system, are important in spatially hetero-
geneous boreal forest soils. We investigated the soil
exploring patterns of Norway spruce (Picea abies)
seedlings of equal height belonging to families rep-
resenting two contrasting growth phenotypes that
have shown fast and slow growth rates in long-term
experiments. We hypothesised that seedlings of the
fast-growing phenotype would show a more explora-
tive root growth strategy, intense branching, and root
proliferation in response to the nutrient patch, and
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that slow-growing phenotypes would be more tolerant
to drought stress.

Methods Seedlings were grown in flat Perspex
microcosms with a clod of humus placed in the mid-
bottom part of each microcosm for eight months. The
order-based and functional classification, branching
topology, and size of seedling root systems were stud-
ied with WinRHIZO™ image-analysis software and
root exploration patterns with LIGNUM-model simu-
lations. In addition, transpiration, stomatal conduct-
ance, net assimilation rate responses were measured.
Results No differences were found in the early for-
aging of roots for the humus clod nor net assimilation
rate and transpiration between the phenotype groups.
Seedlings were favouring exploitation over explora-
tion in the early phases of development regardless of
growth phenotype group. However, in fast-growing
phenotypes, the main roots were longer, and the lat-
eral root pool favoured long and bifurcated laterals
that formed larger absorptive root area.

Conclusions Our results indicate that in nutrient-
poor conditions, better growth of lateral roots pre-
cedes future differences in the aboveground growth
rate of Norway spruce.

Keywords Norway spruce (Picea abies) - Root

architecture - Lateral root - Convex hull - Intraspecific
variation - Root exploitation

@ Springer


http://orcid.org/0000-0001-9813-9825
http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-022-05672-2&domain=pdf
https://doi.org/10.1007/s11104-022-05672-2
https://doi.org/10.1007/s11104-022-05672-2

Plant Soil

Introduction

Substantial spatial heterogeneity characterises boreal
forest soils (Pennanen et al. 1999; Dehlin et al.
2006), indicating that plants will benefit from adjust-
able belowground strategies that allow roots to pro-
liferate in patchy nutrient spots and to capture scarce
resources (Hodge 2004). Fine roots comprise the
dynamic part of the root system, explaining a signifi-
cant share of terrestrial primary production (reviewed
in McCormack et al. 2015) and exhibiting functional
and physiological diversity (reviewed in Freschet
et al. 2021): short-lived root tips are mainly respon-
sible for water and nutrient uptake, whereas thicker
fine roots and lateral roots act as transport routes and
provide structural support (Keel et al. 2012). Below-
ground foraging strategies in boreal conditions com-
prise also an interspecific component as nutrient
acquisition can be outsourced via collaboration for
instance to mycorrhizal fungal partners (Bergmann
et al. 2020).

Various functional traits manifest diversity in situ
both among and within species (Siefert et al. 2015).
While ecological belowground studies have largely
focused on interspecific differences in fine roots (e.g.,
Freschet et al. 2021; Weigelt et al. 2021), substantial
environment-related intraspecific variation also has
been discovered in architectural, morphological and
chemical root traits in varied tree species (Ostonen
et al. 2011; Ostonen et al. 2017; Defrenne et al. 2019;
Weemstra et al. 2021). Common-garden studies with
uniform experimental conditions show that such
variation arises not only from phenotypic plasticity
but also from genetic variation, and in widely dis-
tributed forest trees genetic differences in functional
traits among populations are generally closely related
to major environmental gradients (Savolainen et al.
2007). This broad pool of natural genetic variation
in economically valuable traits facilitates tree breed-
ing programmes which have increased, for example,
volume growth by up to 25% relative to unimproved
material in the Nordic countries (Jansson et al. 2017).

Norway spruce (P. abies L. Karst) is among the
most economically important tree species in north-
ern Europe, and its range covers marked climatic
and soil gradients that shift optimal functional trait
values. Mature trees have a comparatively shallow
root system that is highly plastic in response to the
environment (Kalliokoski et al. 2008), and studies on
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nutrient-foraging roots in situ have found intraspecific
variation that may be related, e.g., to spatial heteroge-
neity in belowground resource availability (Ostonen
et al. 2017; Weemstra et al. 2017; Weemstra et al.
2021). Common-garden studies have demonstrated
a strong genetic basis of the species intraspecific
variation above- and belowground, with its effects
comprising interspecific interactions as well. Utilis-
ing long-term breeding trials in the field in Finland,
Korkama et al. (2006) found that genotypes with
faster growth hosted more diverse ectomycorrhi-
zal species communities and had higher root tip and
fine root density than those with slower growth. In
accordance with Korkama et al. (2006), Hamberg
et al. (2018) found that genotypes with faster growth
in the field exhibited more explorative root growth,
that is, they allocated root tips and biomass further
away from the base of the seedling and had more root
branches and tips. Senior et al. (2022) recently found
that genetic variation in Norway spruce affected asso-
ciated soil microbial communities and biochemical
processes in a field trial and that some of these vari-
ables were related to growth rate (Senior et al. 2022).
Velmala et al. (2013) sampled a wide range of geno-
types included in Finnish breeding programmes and
showed that seedling fine root traits were genetically
determined also in greenhouse settings. Finally, in
natural populations sampled between 60 and 66 °N
in Finland, seedling root systems were smaller but
accounted for a larger proportion of total biomass in
more northern origins (Salmela 2021), with genetic
variation in root and shoot functional traits occurring
also locally within individual populations (Salmela
et al. 2020; Salmela 2021).

Distinct growth strategies of plants are expected to
be determined by covariation across multiple diver-
gent functional traits (Coley et al. 1985; Grime 1977;
Reich 2014), and one outstanding question in trait-
based ecology is how such variation is coordinated
across entire plants from root to shoot (Weigelt et al.
2021). For example, interspecific variation in leaf
morphology, chemistry and metabolism is interrelated
on a global scale, with photosynthetic capacity corre-
lating positively with nitrogen concentration (Wright
et al. 2004). Faster growth may be conditional on
higher photosynthetic capacity, which in turn may
be dependent on effective resource uptake from soil
coordinated by different features of root systems
(Coley et al. 1985; Reich 2014). Branching intensity
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and specific root length are typical architectural and
morphological fine root traits that are expected to be
associated with aboveground growth (Weemstra et al.
2016), but their variation may be driven by different
environmental factors (Defrenne et al. 2019; Weem-
stra et al. 2021). Furthermore, intraspecific analyses
of seedling root systems suggest that both composite
measures are independent from overall root system
size (Salmela et al. 2020; Salmela 2021), a below-
ground feature that is challenging to estimate in situ
and whose associations with aboveground growth
consequently remain poorly known (Carmona et al.
2021; Weigelt et al. 2021). Overall, the multidimen-
sionality of belowground traits among and within spe-
cies is indicative of complex cross-plant trait correla-
tions that may vary across environments. Tolerance
mechanisms are crucial for forest trees which show
high intraspecific variation in e.g. osmotic adjust-
ments and photosynthetic rate in response to abiotic
stresses such as drought that further reflects to plant
productivity (Polle et al. 2019; Tan and Blake 1997).
Drought is first sensed in roots, but the effects spread
rapidly across the entire plant (Polle et al. 2019). Fur-
ther, the drought responsive gene expression involves
same gene families that are needed for plant growth
and stress responses (Depardieu et al. 2021).

In the current study, we employ explicit genetically
determined growth strategies within Norway spruce
and a microcosm experiment to test whether geno-
types exhibit functional trait variation in response to
soil patchiness and whether such variation is related
to their long-term growth performance in field tri-
als.. Velmala et al. (2014a) and Hamberg et al. (2018)
surveyed lateral root branches in six genotypes and
reported that fast-growing genotypes in field trials
had spread-out root systems and more root tips and
allocated more biomass away from the base than
those that grew slowly. We add four more genotypes
to the dataset, consider the heterogenous character of
the growth substrate and apply a comprehensive root
phenotyping technique and modelling of the root—soil
contact area such that accurate estimates of complete
root system size are obtainable on top of more com-
monly investigated architectural and morphological
root traits. Genotypes exhibiting the fast-growing
phenotype have shown stronger pathogen-triggered
shoot responses than those representing the slow-
growing phenotype (Velmala et al. 2014b). Moreo-
ver slow-growing white spruce genotypes have been

observed to be better adapted to drought conditions
than fast- and intermediate genotypes (Bigras 2005).
These observations suggest genetic trade-off in per-
formance between standard and stressful growth con-
ditions (cf. Coley et al. 1985). Thus, we impose mild
drought on seedlings to test whether similar intraspe-
cific trade-offs are detectable in photosynthetic traits
that are considered key elements of growth in plants
(Reich 2014; Wright et al. 2004). More specifically,
we hypothesise that genotypes of the fast-grow-
ing phenotype will exhibit a more explorative root
growth strategy manifested as 1) a larger number of
root branches and tips, 2) longer fibrous lateral roots
with larger surface area, and/or 3) more intensive root
branching in association with a nutrient hotspot than
genotypes expressing a slow-growing phenotype.
Finally, based on the detected patterns of functional
trait covariation (e.g., Wright et al. 2004) and classi-
cal expectations of trade-offs between growth poten-
tial and stress tolerance (Coley et al. 1985; Grime
1977), we anticipate that 4) genotypes of the fast-
growing phenotype will have higher photosynthetic
rates under benign well-watered conditions, while in
drier conditions genotypes of the slow-growing phe-
notype will be able to maintain photosynthesis at a
higher level.

Material and methods
Selection of genotypic material

Our sampling scheme consists of genotypes of Nor-
way spruce that are of natural origin and that have
been tested in replicated tree breeding trials in Fin-
land. The genotypes were either crossed with a spe-
cific paternal pollen donor or open-pollinated in the
field (Supplementary Table S1). Their genetic varia-
tion can be assessed as differences in functional traits
among maternal seed families in a common-garden
setting. Five maternal families were classified as fast-
and the other five as slow-growing based on stem
height at the age of 14-yrs from over five replicated
field experiments per maternal family conducted in
Finland (Napola 1997, Supplementary Table S1).
The fast-growing maternal families (F) F612, F1162,
F1064, F298, and F902 have had excellent success
rates 89—102 (reference level 50) and the slow-grow-
ing maternal families (S) S427, S503, S394, S1183,
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and S1278 have had much lower long term success
rates 31-35 (Supplementary Table S1, maternal fami-
lies ordered according to descending success rate).
Hereafter these two distinct groups of maternal fami-
lies will be referred to as the fast- and slow- grow-
ing phenotypes. However, no among-growth pheno-
type differences in the aboveground stem growth of
young seedlings are expected because this differentia-
tion appears only after several growing seasons in the
field, as reported by Velmala et al. (2014a) and Ham-
berg et al. (2018).

Growth conditions

Seedlings were grown in 200x300 mm size flat
(7 mm thickness) Perspex microcosms with soil vol-
ume of ~240 ml. A 25 ml clod (@ 60 mm) of fresh
sieved forest humus layer from a spruce dominated
forest (60° 21'18.576” N, 24° 59'17.808" E) (mesh
size 2 mm) was placed in the mid-bottom part of
each microcosm (Supplementary Fig. S1). The
transparent side was covered with black plastic and
the top corners with aluminium foil to prevent light
on roots. Ten microcosms, each representing one
maternal family, were randomly placed in a shal-
low Orthex Smart Store™ plastic box and nine of
these boxed were placed into two growth chambers
(Binder KBW 720/400, WTB Binder Labortechnik
GmbH, Tuttlingen, Germany) with 18 hours of light
at 20 °C and a six-hour dark period at 15 °C under
40% ventilation. The 18-hour day length resem-
bles a crude average day length between May and
August in southern Finland. Full-day light tubes
were used and the photosynthetically active radia-
tion in the chambers, measured with an Apogee
MQ-200 quantum meter (Apogee Instruments, Inc.,
Logan, Utah, USA) at the seedling root neck height
was 100-120 pmol m~2 s~!. Seedlings were rotated
inside each box and between chamber shelves once a
week. Boxes were rotated between chambers every
second week.

Growth experiment

Prior to the study’s eight-month experiment, a four-
month pilot study was conducted to follow the early
direction of root growth in relation to the humus
clod and to test the growth substrate (Supplementary
Material).

@ Springer

Seeds that were soaked overnight germinated on
water agar plates in darkness and were transplanted
into microcosms containing growth substrate mix-
ture 1:1:3 of sand (@<2 mm), vermiculite (Ver-
mipu Oy), and light Sphagnum-peat (White 420 F6),
pH 4.6-4.8, conductivity 1.4mS/cm fertilized with
Kekkild starter 6 NPK 16-4-17 with slow-release
N (Kekkild Group, Vantaa, Finland) within ten days
of the primary root becoming visible (nine replicate
seedlings per maternal family). Weekly irrigation of
10 ml of tap water was applied with a syringe and
additional moist (2 ml) was sprayed once a week
onto the whole vertical soil surface area. Seedlings
were given additional fertilization twice during the
third month (weeks 10 and 12, 5 ml of 0.1% water
soluble Turve Superex NPK 11-5-26, Kekkila
Group, Vantaa, Finland).

After one month each seedling was inoculated
with 2 ml of vegetative hypha of ectomycorrhizal
fungus Thelephora terrestris (40% vol/vol in half
strength MNN nutrient solution, Marx 1969). Thel-
ephora terrestris is a common ectomycorrhizal
fungus in Finnish seedling nurseries and it tolerates
well various experimental conditions. The purpose
of the inoculation was to equalize the colonization
status of seedlings as mycorrhizal fungal colo-
nization affects root development (Velmala et al.
2014a). After two months the seedlings were re-
inoculated with 2 ml of fresh sieved forest humus
on the clod in the bottom part of the microcosm.
After 18 weeks four 30 X6 X2 mm rubber spacers
were installed in margins to ensure ventilation for
growing roots, and weekly irrigation was increased
to 20 ml of tap water in addition to spraying. At the
age of six months 5 ml of soil mixture of sieved
forest humus layer (stored 8 weeks in +4 °C) and
Nutricote® 70-pellets (NPK 16-4-8) were added
on the humus clod. The mixture was made accord-
ing to the suggested application rate of 3 g of slow-
release fertilizer into 1 1 of soil substrate.

During the seventh month of the experiment, half
of the seedlings were subjected to drying soil. Seed-
lings in the well-watered treatment were continuously
watered with 20 ml of water weekly. During the first
week of the dry treatment seedlings received 5 ml
of watering and none after that. Microcosms were
weighted weekly, and the target dryness was ensured
by opening the microcosms for 10 to 30 min to speed
up the drying. At the end of the experiment the dry
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microcosms had only 20% of the moisture left when
compared to the well-watered treatment.

Leaf gas exchange and water potential measurements

Measurements of transpiration rate (mmol m2sh,
stomatal conductance (GH,O that is total water vapor
conductance [mmol m~2 s~!]) and net CO, assimila-
tion rate [pmol m~2 s~!] (ambient CO, 400 ppm, PAR
200 pmol m~2 s7!, leaf temperature 20 °C, vapour
pressure deficit 1.40 kPa) were conducted with a
Portable Gas Exchange Fluorescence System GFS-
3000 (Heinz Walz GmbH, Effeltrich, Germany) from
four to six replicate seedlings of each maternal fam-
ily (altogether 57 seedlings) at seven months of age.
Seedlings were measured in a random order between
10 am and 3 pm over three days, and measurements
were taken within 5-10 min after the seedling was
placed in the cuvette. During the last two weeks of the
experiment half of the seedlings were not watered. To
determine the timepoint when drying started to affect
net assimilation and transpiration rates, dark respira-
tion rate and leaf water potential of two fast and two
slow maternal families were followed until the seed-
lings started to close stomata (data not shown). The
experiment was terminated after eight months, at
which point gas exchange measurements were taken
again with the same settings as described above.
Water potential was measured with a Scholander type
pressure chamber.

Sampling

Seedling stem height and collar diameter (10 mm
above root neck) were measured with a ruler and a
vernier calliper. Shoots were separated from the roots
and air dried for two weeks (overnight 40 °C) before
the determination of dry weight. Soil samples from
the growth substrate mixture and humus clod from
each microcosm were collected into 5 ml Eppendorf-
tubes which were stored 1-3 weeks in +4 °C and then
kept frozen —20 °C until the determination of soil
nutrient content. The soil was washed away only from
the humus clod and the revealed roots were coloured
for 30 min at room temperature by pipetting 1 ml of
1% aqueous safranin-O red on the root surface to let
it attach to lignin in cell walls. The remaining sur-
rounding soil was washed away with tap water after
the stain had adhered on the humus-colonizing roots.

Whole root systems were photographed and scanned
with Epson Perfection V700 Photo scanner (Seiko
Epson Corporation, Suwa, Japan) as tagged image file
format (TIFF) files with a 400-dpi resolution. Roots
were investigated under a dissecting microscope
before determination of dry weight (air dried for two
weeks and overnight at 40 °C).

Soil nutrient capacity

Soil moisture, ash and total nutrient content were
analysed with LECO TGA-701 (Leco Corporation,
USA) according to ISO 11465 and ICP-emission
spectrometer iICAP 6500 DUO (Thermo Scientific,
United Kingdom) according to ISO 11466. Soil
samples for IPC were digested by the closed wet
HNO3-HCI digestion method in a microwave (CEM
Mars 6 XPress, USA). Carbon and nitrogen content
were determined with a LecoCN TruMac®-analyzer
(LECO Nordic Ltd.; analysis based on ISO 10694
and ISO 13878 standards). Soil pH was determined
from a water suspension according to Soil Quality-
Determination of pH (ISO 10390) with a SympHony
SB79P pH meter (VWR International, Finland).

Image analysis, order-based and functional
classification and root system topology

WinRHIZO™ Pro-image analysis software Version
2013a (Regent Instruments Inc., Quebec, Canada)
was used to measure the size, architecture, and mor-
phology of complete root systems. Data is created as
centrifugal, i.e., developmental segments (Berntson
1997) in the software. That is, the branching order of
the imaged roots was recorded using the concept of
Gravelius ordering (Fabrika et al. 2019). This means
that the sequence of root segments starting from the
base of the seedling and classified by WinRHIZO™
as being in the same root gets the lowest order (zero),
and roots (sequences of root segments) forking off the
main root are of order one and so on (Fig. 1). The first
two segments with the lowest orders, i.e., the inner-
most root segments were treated separately in the data
and are hereafter called the main root (order zero)
and the lateral roots (order one). The higher order
branches, i.e., the outer root segments were pooled
together to form the tertiary level of segments, here-
after called fine roots (orders two to four).
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Fig. 1 Schematic diagram
of root topology accord-
ing to Gravelius ordering
(Fabrika et al. 2019) and as
it is produced in Win-
RHIZO™: the main root of
the seedling gets the lowest
order (zero), the first order
lateral roots are attached

to the main root, and the 2
outermost tertiary level of 0

segments (2nd, 3rd order) 2 1
form the fine roots

The dichotomous branching index (DBI) was
calculated from the segment data containing
the external path length and number of root tips
according to Smilauerovad and Smilauer (2002):
DBI = [Pe — min (Pe)]/[max(Pe) — min (Pe)] where
Pe, the external path length, is the sum of the num-
ber of segments in all paths from each external
segment to the base segment, min(Pe)=p[min(a
)4 1]—2mn@=1" s the theoretical external path
length for a fully dichotomous topology where p is
the number of root tips, i.e., exterior segments and
min(a) = llog,(p — 1)/ +2 the number of segment in
the longest single path from an external segment to
the base segment, and max(Pe)=0.5 (p2 +3p—2)is
the theoretical external path length in a fully her-
ringbone system (Fitter 1987; Beidler et al. 2015).
This estimates the degree to which a root system
is fully herringbone (1) or fully dichotomous (0).
DBI values less than 0.5 indicate a dichotomous
topology.

The count of thin fibrous (absorptive roots) and
thicker branchless pioneer roots (transport roots) was
estimated by sorting all lateral root branches attached
to the main root (zero order) into five different func-
tional categories based on the lateral root branching
topology (Supplementary Fig. S2): i) short fibrous
roots (<15 mm) and longer branches that have ii) no
further branches or root tips (max one tip), iii) two
or more than two root tips but no longer branches,
iv)1-2 longer branches, and v) more than two longer
branches (Supplementary Fig. S2). Root tips were
assumed to be <5 mm in length. Roots in categories ii
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and iii are typical pioneer roots and in categories i, iv
and v fibrous absorptive roots.

Also, specific root length SRL cm g~! (root length/
root dry weight) and branching intensity BI (number
of root tips/total root length, also called root tip den-
sity) were calculated. It is possible to generate based
on WinRHIZO™ data a two-dimensional replica of
the measured root system that is statistically like the
original. Such replicas were made using LIGNUM
software (Sievinen et al. 2010). They were used to
calculate the convex hull areas of the root systems by
drawing the tightest convex polygon around the root
branches. The convex hull area was used as an esti-
mate of the interactive rhizosphere area. The values
are averages of ten replicate simulations of each lat-
eral root branch class above short fibrous roots (ii—v).
Convex hull area is not simulated to i-class short
roots as their convex hull area is the same as their root
surface area. The count and convex hull area of lateral
root branches of each class mentioned above (i-v)
that grew into the humus clod were calculated.

Data and statistical analyses

Finally, 76 seedlings out of 90 were included in the
analyses since 14 seedlings ceased of growing in
microcosm in the early phase of the experiment.
Thus, 37 replicates from the fast and 39 replicates
from the slow growth phenotype were included (5-10
per maternal family).

Principal component analysis PCA with varimax
rotation was used to summarize and support the inter-
pretation of information in root data with the function
principal from the psych library (Revelle 2021). Var-
imax rotation strengthens the loadings of trait with
one component only. Components with eigenvalue
larger than one were retained. Correlation of (> 10.71)
was considered strong.

To test our working hypothesis that seedlings
from the two growth phenotypes show differ-
ences in the measured traits, we fitted linear
mixed models Ime with growth phenotype as
explanatory fixed variable and maternal family
as random factor from packages nlme (Pinheiro
et al. 2018). For ecophysiological measurements
following the onset of dry conditions both treat-
ment and phenotype were used as explanatory
variables. To avoid repeated analysis of highly
correlated root parameters mixed models were
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estimated to shoot height and only to one rep-
resentative root trait having the strongest cor-
relation with each PC1-5: total root length, BI,
SRL, length of main root, and percentage of tips
in the humus clod. Also two other parameters
(number of lateral roots and fibrous:pioneer-
ratio) that did not correlate strongly with any
of the PC were studied separately. Percent-
ages were logit-transformed in the model
y =log(y/100/(1-y/100)).

Permutational multivariate analyses of variances
for the number, humus contact, and simulated con-
vex hull areas of lateral roots in different topology
classes were calculated with adonis from package
vegan with maternal family nested within growth
phenotype. Further, to visualize the branching
topology of first-order laterals (branching, preci-
sion, and convex hull), a 2-dimensional non-metric
multidimensional scaling was conducted with met-
aMDS from package vegan (Oksanen et al. 2020)
with Bray-Curtis dissimilarity indices.

Pearson’s correlation coefficients for family
means for transpiration, stomatal conductance, net
assimilation rate, and water potential and the repre-
sentative root and shoot parameters were computed
with function cor.test from Stats library.

Statistical testing and figures were done with
the R software (R version 4.0.2) environment for
statistical computing and graphics (R Core Team
2020). We considered p <0.05 as statistically sig-
nificant and 0.05 <p <0.10 as indicative.

Results
Seedling aboveground growth

Shoot height varied among maternal families but
it was not associated with the growth phenotype
(Table 1). These results were in accordance with
the pilot experiment (Supplementary Table S2).
Shoot height had a positive correlation with root
weight, length, and collar diameter (r=0.63, 0.54,
and 0.59, respectively, p <0.001). Shoot weight is
not reported as an approximately 10—-12 mm piece
of stem was cut above the collar for ecophysiologi-
cal measurements and assessment of wood forma-
tion and structure.

Root data exploration with rotated principal
component analysis

Most root variables were highly correlated as they are
generated from the same original data and many traits
are interrelated. The rotated principal components
simplified the root data including 19 parameters into
five principal components (PC) that explained almost
90% of the variation (Table 1): PC1 alone accounted
for half of the variation. Root collar diameter, root dry
weight, root projection and surface area, root volume,
total root length, length of lateral and tertiary roots,
root tip number, number of tertiary root branches, and
the sum of convex hull areas were strongly positively
correlated with PC1. Moreover, dichotomous branch-
ing index (DBI) had strong negative correlation with
PC1. Branching intensity (BI) i.e., root tip density
correlated strongly with PC2. Number of tips in the
humus clod and the percentage of all root tips in the
humus clod correlated strongly with PC3. Both PC2
and PC3 explained around 10% of the variation. Spe-
cific root length (SRL) correlated with PC4, and the
main root length with PC5. In the further analyses
PC1 is represented by total root length, PC2 by BI,
PC3 by percentage of all root tips in the humus clod,
PC4 by SRL, and PC5 by main root length. However,
results can be generalized to other highly correlated
parameters.

Root system size and architecture, described by
total root length (PC1) and BI (PC2), respectively,
varied significantly between families but not system-
atically between the growth phenotypes (Table 1).
Roots of both growth phenotypes were dichoto-
mously branching and had a very low DBI (< 0.2).
Root branching patterns and responses to nutrient
patches, represented by the proportion of root tips in
the humus clod (PC3) and SRL (PC4), did not differ
between the growth phenotypes. The main root (PCS5)
was longer in the fast growth phenotype (Table 1).

Branching topology

A clear majority of lateral roots directly attached to
the main root (visual explanation of branching topol-
ogy classes in Supplementary Fig. S2) were short
fibrous roots that formed the first class (i) of the lat-
eral root branching topology (Fig. 2a). The number
of laterals that branch from the main root (Fig. 2a,
Table 1) and the ratio between absorptive fibrous
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Table 1 Shoot height and root parameters analysed after eight
months growing period for two growth phenotypes, fast and
slow. On right a summary of the principal component (PC)
analysis on 19 root traits showing eigenvalues, proportion vari-
ance (%) and loadings (Pearson’s correlation coefficients), with

strong correlations (>10.7]) emphasised in bold. Representative
traits chosen for linear mixed model analyses are underlined
with their fixed effects reported. Sample number in brackets.
P<0.05 are marked with an asterisk (*) and P<0.1 with an
apostrophe (‘)

Parameter Fast (37) (Min-max) Slow (40) (Min-max) F,;g p PC1 PC2 PC3 PC4 PC5

Shoot height cm 9.98 5.5-15.1 9.24 54-17.1 0.5 048

Eigenvalue 9.44 2.62 195 136 1.02

Proportion variance 49.7% 13.8% 102% 7.2% 5.4%

Collar @ mm 1.66 1.1-2.4 1.52 0.9-2.6 0.74 -0.13 -0.08 -045 -0.04

Root dry weight g 0.41 0.1-0.7 0.35 0.1-0.7 09 -0.19 -0.01 -031 0.07

Root Projection Area cm? 74.1 0.2-214.6 514 0.2-147.9 093 -025 -0.05 0.17 0.03

Root Surface Area cm? 233 41-674 162 30-465 093 -0.25 -0.05 0.17 0.03

Root vol cm® 6.18 04-209 417 0.4-13.9 09 -027 -008 0.16 O

Root tot length cm 726 270-1733 532 176-1247 1.8 0213 096 -0.13 0.02 021 0.07

Main root length cm 36 28.0-48.9 329 20.7-446 5 0.06 0.07 0.04 -0.08 -0.01 0.98

Lateral root length cm 287 151-451 223 119-397 0.82 -0.17 -0.05 0.14 0.07

Tertiary root length cm (2nd, 445 51-1339 307 31-904 093 -0.1 003 021 0.04
3rd, 4th order)

Number of root tips 947 267-1700 750 369-1450 08 055 0 0.09 0.04

Number of lateral roots, 1 st 116 49-383 111 35-420 06 07 0.03 044 -051 O 0.12
order branches

Number of 2nd, 3rd, 4th 866 184-1610 669 258-1371 0.82 0.53 -0.04 0.11 0.03
order branches

Specific root length SRI.cm  1.74 1.0-3.3 1.55 1-2.1 1.3 029 039 -0.01 006 0.88 -0.02
mg !

Brancklling intensity Bl tips ~ 1.42 0.8-2.8 1.51 0.6-2.7 05 051 -032 0.89 -0.03 -0.09 -0.05
cm

Dichotomous Branching 0.11 0.05-0.2 0.13 0.05-0.3 -0.82 -0.08 -0.02 0.03 0.08
Index DBI

Fibrous:Pioneer-rati 0.17 0.03-0.5 0.14 0.01-0.5 29 012 -0.33 069 0.13 0.08 0.06

Number of tips in humus 67.9 3-202 63.4 7-209 022 032 089 002 -0.03

Percen f tips in 8.14 0.4-25.5 8.42 0.7-22.2 04 056 -023 -0.07 092 0.05 -0.01
humus

Convex hull area cm? 1290 435-2684 914 209-1911 0.78 -0.39 0.03 023 0.05

between the growth phenotypes (Table 1).

The branching topology class pattern was inde-
pendent of the growth phenotype (Table 2), and the
2-D visualization (Fig. 3a) showed that the growth
phenotype centroids overlapped with each other.

The humus clod did not direct root growth. This obser-
vation was supported by the pilot experiment where only
5% of seedlings grew directly towards the humus clod
(data not shown). After eight months, roots that were in
contact with the humus clod showed a bimodal distribu-
tion with short roots (i) and roots with long branches (v)
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being equally abundant (Fig. 2b). However, only 5.5% of
all roots in microcosms belonging to class (i) grew to the
humus clod compared with 58% of roots in class (v). The
pattern of lateral root branching topology classes that
were in contact with the humus clod showed indicative
differences between the growth phenotypes: there were
more class (i) and (v) laterals in fast-growing phenotypes
(Table 2, Fig. 2b). The pattern of lateral root branching
topology classes that were in contact with the humus
clod showed indicative differences between the growth
phenotypes (Table 2, Fig. 2b). However, growth pheno-
type explained less than 2% of the variation in number
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Fig. 2 Branching topology of first order laterals: i) short
fibrous roots (<15 mm) and longer branches that have ii) no
further branches and max one tip, iii) two or more than two
root tips but no longer branches, iv) 1-2 longer branches, and
v) more than two longer branches (Illustration of root seg-
ments in Supplementary Fig. S2). a) the mean number of root
classes attached to the main root, b) the number of root classes

'FAST -Family- SLOW
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attached to the main root that have grown into the humus clod
at the end of the experiment, ¢) the simulated convex hull area
of the root classes attached to the main root. Note that surface
area is not simulated to i-class short roots. Fast- (F612, F1162,
F1064, F298, F902) and slow- (S427, S503, S394, S1183 and
S1127) growing families are ordered according to descending
future success rate (Supplementary Table 1)

Table 2 Multivariate

B Topology classes i-v Fast  Min-max Slow Min-max F R2 P
branching topology data
including the number of Number of laterals in
fateral roots in different i 67.16 27-128 6830 21-136 100 0013 022
classes, number of roots )
that grew into humus L 559 1-13 543 0-19
and the surface area of Lii 819  3-13 695 1-16
roots in different classes. Iv 449  0-14 345  0-10
Permutatlonal analy.51s of v 754 1-16 508 1-18
variance for Branching )
topology of first order Number in humus
laterals. P <0.05 are i 311 0-27 243  0-19 1.06 0.014 0.09
marked with an asterisk I 054 0-3 080 0-7
(*) and P <0.1 with an Li 0.65 0-4 0.93 0-7
apostrophe () ’ ’
Iv 062 03 065 03
\% 2.7 0-7 220 1-6
Surface area in class (cm?)
i 39 3-105 41 0-118 554 0.062 <0.01%*
Lii 136 24-357 115 6-286
Iv 147 0-635 93 0-287
\% 968 169-2122 665 13-1661
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of roots of each class in humus, which is reflected also
in the visual presentation (Fig. 3b). The total convex hull
area had a positive correlation with PC1 and total root
length, which did not differ between the growth pheno-
types. However, the convex hull area was highest in the
fibrous roots with more than two long branches (v): over
70% of the absorptive root area came from these laterals
and around 14% of the area both from long laterals with
many root tips and few long branches (classes iii and iv)
(Fig. 2¢). The root convex hull pattern differed signifi-
cantly between the growth phenotypes (Table 2), which
explained 6% of the variation in the multivariate data.
Thus, in the fast-growing phenotypes root area is espe-
cially expanded by branched fibrous roots (v) (Table 2,
Figs. 2c and 3c¢).

Ecophysiological measurements

Transpiration, stomatal conductance, and net assimi-
lation rate did not differ significantly between the
growth phenotypes based on the point measurements
at seven months (data not shown). Neither were there
any correlations between root traits and transpira-
tion, stomatal conductance, or net assimilation rate at
seven months.

None of the seedlings showed any visual signs of
damage after exposure to dry conditions. The net assimi-
lation rate decreased during the eighth month but did
not differ significantly due to dry conditions, or growth
phenotype (Table 3). After one month in dry conditions,

Table 3 The phenotype mean, min and max of point measure-
ments of transpiration, stomatal conductance (total water vapor
conductance), net assimilation rate, water use efficacy and

transpiration (F, 4,=10.34, p<0.01) and stomatal con-
ductance (F; 5, =9.21, p<0.01) were significantly low-
ered in comparison to the well-watered condition, but
there were no differences between the growth pheno-
types (Table 3). The reduction in transpiration rate and
stomatal conductance were 54% and 54% in the fast and
45% and 33% in slow- growing phenotype, respectively.
Water potential did not vary significantly due to dry
conditions, or growth phenotype (Table 3). There was a
two-fold increase in water use efficiency under drought
(F) g0=12.28, p<0.001), but again no differences were
found between phenotypes.

At eight months family means of root total length,
the number of lateral roots and percentage of tips in
humus clod did not have any relationship with fam-
ily means of assimilation rate, transpiration, stomatal
conductance nor water potential in neither condition.
Main root length had strong negative correlation with
water potential family means (r=—-0.75, p=0.02), and
indicative negative correlations with assimilation rate,
transpiration, and stomatal conductance (all »<—0.59,
p=0.07) but only in the well-watered condition.
Under dry conditions specific root length had strong
correlation with assimilation rate (r=0.72, p=0.02),
and indicative moderate correlation with transpiration
and stomatal conductance (both r>0.58, p<0.08).
Shoot height had indicative moderate negative cor-
relation with transpiration and stomatal conduct-
ance (both r<—0.60, p=0.07), and branching index
indicative moderate correlation with transpiration and

water potential at 7 and 8 months after subjecting half of the
seedlings were subjected to well-watered and half to dry condi-
tions for the last month. Sample number in brackets

8 months, Well-watered

8 months, Dry

Fast (16) Slow (20) Fast (18) Slow (19)
Transpiration E [mmol m-2 s-1] 0.64 0.70 0.29 0.46
Min-max 0.2-1.4 0.3-1.7 —0.1- 1.1 0-1.3
Stomatal conductance GH20O [mmol m-2 s-1] 46.1 50.4 21.3 34
Min-max 13-98 18-123 —4-77 —2-103
Assimilation rate A [pmol m-2 s-1] 2.71 3.21 2.51 3.37
Min-max 1.3-4.9 1.6-6.3 0.1-5.7 -0.3-7.7
Water use efficiency A/E 4.8 5.1 12.5 10.6
Min-max 3.3-8.6 2.7-8.6 —-1.9-36.5 —14.3-49.1
Water potential ¥ (MPa) —0.55 -0.48 -0.52 —0.58
Min-max —0.36- -0.88 —0.30- 0.70 —0-30--0.70 —0.24- -0.90
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stomatal conductance (both r>0.57, p<0.09). The
family mean ratio between fibrous to pioneer roots
had moderate indicative correlations with assimila-
tion rate, transpiration and stomatal conductance (all
r=0.61, p=0.06).

Soil nutrients and mycorrhizas

The nutritional content of the soil substrate and
humus clods was measured at the start and at the end
of the experiment. At the beginning of the experi-
ment humus clods had lower pH and higher concen-
trations of C, macronutrients N, P, S and Ca, and
heavy metals such as Cd and Pb than the surround-
ing soil (Table 4). The C/N ratio of the surrounding
scarce soil increased from 59 to 64, and of the humus
clod from 23 to 25, which resembles C/N ratio lev-
els typical of relatively nutrient-rich Norway spruce
boreal forest site types (Pennanen et al. 1999). The
content of P was at the start five and in the end 15

times higher in the humus clod than in the surround-
ing soil. Due to the long timespan of the experiment
and because sieved forest humus was twice applied
to the nutrient patch together with additional slow-
release fertilizer, we could see some accumulation of
micronutrients such as Fe, Mn, Zn, B, and Na, pos-
sibly also due to diffusion from the outer soil lay-
ers (Table 4). Seedlings were inoculated with a pure
culture of Thelephora terrestris and ectomycorrhizal
fungi originating from humus that resulted in a high
>80% colonization rate of root tips (data not shown).

Discussion

In this microcosm experiment we studied seedling
root exploration and tolerance to drought in Norway
spruce families from contrasting growing phenotypes.
We found that the fast- and slow-growing phenotype
groups, each represented by five maternal families,

Table 4 Nutritional content of the soil substrate and humus clods per dry weight at the start of the experiment and at the end after
8 months presented with two significant digits. Highest values are strengthened and lowest underlined. Light Sphagnum peat pH 4.7

(Kekkild Oy)

Sample and month Soil start Soil end Humus start Humus end
pH 53 5.6 4.1 4.6

C % dw 47 4.5 46 24

N % dw 0.08 0.07 2.00 0.97

P pg/g 190 58 930 890

K mg/g 5.9 2.8 0.64 2.0

S pglg 140 70 2300 1500
Ca mg/g 1.2 0.8 54 52
Mg mg/g 15 7.6 0.8 3.6N%
Fe mg/g 6.3 2.9 2.8 7.3Nut
Mn pg/g 40 20 59 180Nu
Zn pglg 11 6.6 45 5gNut
Cu pg/g 5.1 32 14 21Nut
B pg/g 0.75 0.40L0P 4.1 4.9Nut
Na pg/g 120 100 250 430Nut
Al mg/g 5.70 2.90 2.60 5.60N
Cd pg/g < 0.07L0P < 0.07L0P 0.46 0.27
Cr pg/g 34.00 13.00 6.50 15.00MNut
Ni pg/g 21.00 9.30 7.00 9.50MNut
Pb pg/g < 1.00L0P < 1.00L0P 80.00* 66.00

LOD value below the limit of detection. Nut=The higher content of these nutrients in the humus clod at the end of the experiment
are most likely due to the addition of Nutricote® 70-grains. In some cases, nutrients may have diffused down the microcosms from
the outer soil layers. a: soil collected close to a highway, average of Pb in Finnish soil is 20 mg/kg, the limit for contaminated soil is

2500 mg/kg
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showed only minor differences in root growth and
architecture. All families adopted a dichotomous root-
ing habit. However, we found indications that fast-
growing families had larger rhizosphere interaction
surface between branched lateral roots and soil. Still,
the physiological state of families was uniform.

Intraspecific variation in root morphology and
architecture is independent of growth phenotype

Intraspecific trait variation is important for perfor-
mance. In many aspects the families of the fast- and
slow-growing phenotypes grew alike. As expected,
the phenotypes did not differ in their aboveground
growth. Neither did the data support our first hypoth-
esis regarding the number of root branches and root
tips. The total root length, number of root tips, root
tip density (BI), specific root length (SRL), the num-
ber of lateral branches, or the ratio of fibrous and pio-
neer roots did not vary between the phenotypes. Only
the main root was on average slightly longer in fami-
lies of fast-growing phenotypes.

Our data does not suggest stable indirect root
measures for intraspecific comparisons that lead to
good growth performance from temporally and spa-
tially highly adjustable root characteristics. Moreo-
ver, based on our data, the often measured BI and
SRL seem not to be good predictors for spruce
growth. Liese et al. (2017) concluded that BI is a key
belowground trait that relates the mycorrhizal asso-
ciation type to precision foraging and thus influences
resource uptake rates and function. SRL has earlier
been observed to be independent from the whole
plant economic spectrum (Kramer-Walter et al. 2016,
Salmela et al. 2020; Salmela 2021). In accordance
with our results, many studies have found intraspe-
cific variation in SRL of Norway spruce but no con-
nection to latitudinal gradient (Ostonen et al. 2013),
nor growth phenotype (Hamberg et al. 2018), or
populations (Salmela et al. 2020) have been reported.
Furthermore, recently Freschet et al. (2021) conclude
that these easily measurable traits are often vaguely
related to functions, and that emphasis should be
made to measure traits related to a precise function.
Likewise, to understand root trait variation in relation
to the environment, and whether general intraspe-
cific patterns exist across species a broader set of root
traits and environmental variables should be meas-
ured (Weemstra et al. 2021). Weemstra et al. (2021)

noted that variation in BI and SRL of fine roots in
Norway spruce in situ was higher within elevations
than across a 600-m elevational range in the French
Alps. They suggested that intraspecific root trait vari-
ation may depend more on small-scale heterogeneity
than large-scale environmental variation. However,
Ostonen et al. (2011) found in nutrient poor subarc-
tic soil that root tip length and fine root biomass were
larger in higher-latitude Norway spruce stands and
emphasized the importance of acollaborative contin-
uum of tree nutrient acquisition.

Branching topology affects the root-soil interaction
area that favours fast-growing phenotypes

The second hypothesis is partly supported by the data:
The total length and convex hull area of lateral roots
were on average higher in the fast-growing phenotype,
but the differences were not statistically significant.
However, the patterns of the contact area between lat-
eral roots and soil varied between the phenotypes indi-
cating that fast-growing families gain more interaction
surface from the branched and bifurcated fibrous lat-
eral roots, whose convex hull is the largest.

The observed longer main roots and the lateral
root branching topology patterns of fast-growing
families correspond well with previous findings of
Hamberg et al. (2018), irrespective of homogenous
growing substrate in their study. The root systems of
their seedlings were considerably bigger than in the
present study, and fast-growing phenotypes had larger
number of side branches and root tips especially fur-
ther away from the base of seedlings. Hamberg et al.
(2018) speculated that this characteristic could be
one that differentiates fast- from slow-growing phe-
notypes before the divergence in their aboveground
growth rate.

Fine roots have a pivotal role in both absorption
and transport of nutrients and water. The formation
of branches enables plants to extend roots to a larger
area and to increase their contact area with soil (Bei-
dler et al. 2015). Interestingly, more than half of the
most ramified lateral roots with long branches grew
into the humus. Furthermore, the phenotypes indica-
tively differed in the type of lateral roots that were in
contact with the humus clod. Considering the slight
differences in the overall branching topology, fast-
growing phenotypes seem to have larger interaction
surface with the nutrient spot.
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Nutrient spots do not direct early root growth

We found no support for our third hypothesis that
fast-growing families would proliferate more fine
roots in response to a nutrient patch compared to
slow-growing seedings when growing in a substrate
of very low nutrient content. Seedlings from both
phenotypes were mining the soil with equal intensity
as they did adopt a dichotomous rooting habit instead
of a herringbone type. Dichotomous branching may
be favoured in uneven soil as it intensifies patchy
soil exploitation and is better in acquiring diffusion-
limited resources even though it is less efficient in
exploring soil space and capturing mobile resources
(Fitter 1987; Fitter et al. 1991). For example, it has
been suggested that nitrate uptake efficiency of
dichotomously branching root system from a hetero-
geneous and static soil supply is higher than for her-
ringbone type roots (Dunbabin et al. 2004).

The stability of root architecture has been sug-
gested to be an adaptation of conifers to deal with the
recalcitrant litter of boreal forests (Chen et al. 2016;
Cheng et al. 2016). The proposition that thick root
species, such as conifers, forage without considera-
tion of nutrient patches and thus avoid opportunistic
proliferation in nutrient hotspots (Chen et al. 2018)
was supported by our study as the nutrient patch
did not direct the early root growth. Neither did the
amount of root tips in humus early on have any rela-
tionship with the number of roots in humus in the
end of the experiment. In plants, the most successful
competitors exploit nutrient patches more completely
because of higher growth rates and larger root sys-
tems (Campbell et al. 1991).

Spruce seedlings benefit from outsourcing the
nutrient acquisition to a mycorrhizal partner (Berg-
mann et al. 2020) which extends the nutrient acqui-
sition area multifold, as mycelia may be suggested
more important than root proliferation in nutri-
ent patch exploitation of trees (Tibbett 2000, Chen
et al. 2016, Cheng et al. 2016, Defrenne et al. 2019,
McCormack and Iversen 2019). Moreover, under
variable soil resource conditions, shifts in fine root
and mycorrhizal fungal biomass rather than in fine-
root morphology have been reported (Weemstra et al.
2017; Ostonen et al. 2011). Thus, this interspecific
interaction may compensate for the tree’s inability
to proliferate roots in organic patches in scarce con-
ditions (Cheng et al. 2016). Boukcim and Plassard
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(2003) found clear differences in non-mycorrhizal
fine root architecture between one fast- and one slow-
growing Norway spruce family, but the difference dis-
appeared when roots were mycorrhizal. In this study,
seedlings seemed to utilise the high-scale, but low-
precisions foraging (Campbell et al. 1991) regardless
of their phenotype. This implies that root foraging
precision to nutrient hot spots may not be the driving
factor behind long-term differences in growth rate of
spruce. Most spruce families used in the experiment
are known to equally form ectomycorrhizal sym-
biosis (Velmala et al. 2014a) and our seedlings were
inoculated with Thelephora terrestris to minimize
the effects of varying colonization on spruce fine root
traits (Velmala et al. 2014a). Thus, even if we did not
measure the nutrient uptake by hypha, it is likely that
the nutrients from the humus clod were partly taken
up by the fungal hypha.

Studies focusing on between- or within species
root traits as discussed above, often utilize homoge-
nous growing media or common garden-layout where
the effects of soil physical, chemical, and biological
environment are minimized. This is due to increas-
ing complexity of the picture if wider variation in
environmental or tree genetic properties is included
in the system. Indeed, Ostonen et al. (2017) showed
a trilateral relation between the morphological traits
of absorptive spruce fine roots, exploration types
of root colonizing fungi, and soil bacterial commu-
nity structure. Further, Salmela et al. (2020) dem-
onstrated that in addition to soils of different nutri-
tional status and accompanying microbiota, varying
temperature affected Norway spruce root traits, and
the variation was often environment-specific, imply-
ing that a great genetic diversity in spruce is enabling
the adaptation of roots. Changes in root architecture
but not biomass in response to soil nutrient status
and intraspecific competition in dragon spruce Picea
asperata has been reported (Nan et al. 2013). A mod-
erate genetic component determining mycorrhizal
associations of Norway spruce has also been shown
(Velmala et al. 2013). Nevertheless, by studying
mature stands Senior et al. (2019) found no evidence
that breeding for increased growth in Norway spruce
would impact root tissue density or chemical proper-
ties of fine roots, but that growth rate alters the soil
microbial communities and soil biological properties
and thus the ecosystem services they provide (Senior
et al. 2022).
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Rapid responses to drought do not differ between
growth phenotypes

The indicators of the physiological state of families
including assimilation rate, stomatal conductance,
and transpiration were uniform at seven months and
did not vary according to phenotype. The short and
relatively mild drought period limited transpiration
through a decrease in stomatal conductance, which
increased water use efficiency. However, there was
no significant difference between the phenotypes,
and we did not find support for our fourth hypoth-
esis: seedlings from both growth phenotypes showed
rapid response to drought that was reflected in the
net assimilation rate, stomatal conductance, transpi-
ration, and water uptake efficiency. The seedlings of
the fast-growing phenotype responded slightly faster
by closure of stomata, but the difference was not sta-
tistically significant. Thus, our data does not give
support for the assumption that the future fast-grow-
ing phenotypes would be more sensitive to stress,
contrasting to the previous findings in Velmala et al.
(2014b). As Tron et al. (2015) claimed, there is no
unique root ideotype for dry ecosystems, but exploit-
ative roots are adaptive to intermittent water supply.
Main root length had a positive relationship with
water potential under conventional condition, and
after drought SRL had a positive corelation with net
assimilation rate. Interestingly, high fibrous to pio-
neer root ratio indicatively suggested efficient photo-
synthetic machinery.

Conclusion

For a comprehensive understanding of the long-term
growth performance of coniferous trees the research
focus on roots is justified. The congruence between
current and previous observations on the early root
growth of genetically independent spruce origins that
have contrasting long-term growth, and the observed
physiological state of seedlings that varied regardless
of the phenotype lays the focus on roots. The effi-
ciency of the photosynthetic machinery or the water
transport capacity from soil to leaf at the early seed-
ling stage are probably not major factors behind the
varying long-term growth rates. Our results suggest
that despite a uniform mode of early root growth and

root exploitation in nutritionally heterogenous soil,
Norway spruce seem to possess early topological
differences that enable families of the fast-growing
phenotype to monopolise heterogeneously distrib-
uted nutrients by means of their more extensive root
surface area. These differences in roots topology
might be later reflected also in the photosynthetic
machinery.
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