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Photosynthesis is not entirely synchronized with carbon sinks, implying that trees are
capable of storing non-structural carbohydrates (NSC), such as soluble sugars and
starch. These storages provide a buffer between carbohydrate supply and demand
and also allow trees to resist drought through osmoregulation. However, estimates of
the total pool size and seasonal dynamics of the NSC storage of mature trees are
still rare. Part of NSC is allocated outside roots, mainly to symbiotic, root-associated
mycorrhizal fungi. The quantity and dynamics of this allocation are difficult to estimate in
field conditions due to the close interaction between the symbionts. The aims of this study
were to (1) determine the temporal development of NSC concentrations in tree organs,
(2) upscale the storage compounds to whole-tree level and (3) analyse the significance
of NSC allocation to belowground symbionts as part of the carbon balance in mature
pines in a boreal Scots pine stand in southern Finland. We took samples every 2-4
weeks of needles, fine roots, stem wood, shoot wood and phloem from 1 to 3 trees in
2015. Concentrations of soluble sugars and starch were analyzed from the samples and
upscaled to tree level. For quantifying the third aim, we used a whole-tree carbon balance
model CASSIA that incorporates daily photosynthesis, respiration and organ-specific
growth as functions of environmental factors. In this study, we included the allocation
to belowground symbionts as an additional carbon sink and scaled the flux using the
NSC pool over the whole tree. We observed that organ-specific NSC concentrations
were highest in phloem, needles and fine roots. Total NSC increased in spring, peaked
during mid-summer and decreased again in autumn without any notable decrease during
the most intensive growth period at midsummer. In the model analysis, 6% of yearly
photosynthesis was allocated to the root-associated symbionts. The study highlights the
applicability of the carbon balance approach in evaluating the importance of processes
that cannot yet be directly measured.

Keywords: non-structural carbon, storage dynamics, soluble sugar, starch, allocation to belowground symbionts,
carbon balance, Scots pine
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INTRODUCTION

Processes underlying tree growth have been subject to great
interest in forest productivity research, but the need to
understand the capability of trees to assimilate and store
atmospheric carbon has recently become a topic of scientific
and political debate, especially due to climate change and the
critical role of forests as carbon sinks and storages. Studies on
tree growth and survival have indicated that species responses
to expected changes in climate differ, being beneficial to some
species and disadvantageous for others. For example, Scots pine,
a common tree species in Northern Eurasia is assumed to benefit
from climate change as it is less sensitive to stress conditions
than competing tree species (Kellomiki et al., 2008; Reich and
Oleksyn, 2008). However, projections like this are still very
uncertain due to limitations in our theoretical understanding
of the underlying processes. This lack of understanding also
concerns the carbon processes in trees, even if the assimilation
of carbon, ie., photosynthesis, is very well-understood. For
example, the tree’s ability to allocate photosynthesized sugars
either to storage or growth in different environmental conditions
is poorly known (Martinez-Vilalta et al., 2016). Thus, the
estimation of tree growth under future climate requires a holistic
view on whole-tree carbon balance (Fatichi et al., 2019).

Trees bind carbon via photosynthesis and use it for example
for vital functions and building up new structures, i.e., for growth.
The overall level of the carbon source, i.e., photosynthesis must
meet the level of carbon use. However, photosynthesis is not
entirely synchronized with carbon sinks and thus, internal carbon
reserves that allow delaying the use of carbon are critical for
tree survival. Carbon can be stored in several forms which are
most commonly divided to starch and soluble sugars. Starch
is largely inactive and an effective storage molecule, whereas
small-sized monosaccharides are actively used for growth, energy
production and other purposes. By controlling the concentration
of these monosaccharides in cells, trees are also able to regulate
their water content and osmotic potential (Ingram and Bartels,
1996). Thus, not only do stored carbohydrates provide a
buffer between carbohydrate supply and demand, but they also
allow trees to resist drought through osmoregulation and to
continue water uptake and maintain both supply and demand
of carbohydrates during drier periods. In cold areas, small-
sized storage carbohydrates are also important because they
increase the freezing tolerance of tissues (Yuanyuan et al,
2009). Hartmann and Trumbore (2016) give a detailed review
of our current knowledge of these roles of non-structural-carbon
compounds (NSC) in tree metabolism.

Estimates of the total NSC storage of a mature tree are
difficult to obtain (Fatichi et al., 2019) and studies combining
NSC storages and carbon fluxes of a tree are very rare
(but see Hartmann et al., 2015; Klein and Hoch, 2015).
Schiestl-Aalto et al. (2015) estimated in a model study that
the total NSC storage of a boreal Scots pine increases in
spring with photosynthesis, decreases during the most intensive
growth period in midsummer, and increases again in autumn.
Knowledge about storage processes in relation to whole-tree
carbon acquisition and consumption is very limited (Stitt and

Zeeman, 2012; Hartmann and Trumbore, 2016). However, the
role of NSC may be pronounced under environmental change
and stress-conditions. Thus, understanding of NSC regulation
would be valuable for evaluating the ability of trees to survive and
bind carbon during stress periods (Galiano et al., 2011; Sala et al.,
2012; Dietze et al., 2014).

Species, such as Scots pine, form symbiosis with
microorganisms, most importantly with ectomycorrhizal
fungi (ECM, Smith and Read, 2008), extending their reach
to nutrients and water via their widespread mycelium. This
symbiosis with ECM is beneficial for the tree especially in
nutrient poor soils, because ECM produce extracellular enzymes
that decay soil organic matter (Read et al., 2004), thus releasing
nutrients for tree use. Trees allocate NSC to the root-associated
fungi mostly in the form of monosaccharides and organic acids
(Bais et al., 2006). Free exudation passively from roots straight to
the soil in ECM systems is considered minor (Jones et al., 2009),
due to particularly developed functions to exchange nutrients
and carbohydrates (e.g., Hartig net) between plant and fungus,
thus preventing the leaking of carbohydrates and nutrients
(Nehls, 2008).

This allocation, here called allocation to belowground
symbionts, has been studied for decades in controlled conditions,
yet the dynamics of fluxes and their quantities under varying
environmental conditions in field settings are not well-
understood (Dilkes et al., 2004; Jones et al., 2004). The flux of
carbon to belowground symbionts is not solely determined by the
rate of photosynthesis, but also dependent on the overall import
rate of carbon to the root, as well as on its physiological status and
surrounding environment (Farrar et al., 2003; Dilkes et al., 2004).
Plants are, to some extent, able actively to regulate the carbon
flux to mycorrhizal fungi (Jones et al., 2004) in relation to the
nutrients derived by the fungus (Nehls, 2008). However, some
recent findings suggest that the process is more complex and may
lead to a suboptimal trade between carbon and nitrogen from the
tree’s perspective (Franklin et al., 2014; Hasselquist et al., 2016). In
ECM systems, fungi have been reported to receive up to 19 times
more carbohydrates from the host tree compared with the normal
exudation of root systems (Nehls, 2008), resulting in a strong
belowground carbon sink. As a result, an appreciable amount of
carbon flows via roots and associated microorganisms in a boreal
mixed-conifer forest, as newly produced photosynthates released
from the rhizosphere may temporarily account for 65% of the
total CO, emissions of the forest floor (Ekblad and Hogberg,
2001). Such observations are still sparse and uncertain, and the
feedback effects of this investment on whole-tree carbon balance
are poorly quantified.

At least to date, there are no direct methods of measuring
the allocation to symbionts, due to the close interaction between
root and fungi. Indirectly, the carbon flux to the symbionts
could be estimated as a “missing sink” of carbon, if all other
fluxes and storages could be traced. For such a synthesis,
the within-season variation of the NSC storage is of crucial
importance but has rarely been available at the whole-tree level.
Dynamic process models of the carbon balance are efficient
tools suited for synthesizing such measured information about
fluxes and storages. As noted above, the dynamic carbon
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balance model CASSIA (Schiestl-Aalto et al.,, 2015) has already
been used for estimating the dynamics of NSC during the
growing season, however, without any direct measurements of
storage compounds. Measurements of NSC combined with other
available data on carbon flux rates could constrain the model
sufficiently to allow us to make inferences about the allocation
to belowground symbionts.
The aims of this study were to

1) Determine the temporal development of NSC concentrations
in tree organs

2) Upscale the storage compounds to whole-tree level

3) Link the observed NSC dynamics to the CASSIA model to
explore the possible role of carbon allocation to belowground
symbionts in the carbon dynamics of trees.

First, we measured the soluble sugar and starch concentrations
of needles, shoot wood, stem wood, phloem and fine roots to
study questions 1 and 2. For analyzing question 3 we included
carbon allocation to belowground symbionts as a new carbon
consuming process in the CASSIA model, collected data about
other carbon fluxes and storages at our site, then estimated the
level of carbon allocation to belowground symbionts as that
leading to an agreement between the measured and simulated
NSC storage levels. Finally, we discuss the significance, reliability
and challenges of the results.

MATERIALS AND METHODS

Site and Background Measurements

The study site is a Scots pine stand at the SMEAR II station
(Hari and Kulmala, 2005) located in southern Finland (61.52°N,
24.17°E). It was established by sowing in, 1962 on a medium
fertile site, classified as Vaccinium type (Cajander, 1926). Soil
above the bedrock is Haplic podzol and soil depth is ~0.5-0.7 m.
Norway spruce forms an understory below the pine canopy. The
ground vegetation is formed by dwarf shrubs, such as Vaccinium
sp. and feather mosses, such as Pleurozium schreberi with a sparse
occurrence of grasses and herbs, such as Deschampsia flexuosa.

The site has a boreal climate with long cool days in the
summer and short cold days in the winter. The mean annual
temperature is +3.5°C whereas mean monthly temperature
varies from —7.7°C in February to 16.0°C in July (mean for
1980-2009, Pirinen et al., 2012). Mean annual rainfall is 711 mm
distributed quite evenly throughout the year.

The site was partly thinned in 2001 but our NSC
measurements (see below) took place in the unthinned
part. Diameters and heights of all trees taller than 1.3 m were
measured in an unthinned area of 1,800 m? in the summer 2016.
Based on the diameter at 1.3m, trees were divided into four
classes (Table 1). We calculated the needle mass of a mean tree in
each class based on Repola (2009) and assumed the crown width
to be 40% of the total height in classes 1-2 and 30% in class 3.

Photosynthetically active radiation (PAR) was measured
at the height of 18 m at 1min intervals. Air temperature,
CO, and water vapor (H,O) concentrations and relative
humidity (RH) were measured at the height of 16.8 m. The net
ecosystem CO; exchange (NEE) was measured with a closed-path

TABLE 1 | Diameter (d), height (h), and stocking density at the study site divided
into different size classes.

Size d d avg havg Density Leaf mass* Crown
class (cm) (cm) (m) (#ha=') (kgtree=!) length (m)
1 >20 22 20 211 8.72 7.9

2 15-20 17 18 472 5.53 7.4

3 10-15 13 16 272 2.68 4.8

4 <10 6 8 222 0.07

*Repola (2009).

eddy-covariance (EC) measuring system above the stand at the
height of 23 m. A detailed description of the instrumentation is
in Vesala et al. (2005) and the data post-processing in Kolari
et al. (2009). Gross primary production (GPP) was derived from
NEE by subtracting ecosystem respiration, which was modeled
based on night-time observations. Missing values were replaced
by empirically modeled ecosystem photosynthesis as described in
detail in Kolari et al. (2009). Soil temperature was measured with
thermocouples from the A, B, and C-horizons (2-5, 5-23, and
23-60 cm, respectively) and volumetric water content (m? m—3)
was measured at 15 min intervals by time domain reflectometry
(TDR). More information about the measuring devices used is
available in Vesala et al. (1998).

Sampling and Analysis

In order to analyse the temporal dynamics of storage pools, we
regularly took samples of needles, roots, stem and shoot wood
from three trees (1, 2, 3) in 2015. The samples of fine roots
were collected from soil cores taken near the sample trees. The
sampling interval was ca. 3 weeks for the most intensively studied
tree 2 in the active season 2015 with a sparser interval offseason.
In total, we had 13 sampling dates during the year. Trees 1 and 3
were analyzed less frequently, during 3-9 of the sampling dates,
depending on the organ. Phloem was collected with a sparser
interval from other, close-by trees because we wanted to cause as
little damage to our sample trees as possible. From the phloem
sample trees, also stem xylem samples were taken in order to
ensure that their NSC concentrations were consistent with the
actual sample trees. Two stem wood samples were taken at the
height 1.3 m and inside the canopy using a corer (¢ = 5mm).
Fine roots of two size classes (<1 and 1-2mm) were sampled
separately from a soil core (¢ = 5cm,) taken from humus and
A-horizon layers. The needles were pooled on each measurement
day from six shoots selected from around the canopy. We took
one pooled sample per tree of 1-2 years old needles and one
sample per tree of current needles. Since the sampling of the
current needles only began after they reached their final length
in mid-August 2015, we completed the series by comparing
NSC concentrations in growing needles and 1-2 years old ones
by taking samples of both age classes in a 3 weeks interval in
July-August in 2017.

All samples were frozen in liquid nitrogen: needles, wood
and phloem immediately after sampling and roots after they had
been washed and separated from soil. Samples were stored at
—80°C until they were freeze-dried (SciQuip Ltd, Merrington,
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UK) for 3 days and milled (2000-230 Geno/Grinder, Spex
SamplePred, USA). After pre-processing, non-structural carbon
concentrations in the samples were analyzed at Finnish Forest
Research Institute (now Natural Resources Institute Finland).
Approximately 50 mg of dried lyophilizator and finely ground
samples were extracted twice by 80% ethanol in a block heater
(100.5°C for 15 min) and the extracts were analyzed after being
vaporized with nitrogen and silylated with 500 wl 20% TMSI
(trimethylsilyl-imidazole in pyridine) reagent overnight. Soluble
sugars were analyzed by gas chromatograph [Agilent 7890B
GC, Agilent, Santa Clara, CA, US) equipped with a DB-5MS
capillary column (30m x 0.25mm id. x 0.25pm)] and mass
spectrometer (Agilent 5977A MSD). Split injection ratio was
20:1 and helium was the carrier gas. The initial temperature
of 110°C was increased at the rate of 10°C min~' up until
320°C and kept there for 14 min. Injector temperature was
260°C, MS interface: 300°C, and ion source 230°C. Compound
identification was Agilent Chemstation software with mass
spectral libraries. Quantitative analyses were performed based on
internal standard ertyhritol and external sugar standards. After
the extraction of the soluble sugars, the pellet was resuspended
in sodium acetate buffer and starch was enzymatically degraded
to glucose with a-amylase with K-TSTA Total Starch Assay
Kit (Megazyme Internation Ireland, Wicklow, Ireland) and
the concentrations were determined using Shimadzu UV-2600
(Shimadzu Co, Kyoto, Japan). The samples were pre-processed
and analyzed in three sets according to the same procedure.

When there was more than one daily sample per organ, we
calculated the average concentrations of starch and soluble sugars
and standard deviations (s) of those as

N =2
s — Zi=11\’(+x) (1)

We used the average concentrations in stem wood samples taken
at 1.3m and inside tree canopy because the differences in the
soluble sugar and starch values were minor and not systematic
between these two heights.

Upscaling

Upscaling the Sizes of Tree Organs

To obtain whole-tree storage pool sizes, we used allometric
models that are suitable for our site for upscaling from individual
samples. The NSC sample trees belonged to size class 2 and we
made the mass calculations according to their mean dimensions
(Table 1). Needle mass was calculated based on tree height and
diameter as suggested by Repola (2009). Needle longevity at our
site is 3 years. Based on the litter measurements at the study
site, we assumed that needle mass was reduced by 1/3 from mid-
October when the oldest needle class falls down as litter until
the beginning of June when the new needle age class grows. We
set the needle:fine root mass ratio as 2:1 (Vanninen and Mikeli,
1999). Total xylem volume, i.e., wood in stem, branches and
coarse roots was calculated with tree height (h), diameter at 1.3 m
(d) and form factor ¢ (0.6, Chiba, 1998; Mikelda and Valentine,
2006; Falster et al., 2015) and converted to wood mass (m,,)

with mean wood density, p, of 200kg C m~* (Hakkila, 1979),
as follows:

T
My, = pwzdzh )

80% of total xylem was assumed to be sapwood based on data
gathered in southern Finland from similar types of forests as our
study site (Falster et al., 2015). Sapwood was further divided to 1)
smaller branches (later called shoot wood) and 2) bigger branches
and trunk (later called stem wood) with ratio 1/9. Following
Holttd et al. (2013), phloem mass was assumed to be 10% of
sapwood mass. Shoot and stem wood and phloem masses were
considered constant throughout the year. According to Mikeld
and Vanninen (2000), fine root biomass in middle-aged and old
Scots pine stands did not have clear seasonal cycle in southern
Finland. Thus, we assumed also fine root biomass to be stable
throughout the year i.e., the mortality equals the growth rate. The
upscaled masses are presented in Table 2.

Upscaling the Sizes of Storages

For each measurement day i, the total mass of carbon in soluble
sugars WS or starch WS (g C) in the whole tree is derived
as follows:

Wi=), mic ()

where m is the dry mass of organ k (needles, shoot wood, stem
wood, phloem, roots, Table 2) and ¢** and ¢ are the soluble sugar
and starch concentrations (g g~!) of the organ, respectively. The
average concentrations of the three sample trees were used when
possible; otherwise, we used the value for the most intensively
studied tree 2.

Soluble sugar and starch concentrations in shoot wood were
missing on the first sampling date (Mar 17 2015) and were
amended by the value of the second sampling date (Apr 2).
The sugar and starch content did not vary significantly between
roots smaller than 1 mm and roots with diameter of 1-2 mm and
therefore, we pooled those and used the average for all fine roots.
Our root NSC content showed a similar yearly pattern and level
as observed by Oleksyn et al. (2000) with starch content peaking
during early summer and again in autumn whereas soluble sugar
content stayed more invariant. Thus, we filled the three missing
observations from our root NSC series (Mar 17, Apr 21 and Nov
17) by combining the results by Oleksyn et al. (2000) with our
measurements (Figure S4). Similarly, we combined the yearly
patterns of phloem NSC contents measured by Gruber et al.

TABLE 2 | Estimated mean dry masses (m) of tree organs in our sample trees.
Needle mass is higher during growing season and lower after litter fall in autumn.

Organ m (kg)
Needles 5.6/3.7
Shoot wood 8.7
Stem wood 741
Phloem 7.4
Fine roots 2.8
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(2013) and Jyske et al. (2015) with our measurements to form
a full series of phloem NSC data. The datasets of Gruber et al.
(2013) and Jyske et al. (2015) show similar patterns of phloem
NSC even though they are measured from different locations and
different conifer species (Figure S4). Three and eight out of 13
data points were gapfilled in root and phloem series, respectively.

We analyzed the sensitivity of total NSC storage to the
concentration differences in different trees using the 3 sampling
days on which we had more than one measurement for most of
the organs. For organs with one measurement available only, we
used the average deviation of all sampling dates for that organ.
We calculated “low” and “high” total NSC estimates by assuming
the concentrations to be one standard deviation below or above
the average, respectively.

Carbon Balance

Model Framework

To analyse the seasonal dynamics of whole tree carbon balance
and C allocation to different functional pools, we used the
recently developed process based model CASSIA (Schiestl-Aalto
et al., 2015). It is a tree carbon balance model with time step
of 1 day. Photosynthesis (P) is modeled as well as carbon used
for structural growth (G), carbon released as respiration (R) and
carbon allocation to belowground symbionts (B). Thereafter the
change in total NSC storage (W, kg C tree™!) is

aw P-R-G-B 4

e (4)
We further divided the storage to soluble sugars (W) and starch
(WSt) so that W = WS + WS assuming that photosynthates
enter the soluble sugar pool and respiration, growth and other
carbon sinks take carbon from the soluble sugar pool, i.e.,

dWSs
I =P—-R-G—-B+F, (5)
and
dWst
dr =—F, (6)

where F,, is carbon flux from starch to soluble sugar pool or from
soluble sugar to starch pool.

Soluble sugars are known to contribute to maintaining the
water potential of the tree (Ingram and Bartels, 1996). The
concentrations of soluble sugars have also been observed to
be less variant than those of insoluble sugars (Sofronova and
Kaipiainen, 1996; Hoch et al., 2003; Martinez-Vilalta et al., 2016;
Smith et al., 2018). Thus, we assumed that soluble sugars are kept
at a constant level (W§*) by converting soluble sugars to starch
when WS > W3 and starch to soluble sugars when W < W~
As a result, the variation in total NSC storage will be reflected in
the starch pool if W > Wgs .

We applied the model to simulate the daily storage pool
sizes and the carbon sinks for the year 2015 using modeled
photosynthesis and environmental factors measured at SMEARII
station as input (see section Site and Background Measurements).

We initialized the model with the first measured storage of the
data series on Mar 2015 (day = 76) so that Wy was set to 0.75 kg
Ctree™ .

Photosynthesis

For estimating the photosynthesis of our sample trees, we used
a photosynthesis model which provides stand photosynthesis
distributed into tree size classes. The simulated stand consisted
of the size classes measured, the sample trees representing size
class 2 (Table 1). The SPP model (Stand Photosynthesis Program)
uses a time step of 30min and it is calibrated at the study
site (Mikeld et al., 2004, 2006; Kolari et al., 2007; Duursma
et al., 2009). SPP dynamically calculates the light attenuation of
direct and diffuse radiation, stomatal conductance, transpiration,
evaporation and photosynthesis for each size class through the
canopy using meteorological input, site and tree characteristics,
and the simulated water balance of the stand. We included size
classes 1-3 (Table 1) into the program. The model determines
the light environment based on the locations and leaf masses of
crowns in the different size classes and does not automatically
account for stems that shade the leaves underneath. We therefore
also included a bare tree stem class which had the mean tree
diameter, height and density of all trees but only affected the
light attenuation as its photosynthetic features were set off. Leaf
photosynthesis was modeled with the Farquhar model (Farquhar
et al.,, 1980) using the analytical solution by Baldocchi (1994)
and the formulation adopted from Collatz et al. (1992). The
stomatal model used is described in Leuning (1995). The fourth
size class and ground vegetation were ignored in the simulation.
We estimated the tree-specific photosynthesis in size class 2 by
dividing the estimated daily production with its number of trees
(Table 1).

Respiration

Growth and maintenance respiration of organs were calculated
from organ masses and organ-specific temperature functions as
in Schiestl-Aalto et al. (2015). However, parameterization of root
maintenance respiration was refined using continuous, darkened
soil chamber measurements (Pumpanen et al., 2015) of years
2002-2005 at the study site. These chambers measure forest
floor CO, emissions i.e., the sum of autotrophic respiration by
ground vegetation and tree roots and heterotrophic respiration.
First, we estimated the respiration of ground vegetation using
the primary production of ground vegetation at the study site
which is reported to be in average 146g C m~2 y~! (Kulmala
et al., 2011). We assumed that half of it is released in snow-
free season as autotrophic respiration based on daily average
soil temperature (T) in A horizon and a common temperature
response, as follows,

)
R(t) = r9Qq10" 107, (7)

where Qq¢ was set to 2.5 and ry was estimated so as to make
the annual sum equal the estimated annual respiratory flux. We
subtracted the daily estimate of the ground vegetation respiration
from the mean daily soil respiration measurements of years
2002-2005 and fitted a similar temperature response (eq. 7) to the
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residual to describe soil respiration without ground vegetation,
resulting to ro = 0.001 kg C m~2 and Q; = 2.9. These parameters
were used for calculating soil respiration for our measurement
year (2015). Pumpanen et al. (2015) determined the daily ratio
of autotrophic tree root respiration to heterotrophic respiration
at our study site. We used this parameter to decouple the
autotrophic respiration from the total soil respiration. Finally, we
multiplied the resulting autotrophic respiration with mLif’ where
mp is the fine root mass of the model tree (Table 2) and mp;; is
the total fine root mass per m?.

Growth

Tree growth was divided into the growth of needles, primary
(shoot) wood, secondary (stem) wood, and fine roots. Growth
is determined as a combination of the sink and the source:
Environmental factors, mainly air temperature, determine the
potential daily sink of carbon for each organ separately and the
NSC storage reduces the growth from potential if the level of the
storage is lower than a threshold W,;. The rate of growth of each
organ, i, is determined as:

dx,'

i k() g @) fi ()L (8)
where k(t) €[0,1] is the limitation by storage when NSC is lower
than Weir. Werir was set to equal the initial NSC pool W, which
we assume to be the baseline that the tree attempts to maintain
to prepare for stress occasions (Schiestl-Aalto et al., 2015).
Previously, we found out that carbon availability did not affect
intra-annual growth variation in most conditions but instead, the
effect of varying environmental factors explained the interannual
variation of growth in all organs with (Schiestl-Aalto et al., 2015).
Thus, the effect of k(t) is minor for the results of the growth model
in common, non-stressed conditions. The immediate response of
growth to environmental factors is represented by g;(t), described
with a sigmoid function (Sarvas, 1972) and parameterized for
boreal Scots pine (Hanninen, 1990). The growth response to the
ontogenetic development stage of an organ is represented by f;(t)
€[0,1], described with a sine shaped (primary growth and roots)
or asymmetric (secondary growth and needles) function and
parameterized for our study site (Schiestl-Aalto et al., 2015). L;
is the maximum daily growth rate which is reached in the middle
of the growth period if environmental conditions are optimal and
NSC storage is not limiting. More information on the growth
modeling and parameters are described by Schiestl-Aalto et al.
(2015). The parameters of the height and diameter submodels (Ls
and Lpo, Table 3) were re-calibrated against measured average
yearly growth of trees in the same size class (2) at the study site
during years 2011-2015 to further increase the reliability of the
estimated growth.

As an alteration to the original parameters by Schiestl-Aalto
et al. (2015), the value of root growth cessation parameter
(unitless) was increased from 25 to 30 based on qualitative
analysis of root elongation photographs taken at our study
site (pers. communication with Heljd-Sisko Helmisaari). We
previously assumed the mean lifespan of 1 year according to the
available information on the smallest fine roots. In this study,
we increased the average lifespan of fine roots to 1.7 years as

TABLE 3 | New or adjusted parameters compared with Schiestl-Aalto et al.

(2015).

Parameter Unit Use New value Old value

ag - Share of belowground 0.0-0.3 -
allocation

Wgs kg Ctree™!  Soluble sugar storage 0.35 4
in the beginning of year

wst kg Ctree=!  Starch storage in the 0.4 4
beginning of year

Wpg kg C tree™ ! Storage threshold for 1.1 -
allocation to
belowground
symbionts

Ls mm day*1 Length growth 8.2 9.5
parameter

Lpo cells day~!  Diameter growth 1.3 1.8
parameter

Lp kg C day*1 Fine root growth 0.055 0.08
parameter

s - Fine root growth 30 25
cessation

IR years Fine root lifespan 1.7 1

rg” kg C m—2 Fine root respiration 0.001 0.0063

Qfo - Fine root respiration 2.9 2.02

various studies have reported decreasing root turnover rates with
increasing diameter (Janssens et al., 2002; Leppalammi-Kujansuu
et al., 2014; McCormack et al., 2015; Solly et al., 2018).

Allocation to Belowground Symbionts

NSC allocation to belowground symbionts, mainly to root-
associated fungi, was added to the model as a new carbon
consuming process assuming that a certain proportion, ag, of
daily photosynthesis is allocated to belowground symbionts if
the total storage level exceeds a threshold. Belowground carbon
allocation is sensitive to soil temperature (Ericsson et al., 1996;
Hawkes et al., 2008) and synchronized with decrease in shoot
growth (Iivonen et al., 2001). Thus, the process was set to begin
after soil temperature in B-horizon has increased above 10°C,
which coincides with the cessation of shoot growth period. The
threshold for the allocation to belowground symbionts (Wp, kg C
tree 1), was determined as the sum of the level of storage under
which growth decreases in the original model version (Wcir)
and the average pool of carbon that was needed for autotrophic
respiration during late season (Oct-Dec) in 1997-2012 according
to Schiestl-Aalto et al. (2015). Thus, allocation to soil symbionts
B; on day i, after shoot growth cessation, is,

B = {aBPb if Wi > Wp ©)

0, ifWi< Wg

where P; is photosynthesis (kg C day ™! tree™!) during day .
We tested the behavior of modeled NSC storage by altering the
parameter ap value from 0 to 0.3.
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RESULTS

Carbon Fluxes and Climatic Conditions

The forest was a strong sink of carbon for most part of the
year except for the winter months when respiration caused
small carbon losses from the forest while photosynthesis was
not active (Figure 1A). Daily PAR radiation was close to zero
during winter and around 600 pwmol m-2 during mid summer
(Figure 1B). Daily average temperature varied between -20 and
+20 Celsius degrees in January and July, respectively (Figure 1C).
Soil was moist throughout the year except for Aug-Nov when soil
moisture in horizon A remained at ~0.1 m® m~3 (Figure 1D).

NSC Dynamics in Different Organs

In general, the largest soluble sugar concentrations were
measured in needles and phloem with the highest values in winter
and early spring and the lowest in the middle of the season
(Figure S1; Figure 2A). This is mainly due to alpha- and beta-
glucose as well as fructose which showed the highest values in
the early spring before the growing season and the lowest in the
middle of the summer (Figure S1). Sucrose, on the other hand,
showed an opposite pattern with the highest values in needles
in the middle of the season (Figure S1). The concentration of
soluble sugars in xylem did not show an equally clear seasonal
cycle as that in the needles (Figure 2B) even if the sucrose was
clearly increasing in the xylem in the upper part of the stem
(Figure S1). The soluble sugar concentrations in roots were also
slowly increasing during the season (Figure S1; Figure 2A).

The annual cycles of starch concentration in needles, phloem
and roots were comparable, peaking at midsummer and being
very low in the offseason (Figure 2C). Xylem had much lower
starch content but had some distinguished annual patterns in
shoot wood (Figure 2D).

The mean concentration of glucose and fructose were similar
in the current and 1-year-old needles during needle development
in Jun-Aug (Figure S2). However, sucrose and starch had
remarkably different patterns: the sucrose concentrations
declined (from 32 to <lmg g~!) and starch concentration
slowly increased (21-80 mg g~ !) in growing needles (Figure S2).
At the same time, sucrose stayed low (2-4mg g~!) and starch
decreased (from 175 to 56 mg g~ ') in old needles.

The concentrations and annual patterns of NSC in different
tree individuals were comparable except for some fructose
and sucrose values (Figure S1). However, it is noteworthy
that the fructose concentration seemed to be overall higher
in the samples that were analyzed in the third set compared
to the two earlier sets (FigureS3) despite the exact same
procedure and analysers. Thus, we decided to exclude the
fructose concentrations measured at the third time from the
analysis due to possible offset in fructose standard at that time.

NSC Storage in the Whole Tree

Phloem had the highest pool of stored carbohydrates when the
concentrations were scaled up to the whole tree (Figure 3A). The
share of phloem was on average 41% of the total NSC storage of
the tree. NSC storage in stem xylem was on average the second
largest (24% of total NSC) due to high sapwood mass despite

the low concentrations of both soluble sugars and starch. During
summer, however, NSC in needles exceeded that of stem xylem.
NSC in fine roots represented on average 9% of the total NSC.
The total NSC storage varied from 0.8 to 1.9kg C tree™! within
the year, being the highest in June.

The soluble sugar level stayed rather stable throughout the
year. However, some variation could be seen such that in spring,
sugar levels drop below average and below model prediction.
Total starch storage increased rapidly in spring, peaked during
early summer and decreased slowly toward winter (Figure 3B).

The sensitivity of the upscaled whole-tree NSC storage to
the concentration differences in different trees revealed that the
higher or lower estimates for NSC concentrations (see Upscaling
the Sizes of Storages) increased or decreased the total NSC storage
by up to 26%, being the highest in September and the lowest
in July (FigureS5). However, the possible inaccuracy in the
measurements mainly affects the total NSC storage and not the
seasonal pattern in it.

The Allocation to Belowground Symbionts
The assumption of no allocation to belowground symbionts (i.e.,
parameter ap in eq. 9 was set to 0) resulted in an overestimation of
NSC in the latter half of the year whereas the highest estimation
(ap = 0.3) resulted in an underestimation of NSC (Figure 4A).
The closest estimation was based on the assumption that 10%
of the daily GPP is allocated to root-associated fungi, i.e., ap =
0.1. Thus, we used this formulation in the further analysis. This
assumption also led to a close correspondence between measured
and modeled NSC when total storage was divided to starch and
soluble sugars (Figure 4B).

Carbon Balance

10.8kg C per tree (in size class 2) was assimilated in
photosynthesis during the year. 6.4 kg (59%) of this was released
as maintenance and growth respiration and 3.8kg (35%) was
used for structural growth (Figure5A). The respiration and
growth values include the whole tree, i.e., needles, stem and roots.
During midsummer, respiration was the most active because
of both intensive growth and high temperatures. According
to the formulation of symbiont allocation (B) that led to the
closest NSC storage, 0.64kg C was allocated to belowground
symbionts which was 6% of annual photosynthetic production.
Photosynthesis exceeded carbon consumption (i.e., the sum of
growth, respiration and allocation to below ground symbionts)
during spring and early summer whereas during the latter
part of the year daily consumption was mostly higher than
photosynthesis (Figure 5B).

DISCUSSION

Storage Size and Seasonal Dynamics

Whole tree NSC analyses in field conditions are not commonly
reported although understanding of growth processes and C
allocation is needed to estimate the potential of C storage
in future conditions. In this study, we reported the seasonal
changes in sugar and starch concentrations and total pool sizes
of different organs in a mature Scots pine tree in southern
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FIGURE 1 | (A) Daily gross primary production (GPP) and net ecosystem exchange (NEE), measured with eddy covariance technique in the study year 2015. Negative
NEE indicates that the forest was a sink of carbon. (B) Daily mean PAR radiation at the canopy height, (C) daily mean air and soil temperature in A-horizon. (D) Soil
water content in upper B-horizon.
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sugars and starch, in a Scots pine belonging to the size class 2 (Table 1) at our measurement site in 2015.

Finland. We found that while the soluble sugar pools and
concentrations were relatively stable over the whole year, the
total NSC pool increased from the start of the growing season,
peaking in June and declining again toward September. At the
peak time most of the NSC reserves were stored as starch.
Incorporating our measurements into a whole-tree daily carbon
balance model revealed a late-summer carbon sink previously
unaccounted for, which we propose to be explained by allocation
to belowground symbionts.

The measured soluble sugar and starch concentrations in
different tissues in this study are in line with several previously
reported values (e.g., Hoch et al., 2002; Gruber et al., 2012, 2013).
However, also higher concentrations for needles and stems have
been found (Sofronova and Kaipiainen, 1996; Mandre et al., 2002;
Hoch et al., 2003; Wiirth et al., 2005) which naturally lead to
higher whole-tree NSC. Martinez-Vilalta et al. (2016) compiled
NSC storage data from 121 studies for different functional tree
types. Our values for soluble sugar and starch in different organs
fit into the range of the reported values for coniferous tree
species even though our soluble sugar content of needles is at
the lower end of the range of variation. Hartmann et al. (2015)
reported similar soluble sugar values for Norway spruce saplings
as measured in our study while their estimates for starch storages

were substantially lower. Different methods for analyzing NSC
concentrations may also lead to large differences in the estimates
(Quentin et al., 2015) and thus, comparing absolute values of
different studies is problematic.

The soluble sugar concentration in needles of this study
follows the well-known pattern where the concentration
increases for the cold period (Figure 2A) because soluble sugars
increase freezing tolerance of tissues (Yuanyuan et al., 2009). In
accordance with Gruber et al. (2012), we did not observe similar
increase in other organs’ soluble sugar concentrations. This led to
whole-tree soluble sugar storage staying rather stable throughout
the year except for a small decrease in the middle of the
growing season (Figure 3B). Stable soluble sugar concentrations
accompanied with fluctuations in starch have also been found
in coniferous tree species (Martinez-Vilalta et al., 2016) and
evergreen broadleaves under warmer climatic conditions (Smith
et al.,, 2018). The observations support our model formulation
where soluble sugars are kept constant by regulating starch
storage size according to the activity of the source and the sinks.
Nevertheless, this assumption should be tested in conditions with
strongly limited carbon availability.

Our data indicated that in most tree organs, within

comparable tree individuals in the same stand, NSC
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concentrations are highly synchronized in time. This justifies
our choice of coarser temporal sampling resolution for a subset
of the sample trees especially as regards stem xylem, roots
and needles. However, larger between-tree differences were
observed in phloem sugars and root starch (Figure S1 and
Figure 2), suggesting that special attention should be paid to
these measurements in the future. We acknowledge that a higher
number of spatial and temporal replicates would have made
the dataset and the interpretation of the results more reliable.
Greater sample size would also allow more accurate comparison
with previous studies on NSC concentration in tree organs.
However, total NSC estimates for the whole tree are very rare
and as such valuable for increasing our understanding on the
variations of the storage roles between organs and further to
whole tree carbon dynamics (Fatichi et al., 2019; but see Furze
etal,, 2019). In our analysis, the total NSC storage in the tree (size
class 2) before the beginning of growing season (DOY = 76) was
0.74kg C which is only 20% of the simulated structural growth
during the year and 30-40% of total leaf biomass. This suggests
that the majority of carbon used for growth has to originate
in recent photosynthates. Indeed, isotopic measurements have
indicated that current photosynthates mostly provide the
material for growth in normal conditions (Gessler and Treydte,
2016). In contrast, NSC storages in aboveground woody biomass
alone were sufficient to replace about 60% of total leaf biomass
of Picea abies, Abies alba and Pinus sylvetrsis in the study by
Hoch et al. (2003). Also, substantially higher NSC estimates have
been obtained for deciduous tree species (Hoch et al., 2003; Furze

et al., 2019). In woody plants, the majority of non-structural
carbon is stored in the form of starch, fructosans, soluble sugars
and fat (triacylglycerol; Fischer and Holl, 1991). Lipids, which
were not measured in this study, are forming a large portion
of storage carbohydrates in some tree species but the pool of
lipids does not vary significantly across the growing season in any
species (Hoch et al., 2003).

There is an ongoing debate of whether NSC storages are
“active” vs. “passive” (Sala et al., 2012; Dietze et al, 2014)
that is, is carbon actively allocated to NSC storages or are
they only a direct consequence of a difference between the
source and sinks of carbon. Recent findings suggest that
carbon is allocated to storage even under strongly limited
carbon supply (Wiley et al, 2013; Hartmann et al, 2015).
Thus, allocation to storage on the one hand and to growth
and tissue maintenance on the other hand may be different
under stress from normal conditions (Wiley and Helliker,
2012; Hartmann and Trumbore, 2016). This is in line with
our model structure where growth is reduced by decreased
NSC storage. Further model development would benefit from
a higher NSC measurement resolution which would also
allow us to study the possible effects of water stress in NSC
allocation dynamics.

In our calculations NSC in phloem accounts for 31-46% of the
total NSC of the tree and as such phloem is the most significant
individual tissue for NSC storage. We assumed that the amount
of phloem was related to sapwood mass (Holttd et al., 2013).
Increasing or decreasing phloem mass by 20% only affected total
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difference between photosynthesis and carbon consumption in a Scots pine
belonging to the size class 2 (Table 1) at our measuring site in 2015.

NSC by <8%. We conclude that the uncertainty that arises from
estimating phloem mass is smaller than the uncertainties that
arise from the analysis method.

As photosynthesis mainly exceeds carbon consumption
during the first half of the year (Figure5B), NSC increases
without decreasing below the pre-growth level even during
the most intensive growth period. On the other hand,
an inhibition of photosynthesis for example due to some
stress condition would quickly lead to a shortage of
carbon given that the stressor didn’t directly affect the
growth rates. At our study site, this kind of conditions
have not yet been observed. Instead, growth is limited
by temperature rather than photosynthesis at short
timescales (Schiestl-Aalto et al., 2015).

Carbon Balance and the Allocation to

Belowground Symbionts

We previously estimated the level and yearly pattern of NSC
storages in Schiestl-Aalto et al. (2015). The estimated level
was based on previous concentration measurements of, for
example, Sofronova and Kaipiainen (1996) that are higher
than our current concentration estimates. Thus, our current
total NSC storage (0.74-2kg C tree™!) is significantly lower

than in the original model version (app 8kg). Nevertheless,
the magnitude of the annual variation is similar. The yearly
pattern of measured NSC showed a similar peak during
spring and early summer as suggested by the original
CASSIA version. However, the original version of the model
also predicted a second NSC peak in early autumn after
aboveground growth cessation, which we did not observe in
the measurements.

The quantification of carbon allocation to symbionts in field
conditions remains challenging even though its importance is
widely recognized at sites with low fertility, where nutrients
can be mobilized from insoluble sources by microbes (Bais
et al, 2006; Finlay, 2008; Phillips et al., 2008). As nutrient
uptake increases growth potential (i.e., enhanced photosynthesis
rate), there are feedbacks between above- and belowground
allocation. As a result, there is a site and forest type dependent
limit of carbon that is profitable for the tree to allocate to
belowground symbionts for exchange of nutrients. Trees are
known to some extent to be able to regulate the rate of this
carbon allocation (Jones et al., 2004) and the control is assumed
to depend on photosynthesis, environment as well as tree and
root status (Farrar et al., 2003; Dilkes et al., 2004). However, it
is also suggested that in some conditions, mycorrhizal fungi can
have a parasitic rather than symbiont role, which would mean
that this regulation does not always function (Franklin et al.,
2014; Hasselquist et al.,, 2016). In this study, we explored the
proposition that the late summer carbon sink unaccounted for
by the original CASSIA model could be explained by carbon
allocation to belowground symbionts. Assuming this allocation
to take place after soil has warmed and the primary aboveground
growth has ceased, we estimated the proportion of daily GPP that
was allocated to root-associated symbionts in such a way that
the model closed the carbon balance, when all other parameters
and flux rates had been estimated to match the measurement
site to our best knowledge. Nevertheless, our current formulation
of the allocation to belowground (Equation 9) leads to a
sudden onset after aboveground primary growth cessation. In
nature, the switch is probably slower and overlapping but
without further knowledge, the current formulation is simple
and leads to a match between the estimated and observed
NSC pool.

Our results indicate that 6% of the yearly photosynthesis,
which is 16% of non-respiratory carbon consumption, is
allocated below ground to symbionts in this particular
site. In forest ecosystems where ectomycorrhizal fungi are
abundant, photosynthates are mostly allocated to root-associated
ectomycorrhizal fungi, whereas free exudation to soil is
considered negligible (Nehls, 2008; Jones et al., 2009). Our
modeled estimation is in agreement with other estimates for
experiments conducted with different methods. In a *C pulse
labeling study, the carbon allocation of Scots pine saplings to
ectomycorrhizal fungi was estimated to be ~16% of net primary
production (NPP) (Leake et al., 2001). Finlay and Soderstrom
(1992) estimated the carbon cost of ectomycorrhizal fungi to be
15% of NPP in a Swedish Scots pine stand and Vogt et al. (1982)
14 and 15% in young and old Abies amabilis stands, respectively.
Ryan et al. (1996) estimated the carbon balance of Pinus radiata
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in Australia and found an unknown sink of 22 and 0% of NPP
in control and fertilized/irrigated plots, respectively, which can
be interpreted as allocation to root-associated fungi. Hobbie
and Hobbie (2006) combined nitrogen and carbon fluxes at
Arctic tundra and suggested that 8-17% of GPP was allocated
to fungi.

Our simulations indicated 59% share of autotrophic
respiration which is somewhat higher than the commonly used
estimate 50% but well in line with the respiration values reported
for boreal ecosystems (DeLucia et al., 2007). The environmental
relationship for respiration is parametrized using chamber
measurements at the same site (see Schiestl-Aalto et al., 2015
and Photosynthesis) and thus, modeled respiration as well
as the consumption in aboveground growth can be seen as
rather accurate estimates. Nevertheless, an overestimation of
respiration would lead to an underestimate in the allocation to
fungi. The aboveground growth has been tested at the study site
but the fine root growth and biomass were here estimated on
the basis of the best available scientific literature, as these are
expensive and laborious to measure accurately. Nevertheless,
additional data especially on the annual dynamics of fine root
growth and turnover rate should prove helpful for further
tests of the approach, as those estimates affect the carbon
consumed in root respiration and growth. Without better
information, the fine root biomass is currently estimated to
be stable throughout the year, that is, momentary growth and
mortality rates are assumed to equal but complementary studies
are needed in order to strengthen the described root processes
in the model. Errors in the overall root biomass and the growth
and mortality rates would affect the storage size of NSC which
would further propagate to the estimation of allocation to
belowground symbionts.

According to eddy covariance measurements, the site was a
net carbon sink of 300 g C m~2 in 2015. As stems are the long-
living tree organs, stem growth can be considered the net carbon
increment of a tree. If we assume that, in average, all the trees at
the site (1,117 trees ha~!, Table 1) grew stem wood as much as
the trees in the size class 2 (2.0kg C tree™ 1), this would indicate
a net sink of 235g C m~2 in 2015 which is quite close to the
eddy covariance measurement. The difference between these two
values can be explained by 1) the possible imbalance between the
decomposition and the re-growth rates of short living tree organs
(leaves and fine roots), 2) changes in soil carbon pool and, 3) the
growth of understory vegetation.

The model lacks the description of some other carbon fluxes,
such as reproduction and defense. The cone production is on
average 0.12 kg Cin cones year~! tree ™! (1% of GPP of our model
tree) according to litter measurements conducted at our study
site whereas the protection as the emissions of volatile organic
carbon is <0.1% of GPP according to Schallhart et al. (2018).
Inclusion of these would naturally decrease the share of carbon
allocated to root-associated fungi. Cone production takes place
during the whole summer, beginning in spring and continuing
until autumn. Thus, the daily amount of carbon used for cone

production is minor and including it in the model would add a
small carbon sink for the whole growing season period.

CONCLUSIONS

High frequency NSC measurements from all the important
tree organs have very rarely been conducted to date, especially
in the boreal zone. Thus, NSC storage is a poorly known
component of tree carbon balance despite its potentially
crucial role on regulating tree growth and survival. Basic
understanding of storage processes, such as knowledge about
the size of the storage, its variation in time and the way it
is distributed among the tree, is an inevitable requirement to
be able to estimate tree growth in the changing environment.
Here, we observed that the whole-tree NSC storage increased
from its minimum in late winter to its maximum in
midsummer and decreased again toward autumn. The yearly
pattern was mostly caused by variation in the amount of
stored starch.

We combined whole-tree daily carbon fluxes with non-
structural carbon storage measurements to cover every major
part of tree carbon balance and to reveal the size of non-structural
carbon storages in the tree carbon budget. This allowed us to
treat allocation to belowground symbionts as a “missing sink” of
carbon and thus to provide a first estimate for the annual flux
of photosynthates to ECM fungi. Although the approach leaves
many uncertainties to be further studied, it gives a reasonable
and transparent quantitative approximation of a process that is
extremely difficult to determine with field measurements. From a
wider perspective, this demonstrates the potential of the whole-
tree carbon balance approach to give insights into processes that
cannot be directly measured.
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