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Anna Lintunen e, Harri Mäkinen a , Mikko Peltoniemi a, Gonzalo de Quesada f ,  
Yann Salmon f , Giles Young a, Raisa Mäkipää a , Ram Oren f,g
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A B S T R A C T

Selection harvesting in fertile, drained peatlands is an alternative for even-aged forestry, where clearcutting takes 
place at the end of each rotation period. Avoiding clear-cuts has been promoted due to reducing negative ex
ternalities, like nutrient loading to waterways and significant greenhouse gas emissions after harvesting. Our aim 
was to understand the responses of suppressed Norway spruce trees to selection harvesting. We analysed biomass 
accumulation and priorities of carbon allocation to stems, proximal roots and distal roots. We quantified carbon 
isotope composition (δ13C) and cross-sectional growth of proximal (supporting) roots and distal (water and 
nutrient transportation) roots. The study took place in a drained, fertile boreal peatland site in southern Finland, 
where a selection harvest was conducted in 2016, while an area as a control was left untouched. Our results show 
that suppressed Norway spruce trees increased their cross-sectional growth of proximal roots and distal roots 
twice as much as that of the stem during the first five years after the selection harvest. The timing and magnitude 
of carbon allocation to proximal roots and distal roots were immediate and equal, underlining the fact that trees 
were investing in mechanical support and nutrient and water uptake. These results show that the climate benefits 
of selection harvest were not delayed. Instead of immediate growth of stems, we found immediate growth of 
roots.

1. Introduction

Continuous-cover forestry with selection harvesting has been pro
posed as a climate change mitigation measure on Norway spruce (Picea 
abies) dominated nutrient-rich drained peatlands because it provides 
multiple environmental benefits while simultaneously producing timber 
and revenues for landowners (Juutinen et al., 2021; Lehtonen et al., 

2023a; Nieminen et al., 2018). However, this management alternative 
has also been criticised because it reduces the density of stand 
throughout the diameter distribution, and suppressed trees may not 
have the capacity to respond to released competition as well as domi
nant trees. In a drained peatland forest, the delay in stem diameter 
growth of suppressed Norway spruce trees ranged from two to five years 
following selection harvest (Lehtonen et al., 2023b). However, δ13C of 
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tree rings suggested that intrinsic water use efficiency (iWUE, i.e., WUE 
assuming vapour pressure deficit is a constant (Battipaglia et al., 2013; 
Francey and Farquhar, 1982; Rinne et al., 2015) rose immediately after 
the selection harvest. This observation suggests a 38 % increase in a 
photosynthetic rate at stand scale, assuming that vapour pressure within 
the canopy airspace was unaffected, given that the water supply from a 
drained peatland soil was not reduced (Lehtonen et al., 2023b). This 
points to the fact that released Norway spruce trees preferentially allo
cate photosynthesised carbon into other plant parts after the selection 
harvest. However, such immediate increase in carbon allocation to 
support both crown and root system expansion as trees adjust to the new 
environment created by reduced stand density has rarely been 
investigated.

According to the functional balance theory (Garnier, 1991; Shipley 
and Meziane, 2002), increased irradiance shifts the allocation to roots 
(Poorter et al., 2012). Further, based on the allometric theory, there is 
isometrical scaling between the stem and root mass (Niklas, 2005), 
reflecting a balanced water delivery in the sapwood of coarse roots and 
stems. However, allometric scaling can also be derived from the me
chanical theory, which shows that trees avoid uprooting by developing a 
counter-resisting force with a mechanically strong root system (Niklas 
and Spatz, 2006). Consistent with the functional balance theory and the 
allometric theory, it has been shown that white spruce (Picea glauca) 
trees allocate more carbon to roots soon after road construction next to 
their position in a forest (Urban et al., 1994). Similarly, retention cutting 
in Quebec increased the growth of coarse roots of residual black spruce 
(Picea mariana) trees before responses in stems, presumably due to 
increased light availability or to ensure mechanical support (Pretzsch 
et al., 2014). Indeed, both the tree structure (allometric scaling theory) 
and environmental factors (functional balance theory) can explain just 
as well the coarse-scale biomass partitioning between shoots and roots 
(Mccarthy and Enquist, 2007) because trees require both biomechanical 
stability and physiological equilibrium (Wang et al., 2023).

Selection harvesting affects the radiation conditions and microcli
mate within the forest canopy. The immediate post-harvest effect is 
greater light intensity on leaf surfaces of residual trees (especially those 
who had resided in suppressed positions), greater total radiation load 
and higher within-canopy wind velocity (Tikkasalo et al., 2024). In 
combination, surface and air temperatures within the canopy increase, 
which drives higher vapour pressure deficit and stronger canopy 
coupling with the atmosphere (Kim et al., 2014). Furthermore, although 
lower leaf area index decreases stand-scale transpiration (Tor-ngern 
et al., 2017), increased irradiance below the canopy will enhance soil 
and forest-floor evapotranspiration, partially negating the decrease in 
transpiring leaf area (Leppä et al., 2020b). When suppressed Norway 
spruce trees encounter these changes after harvest, their needles are still 
structurally adjusted to shade conditions and thus have low maximum 
stomatal conductance typical for shade leaves (Schulze et al., 1977). The 
actual conductance of the needles may decrease further below the 
maximum conductance due to the increased vapour pressure deficit 
(Oren et al., 1999). Thus, enhanced light intensity drives a higher CO2 
assimilation rate, leading to increased iWUE and increased stand-level 
WUE. On the other hand, an increase in VPD leads to higher transpira
tion rate and lower stomatal conductance which compensate the in
crease in iWUE and WUE. This compensating mechanism can also 
decrease the iWUE following thinning (Manrique-Alba et al., 2020). 
Furthermore, the root system of suppressed individuals is minimal 
horizontally and, thus, may not be able to take advantage of increasing 
water availability at the site or uptake nutrients in quantities sufficient 
to meet faster growth afforded by the higher carbon fixation. Thus, ar
guments can be posited for an immediate increase in carbon allocation 
to both aboveground, to foliage and stems and their mechanical support 
in the soil (proximal coarse root sections), and belowground, to distal 
coarse roots reflecting increasing transport capacity for soil resources 
necessary to meet the demand for greater photosynthesis.

Suppressed trees present a small silhouette positioned relatively 

close to the ground. Thus, a gradual increase in the cross-sectional area 
at the base of the stem and proximal section of the coarse roots may 
suffice for support against the increasing wind shear. Furthermore, not 
only do needles produced in the shade have low maximum conductance, 
but the long lifespan of Norway spruce needles means that shade foliage 
will be only slowly replaced by sun foliage with higher conductance 
(Zimmermann et al., 1988). Shade foliage also may keep transpiration 
rates low, making sapwood cross-sectional area sufficient to support the 
transpirational demand, at least until a large fraction of the foliage is 
replaced. However, a potentially small increase in transpirational de
mand means that only a small and gradual increase in belowground 
allocation to distal coarse root sections would suffice, especially if 
coupled with somewhat higher soil moisture after harvest, which is due 
to lower canopy interception and due to lower evapotranspiration 
(Leppä et al., 2020a). Indeed, the slow increase in stem growth may 
reflect a smaller than the presumed increase in carbohydrate availability 
because the increase of VPD would permit a smaller enhancement of 
photosynthetic rate than the 38 % suggested by iWUE (Lehtonen et al., 
2023b).

Increment of cross-sectional area is an accurate representation of 
volume increment per unit of stem or root length. However, volume 
increment may be a poor representation of carbon available for biomass 
production because a given volume increment comprised of higher 
density wood represent greater carbon investment in production than 
that of low wood density. Thus, a treatment which increases volume 
increment rate may not reflect more carbon available for growth, 
especially considering that faster growing individuals often produce 
wood of lower density (Jaakkola et al., 2005). Weighing cross-sectional 
increment rate with wood density is an approach to represent biomass 
production (per unit length), combining treatment effects on both vol
ume increment and wood density

Based on the synopsis above, two contrasting hypotheses can be 
formulated. The first is that the process of the progressive switch to sun 
foliage and higher leaf area slowly increases carbohydrate availability 
and balanced growth of all plant parts; thus, the delay in stem growth in 
response to opening the canopy simply reflects the difficulty in quanti
fying relatively small diameter increment on the background of natural 
variation. If so, enhancement of growth of both stems and coarse roots at 
proximal and distal locations would be difficult to detect for several 
years post-disturbance (H1). Alternatively, the enhancement of crown- 
scale carbohydrate production is considerable, but the stem capacity 
to transport water is sufficient over the following years. Thus, the extra 
carbohydrates produced are used in an immediate increase of allocation 
belowground to either shore up the tree against increasing winds, pro
vide the canopy with more water, or both. Furthermore, the need for 
greater stability against increasing wind pressure manifests immedi
ately, while the need for greater water uptake to support a high stomatal 
conductance occurs with delay due to a large fraction of shade foliage 
and due to increased water availability. A further hypothesis can be 
posited that proximal roots growth enhancement would be observable 
prior to that of distal roots (H2).

Here, we investigated the cross-sectional area growth of stems, 
proximal roots (next to the stump), and distal roots (1–1.5 m distance 
from the stem) to quantify the carbon allocation of suppressed Norway 
spruce trees after the selection harvest. To have a full picture related to 
carbon allocation to roots, we quantified the wood density of proximal 
and distal roots before and after selection harvest. We also quantified the 
lags of measurable increase in carbon allocation after the selection 
harvest at these three plant parts, determining the fate of extra carbon 
assimilated following the harvest. Because the secondary growth of 
Norway spruce is not particularly fast, we relied on laser ablation-based 
δ13C detection (Saurer et al., 2023) to qualitatively obtain an early sign 
of a lag in new carbon allocation along the secondary xylem of roots. In 
earlier work, a lag between changes in δ13C in stem and stem growth 
response allowed an earlier analysis to separate between the immediate 
onset of photosynthetic response and the delayed response of stem 
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growth (Lehtonen et al., 2023b). We then relied on analysis of growth 
along the pathway to both quantify lags and the strength of the response 
to help deduce which environmental drivers dominated early on and 
how strongly. We also wanted to understand how changes in the iWUE 
based on δ13C measurements from stems and roots relate to model-based 
WUE estimates that also account for changes in the microclimate due to 
selection harvest.

2. Materials and methods

2.1. Study site

The study area was a drained peatland forest in Tammela, Lettosuo, 
in southern Finland (60◦ 38′ 31′′ N, 23◦ 57′ 35′′ E). The first ditches in this 
18.5 ha area were dug in the 1930s, and more intensive drainage was 
carried out in 1969. The mean distance between ditches is 45 m, and 
their original depth was ~1 m. In March 2016, a 13-ha portion of the 
area was thinned by selection harvesting, and a small area (3.1 ha) was 
left unmanaged to serve as control. The site is fertile Vaccinium myrtillus 
type (Mtkg II) according to the classification of drained peatland sites 
(Vasander and Laine, 2008). Ground vegetation includes herbs, such as 
Trientalis europaea and Dryopteris carthusiana, and dwarf shrubs, such as 
Vaccinium myrtillus (Bhuiyan et al., 2017).

Before harvesting, the stand was dominated by naturally established 
mature Scots pine (Pinus sylvestris) trees with a small fraction of downy 
birch (Betula pubescens), while the lower canopy layer and the under
growth were dominated by Norway spruce (Korkiakoski et al., 2023). 
Most trees shared one low canopy layer until the site was drained, but 
the stand had developed to a fully stocked mature stand with two canopy 
layers following drainage. Before the selection harvest, in both the 
control site and the area marked for selection harvest, mean tree height 
weighted by basal area was ~17 m for trees of all species, but it was 
~20 m for the dominating Scots pine trees, suggesting suppression of 
Norway spruce trees relative to other species (Korkiakoski et al., 2023). 
In the selection harvest area, all Scots pines and some of the large birch 
and spruce trees were removed across different diameter classes, cor
responding to a removal of 74 % of the original total stem volume. After 
harvest, downy birch accounted for 58 % of the total volume and Nor
way spruce for 42 %. However, due to their relatively small size, the 
post-harvest stem number of spruce stems (763 per ha) was twice that of 
birch. A more detailed description of the site and the management ac
tivities can be found in Korkiakoski et al. (2023), (2017)

2.2. Environmental conditions

Data from the closest automated weather station of the Finnish 
Meteorological Institute, located at Jokioinen (~35 km northwest of the 
study site), were used to inspect the environmental conditions and their 
long-term variation. The mean annual temperature during the 12-year 
period before the root sampling was 5.6℃ (Table S1), which is 0.4℃ 
and 1.0℃ higher than the 1991–2020 and 1981–2010 climate normals 
(Jokinen et al., 2021; Pirinen et al., 2012), respectively. When inspect
ing the 2010–2022 period, the annual mean temperature varied within 
3.6–7.3℃.

The annual mean precipitation sum in 2010–2012 (623 mm) was 
about the same as the mean precipitation sum in climate normal periods 
of 1981–2010 (627 mm) and 1991–2020 (621 mm) (Jokinen et al., 
2021; Pirinen et al., 2012), meaning that there has been no significant 
long-term change in the annual rainfall in the past 50 years. In 
2010–2022, annual precipitation ranged from 434 mm to 783 mm 
(Table S1). Annual maximum snow depth has been highly variable over 
the years (Table S1). The annual maximum snow depth in 2010–2022 
varied within 2–54 cm, averaging at 29 cm, while the long-term climate 
normal values were 27 cm and 20 cm in 1981–2010 and 1991–2020, 
respectively. The harvest-induced changes in the water and energy 
balance at the site have been described in Leppä et al. (2020).

2.3. Sampling and microscopy of roots

Roots were sampled at the end of April 2022. The same trees that 
were sampled by Lehtonen et al. (2023b) for increment cores from breast 
height were re-sampled for root discs for 2010–2021. Breast height di
ameters and surrounding basal areas varied for sampled trees in control 
from 7.4 cm to 11.7 cm (30.3–43.5 m2 ha− 1), while for selection harvest 
the corresponding measures were from 11 cm to 14.2 cm (25.4–30.6 m2 

ha− 1 before harvest) during 2020. Detailed statistics and tree maps 
describing sample tree positions relative to surrounding trees can be 
found from the Supplementary material 1 by Lehtonen et al. (2023b). 
One supporting coarse root of each sample tree (five in control and five 
in selection harvest areas) was selected at the southern side of the stem, 
and discs (1–2 cm thick) were cut close to the stem, representing the 
proximal root location (with oval shape, indicating supporting func
tion), and at the distance of 1–1.5 m from the stem, representing the 
distal root location (see Supplementary material Figs. S1 and S2). We did 
not want to extend the destructive root disc sampling for additional tree 
individuals, as it might have produced bias for long term eddy covari
ance monitoring of these experimental stands. Proximal sections of 
roots, located closer to the stem than a point in which root diameter 
switches from a linear fast decrease with distance to a linear slow 
decrease, can be assumed to serve trees’ needs for water transport and 
mechanical support (Ennos, 2000). Distal roots, defined as those beyond 
that inflection point, serve nearly entirely for water (and nutrient) 
transport (Kalliokoski et al., 2008). The root discs collected from the 
control and the harvested areas were investigated with a digital mi
croscope (Olympus DSX1000, Tokyo, Japan) to evaluate the yearly 
growth (Supplementary Material Figs. S3 and S4).

2.3.1. Root disc preparation, cross-sectional areas and preparation for δ13C 
analysis

Root discs were washed of peat and soaked in water for at least four 
days to attain full hydration. Thereafter, the disc diameter was measured 
at both ends of each disc in two perpendicular directions, allowing 
estimation of root tapering. The irregular shape of the proximal roots 
(Fig. S1) did not permit estimating annual cross-sectional growth using 
ring width obtained along these two axes of diameter measurements. 
Thus, annual cross-section increments of both proximal and distal roots 
were digitalised to allow a more precise estimate of annual carbon in
vestments in root growth. The root cross-sections were scanned with a 
high-resolution scanner, and the images were brought into ImageJ 
software, where a scale on the images allowed the pixel area-to-cm2 area 
ratio to be determined. Following this, we estimated the entire cross- 
sectional area of the root discs by manually delineating the outermost 
boundary of the most recent annual ring, and the area produced annu
ally was estimated by delineating the outer boundary of each ring and 
calculating the difference in area between consecutive boundaries. This 
process was repeated until the ring representing the cross-sectional area 
in 2009 was identified, at which point the total cross-sectional area was 
measured again, defining the starting cross-sectional area for the anal
ysis to have a cross-sectional area at the beginning of the 2010 growing 
season to have data from 5 growing seasons before selection harvesting.

The wood density of the root discs was measured with the QTRS-01X 
microdensitometer (Quintec Measurement Systems, Knoxville, USA) for 
2000–2021. From the larger end of the air-dried discs, 1.6 mm thick 
wedges were sawn out in two perpendicular directions and scanned at a 
resolution of 0.02 mm. Time series for distal roots in control area starts 
from 1999, while for selection harvest area it starts from 1987 and data 
for proximal roots in control area start from 1991, while for selection 
harvest area they start from 1981. The mean wood density values for the 
annual rings were calculated from the continuous density profiles and 
are presented since 2000 (for further details, see the Supplementary 
Material, Table S2 and Fig. S5).
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2.4. Carbon isotope composition of the wood

From the proximal root sections, an approximately 5 mm wide 
straight lath was cut from the pith to the edge of each disc for the carbon 
isotope analysis. The laths were cut systematically so that they were 
taken from the upper part of the roots relative to the soil surface. The 
direction of the cutting was selected in such a way that most of the ring 
boundaries were perpendicular to the long edge of the laths. This was 
done to ensure that ring borders were close to a 90-degree angle against 
the lath’s long edge, although this was not always the case due to the 
complex shape of the root discs (Fig. S1). The smaller, distal root sec
tions (Fig. S2) fit into the laser cell and were not cut prior to analysis. 
Next, the root sample sections were used to analyse the intra-annual 
variation in δ13C values by laser ablation isotope ratio mass spectrom
etry (LA-IRMS) (Saurer et al., 2023). The LA-IRMS approach allowed 
quantification of intra-annual δ13C variability in root growth rings 
without the need for tedious manual ring splitting, providing a more 
efficient alternative to conventional methods for high-resolution anal
ysis. It also enabled the analysis of very narrow rings (13 μm), which 
would have been difficult or impossible to analyse using conventional 
methods (Loader et al., 2017; Saurer et al., 2023). The approach has 
been successfully applied to study the impact of forest management 
intervention on stem δ13C values at the same location by Lehtonen et al. 
(2023b). Prior to LA-IRMS analyses, ethanol-soluble extractives (espe
cially resins) were removed by boiling in ethanol for 48 h in a Soxhlet 
device, followed by rinsing with boiling MilliQ water for 6 h. The 
samples were left to dry at room temperature.

To account for intra-annual variation of δ13C, where the width of the 
ring allowed, five LA-IRMS measurements were taken, evenly distrib
uted over the ring (e.g., the first measurement at the start of the ring, 
third at the mid-point, fifth at the end of the ring). The width of the laser 
track was 40 µm (laser ablation spot size), and the laser was run over a 
0.9 mm long track along the ring; in the case of very narrow rings, a 
30 µm spot size was used over a track length of 1.2 mm. Details of the 
analysis method can be found in Lehtonen et al. (2023b). The results 
were calibrated against USGS-55 reference material (δ13C = − 27.13 ‰) 
and in-house reference yucca plant material (δ13C = − 15.46 ‰), which 
were analysed concurrently with the samples. Both standards were 
homogenised powders that have been pressed into small discs using a 
manual hydraulic press. Repeated measurements of IAEA-C3 cellulose 
paper (International Atomic Energy Agency) were used as a quality 
control. When analysed concurrently with the samples, their measured 
δ13C value was − 24.73 ± 0.14 ‰ (n = 212; expected δ13C =
− 24.91 ± 0.49 ‰). The samples’ δ13C results were corrected for changes 
in the δ13C of atmospheric CO2 (See Supplementary Material Table S3) 
based on the approach by McCarroll and Loader (2004).

2.5. Statistical analysis of the root rings

2.5.1. Testing prioritisation of C allocation: roots vs. stem
We first tested the potential time lag in the impact of the selection 

harvest on the cross-sectional area change of proximal and distal roots, 
as well as the stem, using a Before–After, Control–Impact (BACI) 
approach (e.g., Stewart-Oaten and Bence, 2001). This was based on 
mixed linear models of the relationship between the logarithm of the 
current cross-sectional area and the logarithm of its next year’s annual 
increase (Pinheiro et al., 2017): 

log
(

yijt

)
= μ + ηlog

(
xijt

)
+ αi + βt + γit + uij + eijt , (1) 

where yijt is the difference in the cross-sectional area of tree j from area i 
(selection harvest or control) between years t+1 and t and xijt is the 
cross-sectional area in year t. Parameter αi accounts for the difference 
between areas before the impact of the selection harvest (fixed to 0 for 
the control area and estimated as constant α for the selection harvest), 
parameter βt is the overall change between periods before and after the 

impact (fixed to 0 for years t before the impact and estimated as constant 
β for years t after the impact in both areas), and γit accounts for the 
actual impact of the harvest (interaction of area and period effects; 
estimated as constant γ for trees from the selection harvest after the 
impact set to 0 for control and before the impact). The residual variation 
was divided into variability between trees (random effect uij with mean 
0 and variance σ2

u) and variability between repeated measurements of 
one tree (random effect eijt with mean 0 and variance σ2

e ).
To study the time lag in the impact, we fitted several versions of 

model (1) with different “first years of impact” T so that years t < T were 
included in the “before impact” period and years t ≥ T to the “after 
impact” period. The tested values of T were 2016, 2017, …, 2020, i.e., 
0–5 growing seasons after the selection harvest; models associated with 
different values of T were compared using the Akaike information cri
terion (AIC).

The impact of selection harvest on the stable carbon isotope ratio 
δ13C was analysed in a similar manner to a model, 

δ13Cijt = μ + αi + βt + γit + uij + eijt, (2) 

where δ13Cijt is a weighted mean of δ13C measurements from the year t 
ring of tree j from area i. The weights were determined according to the 
portions of the area of the ring represented by each spot (see Supple
mentary Material Fig. S6).

2.5.2. Testing if more C is allocated to distal roots compared to proximal 
roots

The impact of the selection harvest on basal area growth of proximal 
and distal roots was quantified by computing the predictions of relative 
growth at the selection harvest, 

ĝ t =
ŷharvest,t

xt
=

1
xt

xη
t exp(μ + α + βt + γharvest,t) (3) 

from model (1), both before and after the impact (βt = 0 and β, 
respectively). In these predictions, the current basal area xt was set to 
the median value for the year 2016 at the selection harvest site 
(27.3 cm2 for proximal and 0.67 cm2 for distal roots).

2.6. Process-based model estimates for WUE and iWUE change

We estimated the changes in stand WUE and iWUE from the pyAPES 
model simulation results presented in Tikkasalo et al. (2024). In short, 
the effect of the harvest was simulated with the pyAPES model 
(Launiainen et al., 2022, 2015; Leppä et al., 2020b) for the years 
2010–2020. pyAPES is a one-dimensional process-based 
soil-vegetation-atmosphere transfer model that can simulate the transfer 
of momentum, energy, CO2 and H2O in the vertical direction. The main 
driving forces in the model are the top-of-canopy meteorological con
ditions and the vertical leaf area distribution from which the model 
calculates the microclimatic gradients in the canopy.

In Tikkasalo et al. (2024), pyAPES was used to quantify the change 
in, e.g., stand microclimate, assimilation, stomatal conductance and 
transpiration due to changes in stand leaf area distribution following the 
harvest. Here, we utilised the same simulation results to calculate the 
change for the studied individual trees and stands in photosynthetically 
active radiation (PAR), net CO2 assimilation (Anet), transpiration, VPD, 
effective stomatal conductance (geff), which is the inverse of the sum of 
reciprocals of stomatal and boundary layer conductance and the gross 
primary production (GPP) of a stand. From these variables, we also 
calculated the change in WUE and iWUE by dividing the change in Anet 
by transpiration and geff , respectively. We considered only the mean 
change in the variables on each studied stand for the years prior to the 
harvest (2010–2015) or after the harvest (2016–2020) and report the 
variability between the stands.
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2.6.1. iWUE change estimate from change of δ13C
δ13C of tree rings was converted to an iWUE estimate using the 

simple δ13C model (Farquhar et al., 1989), 

δ13Ctr ≈ δ13Catm − a − (b − a)
Ci

Ca
(4) 

where subindices tr refers to tree ring (either stem, distal or proximal 
roots) and atm means atmospheric. a (4.4 ‰) and b (27 ‰) are the 
fractionations associated with the diffusion of CO2 through the stomata 
and RuBisCO fixation, respectively. Ci is the needle’s internal CO2 
concentration and Ca the atmospheric CO2 concentration. We estimated 
an average δ13Catmfor the pre- and post-harvest periods using the weekly 
measured data from Pallas–Sammaltunturi GAW station (White et al., 
2021).

Combining Eq. (4) with the definition of iWUE as the assimilation 
rate over the stomatal conductance for water and assuming that the 
assimilation is limited by the diffusion of CO2 through stomata leads to 
the following: 

iWUEpost− harvest

iWUEpre− harvest
=

δ13Ctr,post− harvest − δ13Catm,post− harvest + b
δ13Ctr,pre− harvest − δ13Catm,pre− harvest + b

(5) 

The pre- and post-harvest δ13C values were calculated using Eq. (2), 
where the pre-harvest δ13C is the sum of coefficients μ and α and post- 
harvest δ13C is the sum of μ, α,β and γ.

3. Results

3.1. Carbon is allocated first to roots and then to stem after selection 
harvest

We found increased root growth starting immediately during the 
summer after the selection harvest (Supplementary Material 
Figs. S3–S4). Also, root carbon allocation was prioritised over stem 
carbon allocation. The best year of impact for the basal area growth 
model was found for the first year for proximal roots, the first and second 
years for distal roots, and the fourth year for the stem (Table 1). In 
contrast, the best year of impact for the δ13C model was the first growing 
season after the selection harvest for all three plant parts. These findings 
refute H1, which assumed that it would be difficult to detect growth of 
stem and root cross-sections in several years after selection harvest. 
While results are not conclusive with H2 due to fact that selection 
harvest induced growth increased with proximal roots during the first 
growing season and with distal roots during the first and second growing 
season.

The scaled cross-sectional increment for stem and roots showed that 
root growth was favoured over stem growth after the selection harvest. 
This is evidenced by a larger change in the cross-sectional increment of 
roots after the harvest compared to stems (Fig. 1 and Fig. S7 in Sup
plementary Material).

Over the first five years after the selection harvest, the relative 

growth of cross-sectional area increased fourfold for distal roots (4.08) 
and proximal roots (4.2), while the increase for stem was approximately 
two-fold, 2.03 (Fig. 1) compared to the five-year period before the 
harvest.

For the two types of root samples, we had estimates of wood density 
(Fig. S5), allowing us to generate an annual wood production index by 
combining the increased cross-sectional area with the wood density 
(Fig. 2). For distal roots in the selection harvest area, wood density was 
40 % higher in 2010–2015 compared to the period before (2000–2009). 
However, for 2016–2021, wood density was decreased by 2 % from the 
2010–2015 values. The trend was less pronounced for proximal roots; 
wood density was 10 % higher in 2010–2015 compared to the period 
before, and for 2016–2021, it decreased by 5 % from the 2010–2015 
values (see Supplementary Material, Table S2 and Fig. S5). For the 
control site, the wood density of distal roots was 13 % higher for 
2016–2021, compared to the period before, while wood density was 
11 % higher for proximal roots during 2016–2021 compared to the 
period before.

Combining wood density information with the cross-sectional areas 
produces a biomass growth index (Fig. 2). This index shows that carbon 
allocation to roots increased during 2016 – 2019 for the selection har
vest area, agreeing with the AIC analysis of the stem cross-sectional 
growth.

3.2. Root and stem δ13C values are in synchrony after treatment

Increased δ13C was observed in the stems, proximal roots, and distal 
roots of the released spruce trees in the growing season following the 
selection harvest, indicating that the iWUE of these trees changed 
immediately under new conditions (Fig. 3 and Fig. 4).

The intra-annual patterns of δ13C after the selection harvest were 
similar to those before the treatment for the three plant parts, indicating 
that carbon used for stems and roots after the selection harvest origi
nated mostly from the current season’s photosynthate and the use of 
reserves was marginal (Fig. 3). Intra-annual measurements of δ13C in 
2016 showed immediate increase in the δ13C of roots and stem after the 
selection harvest compared to the values from the previous years, 
indicating also only minor reserve use (Fig. 3 and tables S5-S7).

The analysis of intra-annual (spot-level) δ13C values showed that the 
difference between the minimum and maximum δ13C values within each 
growing season was greater for roots after the selection harvest 
compared to the pre-harvest period (see Supplementary Material, 
Tables S8–S10 and Fig. 3).

The shift in δ13C following the selection harvest is made apparent by 
converting the intra-annual values to annual values (Fig. 4, using data in 
Fig. 3, scaled with the approach shown in Fig. S6). The annual values 
show a tendency for stems to have higher iWUE than roots, especially in 
the control area. During 2016, there was an indication that proximal 
roots had the highest iWUE in the selection harvest area compared to 
stem and distal roots.

3.3. Increase in VPD after harvest leads to lower WUE increase compared 
to iWUE

Comparing the simulated WUE and iWUE revealed that WUE in
creases less than iWUE after the selection harvest (Fig. 5). After the 
harvest, within-canopy PAR, VPD and wind-speed increase due to 
reduced canopy leaf area. The positive effect of higher PAR on stomatal 
conductance more than compensates for the negative effect of VPD; 
furthermore, boundary layer conductance of needles also increases 
following the harvest. Higher conductance, together with the direct 
positive effect of PAR on the biochemistry of photosynthesis, leads to an 
increase in Anet. Nevertheless, the increase in Anet is higher than the 
increase in stomatal conductance due to increased VPD. The higher in
crease in Anet results in higher iWUE than WUE following the selection 
harvest.

Table 1 
AIC (Akaike information criterion) values for BACI models for cross-sectional 
area change and for δ13C by tree parts: stem, proximal roots and distal roots. 
T indicates the starting year of the impact, and GS shows the number of growing 
seasons after the selection harvest. The lowest AIC values in bold indicate the 
first year of impact. For parameter values of the models, see Supplementary 
Material (Tables S5–S10).

T GS Basal area growth δ13C

Stem Proximal Distal Stem Proximal Distal
2016 1 426.1 138.2 265.4 228.0 194.3 233.6
2017 2 384.3 159.2 265.2 287.5 311.0 307.1
2018 3 338.5 191.9 289.1 331.1 346.5 342.1
2019 4 331.9 209.9 306.0 369.1 386.6 382.2
2020 5 430.2 215.9 316.2 388.0 409.0 406.7
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On the other hand, WUE is the ratio of photosynthesis over tran
spiration and, thus, reflects the effect of the harvest on transpiration, 
which is determined not only by its effects on geff but also on VPD. 
Following the harvest, VPD increases by a factor of approximately 1.23 
(Fig. 5), and thus transpiration increases more than geff , leading to a 
smaller WUE increase compared to that of iWUE.

The measured iWUE values, showing approximately 46 % increase 
following the harvest are around the same as the simulated ones 
(approximately 58 %). Furthermore, the approximately 20 % lower 
mean GPP of the harvested area compared to the control, despite having 

51 % lower leaf area index, is consistent with higher leaf-level produc
tivity in the post-harvest area.

4. Discussion

4.1. Root growth increases immediately after selection harvest

Our results show that both proximal and distal roots increased their 
cross-sectional growth immediately following the selection harvest, 
refuting H1 about minor changes in growth that are difficult to detect. 

Fig. 1. Relative growth of stems and proximal and distal roots five years before and after the selection harvest. Root predictions are based on the median root 
diameter. Relative growth is based on the coefficients of the model presented in Eq. (3). Note the logarithmic scale of the y-axis.

Fig. 2. Biomass growth index for the roots. The index has been derived by multiplying root cross-sectional increment areas (cm2) with annual wood density estimates 
(kg m− 3). Error bars describe the standard error of the mean.
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These results demonstrate that the enhancement in carbohydrate pro
duction was sufficiently large to result in an observable growth response 
in the roots (Figs. 1 and 2). Unlike in roots, the growth response took 

four years to show up in stems, suggesting that stems presented neither a 
functional bottleneck to water transport nor a mechanical weak spot. 
Indeed, the immediate increase in proximal coarse root increment and a 

Fig. 3. δ13C values for distal roots, proximal roots, and the stems (the latter from Lehtonen et al., 2023b) of Norway spruce for non-harvested (control) and selection 
harvesting (harvest) treatment areas, corrected for atmospheric δ13C changes according to the relative position in the ring. Note that the stem measurements cover 
the period of 2010–2020, with 7–11 δ13C data points per year, while root measurements cover 2010–2021 with five δ13C data points per year.

Fig. 4. Mean annual δ13C values for the control and selection harvest areas for different tree parts (distal and proximal roots, and stems) before and after the selection 
harvest in 2016. Error bars describe the standard error of the mean, and the vertical line indicates the timing of the selection harvest.
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slightly delayed distal root increment (somewhat consistent with H2), 
both occurring two-to-three years before the increase in stem increment 
was observed, suggest that alleviation of mechanical anchoring below
ground and quickly following water uptake limitations were more 
urgent.

These results are consistent with those from the very few studies 
exploring the dynamics of root and stem increments in response to 
reduced competition. Thinning of a Canadian black spruce stand resul
ted in growth enhancement of roots preceding that of stems by four 
years (Vincent et al., 2009). According to Nikolova et al. (2021), strip 
cutting in the Swiss Alps triggered higher growth in roots compared to 
that in stems of Norway spruce trees close to stand edges for two years 
after cutting, lasting for seven to eight years. Also, retention cutting in 
another black spruce stand (Quebec, Canada) increased the growth of 
coarse roots more than that of stems for the first five years, after which 
trees adapted to their new environment (Pretzsch et al., 2014).

We found that the relative growth enhancement in roots was 
approximately twice than that in stems, but it was similar in proximal 
and distal roots (Fig. 1). This observation suggests that investment in 
anchoring and uptake required similar relative increases in carbon 
allocation, and those investments were higher than the investment in 
stem water transport. Considering the higher geff and transpiration per 
unit of leaf area following the selection harvest, more water must be 
transported per unit of sapwood area, suggesting that the recently pro
duced stem cross-sectional area is of higher capacity for water transport. 
This would be consistent with the difference observed in wood density 
and stem hydraulic conductance of slow versus fast-growing trees 
(Pothier et al., 1989). The finding that trees allocate more carbon to 
roots compared to stems after the selection harvest is a feature that is not 
captured in most empirical- and process-based models. When optimising 
forest practices for carbon uptake with models, our results demonstrate 
that it is important to include the production of both above- and 
belowground plant parts.

4.2. Selection harvesting triggers higher photosynthetic rate

Our results show that δ13C increased immediately after the selection 
harvest in woody roots, as previously reported for stems of the same 

trees (Lehtonen et al., 2023b). Considering that carbon reserves formed 
prior to the harvest likely had a lower δ13C signature and that the rise in 
δ13C was similar in all three plant parts (increasing between 2.9 ‰ and 
3.3 ‰ among different biomass components in the treated area), it 
seems that Norway spruce growth and its response to selection harvest is 
visible as an increase in the current season’s assimilates, and these seem 
to be preferentially allocated to root production.

The change in δ13C (i.e. iWUE) following the selection harvest was 
substantially greater in our study than observed in other studies. A 
synthesis of published results showed discrimination due to thinning to 
range between 1 ‰ and –0.4 ‰ based on increment cores from several 
Pinus species, Douglas fir (Pseudotsuga menziesii) and giant sequoia 
(Sequoiadendrum giganteum) along precipitation gradients (Marshall 
et al., 2022). The stronger effect (less discrimination) observed in the 
present study is likely due to these suppressed Norway spruce trees 
having been severely shaded under moist, nutrient-rich conditions and 
then suddenly released by the selection harvest, increasing the available 
PAR by approximately 220 % (Tikkasalo et al., 2024).

Furthermore, our results show that the stem δ13C values were higher 
than those in roots, especially in the control area during most of the 
study years from 2010 to 2020 (Fig. 3). However, after the selection 
harvesting for 2016, there was an indication that distal root δ13C values 
were higher than those for the stem. This observation indicates that the 
changed environmental conditions may have affected post- 
photosynthetic metabolic processes and the associated carbon isotope 
fractionation (Rinne-Garmston et al., 2023) and/or the timing and pri
ority of carbon allocation to different plant parts.

4.3. Selection harvest increases water use efficiency

We found that the WUE (modelled 33 %) increases less than the 
iWUE (measured 46 %, modelled 58 %) after the selection harvest due 
to increased post-harvest VPD within the canopy. This finding highlights 
the importance of carefully accounting for all the changes in the forest 
microclimate when changes in tree processes in response to forest 
management practices are evaluated. Furthermore, our finding high
lights the importance of not equating iWUE with WUE (e.g., Seibt et al., 
2008; Siegwolf et al., 2022) because the first accounts for changes in the 

Fig. 5. Mean change in simulated variables according to Tikkasalo et al. (2024) between pre- and post-harvest periods for each tree. The black crosses show the mean 
change between all trees (and surrounding small stands). The variables are photosynthetically active radiation (PAR), water vapour pressure deficit (VPD), effective 
stomatal conductance (geff ), transpiration (Transp.), stand-level net CO2assimilation (Anet), intrinsic water use efficiency (iWUE), which is equal to assimilation 
divided by the effective stomatal conductance, water use efficiency (WUE), which is the assimilation divided by the transpiration, gross primary production (GPP) 
and leaf area index (LAI). All values were scaled per square metre of ground area before harvest effect calculation. Also shown are measured iWUE values calculated 
from the measured δ13C of stems, distal- and proximal roots. Harvest effect (vertical axis) is the relative increase in the variable between pre- and post-harvest 
periods. Note that the model was run on each individual and its surrounding leaf area profile as an independent stand.
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driving force for photosynthesis and the latter also includes the change 
in the microclimate around the tree. For a more thorough understanding 
of how tree water usage changes after forest management operations, we 
recommend also measuring the change in VPD together with, e.g., δ13C 
of tree rings, as VPD change can be used to estimate WUE from iWUE.

5. Conclusions

Our results show that net photosynthesis and biomass growth of 
suppressed Norway spruce trees respond positively and without delay to 
reduced competition after selection harvesting in the Lettosuo, fertile 
drained peatland. Additionally, the results from our study area 
demonstrate that trees allocate two times more carbon to root growth 
compared to stem growth in relative terms after the selection harvest. 
The data also show that Norway spruce increases carbon allocation to 
proximal and distal roots to a similar extent, highlighting the equal 
importance of mechanical support and nutrient and water trans
portation. This equal importance of root functions after the selection 
harvest may also result from the fact that young Norway spruce trees are 
known to be shade tolerant with a shallow root system and constrained 
allocation to roots.

Traditionally in forestry, observations of the delayed release effect 
have been based on stem diameter measurements and generalised to 
whole tree growth. However, our measurements of root cross-sectional 
growth showed an immediate and similar reaction to selection harvest 
in both proximal and distal roots. These findings underline the fact that 
selection harvests in fertile, drained peatlands provide immediate 
biomass growth and climate benefits at the tree level without any time 
lags. This finding also underlines the need to develop more appropriate 
carbon allocation routines for empirical and process-based models to 
account for the altered carbon allocation after the selection harvests. 
This is important, especially when those models are used to optimise 
forest practices according to the potential for climate change mitigation.
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Mäkipää Raisa: Writing – review & editing, Funding acquisition, 
Conceptualization. Rinne-Garmston Katja T: Methodology. Oren 
Ram: Writing – review & editing, Writing – original draft, Investigation, 
Conceptualization. Sahlstedt Elina: Writing – original draft, Method
ology, Data curation. Korkiakoski Mika: Writing – review & editing, 
Writing – original draft, Data curation. Kärkönen Anna: Writing – re
view & editing, Methodology, Data curation. Lintunen Anna: Writing – 
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Estimating fine-root production by tree species and understorey functional groups in 
two contrasting peatland forests. Plant Soil 412, 299–316. https://doi.org/10.1007/ 
s11104-016-3070-3.

Ennos, A.R., 2000. The mechanics of root anchorage. In: Advances in Botanical Research. 
Academic Press, pp. 133–157. https://doi.org/10.1016/S0065-2296(00)33042-7.

Farquhar, G.D., Ehleringer, I.J.R., Hubick, K.T., 1989. Carbon isotope discrimination and 
photosynthesis. Annu. Rev. Plant. Biol. 40, 503–537.

Francey, R.J., Farquhar, G.D., 1982. An explanation of 13C/12C variations in tree rings. 
Nature 297, 28–31. https://doi.org/10.1038/297028a0.

Garnier, E., 1991. Resource capture, biomass allocation and growth in herbaceous plants. 
Trends Ecol. Evol. 6, 126–131.
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Leppä, K., Korkiakoski, M., Nieminen, M., Laiho, R., Hotanen, J.-P., Kieloaho, A.-J., 
Korpela, L., Laurila, T., Lohila, A., Minkkinen, K., Mäkipää, R., Ojanen, P., 
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