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In silviculture, tree species mixing is seen as a potential measure to increase ecosystem carbon (C) sequestration
due to higher resulting productivity compared to monocultures. Currently, there is a lack of studies on how
monocultures and mixtures of the two main boreal tree species, Norway spruce and silver birch, compare
regarding C sequestration and storage in planted stands. We evaluated ecosystem C stocks, stand productivity
and soil nutritional status in spruce and birch monocultures as well as mixed stands with 50/50 mixing pro-
portion two decades after afforestation of abandoned agricultural lands with homogeneous soil fertility. We
found that Norway spruce monocultures had the highest mean annual increment (MAI), highest ecosystem C
stock, and the highest periodic annual increment (PAI). In silver birch stands, C was mostly stored in the stems of
the trees, whereas Norway spruce monocultures had a significantly higher share of C stored in the canopy. While
the growth of individual silver birches was not influenced by the stand type, Norway spruce was suppressed by
the inter-specific competition in the mixtures, where the average tree stem MAI was 56 % lower than in the
monocultures. In general, the SOC and soil nutrient concentrations were similar in the mixed-species stands and
monocultures. Spruce monocultures had a higher SOC stock in the forest floor. In conclusion, we did not confirm
a higher productivity of mixed stands compared to monocultures, but different patterns of C allocations indicate
the need for longer observations to identify the silvicultural system with the best climate benefit.

availability, and uptake efficiency of resources as determinants of
ecosystem productivity, where greater resource availability enables a

1. Introduction

Mixed species forests have gained more attention recently due to the
adverse effects of climate change on monocultures. One of the main
advantages of species diversity over single species forests is considered
to be their resilience to disturbances resulting from climate change, such
as storms, drought, diseases, and pests (Jactel et al., 2017; Pardos et al.,
2021). Additionally, mixed forests provide a broader range of ecosystem
services and support biodiversity (Gamfeldt et al., 2013; Felton et al.,
2016). Another advantage of mixed forests is their potentially higher
biomass production, allowing higher CO, fixation in tree biomass and
soil (Liang et al., 2016; Lutter et al., 2019), thus providing a greater
climate change mitigation effect.

One theory describes the higher productivity as the direct effect of
biodiversity where higher species richness enhances ecosystem pro-
ductivity (Liang et al., 2016). Another theory prioritizes the presence,
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higher number of species to coexist (Forrester and Bauhus, 2016;
Hogberg et al., 2017). Accordingly, there has been a long-term sys-
tematization of soil or site indexes in Nordic countries, which links
higher ecosystem productivity and diversity with soil fertility (Cajander,
1926; Hagglund and Lundmark, 1977; Lohmus, 1974). It is probable that
the two theories complement each other as higher tree species diversity
provides more efficient resource utilization due to reduced intra-specific
competition (Pretzsch et al., 2010; Forrester et al., 2013; Forrester and
Bauhus, 2016). The complementarity effect of accompanying tree spe-
cies in a mixture can be described by niche differentiation, which allows
more efficient access and utilization of different pools of below- and
aboveground resources (Craine and Dybzinski, 2013). Whereas, in-
dividuals in the single-species ecosystem are competing for the same
resources. Such structural diversification and more efficient resource
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usage can result in higher yields of mixed stands compared to mono-
cultures, which is also reflected in higher accumulation of carbon (C) in
the aboveground pool (Warner et al., 2023). However, the presence and
extent of productivity gain and C uptake capacity of mixed forests is still
unclear for boreal and hemi-boreal forest ecosystems (Huuskonen et al.,
2021; Ruiz-Peinado et al., 2021). The broad generalization of higher
productivity in mixed forests originates from studies of temperate forest
ecosystems (Lu et al.,, 2016; Pretzsch and Schiitze, 2021) or global
generalizations (Liang et al., 2016; Warner et al., 2023), where Northern
Europe is poorly covered.

The formation of tree species mixtures in managed forests in the
boreal biome has primarily occurred through the combination of natural
and artificial regeneration, where the shade intolerant pioneer tree
species such as Scots pine (Pinus sylvestris L.) or silver birch (Betula
pendula Roth) are often accompanied by the shade-tolerant Norway
spruce (Picea abies [L.] H.Karst.) (Huuskonen et al., 2021). Spontaneous
formation of mixtures results in stands comprising differently aged
spruces and accompanying pioneer species, thus reflecting an unequal
starting point, which complicates the interpretation of their potentially
higher growth gain and the direct effect of tree diversity on the pro-
ductivity gain. Typically, spruce-pine mixtures grow on low-fertility
mineral soils and spruce-birch mixtures on more fertile sites (Felton
et al., 2016; Huuskonen et al., 2021). In both types of mixed stands,
late-successional Norway spruce grows beneath the dominant tree spe-
cies, often resulting in a slower above-ground growth at the individual
tree level for spruce compared to monocultures (Holmstrom et al., 2018;
Huuskonen et al., 2021). The inter-specific competition in spruce-pine
mixed stands results in a different below- and aboveground C alloca-
tion for spruce in comparison to a monoculture (Lutter et al., 2021a),
which ultimately does not support the general expectation of higher
productivity or C accumulation in mixed stands compared to mono-
cultures (Holmstrom et al., 2018; Blasko et al., 2020). The reduced
mixture effect on productivity in Northern Europe could be related to
poor soil fertility (Hogberg et al., 2017), where both tree species
compete for the same soil resources (Lutter et al., 2021a). The available
nutrient concentrations are low in deeper soil layers, and consequently,
the fine roots are mainly allocated within the upper 30 cm layer in
boreal soils (Kalliokoski et al., 2010), which means that the roots are
allocated in the same niche in both monocultures and mixed stands
(Lutter et al.,, 2021a). The potential for higher productivity and C
accumulation compared to monocultures should be more eminent in
spruce-birch mixed forests as the higher resource supply could reduce
inter-specific competition, i.e., general diversity of vascular plants and
productivity increases under higher site indexes (Cajander, 1926;
Hagglund and Lundmark, 1977; Lohmus, 1974). Given the historically
lower economic value of birch in Northern Europe, the productivity and
C sequestration capacity of spruce-birch mixed stands have been poorly
studied at the ecosystem level in comparison to the monocultures of both
tree species.

Tree species mixing is also advantageous for the soil quality, espe-
cially when the mixture comprises both broadleaf and conifer species.
Rapidly decomposing deciduous tree leaf litter releases nutrients for
accompanying conifers, whereas the slow decomposition of conifer litter
supports soil organic carbon (SOC) accumulation. However, it remains
unclear whether mixed stands support higher SOC stocks (Augusto et al.,
2015; Gahagan et al., 2015) and opposite findings of higher SOC in pure
conifer stands have also been reported (Berger et al., 2002). A number of
studies have found higher SOC stocks in temperate old-growth mixed
forests, possibly caused by root litter from more deeply rooted tree
species (SchleuB et al., 2014; Dawud et al., 2016).

Tree species identity can influence soil formation, SOC accumula-
tion, and stability due to litter quality, microorganism communities, and
vertical root allocation (Augusto et al., 2002, 2015), but there is no clear
understanding of the potential advantages of tree species mixing on SOC
stocks in comparison to monocultures in Northern Europe. As a broad
generalization, a study from hemiboreal Estonia reported that an

Forest Ecology and Management 578 (2025) 122444

increased share of broadleaved trees in premature and mature conif-
erous stands increases SOC stocks (Lutter et al., 2019). Additionally,
Blasko et al. (2020) evaluated the effects of species mixing on SOC stocks
in the boreal region with equal pre-study soil conditions and stand
density, and found higher SOC stocks in the upper 20 cm soil layer of
mixed stands and pine monocultures compared to spruce monocultures
in 60-year-old stands.

Mixed stands of spruce and birch in managed forests usually develop
as a combination of artificial and natural regeneration (Huuskonen
et al.,, 2021). Planting of both species during regeneration can be
considered an untraditional silvicultural practice. However, there is a
shift in silviculture towards replace monocultures with mixtures by
planting two or more species to improve forest resistance to climate
change. Deliberately planted spruce-birch mixed forests that have
reached canopy closure are very rare in Northern Europe. To the best of
our knowledge, there have been no studies comparing the productivity
or SOC stocks of artificially established spruce-birch mixed stands and
monocultures of both species.

Our aim was to test the effect of tree species mixing on ecosystem
carbon stocks (above- and belowground biomass, litter, and soil) two
decades after afforestation in planted spruce-birch mixed forests as well
as monocultures of both species in former agricultural lands. In addition,
we compared the periodic annual increment (PAI) of stem volume based
on measurements from 2020 to 2023. The design of the study was based
on the equal starting point principle, i.e., the mixture had a 50/50
proportion of the two tree species during afforestation and all stands
were growing on the same soil type. We raised the following hypotheses:
i) spruce-birch mixture has higher productivity than the monocultures of
both species; ii) SOC stock is higher in the mixture than in the mono-
cultures; and iii) the overall ecosystem C stock is higher in the mixture
than in monocultures.

2. Materials and methods
2.1. Study site

This study was conducted in commercial plantations in south-eastern
Estonia, including monocultures of Norway spruce and silver birch as
well as 50/50 mixture of both species. The spruce monoculture and
spruce-birch mixture stands were located on the same estate in Tagakiila
village (57.91 N, 26.89E, 97 m above sea level) and the birch mono-
culture stands were located within 10 km in Suurkiila village (57.95N,
27.03E, 90 m above sea level).

According to the data from the nearest weather station the long-term
mean annual temperature from 1991 to 2020 was 6.5 °C and the annual
precipitation 658 mm (The Estonian Environment Agency: https://www
.ilmateenistus.ee/). The mean annual temperatures and precipitations
over the study period are presented in Table 1.

The plantations were established on former arable lands of the same
mineral soil type — Retisol according to the WRB classification (IUSS
et al., 2022), which corresponds to the Oxalis site type according to the
Estonian forest site type classification (Lohmus, 1974). All sites were
prepared before planting by using whole area ploughing and tillage. The
density of the planted stands was 2500 stems ha~! for all sites.
Bare-rooted seedlings of spruce and birch were used in both spruce
monocultures and mixed stands. Containerized seedlings were used in
birch monocultures. The mixed stands and spruce monocultures were

Table 1
Mean annual temperatures and annual precipitations from the closest weather
station to the study sites (The Estonian Environment Agency).

Average temperature, °C Annual precipitation, mm

2021 6.5 606
2022 7.0 563
2023 7.4 673
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planted in the spring of 2004 and the birch monocultures in 2005,
making the stands 20 and 19 years old by the end of the vegetation
period of 2023, respectively. In the beginning of 2021, a total of 10
circular sample plots with a radius of 10 m were established in each
stand type with the aim to study the effect of tree species mixing on
productivity, competition, and nutrient acquisition in hemiboreal
Estonia.

In the spruce monocultures and mixed stands, the first commercial
thinning was carried out during the winter of 2020/21 just before the
establishment of sample plots. After thinning, the stand densities
(number of trees per ha) of the three different stand types were not
significantly different from each other (p =0.207). Due to increasing
self-thinning in the birch monoculture, the stand densities had become
significantly different (p = 0.017) by the end of the vegetation period of
2023.

2.2. Growth sampling

Diameter at breast height (DBH, cm) for every single tree was cross-
calipered at 1.3 m using a standard forest caliper with a 0.1 cm scale.
The height (m) of every third tree was measured with Vertex IV (Haglof
Sweden AB). The heights of the remaining trees were estimated as a
function of DBH using R-package “Imfor” (Mehtatalo and Kansanen,
2022). The height model with the lowest average standard deviation of
the residuals was used for each stand type. First DBH and height mea-
surements were carried out after the vegetation period of 2020. Since
then, the trees were re-measured at the end of every vegetation period
(Table 3).

The total living standing stem volumes were calculated each year
using Eqgs. 1 and 2 from Appendix 11 of the Estonian forest survey
guideline (Metsa korraldamise juhend, 2009). Values for the theoretical
mixture of the two tree species were calculated so that the theoretical
mixture equals the sum of half of the stand density values in mono-
cultures of silver birch and Norway spruce.

M=GxHXxF (@8

where M is the total stem volume (m3 ha_l), G is the stand basal area (m2
ha’l), H is the average height (m), and F is the stand form factor (Eq. 2).

F:a+%+c><\/ﬁ+d><ln(H) 2)

where a, b, ¢, d are parameters per tree species (Table 2), H is the
average height, and In(H) is natural logarithm of the average height.
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In order to account for the one-year age gap and differences in stand
densities when comparing the yield of different stand types (Table 3),
the mean annual increment of individual trees (MAl,q) was calculated
(Eq. 3).

MAI
MAL,, = T 3
where MAI is the mean annual increment (m3 ha! yr’l) of the stand
and N is stand density (stems ha™!). For MAI in Eq. 3, both the standing
volume and volume of self-thinning or artificial thinning was accounted
for.

2.3. Biomass sampling

Destructive model tree sampling was used to estimate the above-
ground biomass (AGB). Silver birch biomass sampling with leaves was
carried out in August 2023. Seven model trees were selected from each
monoculture and mixed stand according to the DBH range. From each
DBH-class, a representative model tree with average characteristics was
chosen. For Norway spruce, the biomass sampling was carried out in
September 2023 using the same method. The model trees were chosen
inside the stand to avoid the edge effect. The model trees were felled at
the root collar using a chainsaw Stihl MS 261 C-M.

The stem of each model tree was subsequently divided into sub-
sections. The first section reached from the root collar to 1.3 m and the
following sections starting from the height of 1.3 m were cut to 2 m
length until the beginning of the living crown. The beginning of living
crown was identified based on the attachment point of the lowest living
branch. In instances where the distance to the next living branch was
over 2 m, the lowest living branch was not considered as the starting
point of the living crown. All stem sections were weighted in the forest to
determine the fresh biomass weight. To estimate the share of stem bark
and stem wood, a cross-sectional sample disc was cut from the balance
point of each stem section.

The living crown was divided into three equal-length sections and all
branches were pruned and weighed in the forest. Two representative
model branches were taken from each crown section of each sample tree
to be further analyzed in the laboratory. The model branches were
fractionated in order to estimate the relative proportions of different
sub-fractions of the entire crown section. The fractions used were as
followed: current-year shoots; current-year needles or leaves; older
branches; dead branches; and older needles for spruce.

All model tree fractions were weighed while fresh, dried to a constant
weight at 60° C, and re-weighed to 0.01 g to estimate the dry mass share
and calculate the dry-mass content of the entire tree.

Table 2 The average stemwood density (kg m~>) of the model trees was also
Parameters for Eq. 2 (Metsa korraldamise juhend, 2009). evaluated by using cross-sectional sample discs. The circumference
Tree species a b ¢ d (converted to radius for calculations) of the fresh wood disc was
- measured using a tape measurer with a 0.1 cm scale. The thickness of the
Birch —-1.6715 7.5641 —0.3429 1.1006 di d usi li ith 2 0.01 1 h id
Spruce 0.9672 0.4713 0.0992 —0.3100 isc was measured using a caliper with a 0. mm scale at the widest
and narrowest spot from which the average thickness was calculated.
Table 3
Characteristics of the studied monocultures and mixed stands. Values are represented as arithmetic means of 10 sample plots with standard errors.
Birch monoculture Spruce monoculture Mixture
Stand characteristic Birch Spruce Total
Age (years) 19 20 20 20
QMD (cm) 13.6 + 0.26 15.4 £0.19 14.3 £0.25 11.1 £ 0.2
Mean height (m) 16.7 + 0.12 12.4 +0.13 18.4 + 0.1 9.2+0.18
Top height (m) 17.8 £0.2 13.8 +0.14 19.5+0.17 11.6 + 0.08
Stand density (trees ha™!) 1487 + 69 1703 + 58 812 + 77 999 + 46 1811 + 116
Basal area (m” ha 1) 21.3 + 0.62 31.6 £ 0.8 12.7 + 0.75 9.7 +0.35 22.4+0.86
Volume (m® ha™") 170 £ 5.48 224 £ 6.76 111 £ 6.29 56 + 2.33 167 + 6.59
Harvested /self-thinned volume (m® ha') 1+0.37 10 £ 2.62 21.5 + 3.58 43+1.28 25.8 +3.97

QMD - Quadratic mean diameter.
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The circumference and the average thickness of the discs were used to
calculate the volume of the fresh wooden disc. Subsequently, the discs
were dried to a constant weight at 60° C and reweighed to obtain the dry
weight. The dry weight (kg) was divided by the fresh volume (m®) to
obtain the density values of the discs. The weighted mean wood density
per sample tree was calculated using dry weight of the wood in corre-
sponding stem section as weight. The arithmetic mean wood density per
tree species and stand type was calculated based on the weighted mean
densities per sample tree.

2.3.1. Determination of stand total biomass and C pools
Allometric equation (Eq. 4) was parameterized based on the model
tree data for each aboveground biomass fraction.

y=ax’ @

where y is the absolute value (kg) or relative share of a biomass fraction,
x is the diameter (cm) at breast height (1.3 m) measured over bark, and a
and b are parameters of the equation. The dead branches of silver birch
were not significantly associated with DBH. Therefore, the relative share
of dead branches out of the total living crown (sum of current-year
shoots, leaves, and branches) was estimated for silver birch which
gave a statistically significant association (Table 4). The absolute value
of dead branches per each single birch tree was obtained by multiplying
the model estimated relative share by the absolute dry mass of the living
crown.

The parametrized power equation was used to calculate the corre-
sponding biomass fraction for each single tree located on the sample
plots. The dry biomass values were summed per plot and then extrap-
olated to per hectare values.

Belowground biomass (BGB) for silver birch were estimated using
Eq. 5 from a study conducted in Estonia by Buht et al. (2023). BGB for
Norway spruce was estimated using Eq. 6 from a Latvian study by
Liepins et al. (2018).

BGB = 0.0637 x DBH*!%% )
BGB = 0.0224 x DBH'3% x {09420 ©)

where BGB is the total belowground biomass in kg, DBH is the diameter

Table 4
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at breast height (1.3 m) in centimeters, and H is the tree height in
meters.

Tree biomass was converted to C values using a concentration of 0.5
for all biomass fractions of silver birch (Uri et al., 2012) and a concen-
tration of 0.4952 for Norway spruce (Mensah and Petersson, 2024).

2.3.2. Estimation of harvested timber volume and the dry biomass of
harvested timber and dead trees

Based on the model trees, the allometric equation (Eq. 3) was
parametrized in order to estimate single tree stem volume based on the
circumference of the stump and DBH of the trees (Fig. 1). The circum-
ferences of the stumps of all the harvested trees from the commercial
thinning were measured. To harmonize the methodology, stump cir-
cumferences were also measured for all trees that had died as a result of
natural self-thinning. The stem volume for each dead or harvested tree
was estimated, summed per plot, and extrapolated to per hectare values.

To be able to estimate the carbon sequestered in harvested and dead
trees since the age of first commercial thinning, DBH was also estimated
for all harvested trees (Fig. 1) by parametrizing a linear equation (Eq. 7).

DBH = a+ bx @)

where DBH is the diameter at breast height (cm), a and b are parameters
shown in Fig. 1, and x is the tree stump circumference (cm).

For dead trees, we used the DBH from the last vegetation period,
when the tree was still described as alive. DBH and parametrized allo-
metric equations (Table 4) were used to estimate the dry biomass of dead
trees.

2.4. Soil sampling

Soil sampling was conducted in the spring of 2023. An approximately
0.75 m deep soil pit was dug 2 m away from the center of each sample
plot. Soil sampling followed the previous published protocols of sam-
pling former agricultural soil, where previous agricultural fertilization,
ploughing, and tilling had homogenized soil nutritional variation (Lutter
et al., 2016, 2023). The mineral soil profile (without litter layer) was
divided into vertical sublayers for sampling: the upper 30 cm layer of
mineral soil (humus, i.e. A-horizon) was divided to 0-10 cm, 10-20 cm,
and 20-30 cm layers. Mineral subsoil (Elg- and B-horizon) was sampled

Parameter estimates of Eq. 4 for predicting the different aboveground biomass fractions of the studied mixed stands and monocultures. N is the number of model trees,
a and b are the equation parameter estimates, R? is the coefficient of determination, and p-value shows the significance of the model.

Tree species Biomass fraction Stand type N a b R? p-value
Silver birch Total AGB* Mix 7 0.1287 2.4348 0.992 < 0.001
Mono 7 0.0812 2.5517 0.987 < 0.001
Stemwood* Mix 7 0.1310 2.3119 0.988 < 0.001
Mono 7 0.0532 2.5914 0.983 < 0.001
Stembark Both 14 0.0147 2.3549 0.984 < 0.001
Current-year shoots Both 14 1.4 x 107 4.7560 0.823 < 0.001
Leaves Both 14 6.6 x 107* 3.1647 0.946 < 0.001
Branches Both 14 1.97 x 1073 3.1409 0.961 < 0.001
Relative share of dead branches from living canopy Both 14 85.8881 —2.8989 0.659 < 0.001
Norway spruce Total AGB Both 14 0.1938 2.1706 0.975 < 0.001
Stemwood* Mix 7 0.0385 2.4453 0.993 < 0.001
Mono 7 0.0853 2.2037 0.985 < 0.001
Stembark Both 14 0.0163 2.0859 0.956 < 0.001
Current-year shoots* Mix 7 0.0037 1.9641 0.875 0.0012
Mono 7 22x107* 2.9377 0.908 < 0.001
Current-year needles* Mix 7 0.0085 2.0825 0.846 0.002
Mono 7 7.9 x 107* 2.8588 0.908 < 0.001
Branches™ Mix 7 0.0631 2.1329 0.875 0.0012
Mono 7 0.0086 2.6358 0.938 < 0.001
Older needles* Mix 7 0.0444 2.1040 0.927 < 0.001
Mono 7 0.0109 2.4385 0.933 < 0.001
Dead branches* Mix 7 0.0148 1.9156 0.515 0.042
Mono 7 0.1938 1.2848 0.797 0.004

" Denotes a significant difference in the biomass fraction between stand types.
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Fig. 1. Allometric equations for estimating stem volume (over bark) and DBH for birch (a, ¢, e) and spruce (b, d, f). a) and b) stem volume (dm®) by stump
circumference (cm), ¢) and d) stem volume (dm®) by DBH (cm), and e) and f) DBH (cm) by stump circumference (cm).

as a mix of the 30-50 cm layer as they were overlapped in the vertical
profile. One composite sample was collected from each vertical layer for
determining soil acidity, SOC, and nutrients. The composite sample was
obtained by combining three subsamples collected from different points
of the soil pit. The collected mineral soil samples were dried at room
temperature before laboratory analyses. Sampling of the forest floor
(O-horizon) of every sample plot was done with a 0.2 x 0.2 m metal
frame next to the soil pit. The litter biomass was cleaned from inorganic
material and non-tree organic material at the laboratory. The forest floor
samples were dried to constant weight at 60° C in the oven.

Soil acidity (pHgcy) was determined from a 1 M KCl suspension ac-
cording to the ISO 10390 standard. The concentration of plant-available
phosphorous (P, mg kg ~1) and potassium (K, mg kg ') were determined
according to the Mehlich IIIl method (Mehlich, 1984). The concentration
of total nitrogen (N, %) and soil organic carbon (SOC, %) were
determined using varioMAX CNS (Elementar Analysensysteme GmbH,
Germany). For forest floor, only SOC and Ny, were measured. Soil
chemical analyses were performed at the Laboratory of Agrochemistry
of the Chair of Soil Sciences at the Estonian University of Life Sciences.

Soil bulk density (BD, g cm’3) was measured for each vertical mineral
soil layer in three replications per layer. BD samples were taken with a
43 cm®-sized steel cylinder and oven-dried at 105° C to a constant
weight.

SOC stock (Mg ha™') was calculated for each vertical soil layer by
multiplying the given horizon volume, BD, and SOC concentration.
Forest floor SOC stock was calculated by multiplying the mass of organic
material inside the 0.04 m? metal frame with the SOC concentration.
Both mineral and forest floor SOC stocks were converted to the hectare
scale.

2.5. Statistical analysis

All statistical analyses were carried out using the R statistical soft-
ware package in RStudio integrated development environment (IDE) (R
Studio Team, 2020; R Core Team, 2023). The effect of stand type on
growth characteristics, C stocks, and soil properties were tested with a
linear model (Im). As a posthoc test, the statistical differences between
forest types were evaluated with the Tukey’s HSD test using the



K. Tdll et al.

emmeans package (Lenth, 2023). The 95 % confidence intervals were
calculated with Sidak-correction. The Shapiro-Wilk test was used to test
the normality of the model residuals. The Kruskal-Wallis test was used
when the data did not follow a normal distribution, followed by Dunn’s
test (Ogle et al., 2023) with the Bonferroni correction as a post hoc test
to identify the differences between forest types. A significance threshold
of a = 0.05 was used. The in-text means are presented with + SE, if not
stated otherwise.

3. Results
3.1. Stem volume increment and wood density

Two decades after afforestation, the mean annual increment (MAI) of
stem volume (includes self-thinning and artificial thinning) was signif-
icantly higher in the spruce monocultures (11.7 + 0.35 m® ha ! yr 1)
than in the mixed stands (9.7 + 0.21 m® ha™? yr‘l) and birch mono-
cultures (9.0 + 0.30 m® ha™! yr™1) (p < 0.001 and p < 0.001, respec-
tively) (Fig. 2). The difference in MAI between the mixed stands and
birch monocultures was insignificant (p = 0.377). The MAI of the
theoretical mixtures (10.4 + 0.25 m® ha™! yr™!) did not differ signifi-
cantly from the actual mixtures (p = 0.301), but was lower than that of
spruce monocultures (p = 0.009) and higher compared to birch mono-
cultures (p = 0.009).

Similarly to MAL the spruce monocultures had a significantly higher
periodic annual stem volume increment (PAI) (23.3 + 0.46 m? ha!
yr 1) than the mixed stands (19.2 +0.53 m® ha™! yr!) and birch
monocultures (16.4 + 0.45 m? ha! yrfl) (p < 0.001 and p < 0.001,
respectively). The PAI of the mixed stands was significantly higher than
the PAI of the birch monocultures (p < 0.001). The PAI of the theoretical
mixtures (19.8 £+ 0.26 m? ha! yr_l) did not differ from the actual
mixtures (p = 0.702), but was significantly lower compared to spruce
monocultures (p < 0.001) and higher than birch monocultures
(p < 0.001) (Fig. 3).

At the individual tree level, Norway spruce was disadvantaged from
growing in the mixture as the average tree stem MAlpg of Norway
spruce was 56 % lower in mixed stands than monocultures (p < 0.001).
Silver birch MAI},q showed no significant difference between the mixed
stands and monocultures (p = 0.226) (Fig. 4).
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The stemwood density of Norway spruce was 329 + 6.5 kg m ™ in
the mixed stands and 331 +8.6kgm > in the monocultures
(p = 0.868). Silver birch stemwood density was significantly lower in
the monocultures (429 + 7.5 kg m’3) than in the mixed stands (465
+6.9kg m™>) (p = 0.004).

3.2. Soil analyses

The bulk density up to a depth of 10 cm was significantly higher in
birch monocultures compared to spruce monocultures (p < 0.001) and
mixed stands (p < 0.001). In the 10-20 cm soil layer, the bulk density
was similar between monocultures (p = 0.271) and between spruce
monocultures and mixed stands (p = 0.375), whereas birch mono-
cultures had significantly higher bulk density than mixtures (p = 0.018).
In the deeper soil layers, there were no differences between the bulk
densities of different stand types (Table 5).

Birch monocultures had a higher pH than spruce monocultures and
mixed stands (p < 0.001 and p < 0.001, respectively) in the 0-10 cm
soil layer. In the 10-20 cm soil layer, there was no difference in pH-
values between birch and spruce monocultures (p = 0.288) as well as
spruce monocultures and mixed stands (p = 0.522), whereas mixtures
had lower pH-values than birch monocultures (p = 0.007). The posthoc
test revealed no difference in pH-values in the 20-30 cm soil depth
layer. In the 30-50 cm soil depth layer, the spruce monocultures had the
highest pH-values and there was no difference between birch mono-
cultures and mixed stands (Table 5).

No statistically significant differences were found for SOC and Nt
concentrations, except for Nty in the 20-30 cm layer, where birch
monocultures had higher concentrations than spruce monocultures
(p = 0.038). In the 30-50 cm soil layer, there was more P in spruce
monocultures than birch monocultures (p = 0.001). No other differ-
ences in P concentrations were identified between the soil layers of the
three stand types. Consistently higher K concentrations were found in
the birch monocultures compared to the spruce monocultures in all soil
layers and the 0-30 cm soil layers of the mixed stands. In the deepest
30-50 cm layer there was no difference in K concentrations between the
birch monocultures and mixed stands (p = 0.099) (Table 5).
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Fig. 4. Individual tree stem mean annual increment (MAlj,q) of spruce (a) and
birch (b) in monocultures and mixed stands. Error bars show 95 % confi-
dence intervals.

3.3. Ecosystem C stocks and allocation

Ecosystem C stock was 12.3 % higher in the spruce monocultures
(138.0 £7.16 Mg C ha~1) than in the birch monocultures (p = 0.028)
and 11.6 % higher than in the mixed stands (p = 0.039). Ecosystem C
stock was similar between birch monocultures and the mixed stands
(p = 0.989) (Table 6). Differences were also found in C stock allocation
between the studied stand types. Stemwood and stembark C stock was
significantly higher in birch monocultures than in spruce monocultures
(p = 0.018 and p < 0.001, respectively). Stemwood C stock was similar
among birch monocultures and mixed stands (p = 0.081), whereas birch
monocultures had higher stembark C stocks than the mixed stands
(p =0.001). We found that spruce monocultures had significantly
higher C stocks in the branches (leaf, current-year, older and dead
branches) and roots than birch monocultures and mixed stands. Those C
stocks compensated for the lower stemwood C stocks in the spruce
monocultures and consequently the whole tree C stocks were

significantly higher in spruce monocultures than in birch monocultures
(p < 0.001) and mixtures (p = 0.001).

Soil analyses indicated that there was no difference in SOC stocks up
to 50 cm depth between the different stand types (p = 0.86) (Table 6).
However, O-horizon SOC stocks of the spruce monocultures were
significantly higher than in the birch monocultures (p = 0.008). SOC
stocks of the 0-10 cm layer were significantly higher in the birch
monocultures than in the mixed stands (p = 0.033), while there was no
effect of stand type on the SOC stocks of deeper soil layers (>10 cm).

4. Discussion
4.1. Stem volume productivity

Approximately two decades after afforestation of former agricultural
lands with two commercially important tree species (Norway spruce and
silver birch) in both monocultures and mixed stands of both species, we
did not find higher stem volume productivity in the mixed stands based
on MAI and PAIL The highest PAI and MAI values were found in the
spruce monocultures and therefore, we can reject our first hypothesis.
The growth and yield of Norway spruce and silver birch monocultures in
comparison to a mixture of the two species has not yet been studied to
our knowledge as a planted stand in Northern Europe (Huuskonen et al.,
2021). Few existing modelling studies involving a comparison of spruce
and birch mixtures with spruce monocultures have evaluated mixtures
formed as a result of natural regeneration. Tham (1994) found that the
mixing effect increases overall yield if the stand density of birch is
lowered to 600-1200 stems ha~! during pre-commercial thinning (PCT)
and the birches are removed completely between 20 and 30 years of age.
Mielikainen (1985) reported a small increase in volume production
(3-5 %) during the long rotation of 80-90 years when the proportion of
silver birch was kept below 25 %. Overall, studies using forest growth
simulations have reported similar or even lower productivity of equal
spruce-birch mixtures compared to spruce monocultures (Fahlvik et al.,
2015; Huuskonen et al., 2021; Dosumu et al., 2024). However, natural
regeneration is uneven in terms of spatial location and the age of trees,
which could make interpretation of higher productivity in the mixture
difficult.

We found the lowest stand volume in birch monocultures, which was
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Table 5

Forest Ecology and Management 578 (2025) 122444

The effect of stand type on soil bulk density, acidity (pH), and the concentrations of soil organic carbon (SOC), total nitrogen (Ny,,), phosphorous (P), and potassium (K)
in different vertical soil layers. Mean values with standard errors are presented. Significant differences between the stand types within the same layer are indicated by

lowercase letters.

Birch monoculture Spruce monoculture Mixture
Soil characteristic Soil depth layer, cm p-value
Bulk density, g cm > 0-10 1.24 + 0.025% 0.96 + 0.025" 0.99 + 0.026" < 0.001
10-20 1.3 +0.031° 1.25 + 0.013% 1.2 + 0.030° 0.023
20-30 1.36 + 0.029 1.39 + 0.024 1.34 + 0.016 0.437
30-50 1.51 + 0.027 1.45 + 0.050 1.46 + 0.048 0.548
pHka 0-10* 4.9 +0.05° 3.8 +0.07° 3.8 +0.05° < 0.001
10-20* 4.8 + 0.06° 4.8 + 0.26% 4.3 +0.05° 0.010
20-30* 4.9 +0.07 5.3 4 0.26 4.6 + 0.09 0.026
30-50 4.6 +0.1° 5.2 +0.2° 45+0.11° 0.006
SOC, % 0-10 1.75 + 0.064 1.96 + 0.07 1.8 +0.11 0.204
10-20 1.22 + 0.067 1.22 + 0.054 1.39 + 0.078 0.137
20-30 1.03 + 0.079 0.83 + 0.108 0.92 +0.116 0.408
30-50* 0.18 +0.013 0.32 + 0.053 0.26 + 0.045 0.061
Neot, % 0-10 0.144 + 0.005 0.149 + 0.005 0.135 + 0.009 0.362
10-20 0.104 + 0.005 0.094 + 0.005 0.104 + 0.005 0.266
20-30 0.089 + 0.007% 0.06 + 0.008" 0.071 + 0.009%° 0.046
30-50 0.016 =+ 0.001 0.022 + 0.003 0.018 + 0.003 0.244
P, mg kg ! 0-10* 59.4 + 4.7 68.1 + 13.52 90.5 + 7.94 0.040
10-20* 45.2 +5.36 43.2+8.18 56.1 + 7.93 0.268
20-30* 46.3 + 6.43 46.4 + 11.05 42.8 + 6.04 0.480
30-50* 19.2 + 4.09° 59.5 + 12.06% 30.2 + 4.8 0.002
K, mg kg™ 0-10 199.9 + 11.3% 59.8 + 6.75" 85.2 + 4.78° < 0.001
10-20* 134.9 + 7.77% 31.8 + 5.49° 57.1 + 2.86° < 0.001
20-30* 96 + 6.54° 28 + 6.89" 44.2 + 3.57° < 0.001
30-50 63.7 + 5.97° 29.9 + 6.03° 44.6 + 6.84°° 0.003

* Indicates where the data did not follow normal distribution and Kruskal-Wallis test was used. When no lowercase letters are shown for significant p-values then the

posthoc test revealed no significant difference between groups.

surprising considering the faster expected growth of juvenile birch
(Hynynen et al., 2010; Lutter et al., 2015). Birch, being a
light-demanding pioneer tree species (Hynynen et al., 2010; Huuskonen
et al., 2021), does not tolerate the high initial stand density in our study
for long, which resulted in self-thinning that had already lowered the
stem number per hectare (Hynynen et al., 2010). Accordingly, some
other studies from the region have found that a higher proportion of
birch lowered the overall yield of the mixed birch-conifer stands during
the entire rotation (Fahlvik et al., 2015; Dosumu et al., 2024).

Higher productivity of mixed forests under certain conditions has

been proven in the temperate and tropical biomes where the niche dif-
ferentiation appears for wider choice of shade-tolerant or deep-rooted
tree species (Pretzsch et al., 2010; Forrester, 2014; Pretzsch and Schii-
tze, 2021). At present, in Northern Europe, majority of studies have
focused on comparing spruce and pine monocultures and mixed stands
(Drossler et al., 2018; Holmstrom et al., 2018; Aldea et al., 2021;
Ruiz-Peinado et al., 2021). Those studies have reported a rather weak or
no effect of tree species mixing. Drossler et al. (2018) found that with
increasing latitude the overyielding effect of mixtures decreases.

No effect of species mixing on productivity indicates inter-specific

Table 6

Carbon stocks (Mg C ha™') in different compartments of the studied stand types two decades after afforestation. Arithmetic means with standard errors are presented.
Ecosystem compartment Birch monoculture Spruce monoculture Mixture

Mg ha™! % Mg ha™! % Mg ha™! %

Stemwood 34.5 + 1.00° 28.1 29.9 + 0.76° 21.7 31.5 + 1.35% 25.5
Stembark 5.1 +0.15° 4.1 4.1+ 0.10° 3.0 4.3+0.17° 3.5
Total leaf/needle mass 2.0 + 0.06° 1.6 9.1 +0.24* 6.6 5.3+ 0.17° 4.3
Current-year shoots 0.3 +0.01°¢ 0.2 0.6 4+ 0.02% 0.4 0.4 +0.01° 0.3
Older living branches 5.6 £0.17¢ 4.6 10.1 4+ 0.26% 7.3 8.8 +0.25° 7.1
Dead branches 0.3 £ 0.01°¢ 0.2 5.3 +0.14% 3.8 0.9 +0.04° 0.7
Roots 14.6 + 0.42° 11.9 17.6 + 0.51° 12.8 13.5 + 0.53° 10.9
Total AGB 47.8 + 1.40° 38.9 59.2 + 1.52° 42.9 51.2 + 1.99° 41.4
Whole tree 62.4 +1.82° 50.8 76.8 + 2.03° 55.7 64.8 + 2.52° 52.4
O-horizon 3.9+ 0.78° 3.2 6.5+ 0.77° 47 4.6 + 0.33% 3.7
Soil 0-10 cm 21.5 £+ 0.55° 17.5 18.8 + 0.75%® 13.6 18.0 +1.33° 14.6
Soil 10-20 cm 15.8 £ 0.67 12.9 15.3 + 0.74 11.1 16.6 £ 0.95 13.4
Soil 20-30 cm 13.8 £ 0.90 11.2 11.4+1.39 8.3 12.3 £1.47 9.9
Soil 30-50 cm 5.5+ 0.41 4.5 9.2 +1.48 6.7 7.4+1.19 6.0
Soil total 60.5 £+ 3.31 49.2 61.2+5.13 44.3 58.9 + 5.27 47.6
Ecosystem C stocks 122.9 +5.13° 100 138.0 + 7.16% 100 123.7 +7.79° 100
Harvested or self-thinned C* 0.2 + 0.08° 2.6 + 0.63%° 6.9 + 1.05°

" C stored in leaves, needles, and roots is not included in the harvested or self-thinned C compartments.
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competition where spruce is outcompeted by birch or pine (Huuskonen
etal., 2021; Aldea et al., 2021). This effect was also evident in our study,
where at the individual tree level birch grew similarly in both mixed
stands and monocultures, whereas spruce showed lower mean stem
volume production in the mixed stands. This contradicts previous re-
ports from the region (Tham, 1994; Huuskonen et al., 2021, 2022),
which have found that the negative effect of naturally regenerated
sheltering birch on the growth of improved spruce seedlings is relatively
low. A study based on a planted spruce-pine mixture (Holmstrom et al.,
2018) reported findings similar to ours, where the initially faster
growing pioneer tree species benefits from growing in a mixture, as it
lowers the overall competition for the dominant tree species of the stand
in comparison to a fully stocked monoculture of the same species.
Late-successional spruce can tolerate shade, but recent findings in boreal
forests have shown differences in belowground nutrient acquisition and
rooting strategy in spruce-pine example (Lutter et al., 2021a). The main
pools of available nutrients are located in the upper soil layers and the
fine root distribution of different species to explore vertical niches is
poor (Kalliokoski et al., 2010). According to Lutter et al. (2021a), spruce
has a proportionally wider lateral rooting area for nitrogen uptake than
pine in a mixed stand, indicating below-ground inter-specific competi-
tion. Spruce-birch mixtures occupy more fertile soils than spruce-pine
stands (Huuskonen et al., 2021), which might indicate below-ground
competition for water, especially as a result of more frequent and
longer drought periods during the summer. The results of PAI analysis
indicated that spruce monocultures will even further surpass mixed
stands and birch monocultures in stem volume. The higher PAI of mixed
stands in comparison to birch monocultures will most likely cause the
mixed stands to surpass birch monocultures in productivity in the near
future.

It should be borne in mind that our study compared the productivity
two decades after planting. The expected rotation cycle (based on
financial maturity) for such birch monocultures is approximately 35-45
years (Tullus et al., 2012) and 50-55 years for Norway spruce (Korjus
et al., 2011), which shows that this study reported the progress in pro-
ductivity at the mid-term rotation phase.

4.2. Ecosystem C stocks and allocation

The highest ecosystem C stocks that include both above- and
belowground C were found in spruce monocultures. Therefore, we can
reject our third hypothesis that two decades after afforestation the
mixtures of spruce and birch would show higher C stocks than the
monocultures of both species. However, we found significant differences
in C stock allocation between the studied stand types. The MAI and PAI
of stem volume were higher in the spruce monocultures, whereas the C
stocks of stemwood were highest in the birch monocultures. This can be
explained by the 30 % higher wood density and lower share of branches
in birch compared to spruce monocultures. A high share of C (18.1 %)
from the ecosystem stock in spruce monocultures was allocated in the
canopy. Two decades after afforestation, there was no effect of tree
species mixing on SOC stocks up to the maximum evaluated depth of
50 cm, disproving the second hypothesis. Some studies report that time
since afforestation, tree species identity, and former land-use type could
be more important drivers for SOC stability than tree species diversity
(Barcena et al., 2014; Mayer et al., 2020). Hence, two decades might not
be sufficient to influence mineral soil C levels on former agricultural
lands (Barcena et al., 2014). Forest floor (O-horizon) SOC stock was
higher in the spruce monocultures than in the birch monocultures. The
positive effect of conifers on forest floor SOC stocks have also been
described in other studies (Mayer et al., 2020). This can be explained by
the chemical characteristics and associated microbial communities of
spruce litter, which takes longer to decompose than the litter of decid-
uous trees (Buresova et al., 2021). The first soil survey of the studied
stands was carried out during the present study and therefore we are not
able to describe pre-planting SOC stocks. Previous studies focusing on
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former agricultural land afforestation on similar soils indicate no major
changes in SOC stocks in mineral soil layers during the first or second
decade with deciduous species (Lutter et al., 2016, 2023). SOC gain in
the forest floor seems to be the benefit of afforestation with spruce as it
started to accumulate after planting, whereas mixed stands or birch
monocultures do not support forest floor formation in the short-term
perspective.

4.3. Management implications

Boreal forest management systems have so far focused on growing
monocultural stands and there is limited information about the potential
advantages of mixtures. In terms of climate mitigation through C fixa-
tion in the ecosystem, mixing spruces and birches does not provide
additional climate benefits within two decades after afforestation of
former agricultural lands. Mixed forests have also been shown to
improve soil quality in comparison to conifer monocultures by raising
soil pH and increasing soil microbial activity, which result in higher
rates of C and N mineralization and increased SOC stocks (Smolander
and Kitunen, 2011; Lutter et al., 2019).

Based on our results, we cannot conclude that mixed stands
improved soil quality within 20-years after afforestation compared to
spruce monocultures, although the potential difference could take more
time to become evident (Huuskonen et al., 2021). Consistently higher
soil K concentrations in the birch monocultures most likely indicate the
legacy of different fertilization regimes of the agricultural lands in the
past. K concentrations in spruce monocultures and mixed stands stayed
in the range of afforested abandoned agricultural lands in the region
(Lutter et al., 2023).

From the economic perspective, logging costs are expected to be
higher in mixed stands, but the mixture may still be more profitable as
flexible management of two species is less affected by the volatile timber
prices of single tree species (Felton et al., 2016, Dosumu et al., 2024). C
allocation analysis showed that a high share of C in the spruce mono-
cultures was located in branches, which is later utilized for energy and
has a weak impact on climate mitigation (Lutter et al., 2021b; Myllyviita
et al., 2021). Birch allocated more C to stemwood, i.e., it had higher C
stocks in merchantable timber, which supports C storage in long-lived
wood products and provides additional climate benefits as a result of
avoided CO- emissions (Lutter et al., 2021b).

The potential advantages of a spruce-birch mixture over mono-
cultures cannot be assessed solely based on the present climate benefits
and ecosystem C resistance to climate change should also be considered
during species selection. Establishing a mixed forest can reduce the risk
of disturbances in the forest, especially compared to a spruce mono-
culture. In the mixed stands, the spruces were shaded by the dominant
birches, which should reduce water stress during dry summers and lower
the intensity of bark beetle outbreaks (Jakus et al., 2011). Additionally,
the dimensions of spruces remained smaller in the mixed stands making
them less attractive to bark beetles (Karvemo et al., 2014).

5. Conclusions

We studied the effect of mixed spruce and birch stands on yield,
carbon storage, and soil quality two decades after planting on former
agricultural land in hemiboreal Estonia. We did not find advantages of
species mixing over monocultures based on stem volume production or
ecosystem C stocks. However, we found that aboveground C allocation
was different in birches and spruces as in spruce monocultures a higher
share of C was located in the branches. There was no effect of stand type
on SOC stocks in the mineral soil, but spruce monocultures showed
higher SOC stocks in the forest floor. At the individual tree level, spruces
showed higher average growth rates in monocultures and were sup-
pressed in mixed stands in terms of their stem volume mean annual
increment.

In conclusion, two decades after afforestation, spruce monocultures
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provided higher climate benefits than spruce-birch mixed stands and
birch monocultures at the ecosystem level. Longer observations span-
ning the entire rotation cycle are needed to assess C stock stability and
avoided C emission levels resulting from the substitution effect of wood.
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