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Abstract

Yasso07 soil carbon model was used to estimate soil carbon balance in dry forest site types (6 site types in total)
in Latvia and the results were compared with data from Biosoil2012 soil surveys. Litter input, chemical quality
and climatic data are required to run the model. Three different scenarios were used for climate data input — steady
climate, climate change + 0.025 °C annually and climate change + 0.05 °C annually.

Forest mineral soil is a carbon sink for the whole modelled period - the years of 1990 — 2030. Under steady climate,
the average carbon removal is 0.6 t CO, ha yr', under climate change (+ 0.025 °C) scenario 0.4 t CO, ha" yr, but
under climate change (+ 0.05 °C) scenario 0.3 t CO, ha! yr'. CO, removal at the beginning of the period (1990) was
0.35-0.38t CO, ha' yr'. Carbon stock modelled with Yasso07 is lower than estimated in Biosoil2012 soil surveys.
Differences between modelled and Biosoil2012 results vary from 2 t C ha in the poorest and 41 t CO, ha™ in the third
poorest site type. Carbon stock modelled with Yasso07 increases from the poorest to the most fertile site type while
Bio0s0il12012 shows an increase from the poorest to the third poorest, and a decrease from the third poorest to the most
fertile site type. Underestimation and different trends between Yasso07 and measured carbon stock may be explained
by inappropriate equations and models used to estimate non-woody biomass. It is necessary to improve accuracy of
input data for non-woody biomass by elaborating national equations and models in order to include Yasso07 in the

national GHG inventory.
Key words: carbon, mineral soil, forest, modelling.

Introduction

Soil is one of the largest terrestrial carbon pools
(Schimel, 1995; Schlesinger & Andrews, 2000). One
third to fifth of the total soil carbon pool is stored in
organic soils (Gorham, 1991; Yu et al., 2010), the rest
in mineral soils. It is estimated that approximately two
thirds of terrestrial carbon pool in the long term are
involved in active interaction between the atmosphere
and soil (Post et al., 1982), and more carbon is stored
in soil than is present in the atmosphere (Davidson &
Janssens, 2006). Thus, alterations in this cycle may
accelerate rates of global warming. Furthermore, the
temperature increase may intensify fluxes of carbon
from soil (Cox et al., 2000; Wieder, Bonan, & Allison,
2013).

A large proportion of carbon stored in mineral soils
is in forest ecosystems (Pan et al., 2011), especially
in high latitudes (Dixon et al., 1994). Although the
importance of forest mineral soils to a global carbon
cycle is high, it is not mandatory to report emissions
from forest mineral soils in the National Greenhouse
Gas Inventory. This is related to the complexity of
those processes and lack of data (Buchholz et al.,
2014).

The whole carbon cycling in forest ecosystem is
not complete if soil carbon is not included. Some of
the forestry practices may contribute to climate change
mitigation through a higher energy wood production,
for example, stump removal or removals of residues
during harvesting (Lazdins & Mattila, 2012). At
the same time, it may negatively impact soil carbon
storage (Kataja-aho et al., 2012).

There are several factors which significantly affect
the soil carbon balance. It is worth mentioning such
abiotic factors as temperature (Schimel et al., 1994,
Trumbore, Chadwick, & Amundson, 1996), moisture
(Davidson, Belk, & Boone, 1998), soil texture (Richter
et al., 1999; Krull, Baldock, & Skjemstad, 2003) and
more complicated biotic factors as microbial activity
(Wieder et al., 2013). Moreover, the interaction
between those factors may significantly change
intensity and direction of impact for each of those
factors. Usually soil temperature rise causes increased
CO, fluxes from soil (Schimel et al., 1994; Trumbore
et al., 1996). But if the temperature rise interacts with
drought, it may significantly reduce CO, emissions
(Griinzweig et al., 2009; Dato et al., 2009; Joos et
al., 2010). The complexity of impact of those factors
limits the possibility to elaborate simple and reliable
emission factors for mineral soil in greenhouse gas
inventory. In order to solve the problem, soil carbon
models can be used.

There are several models available to model soil
carbon cycling in mineral soils, including Yasso07 soil
carbon model. Yasso07 is a dynamic soil carbon model,
created specifically for forest mineral soils (Liski et
al., 2005). The impact of main climatic variables,
such as temperature and precipitation, is considered in
the model. One of the advantages of Yasso07 against
other models is its simplicity. Input data can be easily
measured or calculated from measured data.

Yasso07 model is used in this study to calculate
the carbon balance in forest mineral soil at a national
scale. The aim is to estimate the soil carbon balance in
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dry forest site types in Latvian forests with Yasso07
soil carbon model and to evaluate the applicability
to include results in the national greenhouse gas
inventory.

Materials and Methods

Yasso07 is a dynamic soil carbon model. The model
can be used for different mineral soils worldwide and
it is not limited by climatic or geographic conditions
(Liski et al., 2005; Tuomi et al., 2011). Litter input
data, climate data and initial state of soil are necessary
to run the model.

Litter input is formed by dead wood which is
accounted directly in NFI and from living biomass.
The average growing stock diameter data for each
forest type of dry site type forests was used to calculate
the total above and below ground living biomass. The
data was collected from the National Forest Inventory
(NFI). According to the Latvian forest classification
system, there are 6 forest types under dry site type
forests which represent dry mineral soils, ranked from
the least to the most fertile: cladinoso-callunosa (Cl),
vacciniosa (Va), myrtillosa (My), hylocomiosa (Hy),
oxalidosa (Ox), aegopodiosa (Ae) (Zalitis & Jansons,
2013).

The growing stock is in m® ha'! units. Biomass
conversion factors created by LSFRI Silava were used
to convert from volume to above- (stem, branches)
and below-ground (stumps, roots) biomass units in
tons (unpublished). Biomass in foliage and bark was
calculated using biomass equations created by Repola
(Repola, Ojansuu, & Kukkola, 2007; Repola, 2009).
Fine root biomass was calculated depending on the
tree species, from the results published by Finer et
al. (2011). It was assumed that fine root biomass is
dependent only on the tree species. The respective fine
root biomass per hectare values is 3.38 t C ha™! for pine
and spruce and 3.20 t C ha™! for deciduous trees.

It was assumed that litter production from living
biomass is linear and proportional to the total biomass
of each group of biomass. Coefficients of litter
production rates are shown in Table 1. These litter
production rates are created in Finland for boreal
forests (Lehtonen et al., 2004; Starr et al., 2005; Liski
etal., 2006).

Tree species are divided in three classes: pine,
spruce and deciduous. Rates for deciduous trees are
originally created for birch, but they are used for other
deciduous species too.

Litter input from ground vegetation is
0.506 t C ha'! yr' for myrtillosa and hylocomiosa
site types. The source of this value is Finnish
national greenhouse gas emission inventory, the litter
production rate of ground vegetation for southern
Finland. The ground vegetation litter production
in cladinoso-callunosa, vacciniosa, oxalidosa and
aegopodiosa site types is, respectively, 0.5, 0.75, 1.25
and 1.5 times of 0.506 t C ha'! yr'.

Fallen and cut down trees are accounted directly
in NFT and this is also a source of litter. All tree stems
that have been fallen or cut down (including stumps
of those trees) and left in the forest are accounted
for as coarse woody litter (diameter > 10 ¢cm). Other
compartments are fine woody (< 10 cm) or non-woody
biomass. Biomass of different groups of biomass of
fallen or cut down trees was calculated using the same
biomass equations as for living biomass.

Considerable litter input is produced from cut
down and removed trees. Although stems have been
removed from the forest, stumps and roots are left
for decomposition. It is assumed that also 50% of
branches are left in the forest, others are removed as
biofuel.

Yasso07 requires input data for chemical quality of
litter input. Chemical quality is divided into 4 classes
according to the solubility of organic compounds
in different solvents — acid soluble, water soluble,
ethanol soluble and non-soluble (Table 2). There are
5 different groups of litter. The data about quality of
different groups of litter are from Yasso07 user manual
(Liski, Tuomi, & Rasinmaki, 2009).

Zero level was chosen for the initial state (no
carbon in soil), because of land use history in Latvia.
Vast areas of forest historically were agricultural lands
which were afforested later. That is why the trend of
carbon stock in soil should be increasing over the
past century. The model was run for 200 years for
calibration purposes. The input data of 1990s was
used for calibration.

Table 1
Annual litter production rates proportionally to biomass of different groups of biomass
Litter production .
rates Needles Branches Bark of stems | Bark of stumps Roots >2mm Fine roots
Pine 0.25 0.020 0.0052 0.0029 0.018 0.85
Spruce 0.10 0.013 0.0027 0.0000 0.013 0.85
Deciduous 0.79 0.014 0.0029 0.0001 0.014 0.85
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Table 2

Annual litter production rates proportionally to biomass of different groups of litter

Groups of litter Tree species Acid soluble Water soluble Ethanol soluble Non soluble
Stem pine 0.67 0.03 0.01 0.29
spruce 0.67 0.02 0.01 0.31
deciduous 0.7 0.02 0.01 0.28
Branches pine 0.46 0.02 0.08 0.43
spruce 0.67 0.02 0.01 0.31
deciduous 0.7 0.02 0.01 0.28
Fine roots pine 0.58 0.13 0.06 0.23
spruce 0.55 0.13 0.07 0.25
deciduous 0.43 0.2 0.1 0.27
Foliage pine 0.52 0.18 0.09 0.22
spruce 0.48 0.13 0.07 0.32
deciduous 0.43 0.2 0.1 0.27
Vegetation all 0.27 0.47 0.23 0.03

Three different scenarios were used for climate
input data. The first scenario is steady climate.
Interannual climatic data were used for this scenario.
The average temperature is + 5.9 °C, precipitation —
667 mm and monthly temperature variation — 7.8 °C.
The second is climate change scenario. It was assumed
that the annual raise of temperature is + 0.025 °C since
1990 in this scenario. The third scenario is climate
change with + 0.05 °C annually. In both climate
change scenarios interannual data is used until 1990.

Results of Yasso07 were compared with results
from the forest soil inventory in 2012. Soil inventory
throughout the country was done within Biosoil soil
surveys in 2006 and 2012. Soil samples down to
80 cm soil profile were collected with soil volumetric
sampler to estimate soil dry bulk density and carbon
content.

Mean organic carbon stock in m’ ha! was
calculated from Biosoil data for 5 of 6 forest site types
in dry mineral soils. No data was available for the
most fertile site type — Adegopodiosa. In total, all 55
sample plots representing forests on dry mineral soil
in Biosoil were used in calculation, respectively, 3, 5,
13, 21 and 13 sample plots for cladinoso-callunosa,
vacciniosa, myrtillosa, hylocomiosa and, oxalidosa.

Results and Discussion

Under the steady climate scenario, the forest
mineral soil is a stable carbon sink. The model shows
carbon removals for the whole 1990 — 2030 period.
High peaks and changes since 2009 are related to
the availability of NFI data. This is the time when
the first NFI cycle was completed in 2008 and the
second cycle of NFI was started and more accurate
information about tree biomass changes and dead

wood production was available. The average NFI data
values were extrapolated for the period before. The
average CO, removals for steady climate scenario are
~0.6t CO, ha" yr'. Removals vary from 0.2 t CO, ha
to 1.0 t CO, ha' yr' (Figure 1). Even if the climate
change is considered, forest mineral soil still acts as a
sink not source of CO,. Under the most severe climate
change scenario (+0.05°C annually), soil is a source
of CO2 only for one year. All other time the forest
mineral soil is CO, sink (0.1 — 0.7 t CO, ha yr").

De Wit et al. (2006) reports 0.29 t CO, ha' yr'
for year 1990 in Norway, also modelled by Yasso07,
which is slightly lower compared to our results
0.38 t CO, ha yr'. Almost similar results to Wit et
al. (2006) are also reported by Rantakari et al. (2012)
for Finnish forest mineral soil 0.27 t CO, ha' yr'.
Higher removals in our study can be explained by land
use history. Our forests are relatively young. During
the last century, the total area and growing stock in
Latvian forests have doubled. The increase originates
from afforestation of grasslands and croplands, which
generally have a lower soil carbon stock.

The results are highly sensitive to carbon input
data. Especially, the variation of total carbon input
through woody biomass (Thiirig et al., 2005). It is
concluded by Thiirig ef al. (2005) that the removal of
fallen trees after strong windthrows may turn soil from
sink to source. Our study shows that there is strong
correlation between changes in total carbon input in
soil and changes in net carbon balance (r = 0.98). The
peaks in CO, balance correlate with peaks in litter
input. The smallest estimated litter input is in 2010
when the lowest CO, removals have been modelled,
while the highest C input is in 2014, followed by the
highest CO, removals.

30
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Figure 1. CO, net removals in forest mineral soils.

If the average forest productivity per area unit
will keep increasing or stay at the current level, litter
production rate also should increase or stay at the
current level. And forest mineral soil will be carbon
sink also for the next two decades. It is not projected
that mineral soil in forest may turn to a carbon source
even under climate change. Furthermore, it is predicted
that climate change and following temperature
increase and longer vegetation season may accelerate
tree growth (Jansons et al., 2013, 2014, 2015).

Carbon stock modelled with Yasso07 (in 2012,
steady climate scenario) was compared with data from
Biosoil soil surveys to evaluate the modelled results
(Figure 2). The trend is to underestimate carbon stock
with Yasso07. In 5 of the 6 (no data for the most fertile
site type in Biosoil) dry site forest types the carbon
stock is smaller with Yasso07 compared to inventory
results from Biosoil. There are only slight differences
in the poorest cladinoso-callunosa site type and the
second most fertile oxalidosa site type (6 t C ha! yr!
and 2 t C ha! yr!). For those site types, with average
fertility, differences are bigger, with the biggest for the
third poorest site type myrtillosa (42 t C ha! yr).

Results modelled with Yasso07 show an increasing
trend in carbon stock from the poorest towards the
most fertile site type, with the least carbon stock in the
poorest cladinoso-callunosa site type and the biggest
carbon stock in the most fertile site aegopodiosa.
This trend is not present in Biosoil surveys. Biosoil
shows an increasing trend from the poorest to the third
poorest site type. Then the trend is getting opposite
and carbon stock is decreasing from the third poorest
to the most fertile site type.

Carbon stock modelled by Yasso07 strongly
correlates with the total carbon input data. The
highest average carbon input is in the aegopodiosa
site type (most fertile) and is 76%, 56%, 41%, 25%

and 20% higher than the other site types ranked from
the poorest to most fertile (Table 3). Carbon input is
the main factor influencing carbon stock in different
forest types. Biosoil results highlight the impact
of other factors, also influencing carbon storage in
soil. Organic matter decomposition in fertile soils is
usually faster than in poor soils. This is partly driven
by vegetation differences between fertile and poor site
types. Vegetation in fertile forests is dominated by
deciduous trees and herbs in the ground vegetation,
compared to coniferous trees, mosses and lichens
in poor sites. Theoretically, the impact of type of
vegetation on carbon cycling should be excluded
by chemical composition data input in YassoO7.
However, there is a lack of reliable input data for
non-woody biomass, which is the main carbon input
pool. There is almost no information about the ground
vegetation biomass dynamic among forest types and
vegetation types for Latvian forests. The share of total
carbon input through ground vegetation is 8% — 12%.
Furthermore, the biggest pool for carbon carbon input
is fine roots (40% — 70% of total input), but this is
the most uncertain pool at the same time. Additional
errors may be caused by unsuitable non-woody tree
litter production rates for our conditions (8% — 20%
of total input). Litter production rates are calculated
based on studies from boreal vegetation zone.
Overall, the share of non-woody biomass to
the total carbon stock is 70%, of which the share of
ground vegetation, fine roots and non-woody litter
is, respectively, 15%, 9% and 46%. Considerable
contribution to carbon cycling shows the necessity for
more accurate input data for those pools. Currently,
there are no suitable models or equations elaborated
for local conditions to calculate carbon input to soil
from non-woody biomass. All input data, except fine
roots, for non-woody biomass have been calculated
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Figure 2. Organic carbon stock in different forest site types (Error bars shows 1 SE, Cl - cladinoso-callunosa,
Va - vacciniosa, My - myrtillosa, Hy hylocomiosa, Ox - oxalidosa, Ae - aegopodiosa).

Table 3
Carbon input in soil by different groups of biomass and forest site types
(all given values are in tons ha! yr')
- Cl Va My Hy Ox Ae
Coarse woody biomass (> 10 cm) 0.03 0.06 0.17 0.28 0.56 0.79
Woody biomass (< 10 cm) 0.23 0.38 0.46 0.73 0.57 0.80
Non-woody biomass 343 3.74 4.00 4.18 4.30 491
Total 3.68 4.18 4.62 5.20 5.44 6.50

using data from boreal vegetation zone. Fine root data
reported by Finer et al., (2011) are compiled from
literature for boreal, temperate and tropical forests.
Still, the data are rough and with a high uncertainty as
may be expected if the global datasets are used.

Conclusions

Soil at dry forest site types is a carbon sink. Soil
will continue to sequester carbon at least for the next
two decades even under changing climate. Results
with Yasso07 show underestimation of carbon stock
when comparing modelled results with measured ones
in Biosoil2012 soil survey. There are also different
trends between site types among fertility gradient.
Yasso07 shows an increasing trend from the poorest
to the most fertile site, while there is no such a trend in
Bios0il2012. These inconsistencies may be explained
by inappropriate non-woody biomass input data. In
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