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Carbon balance of an afforested wasteland: A
case study to quantify emission offset units

Increasing carbon sequestration in land ecosystems is a common way to offset greenhouse gas
emissions. We studied the carbon balance of an afforested wasteland site to demonstrate a
method to quantify the offset units. The site manager spread an organic waste layer and
planted spruce and birch seedlings with sown grass at the site. We monitored the carbon
dioxide (CO;) balance and vegetation development for two years. We also projected the CO;
balance during the next 30 years using a process-based model and discussed implications for
emission offsetting.
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RAINNE?, JARI LISKI?, LIISA KULMALA!
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Introduction. The lack of feasible means to monitor and forecast improved carbon sequestration in land ecosystems limits the
applicability of these ecosystems in greenhouse gas offset projects. We developed an approach that combines measurements and
modelling to produce these estimates. Here, we demonstrate this method by applying it to a use case and estimate the 30-year carbon
balance of an afforested wasteland.

Materials and methods. The study site in Southern Finland (60.8°, 25.2°) is located on a one hectare plot, which had previously been a
clay quarry. The soil was condensed clay with poor growth conditions hampering the forest to generate naturally. In early 2020, there
was a sparse occurrence of grasses and herbs with some small but dead tree saplings standing after an earlier unsuccessful afforestation
attempt. In spring 2020, the clay soil was levelled, and approximately 30 cm layer of mixed organic waste material (app. 17.4 kg C m2,
see Supplementary material) was spread on top. The organic waste was easily decomposing organic matter and was mainly composed
of bark, woody materials and composted sludge. In June 2020, 850 spruce (Picea abies) and birch (Betula sp.) seedlings were planted and
Festuca pratensis was sown on the site, but a notable share of the trees died soon after planting due to a heatwave with low precipitation.
In early 2021, the densities of spruces and birches were 167 and 267 ha! with the mean heights of 22 and 41 cm, respectively. In 2022,
the site was dominated by Festuca pratensis and naturally generated herbs, such as Chamaenerion angustifolium, Artemisia vulgaris,
Cirsium arvense, and Tripleurospermum inodorum. After planting additional spruce seedlings, the densities of spruces and birches were
800 and 267 ha! with mean heights of 45 and 142 cm, respectively.

Continuous micrometeorological data were collected with eddy covariance method (Aubinet et al. 2012) from June 23 2020 to June 29
2022. Automatic measurements of air temperature and humidity, soil temperature and moisture, global and reflected solar radiation,
photosynthetically active radiation, leaf area index and precipitation were also collected, and the site was mapped with aerial drone
imagery. In addition, manual chamber measurements of CO, fluxes were performed during the main growing season. The measurement
instrumentation and data processing are described in detail in the supplement.

The soil properties and vegetation in the land surface model JSBACH (Kaminski et al. 2013) were set up to match the conditions at the
site. In JSBACH the soil carbon dynamics are simulated with soil carbon model Yasso (Tuomi et al. 2009). The model was driven with
hourly ERA5-Land reanalysis data of 2m air temperature, precipitation, 2m dewpoint temperature, surface solar and thermal radiation
and 10m wind speed data (Mufioz Sabater et al. 2019) from June 2020 until June 2022. Model parameters related to soil moisture
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dynamics and plant growth were adjusted in order to replicate the measurements adequately. Then, the model was run for a 30-year
period (2021-2050) forced with EURO-CORDEX data (Jacob et al. 2014) for different vegetation setups: 1) the factual vegetation assuming
trees gradually take up land area from the ground vegetation, 2) only grass, 3) only birch, 4) only spruce and 5) no vegetation representing
emissions arising mainly from the waste. All the model runs followed the RCP4.5 emission scenario. The model setup is described in detail

in the supplement.

Results. Both the observed and the modeled CO, exchange indicate that the site was a source of atmospheric carbon (Fig. 1). During the
first two years, the observed annual net exchange of CO, revealed net emissions of 2141 and 2136 g C m? from the site to the
atmosphere. JSBACH was able to simulate the momentary CO, exchange dynamics fairly well, but it underestimated the large CO,
emission originating from the decomposing substrate in June—July 2020 (Fig. 1). On average, the modeled CO, exchange was 84 % of the
observed one during the two measurement years. Furthermore, the manual chamber measurements agreed with the automatic
observations of the fast decomposition of the soil substrate (see the supplement). The minor mismatch between the model and
observations covered only a short period of the whole simulation time and affected all scenarios similarly. Therefore, it was not
considered in the future carbon balance estimations.
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FIG 1: Observed 30 min (red) and modeled hourly (blue) net ecosystem exchange of CO, (NEE) from June 2020 to June 2022. Negative
and positive values indicate that the site has acted as a sink or a source of atmospheric carbon, respectively.

All future simulations projected large positive net ecosystem exchange (NEE) during the first years (Fig. 2) due to large emissions from
the decomposing organic material. The simulations for the site with the factual vegetation (setup 1) or for grass only (setup 2) projected
smaller initial emissions than the simulations for trees alone (setup 3 and 4), due to higher photosynthetic production of grass compared
to the small tree seedlings. In the second half of the simulated period, the dense spruce stand had the greatest sink of atmospheric
carbon on an annual scale. The simulations with high grass proportion were sensitive to annual variations in the meteorological forcing
and therefore a distinct annual source or sink of carbon was not established even during the end of the simulated period (Fig. 2). For the
period from the beginning of 2021 until the end of 2050, the simulations predict a carbon emission of 4.2 kg C m*2 for the site setup, 2.9
kg C m2 for only birch, 6.2 kg C m-2 for only grass, and 4.0 kg C m*2 for only spruce. The emissions from the growing media alone were
estimated to be 13.3 kg C m, hence the afforestation in the manner it was actually performed, called the site setup, decreased 9.1 kg C

m-2 of the emissions arising from the waste.

Conclusions. Afforestation is considered as a possibility to mitigate climate change in the land use sector. In this case study, the
regeneration of vegetation was supported by bringing easily decomposable organic waste onto the site. However, high emissions from
this substrate dominated the CO, exchange between the site and the atmosphere during the first years. On the other hand, the emissions
from the substate, i.e., waste material, would have occurred anyway, therefore the operation supporting the survival of vegetation did
offset 9.1 kg C m of the emissions arising from the waste during the following 30 years.
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FIG 2: Estimated annual carbon balance for the actual site and the alternative simulations for grass, birch, spruce, and non-vegetated
sites from 2021 to 2050.
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