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The conversion of coniferous forest to deciduous forest is accompanied by changes in the vertical distribution of fine roots and soil organic carbon (SOC) content. It is unclear how these changes affect soil CO2 efflux and vertical soil CO2 production, considering changing climate. Here, we present the results of a 6-year study on CO2 efflux, covering relatively warm-dry and cool-wet years. A combination of the flux-gradient method and closed chamber measurements was used to study the CO2 efflux and the vertical distribution of soil CO2 production in a beech (Fagus sylvatica L.) and a pine (Pinus sylvestris L.) forest in northeast Germany. We observed, on average, similar CO2 efflux with 517 (±126) and 559 (±78) g C m–2 a–1 for the beech site and the pine site, respectively. CO2 efflux at the beech site exceeded that at the pine site during the wet year 2017, whereas in dry years, the opposite was the case. Water availability as indicated by precipitation was the primary determining long-term factor of CO2 efflux, whereas seasonal variation was mainly affected by soil temperature, and—in the case of beech—additionally by soil water content. CO2 efflux decreased more dramatically (-43%) at the beech site than at the pine site (-22%) during the warm-dry year 2018 compared to the cool-wet year 2017. We assumed that drought reduces heterotrophic respiration (Rh) at both sites, but additionally decreases autotrophic respiration (Ra) at the beech stand. Soil CO2 production at the beech site ranged over a greater soil depth than at the pine site, attributed to different fine root distribution. The organic layer and the A horizon contributed 47 and 68% of total CO2 efflux at the beech site and the pine site, respectively. The seasonal patterns of different CO2 efflux between both sites were assumed to relate to different phases of tree physiological activity of deciduous compared to evergreen tree species.
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INTRODUCTION

Forest ecosystems store more than 80% of all terrestrial aboveground carbon (C) and more than 70% of all soil organic carbon (SOC) (Six et al., 2002). In other words, significant amounts of carbon are fixed in forest soils, representing an essential source or sink of greenhouse gases such as carbon dioxide (CO2) and methane (CH4), depending on their long-term C balance. German forest ecosystems store approximately 2.5 billion tonnes of carbon (=224 Mg C ha–1), more than half of which is assumed to be located in the soil compartment (Wellbrock et al., 2017). In a system in a steady state over the long term, the amount of organic carbon stored in the soil is determined by carbon inputs from aboveground and belowground plant-derived detritus on the one hand, and carbon losses via decomposition processes and heterotrophic respiration (Rh) on the other. In addition, autotrophic (root-derived) soil respiration (Ra) contributes to soil CO2 production, depending on the physiological activity of trees. In turn, these fluxes are determined by the soil’s physicochemical properties and by climate variables, especially temperature and precipitation.

For centuries, Germany’s natural deciduous forests have been converted into fast-growing coniferous forests (Wulf et al., 2017). The country’s forests are currently dominated by coniferous tree species, with Scots pine (Pinus sylvestris L.) predominating in the northeast German lowlands (BMEL, 2015; MLUL, 2015). In recent decades, forest management has undertaken significant efforts to convert the homogeneous, even-aged coniferous forests into more close-to-nature deciduous forests. The reasons for this conversion are to (1) increase the stability of forests against detrimental atmospheric deposition, climate change and other hazards; (2) enhance biodiversity; (3) increase ground water recharge and carbon sequestration; and (4) improve the chemical status of soils (Zerbe, 2002; Spiecker, 2003; Schröder et al., 2007; Müller, 2009; Achilles et al., 2021). The previous conversion of natural deciduous forest into coniferous forest and the reconversion that began a few decades ago, were accompanied by a number of ecological consequences (Leuschner et al., 2022). Coniferous and deciduous forests differ in their SOC stock and their vertical SOC distribution. Germany’s National Forest Soil Inventory (NFSI) has shown that pine forests have significantly higher C stocks in the soil organic layer than beech and other deciduous forests but lower stocks in the mineral soil (Grüneberg et al., 2019). Similar results regarding carbon stocks were found in the Austrian Forest Soil Survey but without differences in their vertical gradients (Jandl et al., 2021). Reasons for this included different lignin contents and C/N ratios; moreover, litter from leaves and needles differ in decomposability, resulting in different SOC stocks in the organic layer and mineral soil, as well as in different humus forms and chemistry (Fischer et al., 2002; Leuschner et al., 2013; Vesterdal et al., 2013; Diers et al., 2021). Moreover, fine root biomass was found to be 6.5 times higher and fine root productivity 1.9 times greater in beech stands than in pine stands (Förster et al., 2021). As a result, forest management that seeks to convert forest may be accompanied by considerable changes in the soil carbon budget, including soil CO2 production.

The increasing frequency, intensity and duration of drought and heat stress across much of the northern Hemisphere are affecting the growth, development and functions of forest ecosystems, from immediate reductions in the metabolic activity of plants and soil organisms to shifts in species distribution during prolonged or recurrent drought (von Rein et al., 2016; Schimel, 2018). Notably, information is lacking concerning mature forest ecosystems, where these processes are particularly difficult to quantify. Monitoring changes in soil carbon stocks and fluxes is a current challenge in the context of soil carbon sequestration and the development of mitigation strategies (Bispo et al., 2017), in part because of reporting requirements on the carbon balance of forests concerning the Kyoto Protocol reporting obligations (Krug, 2018) and the associated methodological uncertainties. To provide a more mechanistic understanding of changes in C fluxes, it is essential to apply long-term continuous measurement approaches with a high temporal resolution to establish a process-related baseline of natural exchange, production and transport of CO2. It is particularly necessary to assess the influence of short-term effects from precipitation events or sudden temperature changes on the soil CO2 budget. For this reason, it is essential to better understand the processes of soil carbon dynamics and, ultimately, the rates of carbon release.

CO2 efflux from soils is, after photosynthesis, the second-largest carbon flux in terrestrial ecosystems and plays a vital role within the global carbon budget (Bond-Lamberty and Thomson, 2010). Since aboveground plant parts are readily accessible, carbon-related processes of those compartments can be measured quite reliably providing data for the calibration of models. In contrast, belowground processes generally remain incompletely understood, and simulations are subject to significant uncertainties; this often leaves open the question of whether the ecosystem can even be considered a carbon store and active carbon sink, or a source of carbon (Peltoniemi et al., 2007; Mol Dijkstra et al., 2009). For this reason, measurements are required to calibrate the belowground processes of terrestrial ecosystem models on regional to global scales in more detail.

Soil CO2 production is strongly influenced by substrate availability; consequently, it is linked to photosynthesis, processes transporting carbohydrates to roots and mycorrhizae, and the production of dead organic matter such as aboveground and belowground litterfall (Ryan and Law, 2005). Due to the temperature-sensitivite nature of soil CO2 production, it has been subject to various studies on the consequences of climate change on the carbon budget of terrestrial ecosystems. Processes involved in biomass production, such as photosynthesis and plant respiration on the one hand and the decomposition of soil organic matter on the other, might react differently to changing climate. This would affect the carbon balance of ecosystems, with consequences for the C sequestration potential (Davidson and Janssens, 2006). To unravel the reactions of soil CO2 production to changing climate, it is necessary to distinguish between these processes. Soil temperature and soil moisture are the main factors that influence soil CO2 efflux, which is usually interpreted as instantaneous soil CO2 production, which is not always true (Maier et al., 2011). Nevertheless, the effect of these factors on the distribution of CO2 production in a soil profile has been little studied since it requires partitioning vertical CO2 production, e.g., by applying the flux-gradient method (FGM) (De Jong and Schappert, 1972; Tang et al., 2003; Maier and Schack-Kirchner, 2014; Osterholt et al., 2022).

Here we present 6-year measurements of soil CO2 efflux and vertical partitioning of CO2 production at two intensive forests monitoring sites located on sandy soils in the northeast German lowlands: a European beech (Fagus sylvatica L.) and a Scots pine (Pinus sylvestris L.) forest stand. The sites are part of the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests), launched in 1985 under the UNECE Convention on Long-Range Transboundary Air Pollution (ICP-Forests, 2021). The intensive monitoring of ICP Forests (Level II) initially aimed to clarify the cause-and-effect relationships of air pollution on the vitality of forests but it was expanded in the 1990s to include issues related to climate change and the importance of forests as carbon sinks (Lorenz and Fischer, 2013). Our study relies on a measurement system that allows continuous recording of CO2 concentrations at different soil depths. CO2 efflux and the vertical distribution of CO2 production in the soil were calculated using the FGM, based on measured CO2 concentrations at the soil surface and different soil depths down to 1 m. An essential aspect of this study was the optimisation of several parameters of the FGM through inverse modelling. In the process, we endeavoured to avoid known problems in applying the FGM, such as inappropriate soil gas diffusion coefficients or negative CO2 production rates when applying the FGM with defined model parameters (Wordell-Dietrich et al., 2020). The idea of including inverse modelling was to obtain more meaningful comparisons of the dynamics and vertical distribution of soil CO2 production at a beech and a pine forest site under various meteorological conditions.

The main objective was to study the short-term effects and long-term trends of soil CO2 production and efflux in a beech forest and a pine forest and to determine how soil moisture and temperature regimes affected that CO2 production. Special emphasis was placed on the comparison of the vertical distribution of soil CO2 production between both sites, which required the application of the FGM.

We hypothesised that (1) temperature and precipitation effects are the most sensitive factors for soil CO2 production and its vertical distribution at the (1a) inter-annual and (1b) seasonal time scale. We also hypothesised, that (2) tree species characteristics and soil properties such as seasonal patterns of leaf area index (LAI), vertical distribution of SOC and fine roots all influence (2a) seasonal variation as also (2b) vertical and (2c) horizontal distribution of soil CO2 production, as well as (2d) the sensitivity of CO2 efflux to drought.



MATERIALS AND METHODS


Investigated Forest Sites

We investigated two mature forest stands, a European beech (Fagus sylvatica L.) and a Scots pine (Pinus sylvestris L.) forest, both representing intensive monitoring plots in the ICP Forests programme (ICP-Forests, 2021), located in Brandenburg, northeast Germany. The beech stand (Beerenbusch, ICP Forests Level II plot number 04-1207, long. 12.99 dec°, lat. 53.15 dec°) consists of a pure, 126-year-old (in 2014) beech forest, with 216 stems ha–1, a basal area of 29 m2 ha–1, and 95% canopy coverage. The herb layer of ground vegetation covers only 1%, and the moss layer 5% (mainly Hypnum cupressiforme Hedw. S. Str.). The plant community is classified as a Majanthemo-Fagetum. The pine stand (Kienhorst, 04-1203, long. 13.64 dec°, lat. 52.98 dec°) consists of a 110-year-old (in 2014) pine forest (338 stems ha–1, basal area 38 m2 ha–1, 75% canopy coverage) with minor contributions of rowan (Sorbus aucuparia L.), silver birch (Betula pendula ROTH.), and black cherry (Prunus serotina EHRH.) trees, each covering 1%. The herb layer of ground vegetation covers 80%, consisting mainly of blueberry (Vaccinium myrtillus L.) and hairgrass [Deschampsia flexuosa (L.) Trin.]. The moss layer consists mainly of neat feathermoss [Scleropodium purum (HEDW.) LIMPR., 75% coverage] and red-stemmed feathermoss [Pleurozium schreberi (Brid.) Mitt., 20%]. The plant community is classified as Vaccinio-Pinetum.

The humid climate is similar for both sites with mean annual temperatures (MAT) of 8.6°C (beech) and 9.2°C (pine) and mean annual precipitation (MAP) of 594 and 576 mm a–1, respectively, according to nearby German Meteorological Service (DWD) weather stations for 1981–2010.

Both sites are located on sandy soils within a Late Pleistocene landscape. The soil of the beech site is classified as Brunic Arenosol (Dystric) according to WRB (2015) within a Weichselian outwash plain (sandur) in the foreland of Late Pleistocene terminal moraines. The soil of the pine site is classified as Haplic Podzol. The beech forest soil is characterised by higher silt and clay contents compared to the pine forest. The humus form of the beech forest soil is mull-like moder (thickness of Of/Oh = 3.8 cm), while raw humus (thickness of Of/Oh = 6.3 cm) was prevalent at the pine site. Accordingly, the soil of the beech stand is characterised by a lower C/N ratio, a higher pHKCl value, and higher base saturation in the organic layer. The soils are decalcified down to depths of at least 1.7 m. Below this depth, carbonaceous sediments raise the pH to >7.0. A detailed analysis of the soil profiles according to Germany’s second National Forest Soil Inventory (NFSI II) (König et al., 2005; Wellbrock et al., 2016; Höhle et al., 2018) is presented in Table 1. The distribution of fine roots was studied in 1995 at the pine site (Riek and Strohbach, 2001) and in June 2002 at the beech site (Lachmann, 2002). To this end, soil profiles of 4 m width and 2 m depth were established near at least two trees at a distance of 0.5–1 m at a typical site of the stand, and the number of fine and coarse root tips was counted in a grid of 0.1 × 0.1 m.


TABLE 1. Soil physical and chemical properties of the beech stand and the pine stand.

[image: Table 1]
LAI, measured in August of each year, varied in the beech forest between 5.2 in 2016 and 6.3 in 2018, but fell sharply to 3.1 in 2019 due to intense thinning conducted in February 2019. Nevertheless, this had hardly any effect on soil temperature, as a tree to the south was still shading the experimental zone. LAI of the evergreen pine forest is much lower, ranging between annual maximum values of 2.0–2.3 in August and 1.7–2.0 in February.



Experimental Set-Up

In each investigated forest stand, we excavated three small soil pits at three radial distances (1.0, 2.5, 3.5 m) from a stem. Next, we installed soil gas probes horizontally into the walls of each soil pit at different depths (0, 10, 20, 30 and 100 cm mineral soil depth), and one sensor was placed directly at the surface of the humus layer. Soil water content (SWC) sensors in the form of TDR probes (TRIME-pico64, IMKO GmbH, Ettlingen, Germany) were installed at 10, 20, 30 and 100 cm soil depth. The probes monitored the volumetric soil water content and the soil temperature at 30-min intervals. Once all probes had been installed, the soil pit was carefully refilled, re-establishing the original soil layer sequence. The soil gas probes consisted of a stainless-steel tube with a hydrophobic, gas permeable polypropylene membrane (ACCUREL PP V8/2HF, Membrana GmbH, Wuppertal, Germany). The diffusion-based gas probes allow gas circulation in closed loops to achieve CO2 concentrations in equilibrium with the surrounding soil air. CO2 concentrations were analysed in 30-min intervals with a CO2 monitoring system (CO2MS16, METER Group, Munich, Germany), containing small NDIR sensors (MSH-P-CO2, Dynament Ltd., South Normanton, United Kingdom); measurement range: 0–1,000 ppmv (soil surface), 0–5,000 ppmv (0 cm soil depth), or 0–10,000 ppmv (deeper soil) with an accuracy of ±2% full-scale deflection, circulation pumps, and a data logger (DT85M; dataTaker, Thermo Fisher Scientific, Scoresby, Australia). Meteorological data (air temperature, air humidity, solar radiation, precipitation, air pressure, wind speed) were measured at an open land meteorological station close to and within the forest stands. A more detailed description of the experimental set-up can be found in Jochheim et al. (2018).

The total porosity and soil gas diffusion coefficients were measured on undisturbed soil core samples in the laboratory. At each site, five soil rings per soil depth (volume 200 cm3, height 5 cm) were taken from the humus layer (O horizon), from the A horizon (0–8 cm and 0–10 cm for the beech site and the pine site, respectively), and in two soil layers of the B horizon (8/10–20 cm, and 20–30 cm depth). Vacuum pycnometry (Hartge and Horn, 1999) was employed to measure total pore space [TPS (m3 m–3)]. From the difference between TPS and soil water content [SWC (m3 m–3)], we calculated the air-filled pore space [AFPS (m3 m–3)]:

[image: image]

Soil gas diffusion coefficients were measured at four different levels of SWC using a one-chamber method similar to that described by Jassal et al. (2005), but using neon (Ne) as a tracer gas, as described in detail by Maier et al. (2010). The relative soil gas diffusivity ([image: image]) relates the effective soil gas diffusion coefficient [Ds (m2 s–1)] to the free air CO2 diffusion coefficient under standard conditions [D0 (m2 s–1)]. Thus, DS can be calculated by multiplying Dr by D0 of a given temperature and barometric pressure, while Dr can be calculated by empirical functions from Eq. (2) that are fitted for each horizon, with parameters a and b in Table 2 and Supplementary Figure 1.
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TABLE 2. Measured values of total pore space (TPS) and fitted parameters (a, b) to calculate the relative diffusion coefficient (Dr) as a function of AFPS for the two sites and the soil horizons according to Eq. (2).

[image: Table 2]
The CO2 efflux from the soil surface was occasionally measured (67 days for the beech site, 64 days for the pine site) from April 2018 to December 2019, applying the closed chamber method. At each location, six collars were inserted 1–3 cm deep into the upper mineral soil, arranged in two gradients at increasing distances of 1.25, 2.50, and 3.75 m from the central tree, directly before the first measurements. We did not remove the ground vegetation, but pruned the newly grown parts of the blueberry shrubs. For the measurements of CO2 efflux, an opaque chamber with a basal area (A) of 0.167 m2 and a volume (V) of 0.0387 m3 was placed on these collars. The effective chamber volume was 0.033–0.037 m3, depending on the part of the collar (1–3 cm) inserted in the upper mineral soil.

The CO2 concentration (c) development in the chamber was measured using a Vaisala CarboCap GMP343 (0–1,000 ppmv), installed in the centre below the chamber lid, over at least 10 min. A fan inside the chamber was not used. The linear line segment with the maximum slope over at least 2 min of increasing CO2 concentration (dC/dt) [μmol mol–1 s–1] was taken to calculate the CO2 efflux Fc [μmol m–2 s–1] from soil using Eq. (3),
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where MV is the molar volume of gas under standard conditions (T0 = 273.15 K, p0 = 101,325 Pa) (MV 0.022414 m3 mol–1), p and p0 represent the air pressure (Pa) and Tand T0 represent the temperature (K) within the chamber during measurement and under standard conditions, respectively.



Pre-processing of Data

Gaps in the time series of soil CO2 concentration, soil temperature, and SWC were filled using the machine learning approach known as Nearest Neighbor Analysis (KNN) and by Linear Interpolation (IBM-SPSS version 27) using the sequence to generate substitute values of (1) parallel sensors of the same soil depth, (2) other sensors of the adjacent soil depths, and (3) air temperature values within the forest stand or open field. Most of the data gaps related to CO2 concentrations measured in 2014 and 2015, when only one CO2 monitoring system was available, and we had to switch it between both forest sites every 2–3 weeks.

The soil water content of the organic layers (O) of the two sites, which could not be directly measured, were obtained from results of numerical simulations of the soil water balance using the HYDRUS-1D program (Šimůnek et al., 2009). In the HYDRUS program, the Richards equation for variably saturated soil water movement is numerically solved using a finite element scheme. The model was calibrated and simulations were run based on soil hydraulic parameters, meteorological data, tree canopy interception, LAI and phenology information (see the Supplementary Material for a more detailed description).

To apply the FGM to soil CO2, SWC and the temperature between measured soil depths, we discretised the soil profile into 2–5 cm steps by linear interpolation.



Flux-Gradient Modelling of Soil Gas Fluxes

To calculate the CO2 fluxes and the vertical partitioning of CO2 production in the soil profiles at both forest sites, we employed the FGM (Freijer and Leffelaar, 1996). We assumed that CO2 is produced in soils but never consumed, and that any amount of CO2 produced is removed via a measurable efflux from the soil. Thus, by setting constant production rates for homogeneous layers within the soil profile, it was possible to obtain a 1D vertical concentration profile in the first step. In the second step, we varied the production rates by inverse modelling to match the observed soil gas concentrations in the soil and the efflux from the surface.

The vertical soil profiles were subdivided into four homogenous layers with constant conditions, (1) the organic layer, (2) the A horizon (0–8 cm for beech, 0–10 cm for pine), (3) 8–30 cm for beech or 10–30 cm for pine, and (4) 30–100 cm for both beech and pine. In each layer, the density of the air (ρ), the effective soil gas diffusion coefficient (Ds) and the production rate (P) are assumed to be constant, so the detailed formulae listed in the Supplementary Material apply to the CO2 flux and concentration within each layer.

To account for uncertainties and spatial heterogeneities in transport parameters, we tested several sets of parameter values for the total pore space of the humus layer, the A and B horizons (85–110% of the mean value), and the thickness of the humus layer within the observed range of measurements (4–8 cm). This enabled us to identify a parameterisation that (a) best predicted the efflux at the soil-atmosphere interface, measured independently by chambers, and (b) best fitted the concentration profiles. This was achieved by a parameter sweep, in which all chamber measurements and concurrent soil gas profiles were run in the inverse model according to the parameter set. The results were evaluated according to quality control measures laid down in objectives (a) and (b). Detailed information about this evaluation can be found in the Supplementary Material. The best parameter set of effective total pore space and humus layer thickness was used for further analysis.



Statistical Tests

To analyse the impacts of environmental factors on CO2 efflux, we applied Times Series Analysis using the decompose() function. The decomposed time series were analysed using the Generalised Linear Model (GLM) using the glm() function of the stats package in R (R-Core-Team, 2020). To reduce data complexity, we aggregated all soil depth-related data (CO2 concentration, CO2 production, SWC, soil temperature, and other soil physical parameters) into two distinct soil layers: upper (O + A horizons) and lower (B horizon). Time series of CO2 efflux and the parameters were then decomposed to separate the trend (Tr), seasonal (S), and random (R) component of the time series based on an additive model according to Eq. (4) using a frequency of 365.25 ⋅ 48 data entries per year.
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Correlation analysis was applied to identify key parameters to be used in the GLMs. GLMs were applied to analyse the effect of these predictor variables on CO2 efflux for both the trend and seasonal time scales separately.

Differences between the CO2 concentrations, efflux and production rates of the different groups were verified using non-parametric tests (NPTESTS of IBM SPSS Statistics 27). We employed the related-samples Wilcoxon Signed Rank Test to compare the differences between the two forest sites. Differences between years and soil layers were tested by Friedman’s Two-Way Analysis of Variance by Ranks for related samples using mean values of the three replicate profiles at 30-min intervals.




RESULTS


Meteorological Conditions During the Monitoring Period

Soil gas concentrations and relevant environmental parameters were monitored from 2014 to 2019 (Figures 1, 2). The weather conditions during this period were highly variable. 2016 was dry, 2017 was exceptionally wet, 2018 was exceptionally dry and warm, and 2019 was exceptionally warm (Figure 3). Mean annual temperatures were on average 0.3°C higher at the pine site than at the beech site. No differences were found in the average precipitation between both sites. The mean temperatures at the soil surface and at 0 cm mineral soil depth were about 1.6–1.8°C higher at the pine site than at the beech site in spring and summer, but similar in autumn and winter. Temperature extremes were more pronounced at the pine site compared to at the beech site, especially with regard to maximum values. The soil moisture of the organic layer down to the 30 cm depth of the mineral soil was higher at the beech site than at the pine site. At 100 cm soil depth, the opposite was the case. The relative soil gas diffusion coefficients (Dr) of the humus layer and the A horizon were, on average, considerably higher for the pine site compared to the beech site. These relations changed from soil depths of about 10 cm and deeper, meaning that in summer, Dr was higher at the beech site than at the pine site.
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FIGURE 1. Weekly precipitation total (B) and daily averages of soil temperature (A), soil water content (SWC) (C), measured (solid lines) and gap-filled (dotted lines) soil CO2 concentration (D), and soil CO2 production rate, including CO2 efflux from chamber measurements (E) at different soil depths at the beech site for the years 2014–2019. Total of CO2 production over all the soil layers corresponds to the CO2 efflux from the soil surface. Note that the measurement refers to the respective time of the day, while the calculated values represent daily averages. For this reason, part of the deviations between measured and calculated efflux rates is due to the deviating time scale.



[image: image]

FIGURE 2. Weekly precipitation total (B) and daily averages of soil temperature (A), soil water content (SWC) (C), measured (solid lines) and gap-filled (dotted lines) soil CO2 concentration (D), and soil CO2 production rate, including CO2 efflux from chamber measurements (E) at different soil depths at the pine site for the years 2014–2019. Total of CO2 production over all the soil layers corresponds to the CO2 efflux from the soil surface. Note that the measurement refers to the respective time of the day, while the calculated values represent daily averages. For this reason, part of the deviations between measured and calculated efflux rates is due to the deviating time scale.
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FIGURE 3. Mean annual air temperature (T) and annual precipitation (P) (A) and mean annual CO2 production in four soil layers with the sum as the CO2 efflux (B) of the beech (Be) site and the pine (Pi) site over the years 2014–2019. The relationship between annual CO2 efflux rates and annual precipitation is indicated for the beech site (C) and pine site (D).




Inter-Annual Effects of Meteorological Conditions on CO2 Production and Efflux

Annual CO2 efflux rates from soils averaged 517 (±126) g C m–2 a–1 and 559 (±78) g C m–2 a–1 for the beech site and pine site, respectively (Figure 3), with a significant difference when comparing daily averages but not for annual averages (Table 3). The CO2 efflux at the pine site exceeded that at the beech site every year, except for the wet year of 2017, when it was the other way round.


TABLE 3. Annual layer-related and total CO2 production rates (g C m–2 a–1) at the beech site and the pine site over the entire observation period.

[image: Table 3]
The annual CO2 efflux was lower during dry years, especially at the beech site (Figure 3 and Table 3). Annual CO2 efflux showed a strong positive correlation with MAP at the beech stand, while there was no clear correlation at the pine stand. No clear correlation between the annual CO2 efflux and MAT could be identified for either site. The reduction in annual CO2 efflux due to the warm and dry year 2018 was 43% for the beech forest and 22% for the pine forest compared to the cool and wet year of 2017 (Figure 3 and Table 3). During the summer months (6–8) of 2018, SWC at 0–30 cm soil depth fell by 25–50% at the beech site, and by 17–36% at the pine site compared to during the summer months of 2017. CO2 efflux fell from 3.57 to 1.56 g C m–2 d–1 in the summer months of 2018 compared to the summer months of 2017 for beech (-56%) and from 3.02 to 1.94 g C m–2 d–1 for pine (-36%), respectively. The reduction of CO2 efflux was caused mainly by reduced CO2 production in the organic layer and the A horizon at both sites. At the beech site, moreover, there was considerably less CO2 production at 8–30 cm (-92%). Only minor changes could be observed in the deepest soil layer (30–100 cm).

Quantifying the impact of environmental conditions on the CO2 efflux using GLM based on the trend and seasonal components from a time series decomposition (Supplementary Figure 4) showed that precipitation alone explained 75% of the variation for the beech site and 59% for the pine site on the annual time scale (trend component). Adding more parameters was either not significant or produced only marginally increased R2. Models with the strongest predictive power (highest R2) are shown in Table 4. For the beech, the trend component of the CO2 production rates in the upper and lower soil layers explained the trend of the CO2 efflux. In contrast, for the pine stand, only the trend of the upper soil production (O + A horizon) was a significant predictor of the trend of CO2 efflux.


TABLE 4. Generalised linear model (GLM) output for the trend and the seasonal component from a time series decomposition of CO2 efflux (g C m–2 d–1) using precipitation [Precip (mm d–1)], SWC (m3 m–3), air temperature (AT) (°C), soil temperature (ST) (°C), and CO2 production (Prod) (g C m–3 d–1) in the upper (–U) or lower (–L) soil layers as predictors.

[image: Table 4]


Seasonal Dynamics of CO2 Concentration, Efflux, and Production Rates

Temperature at the soil surface followed the expected seasonality with maxima in summer and minima in winter and increasingly smoothed and shifted in time as soil depth increased (Figures 1, 2). The dynamics of SWC followed precipitation events (at least for the upper soil layers) as well as the pattern of transpiration (Figures 1, 2). Heavy rain events led to an immediate and sharp increase in SWC, followed by gradual decreases during dry periods in summer. In 2018, several unusual periods of more than 14 consecutive virtually rainless days were observed. The temporal dynamics of the relative soil gas diffusion coefficient (Dr) were a nearly reciprocal reflection of SWC, with high values during drought periods in summer and decreasing values after rain events (data not shown).

Soil CO2 concentrations exhibited distinct seasonal dynamics at all soil depths for both forest sites with minimum values in winter and peaks in summer (Figures 1, 2). At both sites, soil CO2 concentrations showed significant vertical gradients (Supplementary Figure 2). CO2 concentrations were higher at the beech site than at the pine site at all soil depths except for the soil surface. The vertical gradient of soil CO2 concentration at a depth between 0 and 10 cm was more pronounced at the beech site than at the pine site (Supplementary Figure 2). The seasonal dynamics roughly follow the soil temperature at shallow depths, except for in the years 2014–2016 and 2018, where a shift in the CO2 peak concentration from summer to autumn was observed at the pine site. Soil CO2 concentrations correlated more closely with soil temperature during periods of high SWC and with SWC during periods of high soil temperature. Heavy precipitation events were followed by increases in CO2 concentration, which decreased again as the soil dried out (Supplementary Figures 1,2).

Daily CO2 efflux rates from soil averaged 1.41 (±0.90) and 1.53 (±0.85) g C m–2 d–1 for the beech site and pine site, respectively. These rates exhibited high temporal variation with maxima during summer and minima in winter (Figures 1, 2). As was the case with the soil CO2 concentration, the annual maximum values of soil CO2 efflux at the pine site had shifted from summer to autumn in most years. Daily averages ranged from 0.26 g C m–2 d–1 for both sites to 5.36 and 4.55 g C m–2 d–1 for the beech site and the pine site, respectively. For both sites, the maximum efflux was detected in summer 2017, during the highest precipitation and SWC. The maximum efflux in other years ranged from 2.8 to 4.1 g C m–2 d–1 for the beech site, and from 2.7 to 3.5 g C m–2 d–1 for the pine site.

Daily mean CO2 production per soil layer ranged from nearly zero during winter to 2.3 g C m–2 d–1 in O and A in summer. The overall mean values ranged between 0.12 g C m–2 d–1 at a depth of 10–30 cm to 0.62 g C m–2 d–1 in the A horizon of the pine site (Figures 1, 2). Peak values in the O and A horizons reached 1–2 g C m–2 d–1 in summer after rain events. The greatest temporal variation of CO2 production appeared in the upper soil layers; this variation roughly followed the seasonal trend of soil temperature throughout the year, and was limited by low soil moisture during summer. The only exception was the soil layer at a depth of 10–30 cm at the pine site, where no clear seasonal pattern was observed. The most distinct temporal changes in the CO2 production within the soil profiles were detected in the upper three layers down to a depth of 30 cm for the beech stand and the upper two layers down to a depth of 10 cm in the pine stand (Figures 1–3). CO2 production rates in the subsoil (below 30 cm) were relatively constant at both sites. The GLM results of the seasonal component of the time series decomposition showed that the seasonal CO2 efflux was explained by the soil CO2 production of both the upper and lower soil layers (Table 4 and Supplementary Figure 4). Seasonal CO2 efflux dynamics were mainly driven by soil temperature changes in the upper and lower soil layers for both sites. Soil water content had a positive effect at the beech site but a slightly negative impact at the pine site.



Differences in CO2 Production and Efflux Between Beech and Pine


Vertical Distribution of CO2 Production

At the pine stand, CO2 production was concentrated in the O and A horizons and decreased in deeper soil depths (Figures 3, 4). In contrast, CO2 production was considerably lower in the O and A horizons at the beech site, but this was counterbalanced by the layer at 8–30 cm soil depth. Below 30 cm, the mean CO2 production rates were very similar at both sites.
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FIGURE 4. Vertical distribution of volume-related CO2 production rates as mean values over the entire study period (left) and the number of fine root tips (right) in soils of the beech stand and the pine stand.


The organic layer contributed an average of 21 and 27% to total CO2 production at the beech site and the pine site, respectively (Table 3). In the pine forest, two-thirds of the soil CO2 was produced in the O and A horizons. At the beech site, the same amount of CO2 production was distributed over a greater soil depth up to 25 cm (Figure 4). About three-quarters of the CO2 was produced in the upper three soil layers down to 30 cm soil depth at both forest sites.

The vertical distribution of fine roots was also different at the two sites (Figure 4). The highest root density in the pine forest was found in the organic layer and the A horizon, and then decreased significantly in mineral soil below 10 cm. In contrast, the beech stand had lower root density in the organic layer, becoming denser in the mineral soil with a maximum at 20–30 cm. In contrast to the pine stand, the main root zone of the beech stand reached a depth of 60 cm. In deeper soil layers between 1.1 and 1.6 m, fine root density increased slightly at both sites.



CO2 Efflux and Production During Physiological Phases

Our analysis of averaged annual cycles showed that during the late winter and early spring months of February and March (weeks 5–13), CO2 efflux from the soil of the beech site was significantly lower than from the pine site on average (0.57 ± 0.16 vs. 0.75 ± 0.20 g C m–2 d–1) (Figure 5). From the end of April to May (weeks 17–21), the beech soil emitted on average more CO2 than the pine soil (1.70 ± 0.57 vs. 1.34 ± 0.39 g C m–2 d–1). Between mid-August and October (weeks 33–43), CO2 efflux at the beech site fell temporarily from a similar level to that at the pine site to values of up to 30% below it (1.69 ± 0.83 vs. 2.31 ± 0.68 g C m–2 d–1). However, reduced efflux from the beech site during summer compared to the pine site was only observed in 2014, 2016, and 2018. No significant differences between both sites were observed at any other time periods.


[image: image]

FIGURE 5. Seasonal dynamics of CO2 efflux (upper graph) and layer-related CO2 production (lower graphs) with mean values and error bars ±2 standard error units (SE) from the beech site and the pine site as weekly means over the years 2014–2019.


The reduced CO2 efflux at the beech sites during weeks 5–13 and 33–43 was primarily caused by reduced CO2 production in the O and A horizons. The lower CO2 production of the beech site was counterbalanced by higher CO2 production in the upper part of the B horizon (8–30 cm soil depth) during weeks 12–34. In the lowest soil layer (30–100 cm), only weak differences regarding CO2 production between both sites were detected.




Stem Distance Effect on CO2 Efflux and Production

We observed the highest CO2 efflux rates close to the stem for both forest sites by chamber measurements within a stem distance gradient across nearly 4 m. These data were used to calibrate the inverse model for estimating the soil CO2 production and efflux. Consequently, we found significant differences regarding the effect of stem distance on the CO2 efflux calculated by the inverse model (Figure 6). The CO2 efflux was on average 32% higher close to the stem at the beech site and 35% higher at the pine site (Table 5). The difference increased to 45% in summer and autumn at the beech site and decreased to zero in winter. In contrast, the CO2 efflux across the stem distance gradient at the pine site remained relatively constant throughout the year.
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FIGURE 6. Mean annual CO2 efflux of the beech site (left) and the pine site (right) at different stem distances including error bars ±2 standard error units (SE). Different letters indicate significant differences in CO2 efflux between the stem distances according to Friedman’s test (p < 0.05).



TABLE 5. Mean CO2 efflux (g C m–2 d–1) and standard deviation (in italics) during four seasons (spring = months 3–5; summer = 6–8; autumn = 9–11; winter = 12–2).

[image: Table 5]



DISCUSSION

We studied the CO2 efflux and the vertical distribution of CO2 production of a European beech forest and a Scots pine forest ecosystem over 6 years. Different meteorological conditions over the investigation period allowed us to quantify the effects of meteorological impacts on soil CO2 production. We found water supply, as indicated by precipitation, to be the primary long-term determinant of CO2 efflux. Seasonal variation of CO2 efflux was mainly attributed to changes in the soil temperature and—in the case of beech—also SWC. On average, we detected similar CO2 efflux rates for both forest sites. During the year with high precipitation, the CO2 production of the beech site exceeded that of the pine site, whereas in dry years, the opposite was the case. We found that soil CO2 production was spread through a greater soil depth at the beech site than at the pine site. We were also able to identify different phases with different patterns of soil CO2 production between the two tree species. At both sites, CO2 efflux rates were higher closer to the stem than more distant from it.


Environmental Impacts on the Temporal Dynamics of Soil CO2 Production and Efflux

Soil temperature and moisture have been known to be the main impact factors of soil CO2 production for a long time and have successfully been described by different statistical models with an exponential reliance on soil temperature and a limitation by SWC (Borken et al., 1999, 2006; Savage and Davidson, 2001; Reichstein et al., 2003; Webster et al., 2009; Luo et al., 2012). A higher coefficient of determination of our results between precipitation and CO2 efflux on the long-term scale indicates a stronger influence of water availability on CO2 efflux for the beech stand compared to the pine stand (Figure 3 and Table 4). At the seasonal scale, soil temperature was the main predictor for both sites (Figures 1, 2, and Table 4). Soil moisture at the seasonal scale, however, was only a predictor for CO2 efflux at the beech site.

While soil CO2 production under drought stress fell mainly in the O and A horizons at the pine site, decline of soil CO2 production at the beech stand was most pronounced at 8–30 cm soil depth—in spite of the reductions in the O and A horizons; this is also the range with the highest fine root density. This could be interpreted as a strong influence of drought on Ra for beech. Primary production and subsequently Ra may have fallen due to beech reaching its climatic distribution limit at the study site (Kölling, 2007; Kasper et al., 2022). The higher LAI of the beech canopy in summer leads to increased evapotranspiration under comparable weather conditions and causes more drought, as indicated by the greater decrease in soil moisture during summer drought observed at the beech site compared to the pine site. We conclude that drought reduces Rh at both sites, but additionally decreases Ra in the beech stand. These results contradict the results of an experimentally induced drought in a mixed deciduous forest, which reduced CO2 efflux by 10–30%, probably mainly affecting Rh in the O horizon (Borken et al., 2006). Similarly, a literature review concluded that in mesic and xeric ecosystems, drought reduces Rh more significantly than it does Ra (Wang et al., 2014). To analyse whether Rh or Ra would be more affected by drought, it is necessary to apply methods to distinguish both processes, such as isotope techniques or other approaches (Hanson et al., 2000; Comeau et al., 2018).

The climate change scenarios projected for the investigated region include increasing temperatures, but only low changes regarding MAP (Hübener et al., 2017). Instead, they envision a shift in precipitation distribution over the years with more dramatic extremes such as the frequency and intensity of dry periods. This means we can expect increasing CO2 efflux due to rising temperatures, but also reduced soil CO2 production due to increasing drought. However, since drought and heat waves may additionally decrease primary production (Davidson and Janssens, 2006; Wang et al., 2014; von Buttlar et al., 2018), the impact on the carbon sequestration of soils remains unclear. Increased SOC stocks as a result of decreased decomposition processes could only be expected if the input of aboveground and belowground litter into the SOC pool is not decreased to the same extent. Such a relationship could be one reason for the increase in the SOC pool observed in northern German dystrophic forest soils between 2002 and 2012 (Grüneberg et al., 2014). Assessments on the carbon balance of both forest sites would also require considering data on primary production, which was beyond the aim of this study.



Tree Species Effects


Tree Species Effect on Soil CO2 Production

The range of annual CO2 efflux rates of 517 (±126) g C m–2 a–1 for the beech site and 559 (±78) g C m–2 a–1 for the pine site (Figure 3 and Table 3) is consistent with other studies from forests under comparable site conditions (Borken et al., 2002; Elberling and Ladegaard-Pedersen, 2005; Subke et al., 2006; Brumme et al., 2009; Phillips et al., 2010; Jurasinski et al., 2012; Goffin et al., 2014; Oertel et al., 2015; Wordell-Dietrich et al., 2020). Although the CO2 efflux over the entire period does not differ between the two forest sites, significant differences can be observed for each year—with higher CO2 efflux at the beech site only in the wet year of 2017 and lower CO2 efflux in all other years. This finding can be attributed to the beech site having higher sensitivity to drought stress with respect to soil CO2 production compared to the pine site.

The CO2 efflux rate of the beech stand, which is on average (but not significantly) lower compared to that of the pine stand, was somewhat surprising to us. We had expected the better soil conditions to lead to higher productivity and soil CO2 production. Simulations on the carbon budget of these two forest ecosystems using the physiologically based Biome-BGC model, calibrated with measured data, showed slightly higher net primary productivity (NPP) for the beech site (692 g C m–2 a–1) than for the pine site (630 g C m–2 a–1) (Jochheim, unpublished). Similarly, aboveground net primary productivity (ANPP) of beech forests in the northern German lowlands was found to exceed that of pine stands by 36.4% (Leuschner et al., 2022), while fine root productivity of beech stands was 1.9 times higher than in pine stands (Förster et al., 2021). Another estimate based on litterfall and root turnover showed that annual total litterfall from the investigated beech stand averaged to 327 g C m–2 a–1 from 2001 to 2019. Adding the fine root biomass down to 50 cm soil depth of 168 g C m–2 (Jochheim, unpublished) and assuming a turnover rate of 1 a–1 (Brunner et al., 2013; Hertel et al., 2013) results in an annual carbon input of 495 g C–2 a–1 into the SOC pool of the beech forest. This SOC fuels heterotrophic respiration and corresponds approximately to the amount of the CO2 efflux (517 g C m–2 a–1) calculated in our study, which, however, includes both Ra and Rh. The difference between both fluxes would allow a contribution of only 22 g C m–2 a–1—or 4%—for root respiration, which seems too low. A total litterfall rate of 231 g C m–2 a–1 was determined for the pine stand for 2002–2018. Combined with a fine root biomass of 166 g C m–2 a–1 over 0–70 cm soil depth (Hornschuch et al., 2007) and assuming a turnover rate of 1 a–1 (Janssens et al., 2002), this amount added up to an annual litter production of 397 g C m–2 a–1. The difference to the simulated CO2 efflux of 559 g C m–2 a–1 would thus result in a contribution of 162 g C m–2 a–1—or 29%—for root respiration, which is more realistic than the results for the beech forest. In relation to these estimates, the CO2 efflux calculated by the FGM in this study appeared to be too low for the beech stand. However, the use of radiocarbon (14C) methods suggests lower turnover rates of fine roots, which would considerably reduce the estimated annual input by roots to the SOC pool (Gaudinski et al., 2001, 2010; Ahrens et al., 2014), although a recent study based on annual growth rings of roots concluded that the radiocarbon method without considering a carbon storage pool underestimates the turnover rates of fine roots (Solly et al., 2018). Additionally, a precondition for all these considerations is that SOC stocks are in a steady state, which is probably not the case.



Tree Species Effect on the Seasonal Dynamics of Soil CO2 Production and Efflux

The higher temporal variation of CO2 efflux at the seasonal scale in the beech forest compared to the pine forest (Figure 5) seems plausible, since the beech as a deciduous tree species varies its physiological activity more than the evergreen pine trees, with root respiration evident throughout the year. The higher CO2 efflux in the pine stand from February to March indicates the earlier physiological activity of the evergreen species during spring compared to the beech stand. In contrast, the beech trees catch up later with their physiological activity during leaf unfolding, which could be associated with rising root growth and accompanying growth in root-derived soil CO2 production (Pregitzer et al., 2000; Montagnoli et al., 2012; Wang et al., 2019). The more substantial decline in soil CO2 production from mid-August to October at the beech site compared to the pine site was probably caused by drought. Conversely, in the wet year of 2017, the beech site experienced higher CO2 efflux than the pine site. Thus, the beech site’s decomposing soil microbiota and/or root respiration were probably more inhibited by drought than those at the pine site. Granier et al. (2007) reported corroborating findings that under drought conditions, total ecosystem respiration decreased more dramatically in deciduous forests than in coniferous forests.



Tree Species Effect on Vertical Distribution of Soil CO2 Production

Differences in the vertical gradients of CO2 production between the investigated forest sites were primarily caused by the quality and quantity of decomposable organic substrates (Conant et al., 2011), rooting intensity and microbial activity. The vertical distribution of fine roots differs considerably between the two sites. The number of fine root tips in the organic layer is almost twice as high at the pine site as it is at the beech site. In contrast, the fine root density in the mineral soil down to a depth of 60 cm is significantly higher at the beech site than at the pine site. These findings correspond to the results of Förster et al. (2021), who found 6.5 times higher fine root biomass in beech stands than in pine stands of Pleistocene lowlands of northern Germany. Consequently, the different vertical distributions of CO2 production between the two sites corresponded to the vertical distribution of fine roots (Figure 4). In contrast, a higher root biomass would be expected due to the higher basal area of the pine site compared to the beech site.

Furthermore, the beech forest soil, with its higher pH and base saturation, lower C/N ratio, and better humus quality (mull-like moder vs. raw humus), might contribute to the differences in the vertical distributions of soil CO2 production vis-à-vis the pine site. The limited conditions for SOC decomposition at the pine site leads to higher carbon stocks in the organic layer and the upper mineral soil compared to at the beech site (Table 1), whereas the beech forest soil has a greater potential to promote soil microbiological activity.

Thus, the differences in the vertical distribution of soil CO2 production, 68% of which was concentrated in the O and A horizon at the pine site, in contrast to only 47% at the beech site, could be explained by the differences in root distribution as well as by the different chemical conditions of the soil. Several litter manipulation experiments have reported contributions of 9–37% by the organic layer to total CO2 efflux (Bowden et al., 1993; Nadelhoffer et al., 2004; Borken and Beese, 2005; Kim et al., 2005; Sulzman et al., 2005). In that sense, our results on the vertical distribution of CO2 production fit well into the range of other investigations.




Horizontal Variability of Soil CO2 Production and Efflux

Stand structure parameters such as stem density, LAI, and fine root biomass influence CO2 efflux at the spatial scale. These are parameters that might, in turn, affect SOC content and soil chemical properties such as the C/N ratio of the organic layer, as well as soil temperature and SWC and thus the soil CO2 production (Søe and Buchmann, 2005; Conant et al., 2011; Jurasinski et al., 2012; Ngao et al., 2012; D’Andrea et al., 2020).

In our study, the highest CO2 efflux rates were observed near the trunks of trees, rather than locations more distant from the trunk; this was true for both sites (Figure 6). Regarding CO2 efflux, the stem distance gradient at the beech site was more pronounced in summer and autumn than during the rest of the year. In contrast, the gradient was similar in the pine stand all year round (Table 5). We suspect that fine root distribution was the most important influencing factor, and therefore the autotrophic fraction of soil CO2 production would increase nearer to the trunk. Obviously, root respiration under the beech as a deciduous tree species showed higher seasonal dynamics, while root respiration of the evergreen pine was reduced in winter to a similar extent as Rh. However, Ra and Rh could not be separated in our approach. A possible approach to partitioning Rh and Ra in forests would be to apply a model based on root allometry as a function of stem distance and tree diameter at breast height (Zhao et al., 2021). Fine roots in the investigated beech stand exhibited a maximum density at a 2.5 m stem distance at 0–30 cm mineral soil depth, but also close to the stem at a 30–60 cm soil depth (Jochheim et al., 2022). Previous researchers have found similar horizontal distribution patterns of fine roots for beech forests and pine forests (Friedrich, 1992; Hölscher et al., 2002; Hornschuch et al., 2007; Hornschuch, 2009; Jurasinski et al., 2012). We therefore assume that the steeper stem distance gradient of CO2 efflux in the beech stand in summer compared to winter indicates more intense seasonal variation of root respiration than in the pine stand.



Methodological Uncertainties

For the discussion of the advantages and disadvantages of the CO2 monitoring system we applied, we refer to our previous methodological paper (Jochheim et al., 2018).

Compared to the chamber measurements conducted between April 2018 and December 2019, the estimated CO2 efflux rates from the FGM resulted in a slight underestimation for the beech site but a significant underestimate for the pine site (Figures 1, 2). The largest discrepancies occurred during wet periods in summer, where only the lowest values of the chamber measurements often agreed with the FGM estimates. In contrast, the figures corresponded more closely during autumn and winter, as well as during summer drought. We suspect that dense ground vegetation significantly contributes to the CO2 captured under the opaque chambers at the pine site. From the differences between simulated efflux and the chamber measurements (Figures 1, 2), we can derive fractions of up to 50% originating from the ground vegetation during summer. Unfortunately, the 2 years with chamber measurements 2018 (low precipitation) and 2019 (highest air temperature) paralleled to periods of weather extremes (Figure 3). Thus, the weather conditions of the other cooler and wetter years were under-represented and this may be partly responsible for biased calibration of the inverse model.

Several approaches have been developed to calculate soil-atmosphere fluxes using the FGM and subsequently deriving vertical CO2 production profiles (Maier and Schack-Kirchner, 2014). De Jong and Schappert (1972) and several other authors (e.g., Tang et al., 2003, 2005; Hirano, 2005; Maier et al., 2010) have calculated fluxes based on discrete gradients. Here, we followed a different approach, and derived the flux and production profiles through inverse modelling. The soil CO2 concentration profiles were (forward) calculated based on theoretical profiles of the production and diffusivity of soil CO2; the production profile was then optimised to fit the measured soil CO2 concentration profile and the CO2 efflux from chamber measurements. We performed parameter-sweeps for the total pore space of all soil layers and the thickness of the humus layer to identify the most suitable set of parameter values within the observed variability of the soil physical measurements. The selected set of effective soil physical parameters corresponded closely to the concentration profile and the efflux estimates, and line up well with root density profiles at both sites (Figure 4). For a more detailed discussion on the assumptions and limitations of modelling soil gas fluxes, please refer to the Supplementary Material. The soil moisture of the organic layer could not be monitored but was simulated using HYDRUS-1D (see Supplementary Material). Since the potential hydrophobicity of the humus layer (Doerr et al., 2000) was not included in the model, there may be additional uncertainty concerning estimates of the humus moisture content.

Our approach did not allow direct differentiation between Rh and Ra. However, combining our method with an analysis of the isotopic signatures of CO2 would allow those options. In addition, data on the vertical distribution and turnover of roots at the specific measuring points for CO2 concentrations where the FGM was applied, would improve interpretability and open up further options for partitioning Rs into Rh and Ra.




CONCLUSION

The climate change scenarios projected for Central Europe with increasing temperatures and more frequent and intense droughts will noticeably impact the intensity of soil CO2 production in forest ecosystems and will affect primary production. Our results confirm the hypothesis that soil temperature and moisture are the main determining factors of soil CO2 production, although soil moisture affected the beech site considerably more than the pine site. For both the pine forest and the beech forest, rising temperatures generally lead to an increase in the CO2 production of soils; this could contribute to a decrease in SOC stocks. However, lower precipitation also seems to limit soil CO2 production, particularly at the beech site. Based on our results, we conclude that drought reduced Rh at both sites, but also decreased Ra in the beech stand. The consequences of drought for the SOC stock depend on whether drought-induced reduction mainly affects Ra or Rh. The similar CO2 efflux observed at both the beech site and the pine site contrasted with the observed higher NPP of the beech stand. This might indicate rising SOC stocks in the beech stand in contrast to stocks in the pine stand. Further detailed studies on soil CO2 production, including vertical partitioning and analysis of autotrophic and heterotrophic fractions, e.g., using isotope techniques, are necessary to better estimate the relationship between primary production and soil CO2 production under future climate scenarios. Differences in seasonal and spatial patterns of the soil CO2 production between the two forest sites could be explained by specific physiological activities of the tree species during needle/leaf development and by their different rooting depths. The different properties of the tree species involved in forest conversion, e.g., deciduous vs. coniferious trees, their vertical root distribution, and their effects on soil CO2 production must be taken into account for forest management when addressing climate change mitigation strategies.
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138.20C8

2017

746.72D
173.33C
229.02CH
226.5208
118,020y

689.4bD
208.20D«
294.3°CP
53.00AY

133.8°0%

2018

428.32E
108.320«
98.33D°‘
90.42EB

131.22kY

538.1PE
144, QPEe
246.8°0F
30.30Dy
117.1bAd

2019

486.6%°
109.73E«
142.18E8
83.43FY
161.43C

513.4bF
115.40Fa
177.20Ep
20.69EFY
200.30E8

Different lowercase letters indicate significant differences between the two forest sites according to the Wilcoxon test. Different capital letters indicate significant differences
between the years according to Friedman’s test. Different Greek letters indicate significant differences between the soil layers according to Friedman's test (o < 0.05).
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Spring (N = 552)

Summer (N = 552)

Autumn (N = 546)

Winter (N = 541)

Total (N = 2,191)

Stem distance Efflux Std. dev. Efflux Std. dev. Efflux Std. dev. Efflux Std. dev. Efflux Std. dev.
Beech site

1.25 1.2032 0.864 2.6482 1.274 1.7832 0.880 0.6707 0.333 1.6032 1.157
2.50 1.109° 0.514 1.816° 0.589 1.243° 0.398 0.689° 0.184 1.217° 0.603
3.75 11762 0.515 2.059¢ 0.812 1.617¢ 0.874 0.844¢ 0.366 1.426¢ 0.816
Pine site

1.25 1.3182 0.487 2.638° 0.908 2.4642 0.882 0.9632 0.353 1.8492 1.004
2.50 1.084P 0.426 1.968° 0.561 1.6640 0.516 0.754P 0.210 1.370P 0.654
3.75 0.964° 0.404 1.994°¢ 0.740 1.783° 0.693 0.737° 0.287 1.372° 0.774

Different letters indlicate significant differences in the COxq efflux between the stem distances according to Friedman's test (p < 0.05).
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Site Soil layer a b TPS (cm3 cm—3)

Beech Organic layer 0.379 1.170 0.827
A (0-8 cm) 0.846 1.763 0.562

B (8-30 cm) 1.007 1.614 0.440

Pine Organic layer 0.758 2519 0.888
A (0-10cm) 0.745 1.861 0.679

B (10-30 cm) 0.733 1.261 0.424

Note that the parameters of the B horizon were applied to the soil
depth down to 100 cm.
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Soil depth (cm) pH (KCI) Cqrg (%) Corg Nt (%) C/N CEC BS (%) BD Gravel Sand (%) Silt(%) Clay(%) FR(Nm~2)

(gm2) (mmolc kg™ 1) (gem=3)  (Vol%)
Beech
Of/Oh 4.07 29.45 1880  1.28 23.1 302.8 825 0.17 - - - - 780
0-5 3.48 5.86 3653 026 23.0 50.5 17.0 1.25 0.0 88.3 7.8 3.9 1208
5-10 3.82 1.95 1475 009 229 36.4 8.2 1.51 0.0 88.3 7.8 3.9 1208
10-30 4.29 0.70 1712 003 - 18.8 5.5 1.38 1.3 88.8 7.7 3.6 1322
30-60 4.40 0.20 780 001 - 9.4 5.5 1.49 12.4 93.6 4.1 23 548
60-90 4.45 0.09 339 001 - 6.7 6.4 1.49 15.3 96.8 2.2 1.0 40
90-140 4.50 0.08 496 000 - 5.8 7.2 1.49 15.5 9.5 2.9 0.6 66
Pine
Of/Oh 2.97 36.02 2798  1.35 268 254.5 449 0.12 - - - - 1500
0-5 2.95 7.44 4660 027 279 56.4 21.6 1.25 0.0 922 4.8 3.0 345
5-10 3.21 1.82 1491 0.06 289 32.2 5.9 1.64 0.0 922 4.8 3.0 345
10-30 3.84 0.83 2305  0.03 - 20.1 5.2 1.39 0.0 94.7 2.1 3.2 187
30-60 4.46 0.21 994 001 - 8.1 5.9 1.58 0.0 95.7 1.8 25 35
60-90 4.49 0.08 372 000 - 6.1 8.5 1.63 0.0 98.6 0.5 0.9 37
90-140 4.49 0.08 620 000 - 6.1 8.5 1.63 0.0 98.6 0.5 0.9 78

Corg, Organic carbon content; Ny, total nitrogen content; CEC, cation exchange capacity; BS, base saturation; BD, bulk density; FR, number of fine root tips per m2.
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