

  water-15-01954




water-15-01954







Water 2023, 15(10), 1954; doi:10.3390/w15101954




Article



The Surface-to-Atmosphere GHG Fluxes in Rewetted and Permanently Flooded Former Peat Extraction Areas Compared to Pristine Peatland in Hemiboreal Latvia



Arta Bārdule *[image: Orcid], Aldis Butlers[image: Orcid], Gints Spalva, Jānis Ivanovs[image: Orcid], Raitis Normunds Meļņiks, Ieva Līcīte[image: Orcid] and Andis Lazdiņš[image: Orcid]





Latvian State Forest Research Institute ‘Silava’, Rigas Str. 111, LV-2169 Salaspils, Latvia









*



Correspondence: arta.bardule@silava.lv







Academic Editors: Renato Morbidelli, Carla Saltalippi, Alessia Flammini and Jacopo Dari



Received: 13 April 2023 / Revised: 17 May 2023 / Accepted: 18 May 2023 / Published: 21 May 2023



Abstract

:

When it comes to greenhouse gas (GHG) reduction, the role of water tables in former peat extraction areas has received considerable interest in recent decades. This study analysed the carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) surface-to-atmosphere fluxes from a rewetted and permanently flooded former peat extraction areas in comparison to pristine peatland in hemiboreal Latvia. Measurements of GHG fluxes combined gas sampling using a closed-chamber (opaque) method with the gas chromatography detection method. Among the studied land-use types, the highest annualised CO2 fluxes (soil heterotrophic and autotrophic respiration) were recorded in rewetted former peat extraction areas with restored vegetation and in undisturbed peatland (4.10 ± 0.21 and 3.45 ± 0.21 t CO2-C ha−1 yr−1, respectively), with the lowest in flooded former peat extraction areas (0.55 ± 0.05 t CO2-C ha−1 yr−1); temperature and groundwater level were found to be significant influencing factors. The highest annualised CH4 fluxes were recorded in undisturbed peatland (562.4 ± 155.8 kg CH4-C ha−1 yr−1), followed by about two-fold and ~20-fold smaller CH4 fluxes in flooded and rewetted areas, respectively. N2O fluxes were negligible in all the studied land-use types, with the highest N2O fluxes in undisturbed peatland (0.66 ± 0.41 kg N2O-N ha−1 yr−1).
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1. Introduction


Cutover peatlands release considerable amount of GHG emissions into the atmosphere [1,2,3,4], and the absence of vegetation does not compensate for the reduction in soil organic carbon (C) stock. In recent decades, the research on the impact of various management practices, natural and human-induced disturbances, and conservation and restoration measures in such areas has focused mainly on the interrelation between water level regulation and surface-to-atmosphere GHG fluxes [5,6,7,8]. The focus of this study was rewetted and permanently flooded former peat extraction areas in comparison to pristine (undisturbed) peatland in the hemiboreal region, with particular attention paid to Europe. The Intergovernmental Panel on Climate Change (IPCC) defined rewetting as ‘the deliberate action of raising the water table on drained soils to re-establish water saturated conditions’ in the IPCC Wetlands Supplement (2014) [9], while flooded lands were defined as ‘water bodies where human activities have caused changes in the amount of surface area covered by water, typically through water level regulation’ [10]. In general, two main categories of mechanisms responsible for altered soil GHG fluxes following changed water levels have commonly been hypothesised: (1) enhanced or reduced microbial metabolism by substrate supply and oxygen (O2) availability, and (2) physical mechanisms [11]. For example, water levels or hydrological conditions acting as a barrier to diffusion of GHG, limiting the aerobic zone (availability of O2), and controlling major soil biological and physicochemical processes and thus the magnitude of net GHG fluxes from soils characterised by high levels of organic matter [6,7,9,10]. Simplified, CO2 and N2O emissions from organic soils in saturated conditions are generally lower compared to those of drained soils due to a decrease in soil organic matter oxidation, while CH4 emissions increase due to conditions conducive to enhanced methanogenesis and decreased CH4 oxidation [12]. Indeed, GHG production, release and consumption are highly complex processes with a considerable variety of affecting factors (both biotic and abiotic). Although decreasing the zone of aerobic decomposition in areas with drained organic soils by raising the water table level is often considered a climate change mitigation measure [13,14,15,16], contradictory results have been found, especially for nutrient-rich sites and during the first years after intervention [12,17,18,19]. Furthermore, GHG emissions/removals are characterised by high spatial and temporal variation [9,10,20] in both rewetted and flooded areas, depending on a range of factors, including climate, nutrient availability, soil parameters (peat degradation, soil bulk density, C/N ratio), vegetation characteristics (species and cover), land-use and management practices before the water table level change, as well as on the extent, frequency and the duration of flooding, drought, freezing and thawing periods [6,10,11,15,21]. In Latvia, the naturally high fluctuation in groundwater (GW) levels—including confined aquifer discharge both in naturally wet and drained areas (e.g., [22])—may additionally reinforce spatial and temporal variation of GHG emissions.



According to the latest information, there were 89.3 kha of drained organic soils in croplands and 77.0 kha in grasslands, as well as 31.6 kha of drained peat extraction areas in 2021 in Latvia [23]. Butlers and Ivanovs (2018) recently estimated that active peat extraction currently occurs in 22% of the total area previously drained for peat extraction in Latvia, while ~10% of the area previously drained for peat extraction is under flooded and rewetted conditions [24]. However, it should be emphasised that only part of the mentioned area with organic soil corresponds to the typical Histosol. The other part of the mentioned area can be defined as soil rich in organic matter—conforming to the IPCC 2006 GPG definition for organic soil (at least a 10-cm-deep peat layer and at least 12% by mass C content in the topsoil—the 0–20 cm soil layer), but not conforming to national or World Reference Base (WRB) criteria for Histosols. An increasing number of studies have concluded that afforestation of drained organic soils is among the most effective climate change mitigation measures (e.g., [25,26]) and the EU biodiversity strategy for 2030 has committed to planting at least 3 billion additional trees in the EU [27]. Nevertheless, some proportion of the total area of drained organic soils (at least part of those areas currently under agricultural production) will most likely be subject to the rising of water tables near or above the ground surface according to the Proposal for a Regulation of the European Parliament and of the Council on nature restoration [28], which states that 70% of organic soils under farming activities should be restored by 2050. This area can be partially substituted by the restoration of former peat extraction areas and—according to the most recent proposal—an additional 20% of the total area of organic soil under farming activities by restoration of organic soils under other land uses.



Consequently, several studies have highlighted that future field studies incorporating vegetation are necessary to select the most effective management and restoration strategies for organic soils in the course to the climate neutrality (e.g., [15]), and to provide knowledge from all regions (climate zones). This study provides additional knowledge from the hemiboreal region of Europe, which has a characteristic combination of a cold, wet climate and a considerable area of managed organic soils, including abandoned peat extraction sites. The total GHG emissions from organic soils in Latvia are equal to the emissions of the energy sector in Latvia; however, some of the key sources of the emissions are reported using highly uncertain tier 1 methods, hampering implementation of efficient mitigation measures and leaving space for speculation in the climate policy related processes. In this study, our objective was to estimate the magnitude of surface-to-atmosphere GHG fluxes in rewetted and permanently flooded former peat extraction areas in comparison to pristine (undisturbed) peatland in hemiboreal Latvia. Investigated surface-to-atmosphere GHG fluxes included sum of soil autotrophic and heterotrophic respiration (CO2 fluxes), as well as fluxes of CH4 and N2O.




2. Materials and Methods


2.1. Research Sites


The study was conducted between December 2016 and December 2022 in Latvia, which is in the hemiboreal zone (halfway—i.e., the ecotone—between the temperate and subarctic or boreal climate zones). During this period, the mean annual precipitation in Latvia ranged from 473 to 810 mm, while the mean annual air temperature ranged from +6.9 to +8.8 °C [29]. In general, the average annual air temperature in Latvia is +6.8 °C (climatic standard norm 1991–2020), while the average annual precipitation is 685.6 mm [29].



During the study period, the maximum deviation of the average annual air temperature from the climatic standard norm (1991–2020) was 0.8 °C, while the maximum deviation of the average annual precipitation from the climatic standard norm (1991–2020) was 212.9 mm (Figures S1 and S2 in Supplementary Materials). At each research site, monitoring of the soil GHG fluxes was carried out for at least 24 months.



In total, 17 research sites were selected in former peat extraction areas and undisturbed (natural) peatland, covering different regions of Latvia (Figure 1). Eight research site represented rewetted former peat extraction areas where the water table was raised and water-saturated conditions had been re-established during the last 20–30 years. Three research sites represented permanently flooded former peat extraction areas where the flooded water level was up to 1.8 m deep. Flooding of former peat extraction areas was caused due to closing of outputs of drainage ditches by removing culverts. Six research sites represented pristine (undisturbed) peatland (raised bog and transitional mire). The thickness of the peat layer at the studied research sites was greater than 70 cm. Short descriptions of the studied research sites are presented in Table 1.




2.2. GHG Flux Sampling Design in Rewetted Former Peat Extraction Areas and Undisturbed Peatland


Soil-to-atmosphere GHG flux sampling was conducted using the manual closed-chamber (opaque) method [30]. Permanent chamber collars were installed in five replicates, spread evenly within a distance of 3 m of each other, in a representative area of each studied research site. The collars were installed in the soil at a depth of 5 cm—avoiding roots, the litter layer and vegetation damage—at least one month before the beginning of the GHG flux sampling. The monitored GHG fluxes represent the net soil CH4 and N2O fluxes, as well as total soil respiration (CO2 fluxes), including both soil heterotrophic respiration and autotrophic respiration of above- and belowground biomass surrounded by the chamber collars and enclosed in the chambers. The dimensions of the chambers allowed for full encapsulation of the present vegetation. In rewetted former peat extraction areas with bare peat, the estimated soil CO2 fluxes can be interpreted as soil heterotrophic respiration due to the absence of vegetation and, simultaneously, net ecosystem exchange (NEE). Study sites were visited once every four weeks to collect flux samples from chambers in each of the collar positions.




2.3. GHG Flux Sampling Design in Permanently Flooded Former Peat Extraction Areas


At each study site of the permanently flooded former peat extraction areas (Table 1), three representative subplots were selected. GHG flux sampling was conducted using opaque chambers positioned on mobile floating collars accessed by footbridges [31]. At each subplot, shortly before GHG flux sampling five chamber collars were evenly distributed around the footbridge at least 3 m from the edge of the flooded area. GHG flux sampling was conducted once every three weeks during the vegetative season (March to October) and once per month from November to February. In permanently flooded former peat extraction areas, the monitored GHG fluxes represented the net water-surface-to-atmosphere CO2, CH4 and N2O fluxes.




2.4. GHG Flux Sampling and Analysis


GHG flux sampling was conducted according to the randomized time schedule of research-site survey to reduce potential impact of sampling time on GHG emissions [30,32]. Regardless of permanent soil collars or mobile floating collars, four successive replicates of GHG fluxes were sampled within 30 min of chamber connection with the soil collar (i.e., samples were taken every 10 min). GHG fluxes from the chambers were sampled using glass vials (50 mL, underpressure of 0.3 mbar). Samples of GHG fluxes were transported to the laboratory and GHG concentrations were determined with a gas chromatograph equipped with an automatic sampling device, an electron capture detector (ESD) and a flame ionisation detector (FID) [33].



Soil- or water-surface-to-atmosphere fluxes were calculated (Equation (1)) based on the Ideal Gas Law equation and the slope coefficient of linear regression describing gas concentration change in the chambers during 30 min (results of gas chromatography analysis of four successive GHG flux samples). As a measure for ensuring the quality control of the results, estimation of data point compliance with the tendency of GHG concentration changes over time in the chamber was performed.


  G H G f l u x =   M × P × V × s l o p e   R × T × A    



(1)




where GHG flux is the instantaneous GHG (CO2, CH4 or N2O) flux, µg GHG m2 h−1; M is the molar mass of GHG, g mol−1; R is the universal gas constant, 8.314 m3 Pa K−1 mol−1; P is the assumption of air pressure inside the chamber, 101,300 Pa; T is the air temperature, K; V is the chamber volume, 0.063 m3; slope is the GHG concentration changes over time, ppm h−1; and A is the collar area, 0.1995 m2.




2.5. Measurements of Environmental Parameters


To identify and quantify GHG-flux-affecting factors, several environmental parameters were determined during study site surveys. In rewetted former peat extraction areas and undisturbed peatland, PVC pipes were installed among chamber collars down to a depth of 140 cm in the soil for GW level (the depth of the groundwater table below the ground) monitoring (manual measurements were performed during each study site survey). Soil temperature was recorded at depths of 5 cm, 10 cm, 15 cm and 30 cm using the soil temperature sensor and a data logger; air (ambient) temperature was measured using an electronic thermometer with 0.1 °C thermal resolution (results in Appendix A, Figure A1). In 2016, soil samples were taken at each research site using a stainless-steel soil sample probe at the following depths: 0–10 cm, 10–20 cm, 20–30 cm and 30–40 cm. Soil samples were prepared for analyses according to the LVS ISO 11464:2005 and the following parameters of were determined: pH (CaCl2) according to LVS EN ISO 10390:2022; organic C (OC, in g kg−1) and total N (TN, in g kg−1) content was determined with the elementary analysis method (LVS ISO 10694:2006 and LVS ISO 13878:1998, respectively); and the HNO3-extractable phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) contents (in g kg−1) were determined with the inductively coupled plasma-optical emission spectrometry (ICP-OES) method. In addition, the soil OC/TN (C/N) ratio were calculated as proxy to describe the decomposition status of soil organic matter (results in Appendix A, Table A1).



During GHG flux sampling from chambers on floating collars in flooded former peat extraction areas, the water level—the depth of the flooded water layer to the soil surface—as well as both air and water temperature were measured (results in Appendix A, Figure A1). In addition, flooded water samples were taken. The following parameters were determined: water pH and electrical conductivity according to LVS ISO 10523:2012 and LVS EN 27888:1993, respectively; potassium (K) concentrations in water were determined using the flame atomic absorption spectroscopy according to LVS ISO 9964-3:2000; total nitrogen (TN) and dissolved organic carbon (DOC) concentrations were determined according to LVS EN 12260:2004 and LVS EN 1484:2000.




2.6. Statistical Analysis


All statistical analyses were conducted using R [34]. To check the data for normal distribution and homogeneity of variance a Shapiro–Wilk normality test and Quantile-Comparison Plot (function ‘qqPlot()’ from R package ‘car’) was used. Possible differences in the mean values of GHG fluxes grouped by land-use types and seasons were evaluated using pairwise comparisons using t-tests with pooled standard deviations (SD). To relate mean GHG fluxes to different environmental factors (GW level in rewetted areas and undisturbed peatland, water level in flooded areas, temperature), Pearson correlation (r) analysis and simple regression analysis were carried out. A significance level of p < 0.05 was used.



In the box plots (Figure 2, Figure 3 and Figure 4 and Figure A1), bold lines represent the medians, black asterisks represent the mean values, the boxes correspond to the lower and upper quartiles, the whiskers show the minimal and maximal values (within 150% of the interquartile range from the median), and the black dots show outliers of the datasets.





3. Results


3.1. Land-Use Type and Seasonal Variation in GHG Fluxes from Soil or Water Surface


In all land-use types, the highest CO2 surface-to-atmosphere fluxes (sum of soil heterotrophic and autotrophic respiration) were observed in summer, and the lowest in winter; furthermore, the differences between seasons were statistically significant (Figure 2). Among the studied land-use types, the highest CO2 surface-to-atmosphere fluxes were recorded in rewetted former peat extraction areas with vegetation and in undisturbed peatland, where mean CO2 fluxes were 108.1 ± 5.2 and 94.4 ± 9.3 mg CO2–C m−2 h−1, respectively, during the summer season. The lowest CO2 fluxes were observed in flooded former peat extraction areas, where mean CO2 fluxes reached 11.3 ± 1.6 mg CO2–C m−2 h−1 during the summer season. During the winter, CO2 fluxes were relatively low in all land-use types, ranging from 1.8 ± 0.6 mg CO2–C m−2 h−1 in rewetted areas with bare peat to 4.6 ± 1.3 mg CO2–C m−2 h−1 in undisturbed peatland; no significant differences between the studied land-use types were found in the spring and winter months.



As with the CO2 surface-to-atmosphere fluxes, the highest CH4 fluxes were observed in summer, and the lowest in winter; the differences between seasons were statistically significant (Figure 3). Among the studied land-use types, the highest CH4 surface-to-atmosphere fluxes were recorded in undisturbed peatland in all seasons, reaching the highest mean CH4 fluxes of 20.0 ± 6.8 mg CH4–C m−2 h−1 in summer. The lowest CH4 fluxes were observed in rewetted former peat extraction areas, where the mean CH4 fluxes during the summer season reached 0.7 ± 0.3 mg CH4–C m−2 h−1 in rewetted areas with vegetation and 1.1 ± 0.5 mg CH4–C m−2 h−1 in rewetted areas with bare peat. During the winter, CH4 fluxes were relatively low in all land-use types, ranging from 0.02 ± 0.01 mg CH4–C m−2 h−1 in rewetted areas with bare peat to 0.43 ± 0.16 mg CH4–C m−2 h−1 in undisturbed peatland; no significant differences between the studied land-use types were found in the spring and winter months.



Among the different land-use types and seasons studied, mean N2O surface-to-atmosphere fluxes ranged from −2.0 ± 1.5 µg N2O–N m−2 h−1 in flooded former peat extraction areas in spring and winter to 29.8 ± 20.8 µg N2O–N m−2 h−1 in undisturbed peatland in spring (Figure 4). No statistically significant differences in mean N2O fluxes between different seasons within the same land-use type were observed. Among the studied land-use types, only in autumn months were statistically higher N2O fluxes observed in rewetted former peat extraction areas with bare peat compared to rewetted areas with vegetation and undisturbed peatland. When data from all seasons are pooled, the highest mean N2O fluxes were recorded in undisturbed peatland (9.3 ± 6.0 µg N2O–N m−2 h−1) followed by rewetted former peat extraction areas with bare peat (3.9 ± 1.6 µg N2O–N m−2 h−1).




3.2. Impact of Environmental Parameters on Magnitude of GHG Fluxes from Soil or Water Surfaces


In all land-use types, surface-to-atmosphere CO2 fluxes positively correlated with both air and soil or water temperature (Table 2). Although less pronounced than for CO2 fluxes, the impact of temperature on CH4 fluxes was also statistically significant, while temperature was not found to be a significant influencing factor of N2O surface-to-atmosphere fluxes (Table 2). Simple non-linear (polynomial) regressions describing relationships between surface-to-atmosphere CO2 fluxes and water temperature in flooded former peat extraction areas or soil temperature at a depth of 5 cm in rewetted former peat extraction areas and undisturbed peatland are shown in Figure 5. GW level was also found to be a significant CO2-flux-influencing factor in rewetted former peat extraction areas (Figure 6), while there were no correlations between GW level and CH4 or N2O fluxes in rewetted areas or undisturbed peatland. In addition, the water level in flooded areas during frost-free periods was not found to be a significant surface-to-atmosphere GHG-flux-influencing factor.



Analysis of relationships (linear regressions) between average water surface-to-atmosphere GHG fluxes and average water general chemistry (water pH, conductivity, concentrations of K, Ca, Mg, TN, DOC) in flooded former peat extraction areas highlighted several trends and even some significant correlations (p < 0.05; Figure A2, Appendix A). For instance, a positive correlation between average CH4 fluxes and water pH, and a negative correlation between average CO2 fluxes and K concentration in water were found. However, these trends should be evaluated with caution, and their generalisation is not scientifically justified due to the limited number of research sites representing flooded conditions (n = 3, Table 1).



Analysis of relationships between average soil surface-to-atmosphere GHG fluxes and average soil general chemistry (soil pH, content of OC, TN, P, K, Ca and Mg, soil C/N ratio; see Table A1, Appendix A) in rewetted former peat extraction areas and undisturbed peatland highlighted significant correlations (linear regressions) between CO2 fluxes and soil pH (adj. R2 = 0.363, p = 0.039), K content (adj. R2 = 0.324, p = 0.050), Ca content (adj. R2 = 0.349, p = 0.042) and Mg content (adj. R2 = 0.509, p = 0.012) in soil at a depth of 0–20 cm. Furthermore, at 20–40 cm soil depth, a significant correlation (linear regression) between CO2 fluxes and soil pH was found (adj. R2 = 0.445, p = 0.021). Other correlations between soil surface-to-atmosphere GHG fluxes and parameters of soil general chemistry were not found.




3.3. Annual GHG Fluxes from Soil or Water Surfaces


The estimated annual GHG fluxes from soil or water surfaces in the studied land-use types are shown in Table 3. Annual GHG fluxes were calculated as the sum of monthly average fluxes (expressed as t CO2–C ha−1 month−1, kg CH4–C or N2O–N ha−1 month−1), thus maintaining the contribution of all seasons in the calculation of the average values of annual GHG fluxes from the soil or water surface. Among the studied land-use types, the highest annual CO2 fluxes (4.10 ± 0.21 t CO2–C ha−1 yr−1) were estimated in rewetted former peat extraction areas with vegetation, but it should be noted that CO2 fluxes in rewetted areas with vegetation represent the sum of soil heterotrophic and autotrophic respiration. The highest annual CH4 fluxes (562.4 ± 155.8 kg CH4–C ha−1 yr−1) were estimated in undisturbed peatland, followed by flooded areas (251.1 ± 77.2 kg CH4–C ha−1 yr−1). In addition, the highest annual N2O fluxes (0.66 ± 0.41 kg N2O–N ha−1 yr−1) were estimated in undisturbed peatland.





4. Discussion


4.1. CO2 Fluxes


Among the different land-use types and seasons studied, the highest mean surface-to-atmosphere CO2 fluxes (sum of soil heterotrophic and autotrophic respiration) were recorded in rewetted former peat extraction areas with vegetation and in undisturbed peatland, where mean instantaneous CO2 fluxes during the summer season were 108.1 ± 5.2 and 94.4 ± 9.3 mg CO2–C m−2 h−1, respectively. The lowest CO2 fluxes were observed in rewetted areas with bare peat during the winter (1.8 ± 0.6 mg CO2–C m−2 h−1). Higher CO2 fluxes in rewetted former peat extraction areas with vegetation and undisturbed peatland (also covered with vegetation) compared to rewetted areas with bare peat are most likely related to the higher contribution of autotrophic respiration of the above- and belowground plant parts and rhizosphere respiration in areas covered by vegetation (see [35,36]). In addition, in rewetted areas and undisturbed peatland, GW levels dropped as much as 1 m during summer and autumn; soil aeration—and, consequently, oxidation processes of soil organic matter—was thus intensified, resulting in elevated CO2 fluxes. In flooded conditions, mean surface-to-atmosphere CO2 fluxes were significantly lower than under rewetted conditions or in the natural (undisturbed) counterparts due to the anaerobic conditions in the flooded soils [21]. The more limited organic matter decomposition as well as water column above the soil surface thus acted as diffusion barriers reducing CO2 transport [21,37]. Annualised cumulative CO2 fluxes under flooded conditions (0.55 ± 0.05 t CO2–C ha−1 yr−1) were similar, for instance, compared to those reported for cultivated peatland under continuously flooded conditions in south Florida (0.32 t CO2–C ha−1 yr−1 [37]).



In general, our results support previous conclusions that temperature and water level are key factors controlling organic matter decomposition and surface-to-atmosphere CO2 fluxes in areas with organic (peat) soils [21,25,37]. The magnitude of surface-to-atmosphere CO2 fluxes in rewetted areas with vegetation and in natural (undisturbed) counterparts in our study was similar, but the dependence of fluctuations in magnitude of CO2 on GW level changes was more pronounced in rewetted areas than in undisturbed peatland. In general, natural peatland is more stable—being capable of buffering hydrological extremes by surface oscillation—than rewetted peatland, which is characterised as being highly responsive to weather extremes [8,38]. This is in line with our results, which showed significantly greater variation (dropping) in GW level in rewetted former peat extraction areas than in undisturbed peatland (Figure A1). Moreover, previous studies in rewetted areas have shown that water table fluctuations are better self-regulated in vegetated areas than in bare peat sites [18]. We did not find significant differences in GW level fluctuations between rewetted areas with bare peat and with vegetation cover.



Our annualised cumulative CO2 fluxes from rewetted areas with bare peat are methodologically comparable with the IPCC default CO2 emission factors (EFs), and are significantly higher than those provided by IPCC for rewetted areas in boreal and temperate climate zones (which range from −0.55 to +0.50 t CO2–C ha−1 yr−1 [9]), as well as those reported by Wilson et al. (2016) [20] and recently by Tiemeyer et al. (2020) for Germany [39]. This could be explained by the fact that the GW level in our rewetted sites dropped to 1 m during summer and autumn (which is common in the region), when the highest CO2 fluxes were observed. Wilson et al. (2016) only deemed sites with an annual or seasonal GW level of −0.3 m or shallower suitable as proxies for rewetted areas [20], and Tiemeyer et al. (2020) averaged the mean annual CO2 fluxes of all sites within a GW level range of −0.1 to 0.2 m [39]. Nevertheless, the results emphasise that rewetted areas with bare peat where the typical (peat-forming) cover of vegetation has not fully re-established cannot be considered to be C-neutral or as CO2 sinks.



Considering the view that rewetting of drained organic soils may lower net GHG emissions and could return drained peatland to a C-sink ecosystem [14,20], we compared the CO2 fluxes under the rewetted conditions recorded within this study to previously reported CO2 fluxes under drained conditions. The mean instantaneous surface-to-atmosphere CO2 fluxes (sum of soil heterotrophic and autotrophic respiration) recorded within this study in rewetted conditions during the summer season (50.0 ± 7.4 and 108.1 ± 5.2 mg CO2–C m−2 h−1 in areas with bare peat and with vegetation, respectively) were slightly higher compared to those previously reported in Latvia for disturbed (peat-extracted) peatland under drained conditions with bare peat and with vegetation cover (33.0 ± 19.7 and 85.3 ± 10.3 mg CO2–C m−2 h−1, respectively) [40]. Thus, rewetted former peat extraction fields may have better soil C stock-preservation capacity than drained areas only if the C input into the soil through plant biomass compensates surface-to-atmosphere CO2 emissions in rewetted areas. In addition, when we evaluate the impact of rewetting on climate as a whole, the annual increase in plant biomass must additionally compensate the higher global warming effect of elevated CH4 emissions, if compared to drained areas. Annualised cumulative CO2 fluxes from rewetted areas with bare peat included in our study—which represent soil heterotrophic respiration due to the absence of vegetation and thus plant-derived CO2—were 1.73 ± 0.17 t CO2–C ha−1 yr−1, while soil heterotrophic respiration in rewetted areas with vegetation was estimated to be 1.76 t CO2–C ha−1 yr−1, considering that the contribution of soil heterotrophic respiration to the total respiration is 43% according to Berglund et al. (2011) [41]. These values slightly exceeded the annual CO2 fluxes (soil heterotrophic respiration) previously estimated in Latvia from drained former peat extraction fields (1.46 ± 0.05 t CO2–C ha−1 yr−1) and abandoned peat extraction fields with herb and dwarf shrub vegetation (1.62 ± 0.06 t CO2–C ha−1 yr−1) [25]. This indicates that rewetting of former peat extraction fields may not ensure lower soil C losses compared to drained peat fields and, thus, that rewetting may not be an effective measure for climate change mitigation in hemiboreal regions where GW fluctuations commonly occur even after restoration of elevated GW levels. For a more accurate assessment, future studies should include not only a distinction between heterotrophic and autotrophic soil respiration and quantification of C input into soil through plant biomass, but also C losses due to wind erosion and a wider range of potentially affecting factors (predictors) of GHG fluxes (for instance, physico-chemical parameters). However, our cumulative CO2 fluxes from rewetted areas with bare peat (1.73 ± 0.17 t CO2–C ha−1 yr−1)—which represent net ecosystem exchange in CO2—were lower than those provided by IPCC guidelines [9] for peatland managed for extraction in temperate and boreal regions (2.8 t CO2–C ha−1 yr−1 with a 95% confidence interval from 1.1 to 4.2 t CO2–C ha−1 yr−1).




4.2. CH4 Fluxes


The annualised cumulative CH4 fluxes in our study ranged from 22.6 ± 7.6 and 26.4 ± 12.0 kg CH4–C ha−1 yr−1 in rewetted former peat extraction areas with vegetation and bare peat, respectively, to 562.4 ± 155.8 kg CH4–C ha−1 yr−1 in pristine (undisturbed) peatland. Thus, the CH4 emissions in rewetted former peat extraction areas (22.6 ± 7.6 and 26.4 ± 12.0 kg CH4–C ha−1 yr−1 in areas with vegetation and bare peat, respectively) were approximately ten and twenty orders of magnitude lower than those observed in flooded former peat extraction areas (251.1 ± 77.2 kg CH4–C ha−1 yr−1) and undisturbed peatland (562.4 ± 155.8 kg CH4–C ha−1 yr−1), respectively. Re-established vegetation cover can enhance CH4 emissions (compared to bare peat) through the supply of substrate (labile C via root exudates) for methanogenesis and the CH4 pathway (transport to the atmosphere through aerenchyma, avoiding oxidation by methanotrophic microbes in the aerobic soil layer) [12,42,43,44]. For instance, sedge-mediated CH4 transport to the atmosphere due to the presence of aerenchyma tissues in stems of sedges has been recognized as a significant gas pathway in both northern and tropical peatlands [45]. At the same time, Sphagnum moss species support methanotrophic (i.e., methane-consuming) bacteria, and CH4 emissions can be lower in Sphagnum-dominated peatland than in those dominated by other vegetation [46]. Our results showed a slightly higher magnitude of CH4 fluxes from rewetted former peat extraction areas with bare peat than in rewetted areas with vegetation, but the difference was not statistically significant.



Annualised cumulative CH4 fluxes from rewetted areas in our study are significantly lower than the default CH4 EF (216 kg CH4–C ha−1 yr−1, temperate climate zone, nutrient status: rich) provided by the IPCC [9,20] and the German average CH4 EF for rewetted organic soils (279 kg CH4–C ha−1 yr−1) [39]. This could be explained by the impact of previous land use: rewetted boreal cutover peatland may show relatively low CH4 emissions [20] and may preserve at a lower level compared to pristine (undisturbed) peatland for a long period—even after former peat extraction areas become fully re-established by natural peat-forming vegetation [12,42]. Our annualised cumulative CH4 fluxes from flooded areas are well within the IPCC default CH4 EF for rewetted areas.



Water level in peatland is an important factor for determining CH4 emissions (e.g., [21,42]). This is also supported by our results showing higher CH4 emissions in flooded conditions than in rewetted conditions, in which the GW level tends to drop, especially in summer and autumn. Nevertheless, no significant relationships between GW level and magnitude of surface-to-atmosphere CH4 fluxes were found in rewetted areas or in undisturbed peatland when each group of land-use type was analysed separately. This does not confirm the widely described relationship between CH4 release and GW level, but is in line with the findings of other studies, such as that of Glatzel et al. (2008) on peat bog restoration in NW Germany [43].




4.3. N2O Fluxes


In our study, the annualised cumulative N2O fluxes were low, ranging from zero in flooded former peat extraction areas to 0.66 ± 0.41 kg N2O–N ha−1 yr−1 in undisturbed peatland. In rewetted former peat extraction areas, annualised cumulative N2O fluxes were 0.32 ± 0.12 kg N2O–N ha−1 yr−1 in areas with bare peat and 0.02 ± 0.03 kg N2O–N ha−1 yr−1 in areas with vegetation. The lower annualised cumulative N2O fluxes in rewetted former peat extraction areas with vegetation compared to areas with bare peat could be explained by the uptake of N by vegetation communities [43]. A low soil C/N ratio is traditionally applied as a predictor of high N2O emissions [47,48], while a high C/N ratio indicates comparatively nutrient-poor peat and thus lower rates of microbial decomposition, resulting in lower N2O and CO2 fluxes [18]. We did not find significant correlations between soil C/N ratio and soil surface-to-atmosphere N2O fluxes; moreover, soil C/N ratio in rewetted former peat extraction areas with vegetation was lower compared to rewetted areas with bare peat (50 vs. 84 at a depth of 0–20 cm, Table A1). However, our range of soil C/N ratios (from 50 to 84 at a depth of 0–20 cm) is significantly above the threshold C/N ratio of 25 reported by Klemedtsson et al. (2005) for significant N2O emissions [47]. The German average N2O EF for rewetted organic soils is 0.1 kg N2O–N ha−1 yr−1 [39], while the IPCC (2014) guidelines [9,18,49] assume that N2O emissions from organic soils under fully saturated, rewetted conditions are negligible (under Tier 1). Our study supports the IPCC default approach, although there was some variation in annualised cumulative N2O fluxes in rewetted conditions. In general, N2O fluxes from organic soils are controlled through nitrification and denitrification processes limited by the availability of N and/or oxygen, and thus GW level [9,50]. Saturated soils under flooded (anoxic) conditions reduce the rates of nitrification, and thus NO3− production, while promoting denitrification and the consumption of N2O, resulting in negligible N2O fluxes [9,37]. Our research sites were not fertilised, and thus an increase in available mineral nitrogen was not promoted; furthermore, the studied region is located in a comparatively low-N-deposition area [51,52]. These could be additional reasons for the relatively low magnitude of the N2O emissions recorded. In our study, neither the temperature nor the water level were found to be significant influencing factors of surface-to-atmosphere N2O fluxes. Nevertheless, with the latest N2O global warming potential (GWP100) value of 265 (AR5 [53]), even small changes in emissions of N2O would have some impact on the climate [18].





5. Conclusions


In this study, we presented the results of monitored surface-to-atmosphere GHG fluxes from rewetted and permanently flooded former peat extraction areas in comparison to pristine (undisturbed) peatland in hemiboreal Latvia. Using pristine peatland for comparison, we found that rewetting of former peat extraction areas in the hemiboreal region of Europe initiated before 20–30 years ago had not fully returned the peatland to the GHG (especially CH4) flux-magnitude state that occurred prior to disturbance (peat extraction), and that the GW level dynamic did not reach values characteristic for pristine wetlands. Among the studied land-use types, the highest annualised surface-to-atmosphere CO2 fluxes (sum of soil heterotrophic and autotrophic respiration) were recorded in rewetted former peat extraction areas with restored vegetation and in undisturbed peatland, while the lowest were in flooded former peat extraction areas (temperature and GW level was found to be significant CO2-flux influencing factors). The highest annualised CH4 fluxes were recorded in undisturbed peatland, followed by about two-fold smaller CH4 fluxes in flooded areas and ~20-fold smaller CH4 fluxes in rewetted areas than in undisturbed peatland. N2O fluxes were negligible in all the studied land-use types; the highest annualised N2O fluxes were recorded in undisturbed peatland. In general, our results show that the IPCC default EFs for rewetted areas significantly underestimate CO2 emissions (at least for those areas with bare peat) and overestimate CH4 emissions in hemiboreal regions where considerable GW fluctuations are observed, and the water regime is still most probably affected by residuals of drainage systems and regional changes.



The results of this study have highlighted the necessity of long-term GHG monitoring in order to more accurately assess the impact of raised water tables on GHG fluxes from drained organic soils, including former peat extraction areas at the ecosystem level in hemiboreal regions, as well as to develop more stratified and accurate GHG EFs applicable for the IPCC GHG accounting system. In addition, further studies are important to enhance our knowledge of the impact of raised water tables on climate change mitigation to support policy makers with information from different regions with different specificities (e.g., GW fluctuations, duration of re-establishment of vegetation under rewetted conditions, periods of drought, flooding events).
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Figure A1. Variation in environmental parameters: flooded water layer depth (during frost-free period) and water temperature (T) in flooded former peat extraction areas, groundwater level and soil temperature at a depth of 5 cm in rewetted and flooded former peat extraction areas and in undisturbed peatland. 
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Figure A2. Trends (linear regressions) describing the dependence of average surface-to-atmosphere GHG fluxes on water general chemistry in flooded former peat extraction areas. 
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Table A1. Soil general chemistry at depths of 0–20 cm and 20–40 cm in rewetted former peat extraction areas and undisturbed peatland.
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Parameter

	
Studied Land-Use Types with Organic Soils




	
Rewetted Area (Bare Peat)

	
Rewetted Area (with Vegetation)

	
Undisturbed Peatland






	
Soil at 0–20 cm depth




	
OC, g kg−1

	
544.6 ± 3.8

	
539.5 ± 9.5

	
524.1 ± 6.5




	
pH (CaCl2)

	
2.56 ± 0.02

	
3.22 ± 0.33

	
2.87 ± 0.05




	
TN, g kg−1

	
6.57 ± 0.59

	
11.42 ± 1.05

	
9.83 ± 1.15




	
P, g kg−1

	
0.12 ± 0.02

	
0.20 ± 0.03

	
0.24 ± 0.03




	
K, g kg−1

	
0.12 ± 0.03

	
0.88 ± 0.31

	
0.51 ± 0.07




	
Ca, g kg−1

	
1.35 ± 0.13

	
11.23 ± 5.20

	
2.09 ± 0.52




	
Mg, g kg−1

	
0.63 ± 0.09

	
1.01 ± 0.31

	
0.71 ± 0.10




	
C/N ratio

	
84.0 ± 6.6

	
50.4 ± 5.2

	
63.6 ± 6.2




	
Soil at 20–40 cm depth




	
OC, g kg−1

	
554.1 ± 3.8

	
553.6 ± 14.6

	
534.2 ± 4.5




	
pH (CaCl2)

	
2.54 ± 0.01

	
3.25 ± 0.34

	
2.93 ± 0.05




	
TN, g kg−1

	
6.69 ± 0.19

	
10.04 ± 0.96

	
9.64 ± 0.85




	
P, g kg−1

	
0.10 ± 0.01

	
0.18 ± 0.02

	
0.20 ± 0.02




	
K, g kg−1

	
0.06 ± 0.01

	
0.23 ± 0.06

	
0.40 ± 0.08




	
Ca, g kg−1

	
1.06 ± 0.04

	
12.37 ± 5.60

	
1.83 ± 0.32




	
Mg, g kg−1

	
0.38 ± 0.06

	
0.97 ± 0.34

	
0.54 ± 0.05




	
C/N ratio

	
83.2 ± 2.6

	
58.5 ± 0.9

	
63.4 ± 6.0
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Figure 1. Location of the studied research sites in hemiboreal Latvia. 
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Figure 2. Seasonal variation in CO2 fluxes from soil or water surfaces in rewetted and flooded former peat extraction areas and in undisturbed peatland. Statistically significant differences (p < 0.05) between land use types within the same season are shown with different uppercase letters; statistically significant differences (p < 0.05) between different seasons within the same land use type are show with different lowercase letters. 
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Figure 3. Seasonal variation in CH4 fluxes from soil or water surface in rewetted and flooded peat extraction areas and in undisturbed peatland. Statistically significant differences (p < 0.05) between land use types within the same season are shown with different uppercase letters; statistically significant differences (p < 0.05) between different seasons within the same land use type are shown with different lowercase letters. 
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Figure 4. Seasonal variation in N2O fluxes from soil or water surface in rewetted and flooded former peat extraction areas and in undisturbed peatland. Statistically significant differences (p < 0.05) between land use types within the same season are shown with different uppercase letters; no significant differences (p > 0.05) were detected between different seasons within the same land use type (similar lowercase letters). 
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Figure 5. Nonlinear regressions describing dependence of CO2 surface-to-atmosphere fluxes (sum of soil heterotrophic and autotrophic respiration) on water temperature in flooded former peat extraction areas and soil temperature at a depth of 5 cm in rewetted former peat extraction areas and undisturbed peatland. 
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Figure 6. Linear regressions describing dependence of CO2 surface-to-atmosphere fluxes (sum of soil heterotrophic and autotrophic respiration) on GW level in rewetted former peat extraction areas. 
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Table 1. Characterisation of the studied research sites in hemiboreal Latvia.
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Type of Research Sites, Study Period (GHG Flux Sampling)

	
Name of Research Sites

	
Short Description, Water Level Position

during the Study Period

	
Coordinates

(WGS-84 Coordinate System)






	
Undisturbed peatland (steady stage), December 2016–2018

	
Lauga Mire

	
Raised bog, groundwater level in range from 0 to 35 cm

	
X: 24.67638;

Y: 57.27659




	
Ķemeri Mire

	
Raised bog, groundwater level in range from −23 to 20 cm

	
X: 23.53489;

Y: 56.88007




	
Lielsala Mire

	
Raised bog, groundwater level in range from −2 to 15 cm

	
X: 22.31902;

Y: 57.34393




	
Igerīšu Mire

	
Transitional mire, groundwater level in range from −8 to 7 cm

	
X: 24.61425;

Y: 57.10805




	
Kalnezera Mire

	
Transitional mire, groundwater level in range from −16 to 35 cm

	
X: 24.73494;

Y: 56.68246




	
Kazu Mire

	
Transitional mire, groundwater level in range from −10 to 36 cm

	
X: 24.82005;

Y: 57.27762




	
Rewetted former peat extraction areas with bare peat, December 2016–2018

	
Cenas Mire

	
Groundwater level in range from 2 to 88 cm

	
X: 23.98021;

Y: 56.82464




	
Medema Mire

	
Groundwater level in range from 2 to 74 cm

	
X: 24.10859;

Y: 56.84534




	
Ķemeri Mire

	
Groundwater level in range from −3 to 30 cm

	
X: 23.52458;

Y: 56.89753




	
Ķemeri Mire

	
Groundwater level in range from 0 to 43 cm

	
X: 23.52478;

Y: 56.89730




	
Rewetted former peat extraction areas with vegetation, December 2016–2018

	
Cenas Mire

	
Herbaceous plant and shrub vegetation, groundwater level in range from 0 to 101 cm

	
X: 23.97731;

Y: 56.82599




	
Cepļa Mire

	
Herbaceous plant and shrub vegetation, groundwater level in range from 9 to 53 cm

	
X: 26.47581;

Y: 57.22005




	
Silguldas Mire

	
Herbaceous plant and shrub vegetation, groundwater level in range from 8 to 79 cm

	
X: 27.39121;

Y: 57.31268




	
Briģu Mire

	
Reed vegetation, groundwater level in range from −12 to 90 cm

	
X: 24.40517;

Y: 56.44364




	
Permanently flooded former peat extraction areas, January 2021–December 2022

	
Tēvgāršu Swamp

	
Depth of flooded water level in range from 1.0 to 1.5 m, decrease during summer (by max 0.6 m)

	
X: 24.95375;

Y: 57.67010




	
Zilākalna Swamp

	
Depth of flooded water level in range from 0.8 to 1.8 m, relatively stable during summer (decrease by max 0.3 m)

	
X: 25.16912;

Y: 57.59400




	
Zilākalna swamp

	
Depth of flooded water level in range from 0.7 to 1.2 m, decrease during summer (by max 0.5 m)

	
X: 25.16439;

Y: 57.59056
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Table 2. Pearson correlation coefficients (r) characterising relationships between surface-to-atmosphere GHG fluxes and environmental factors, grouped by type of land use. * p < 0.05, ** p < 0.01, *** p < 0.001.






Table 2. Pearson correlation coefficients (r) characterising relationships between surface-to-atmosphere GHG fluxes and environmental factors, grouped by type of land use. * p < 0.05, ** p < 0.01, *** p < 0.001.





	
Parameter

	
Flooded Area

	
Rewetted Area (Bare Peat)

	
Rewetted Area (with Vegetation)

	
Undisturbed Peatland






	
Surface-to-atmosphere CO2 fluxes (sum of soil heterotrophic and autotrophic respiration)




	
Air temperature

	
0.52 ***

	
0.83 ***

	
0.80 ***

	
0.80 ***




	
Soil temperature, 5 cm depth

	

	
0.92 ***

	
0.92 ***

	
0.85 ***




	
Soil temperature, 10 cm depth

	

	
0.92 ***

	
0.92 ***

	
0.84 ***




	
Soil temperature, 15 cm depth

	

	
0.88 ***

	
0.92 ***

	
0.82 ***




	
Soil temperature, 30 cm depth

	

	
0.88 ***

	
0.92 ***

	
0.81 ***




	
GW level

	

	
0.60 ***

	
0.52 ***

	
0.29 **




	
Water level in flooded area during frost-free period

	
−0.16

	

	

	




	
Water temperature in flooded area

	
0.56 ***

	

	

	




	
Surface-to-atmosphere CH4 fluxes




	
Air temperature

	
0.52 ***

	
0.32 **

	
0.26 *

	
0.32 ***




	
Soil temperature, 5 cm depth

	

	
0.34 **

	
0.27 *

	
0.31 ***




	
Soil temperature, 10 cm depth

	

	
0.32 **

	
0.30 *

	
0.32 ***




	
Soil temperature, 15 cm depth

	

	
0.30 *

	
0.28 **

	
0.30 ***




	
Soil temperature, 30 cm depth

	

	
0.30 *

	
0.28 **

	
0.28 **




	
GW level

	

	
−0.02

	
−0.08

	
−0.01




	
Water level in flooded area during frost-free period

	
−0.04

	

	

	




	
Water temperature in flooded area

	
0.62 ***

	

	

	




	
Surface-to-atmosphere N2O fluxes




	
Air temperature

	
0.32

	
−0.04

	
−0.19

	
−0.05




	
Soil temperature, 5 cm depth

	

	
−0.04

	
−0.20

	
−0.14




	
Soil temperature, 10 cm depth

	

	
0.05

	
−0.18

	
−0.15




	
Soil temperature, 15 cm depth

	

	
0.01

	
−0.21 *

	
−0.16




	
Soil temperature, 30 cm depth

	

	
0.01

	
−0.21 *

	
−0.15




	
GW level

	

	
−0.05

	
0.01

	
0.01




	
Water level in flooded area during frost-free period

	
−0.21

	

	

	




	
Water temperature in flooded area

	
0.26
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Table 3. Estimated annual GHG fluxes (mean value ± S.E.) from soil or water surfaces in the studied land-use types. IPCC CO2 and CH4 emission factors (temperate climate zone, nutrient status - rich) for rewetted areas are given for comparison.






Table 3. Estimated annual GHG fluxes (mean value ± S.E.) from soil or water surfaces in the studied land-use types. IPCC CO2 and CH4 emission factors (temperate climate zone, nutrient status - rich) for rewetted areas are given for comparison.





	
Surface-to-Atmosphere GHG Fluxes

	
Unit

	
Studied Land-Use Types with Organic Soils




	
Flooded Area

	
Rewetted Area (Bare Peat)

	
Rewetted Area (with Vegetation)

	
Undisturbed Peatland






	
Estimated annual CO2 fluxes (sum of soil heterotrophic and autotrophic respiration)

	
t CO2-C ha−1 yr−1

	
0.55 ± 0.05

	
1.73 ± 0.17

	
4.10 ± 0.21

	
3.45 ± 0.21




	
IPCC CO2 emission factor taken from Table 3.1 in the 2013 IPCC Wetlands Supplement [9]

	
t CO2-C ha−1 yr−1

	
-

	
0.50

(95% range: from −0.71 to +1.71)

	
-




	
Estimated annual CH4 fluxes

	
kg CH4-C ha−1 yr−1

	
251.1 ± 77.2

	
26.4 ± 12.0

	
22.6 ± 7.6

	
562.4 ± 155.8




	
IPCC CH4 emission factor taken from Table 3.3 in the 2013 IPCC Wetlands Supplement [9]

	
kg CH4-C ha−1 yr−1

	
-

	
216 (95% range: from 0 to 856)

	
-




	
Estimated annual N2O fluxes

	
kg N2O-N ha−1 yr−1

	
0.00 ± 0.06

	
0.32 ± 0.12

	
0.02 ± 0.03

	
0.66 ± 0.41




	
IPCC N2O emission factor according to the 2013 IPCC Wetlands Supplement [9]

	
kg N2O-N ha−1 yr−1

	
-

	
negligible

	
-
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