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Ditches of forestry-drained peatlands are an important source of methane (CH4) to the atmosphere. These CH4 emissions are currently estimated using the IPCC Tier 1 emission factor (21.7 g CH4 m−2 y−1), which is based on a limited number of observations (11 study sites) and does not take into account that the emissions are affected by the condition and age of the ditches. Furthermore, the total area of different kinds of ditches remains insufficiently estimated. To construct more advanced ditch CH4 emission factors for Finland, we measured CH4 emissions in ditches of 3 forestry-drained peatland areas (manual chamber technique) and amended this dataset with previously measured unpublished and published data from 18 study areas. In a predetermined 2-type ditch classification scheme, the mean CH4 emissions (±standard error) were 2.6 ± 0.8 g CH4 m−2 y−1 and 20.6 ± 7.0 g CH4 m-2 y−1 in moss-covered and moss-free ditches, respectively. In a more detailed 4-type classification scheme, the yearly emissions were 0.6 ± 0.3, 3.8 ± 1.1, 8.8 ± 3.2, and 25.1 ± 9.7 g CH4 m−2 y−1 in Sphagnum-covered, Sphagnum- and vascular plant—covered, moss-free and vascular plant-covered, and plant - free ditches, respectively. Hence, we found that Tier 1 emission factor may overestimate ditch CH4 emissions through overestimation of the emissions of moss-covered ditches, irrespective of whether they harbor potentially CH4 conducing vascular plants. Based on the areal estimates and the CH4 emission factors for moss-covered and moss-free ditches, CH4 emissions of ditches of forestry-drained peatlands in Finland were 8,600 t a−1, which is 63% lower than the current greenhouse gas inventory estimates for ditch CH4 emissions (23,200 t a−1). We suggest that the Tier 1 emission factor should be replaced with more advanced emission factors in the estimation of ditch CH4 emissions of boreal forestry-drained peatlands also in other countries than in Finland. Furthermore, our results suggest that the current practice in Finland to minimize ditch-network maintenance by ditch cleaning will likely decrease CH4 emissions from ditches, since old moss-covered ditches have very low emissions.
Keywords: methane, IPCC emission factor, greenhouse gas (GHG), peatland, ditch, drainage, forestry, moss
1 INTRODUCTION
The concentration of the greenhouse gas (GHG) methane (CH4) has increased substantially since industrialization, with the current global yearly emissions averaging 576 Tg (550–594 Tg) based on top-down estimation (Saunois et al., 2020). Of these global emissions, approximately 60% stem from anthropogenic sources, mostly agriculture, waste treatment, biomass burning and fossil fuel industry (Saunois et al., 2020). In addition, drainage ditches and canals were recently estimated to contribute on average 1% to the global anthropogenic CH4 emissions, yet, their contribution to anthropogenic CH4 emissions can be much higher in densely drained areas (Peacock et al., 2021). Hence, inclusion of ditch and canal emissions into local and national GHG inventories will be crucial in assessing the impact of drained land on CH4 budgets, especially in densely drained countries (Peacock et al., 2021), like in Finland, where approximately 5.9 million ha of peatlands (ca. 17% of total land area of Finland) have been drained for forestry since the 1920s, an area equal to as much as 40% of the global estimate of 15 million ha of forestry-drained peatlands (Paavilainen and Päivänen, 1995).
Drainage of peatlands typically decreases CH4 emissions from soil and ground vegetation, but also creates ditches that have significant CH4 emissions (Martikainen et al., 1995; Roulet and Moore, 1995; von Arnold et al., 2005; Koskinen et al., 2016; Minkkinen et al., 1997; Minkkinen and Laine, 2006). The methane emissions from drainage ditches in Finland are currently estimated using the Tier 1 emission factor of the Intergovernmental Panel on Climate Change (IPCC) for ditches of temperate and boreal drained forest land and drained wetland (Supplementary Table S1; IPCC, 2014). This emission factor, however, is based on a limited number of studies, covering only 11 study sites (Supplementary Table S1; Roulet and Moore, 1995; Minkkinen and Laine, 2006; Sirin et al., 2012; Glagolev et al., 2008; von Arnold et al., 2005; Cooper and Evans, 2013; Cooper et al., 2014) of which only one study is from Finland, covering drained fen and bog sites of one peatland complex (Minkkinen and Laine, 2006). Furthermore, the Tier 1 emission factor does not take into account that different types of ditches (e.g., vegetated vs. non-vegetated) could vary in their CH4 emissions, and the information on the ditch types is impossible to extract for many of the study sites used in the calculations (Supplementary Table S1).
The currently published results of ditch CH4 emission from Finnish forestry-drained peatlands are still scarce, but they already show that the emissions have considerable variation, explained by the hydrology and the type of vegetation cover. The emissions are larger from ditches with moving water than with standing water, which is probably explained by higher input of dissolved methane from surrounding soils via drainage and ground water flow into ditches with moving water (Minkkinen and Laine, 2006). In addition, ditches with aerenchymous plants may have higher CH4 emissions than ditches with Sphagnum moss, as CH4 conducted through the aerenchyma can bypass the methanotrophic filter in oxic surface water, moss, sediment and peat layers, and plant root exudates can also increase methane emissions through several mechanisms (e.g., increasing microbial metabolism) (Schimel, 1995; Frenzel and Karofeld, 2000; Minkkinen and Laine, 2006; Waldo et al., 2019). The scarce published results also hint towards lower CH4 fluxes from moss-covered than moss-free ditches, but the effect of moss-cover remains to be confirmed as the sites of the previously studied moss-free and moss-covered ditches also differed in their nutrient status and forest harvesting treatment, both potentially affecting CH4 production within ditches and strips as well as CH4 transfer from strips to ditches (Minkkinen and Laine, 2006; Korkiakoski et al., 2020). In any case, moss-covered ditches have also shown to turn into occasional CH4 sinks, probably due to activity of methanotrophs within Sphagnum layer or in the sediment and peat below the Sphagnum layer (Raghoebarsing et al., 2005; Larmola et al., 2010; Korkiakoski et al., 2020). As it takes time before ditches are covered by mosses after ditch digging or cleaning, it can be also suggested that ditch age affects CH4 emissions.
As the forest floor of the forestry-drained peatlands is usually a small CH4 sink (Roulet and Moore, 1995; Ojanen et al., 2010; Korkiakoski et al., 2020), the emissions from the ditches determine whether these lands are net sources or sinks of CH4. Accurate methane budget calculations for forestry-drained peatlands followed by national greenhouse gas (GHG) inventories would greatly benefit from development of emission factors, which account the differences in CH4 emissions between ditches of varied age and vegetation cover. Furthermore, a more accurate estimate of the total area of different types of ditches is needed for more accurate calculations of the national GHG inventory. In southern Finland, 35%–43% moss-coverage has been estimated for 5–10-year-old ditches (Silver and Joensuu, 2005), but otherwise publications on ditch vegetation distribution are lacking.
The current CH4 emission data from ditches of forestry-drained boreal peatlands are still scarce and the accuracy of the peatland CH4 emission estimates cannot be improved without further measurements. Using data from 21 study areas covering different ditch vegetation cover and site nutrient status and spanning from southern Finland to southern Lapland, we aimed at developing CH4 emission factors that account for different types of ditches (in terms of vegetation cover), and thus should improve the accuracy of the CH4 emission estimation of forestry-drained peatlands. To further improve the accuracy of the CH4 emission estimation in the national GHG inventory, we also made an improved estimation of the total area of ditches and proportion of the different types of ditches in Finland.
2 MATERIALS AND METHODS
2.1 Study areas
Altogether, we used data from 21 forestry-drained peatland study areas representing different site types (nutrient status) and covering Finland from south to north (Table 1). The measurements were done within 25 years spanning 1996–2021 (Table 1). For four areas (Lakkasuo, Konilampi, Vesijako and Kalevansuo), data were obtained from previously published studies (Minkkinen and Laine, 2006; Koskinen et al., 2016; Minkkinen et al., 2018). For 14 areas, unpublished data measured in 2014–2015 were utilized (Table 1). Furthermore, for this study, we conducted CH4 flux measurements at three study areas (Table 1: Ränskälänkorpi, Lettosuo, Paroninkorpi) in 2021. These areas were selected, because they represent nutrient-rich drained peatland forests [Herb-rich (Rhtkg) and Vaccinium myrtillus type (Mtkg)] that are scarce in the previously measured datasets (Table 1), even though they comprise almost 40% of the current forestry-drained peatland area in Finland (Korhonen et al., 2021).
TABLE 1 | Study areas (their location and nutrient status), year of CH4 flux measurements, number of measurement timepoints during snow-free season (T.P.), the types of ditches, number of measurement points belonging to the particular type of ditch (N), and reference for the description of the study area. Site types from the nutrient richest to the nutrient poorest type with their abbreviations (Laine et al., 2012): Herb-rich (Rhtkg), Vaccinium myrtillus (Mtkg), Vaccinium vitis-idaea (Ptkg), Dwarf-shrub (Vatkg), Lichen (Jätkg). I and II describe the status of the tree stand prior drainage, if known: treed (I), sparsely treed or treeless (II). CH4 flux data from four (i.e., Lakkasuo, Kalevansuo, Konilampi and Vesijako) out of the total of 21 study areas was previously published (see references in footnotes).
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Depending on the study area, there were 1–24 measurement points from which the CH4 emissions were measured 3–19 times during 1–2 snow-free seasons, mostly between May–October (Table 1). The CH4 fluxes were measured using the manual closed chamber method at each study area. For Lakkasuo, Konilampi, Vesijako and Kalevansuo, the measurements, gas analyses [gas chromatograph (GC)] and flux calculation were reported previously (Minkkinen and Laine, 2006; Koskinen et al., 2016; Minkkinen et al., 2018). Measurements (using an opaque round closed floating chamber) and GC analyses for the dataset from 2014 to 15 (Table 1) were conducted as previously described (Ojanen et al., 2019). Furthermore, concentration-time graphs of the 2014–15 data were visually inspected for patterns indicating CH4 ebullition events (i.e., release of CH4 bubbles) or analyzer malfunction. Such flux estimates were excluded from the dataset. Altogether, on average 13.1% of the flux estimates, varying from 0% to 40.9% for single study areas, of the 2014–2015 dataset were excluded.
For the dataset measured in 2021 (Ränskälänkorpi, Lettosuo and Paroninkorpi), the gas analyses were made using a portable gas analyser (LI-COR LI-7810, 1 measurement per second) from the headspace of an opaque closed floating chamber (d 31.5 cm, h 31 cm, equipped with a fan) for a time period of 3 min after placing the chamber at the measurement point. After manual trimming of anomalies in the gas concentration data caused by placement and removal of the chamber in the beginning and at the end of the measurement period, respectively, fluxes were calculated based on linear fit between gas concentration and time [linregress routine of SciPy (v. 1.7.0); Virtanen et al., 2020], accounting for chamber temperature, volume and area, using an in-house script (available from https://github.com/janivaltteri/manual-chamber-data-server/blob/main/dataserver/application/fluxcalc.py).
We acknowledge that CH4 measurements from wet surfaces are very sensitive to interferences. It is difficult to place the chamber firmly into the open water or plant-covered ditch surface in a gas-tight manner. Furthermore, pressing the chamber too hard on the measurement surface can disturb the water column and/or sediment surface and lead to inadvertently enhanced gas transfer or even inadvertent CH4 ebullition causing overestimation of the CH4 fluxes (Matthews et al., 2003). This makes it impossible to determine whether disturbances detected in concentration-time data are due to natural CH4 ebullition or the disturbances caused by the measurement procedure. Hence, the CH4 concentration-time graphs of the portable analyser measurements were manually screened for patterns indicating interference of measurements, gas leaks, CH4 ebullition events or analyser malfunctioning resulting in exclusion of such data (see examples in the Supplementary Material; Supplementary Figure S1). The possible anomalies in the concurrently measured CO2 (data not shown) were used as to help in detecting the possible gas leaks, chamber interference and analyzer malfunctioning. We monitored CH4 ebullition specifically using a bubble collector (Huttunen et al., 2001) in an open water (moss-free) ditch in one of the study areas, Ränskälänkorpi during June-October 2021, and found that ebullition was infrequent, occurring only in two occasions: mid July and early August.
In the plant-free, open water ditches, we also noticed that when a downstream measurement point was measured soon (within few minutes) after measurement of a nearby (only 1–2 m apart) upstream measurement point, the disturbance and mixing of the water upstream could lead to biased, comparatively high CH4 flux estimates at the downstream point, which can be due to inadvertently enhanced gas transfer or even inadvertent CH4 ebullition, as explained above (Matthews et al., 2003). There were one such occasion in Ränskälänkorpi (points 321/322 at 5 August 2021), one occasion in Lettosuo (points 121/122 at 21 July 2021) and four occasions in Paroninkorpi (points 421/422 at 24 August 2021 and 18 October 2021; points 431/432 at 28 July 2021 and 7 September 2021), where downstream point had 3.4, 2.9, and 2.0–28.4 times as high CH4 flux as the upstream point, respectively. Hence, such data were also discarded from further analyses.
Altogether, the manual screening procedure removed 26 (13.7%), 43 (35.2%), and 37 (25.5%) flux estimates resulting in 164, 79, and 108 accepted flux estimates for Ränskälänkorpi, Lettosuo and Paroninkorpi, respectively. The accepted CH4 fluxes used in this study are available in the Dataset 1 [All datasets (i.e., Datasets 1–6) are freely available from https://doi.org/10.5281/zenodo.7341325].
2.3 Water level, temperature and precipitation
Temperature in the ditches of Ränskälänkorpi, Lettosuo and Paroninkorpi in 2021 were measured using iButton loggers (Maxim Integrated, USA) (see Dataset 2). Furthermore, water table level (WT) of the measurement points was recorded during gas flux measurements using a measurement stick permanently attached to ditch bottom (with a measurement scale). WT was recorded as relative to the WT level in the beginning of June 2021 (see Dataset 3).
For all the datasets, the data on air temperature and precipitation for the study years and 30-year comparison period (1 January 1991–31 December 2020) were gathered from the nearest grid point in the 10 km × 10 km grid dataset of Finnish Meteorological Institute (Venäläinen et al., 2005) (see the Supplementary Material, Supplementary Figures S2–S22). In the Lakkasuo dataset in 1996–1997 (Supplementary Figure S2), the year 1997 was warmer and drier than 1996. The summer temperatures were higher than the 30-year average in 1997, while temperature did not differ from the 30-year average in 1996. Precipitation was similar with the 30-year average in 1997 but higher than that in July and November and lower than that in August and September in 1996. In the Kalevansuo dataset in 2011 (Supplementary Figure S3), the summer was warmer, and July, September and December had higher precipitation than the 30-year average. In the Konilampi and Vesijako dataset in 2012 (Supplementary Figures S4, S5), temperature was comparable to while precipitation was generally higher than the 30-year average. In the dataset of several study areas in 2014–2015 (Supplementary Figure S6–19), the year 2014 was generally warmer and drier than the year 2015. Compared to the 30-year average, the temperatures were slightly higher in summer 2014 but not in 2015. Precipitation was also generally higher than the 30-year average in 2015 whereas it was comparable to the 30-year average in 2014, except for some single rainy months, for example, August 2014 in Könölä, when precipitation was higher than the 30-year average (Supplementary Figure S10). In the Ränskälänkorpi, Lettosuo and Paroninkorpi datasets in 2021 (Supplementary Figures S20–22), the summer was warmer, and May and August had higher and July lower precipitation than the 30-year average.
2.4 Development of CH4 emission factors
The measurement points in the study areas were classified into different ditch types utilizing field observations and photographs. The classification was based on the presence/absence of moss cover and vascular plants (Table 1). Finally, in the development of the CH4 emission factors, 2-type and 4-type classification schemes were used. The 2-type scheme classified measurement points into 1. moss-covered and 2. moss-free, because presence or absence of moss-cover was the most conspicuous factor differing between the study ditches (Table 1). This classification scheme also best supported the estimation of the area of different types of ditches and total ditch CH4 emissions of Finland (see below). The majority of the moss-covered measurement points were covered by Sphagnum mosses, yet some were covered also by other mosses (Table 1, Dataset 1). The ditch types in the 4-type classification scheme were: 1. Sphagnum-covered, vascular plant-free ditches (in short: Sphagnum), 2. Sphagnum- and vascular plant - covered ditches (Sphagnum + vascular), 3. moss-free, vascular plant—covered ditches (vascular), and 4) moss- and vascular plant-free ditches (plant-free). The purpose of the 4-type classification scheme was to develop the most detailed classification possible, considering also the effect of vascular plants in increasing ditch CH4 emissions (e.g., Minkkinen and Laine, 2006), yet each ditch type still containing adequate number of replicates for statistical testing of differences in the CH4 emissions between ditch types (Table 1, Dataset 1). Additionally, there were 10 measurement points, representing rare ditch types in the dataset, which were included in the 2-type classification scheme in the class of moss-covered ditches (Table 1, Dataset 1). These remained outside of the 4-type classification scheme, including ditches covered with Polytrichum commune (common hair moss), co-covered with P. commune and Sphagnum mosses, and co-covered with Calliergon stramineum (calliergon moss), P. commune, Sphagnum mosses and vascular plants, due to too low number of replicates.
Annual CH4 emissions were calculated separately for each measurement point. Emissions were calculated first for the snow-free season simply based on the mean of the measured fluxes during May–October. The only exception was Ränskälänkorpi where the autumn’s last timepoint was at 19 November 2021, which, according to the weather data and field observation still represented snow-free season. For the datasets with two study years (1996–97 and 2014–15, see Table 1), the snow-free season emission was first calculated separately for each study year, after which the mean of the two snow-free seasons was considered as the snow-free season emission for the measurement point. Snowy season (November–April) daily emissions were calculated based on the published relationship between mean daily snow-free season and mean daily snowy season emissions/sinks estimated from data of forestry-drained and undrained peatland soils, which were measured throughout the year (Ojanen et al., 2019), as follows:
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where y is the snowy season daily emission/sink and x is the snow-free season daily emission/sink (Ojanen et al., 2019). Only the increasing part of the parabola resulting from equation 2 was considered. Snowy season CH4 emission reached its maximum value, 41.89 mg CH4 m−2 d−1, at snow-free season emission of 528.43 mg CH4 m−2 d−1. Therefore, for snow-free season emissions >528.43 mg CH4 m−2 d−1, the snowy season emission was set at 41.89 mg CH4 m−2 d−1, which happened at only three plant-free measurement points in the Lakkasuo study area (with snow-free season emissions of 536.40, 631.69, and 677.60 mg CH4 m−2 d−1). We acknowledge that the equations used to estimate the winter fluxes are based on data which are not from ditches but from soils of forestry-drained and undrained peatlands (Ojanen et al., 2019). This is because winter ditch measurements have been conducted only in Lakkasuo and Lettosuo (Minkkinen and Laine, 2006; Korkiakoski et al., 2020). However, according to Eq. 2, the snowy season emission is comparatively low, only approximately 8%–16% of the snow-free season emission. This agrees well with the previous ditch data from Lakkasuo, where mean emissions in February were on average 16% of the mean snow-free season emissions (Minkkinen and Laine, 2006), and from Lettosuo, where winter emissions were negligible (i.e., ∼0% of the snow-free season emissions) (Korkiakoski et al., 2020).
The daily snow-free and snowy season emissions were converted into seasonal emissions [i.e., for snow-free (May-October, 184 days) and snowy season emission (Nov-April, 181 days)]. The yearly CH4 emission factor was then calculated as a sum of snow-free and snowy-season emissions for each measurement point. Thereafter, a study area specific emission factor was calculated for each ditch type as mean of all the ditch-type specific measurement points of the particular study area (Table 1). For some study areas, several emission factors were calculated for the same ditch type, if the measurement points represented several site types (Lakkasuo, Leppiniemi, Lylynneva, and Rantasuo), or the area consisted of two separate study sites (Koirasuo, Könölä) (Table 1). The calculated yearly emission factors are available in Dataset 4.
We tested first if site type or dataset type affected the analysis of the differences in yearly CH4 emission factors between different types of ditches. For that, we employed two-way analysis of variance (2-ANOVA). Two models were built, one with 2-type classification (i.e., between moss-covered and moss-free) and site type as factors, and another with 2-type classification and dataset type as factors. For the site type—factor, the study areas were grouped into two groups, 1. Nutrient-rich, including Herb-rich (Rhtkg I and Rhtkg II) and V. myrtillus type (Mtkg I and Mtkg II), and, 2. Nutrient-poor, including Vaccinium vitis-idaea (Ptkg), Dwarf-shrub (Vatkg), and Lichen type (Jätkg) (Table 1). For the dataset type—factor, there were also two groups, 1. Old data, measured during multiple years between 1996 and 2015, with long chamber closure time (20–35 min) and analyzed with GC, and, 2. New data, measured in 2021, with short chamber closure time (3 min) and analyzed with portable gas analyzer (See Table 1 and above for the description of the CH4 flux measurements).
After the preliminary 2-ANOVA analyses showing non-significant effect of site type and dataset type on CH4 emission factors (reported below in Results), the final tests on the differences in yearly CH4 emission factors between different types of ditches were done using t-test and one way analysis of variance (1-ANOVA) for the 2-type and 4-type classification schemes, respectively. Pairwise analyses following 1-ANOVA were conducted via t-test with Holm-Bonferroni adjustment of the p-value. Before t-tests and ANOVA analyses (1-ANOVA and afore-mentioned 2-ANOVA), the data were boxcox-transformed to improve the normality and variance homoscedasticity, which were tested using Shapiro-Wilk and Levene tests, respectively, and also inspected visually from residuals. Before boxcox-transformation, a constant (2 g/m2/y) was added to each value, to make all the values positive. In addition to t-test and 1-ANOVA, the differences in CH4 emission factors between ditch types were assessed via comparison of 95% confidence intervals, which were computed using a non-parametric bootstrap method due to non-normal distribution of the data. All the analyses were conducted in R (v. 4.1.1) (R Core Team, 2021) via R studio (v. 1.4.1106) (RStudio Team, 2020) using the packages MASS (v. 7.3.54) (Venables and Ripley, 2002), stats (v. 4.1.1) (R Core Team, 2021), car (v. 3.1.0) (Fox and Weisberg, 2019) and Hmisc (v. 4.7.0) (Harrell, 2022), and results visualized using the package ggplot2 (v. 3.3.6) (Wickham, 2016).
2.5 Estimation of the areal extent of different types of ditches in Finland
We estimated the areal extent of different types of ditches by 1) building a model to classify ditches into moss-covered and moss-free ditches, and 2) applying the classification model across Finland. We used SINKA database (Penttilä and Honkanen, 1986) to build the classification model. The SINKA database consists of a systematic subsample of the 7th National Forest Inventory field plots on drained peatlands. The field measurements were carried out in 1984–2013 in Southern Finland and in 2001–2013 in Northern Finland. Detailed descriptions of the SINKA data can be found in Penttilä and Honkanen (1986) and previous studies utilizing the data (Repola et al., 2018; Hökkä et al., 2020). In addition to tree stand properties, the field observations included various ditch properties such as depth, age, width, slope, ditch condition, and primary and secondary factors that diminish ditch condition (FDC). In this study, the FDCs were categorized into two classes: 1) Sphagnum mosses and 2) other reasons (such as grasses and weeds, erosion, siltation, logging residues, etc.). Sphagnum mosses were assumed to represent mosses in general as other moss species were not stated in the list of FDCs.
Before utilizing the SINKA data for model building, we checked the data to remove observations unsuitable for this study. In addition to the observations that were found suspicious by Hökkä et al. (2020), the following conditions were used in outlining the data. If ditch condition was marked as “good” or “almost good”, the FDC was allowed to be empty, but otherwise empty FDC observations were removed from the data. Only the ditches made by excavator and ditches classified as drainage ditches (lateral ditches) were included in the model building. Older digging methods were excluded to keep the data consistent with the currently existing forest ditches. FDC was included in the list of observations in the SINKA data only after 1990, which also limits the amount of data.
For model building, the ditches were classified as moss-covered if either primary or secondary FDC was Sphagnum. The accepted data consisted of 2,922 observations of which 1,358 (46%) were moss-covered ditches. The data were shuffled, and similar amount of moss-covered and moss-free observations were picked for model building. The data were divided into training (70%) and validation (30%) data sets to build a random forest (RF) classification model. The model was built using the randomForest package (v. 4.7–1.1) (Liaw and Wiener, 2002) in R. We tested multiple variable combinations and calculated classification error for moss-covered and moss-free ditches using the validation data set (Dataset 5; Dataset 6). In addition, we calculated errors for Southern Finland (north coordinate <7,200 000 in EPSG:2,393 projection) and Northern Finland to make sure the model would not produce geographically biased results. As the tested models tended to overestimate moss-covered ditches in the south and underestimate them in north, we also calculated over/underestimation percentage for both areas. The model for classifying the ditches was chosen based on 1) the availability of data to apply the model across Finland, and 2) the ability of the model to produce accurate and unbiased results for both ditch types and in the south and the north.
To apply the classification model across Finland, we constructed a spatial dataset where forestry-drained peatlands were segmented and assigned with various properties, similar to that described by Haakana et al. (2022). The segmented dataset covered whole Finland. The properties of each segment included segment area, length of ditches, stand volume separately for tree species, site fertility class, elevation, and temperature sums. Stand data were obtained from multisource national forest inventory data. Ditch lengths were calculated as a sum of ditch lines overlapping each segment. Ditch lines and elevation were available as open data from the National Land Survey of Finland. Temperature sums (above 5°C) were obtained from Finnish Meteorological Institute open data and presented as mean values from years 1980–2010. Ditch ages (latest ditching years) were obtained from the Finnish Forest Centre open data. Ditch age was available for 47% of the total ditch area. The classification model was then applied for the segmented data, and as a result the shares of moss-covered and moss-free ditches within Finland were obtained. The areas of both ditch types were calculated assuming 1 m ditch width similarly to the procedure in national GHG inventory (NIR Finland, 2022).
3 RESULTS
3.1 Measured CH4 fluxes in 2021
In this study, we report the temporal variation of ditch CH4 emissions in different types of ditches in detail for the dataset gathered in 2021. The other datasets (from 1996 to 97, 2011, 2012 and 2014–15, see Table 1) were only used in calculations of the CH4 emissions factors (see further). To observe the temporal variation in different types of ditches of the other datasets, we encourage the reader to utilize the CH4 flux data published in Dataset 1.
Overall variation in ditch CH4 fluxes was high, ranging from −412–4,012 µg CH4 m−2 h−1 across the whole dataset, and from −412–3,666 μg CH4 m−2 h−1, from −287–3,816 µg CH4 m−2 h−1 and from −165–4,012 µg CH4 m−2 h−1 for the nutrient-rich peatland forests Ränskälänkorpi, Lettosuo and Paroninkorpi, respectively (Table 2). In addition to the considerable temporal dynamics, which was especially apparent in moss-free ditches, this variation was caused by differences in the vegetation community between the measurement points (Figure 1). The CH4 fluxes were generally higher at moss-free (i.e., open water) measurement points than at moss-covered points (Figure 1). The latter ones could even turn into CH4 sinks occasionally during July-August in Ränskälänkorpi and Lettosuo (Figures 1A, B), which was associated with dry conditions, i.e., high air and ditch temperature (Supplementary Figures S20–23) and lowered WT (Supplementary Figure S24). Furthermore, moss-covered points with vascular plants had occasionally higher CH4 fluxes than moss-covered points which were vascular plant - free (Figure 1). The CH4 fluxes at moss- and vascular plant - covered measurement points were even higher than at plant-free (i.e., moss- and vascular plant—free) points in Ränskälänkorpi in June and July and in Paroninkorpi in July (Figures 1A, C). In the Lettosuo study area, it was also possible to compare CH4 flux between measurement points covered by two different moss genera (Figure 1B). The magnitude and temporal variation in CH4 flux profiles were quite similar between points covered by Polytrichum and Sphagnum mosses (Figure 1B). Yet, CH4 sink was slightly more efficient in Polytrichum- than in Sphagnum-covered measurement points during July, and Polytrichum - covered points had higher CH4 emissions in late September (Figure 1B).
TABLE 2 | Average, median and range of CH4 emission/sink measurements from ditches of boreal forestry-drained peatlands in Finland and in other countries.
[image: Table 2][image: Figure 1]FIGURE 1 | Temporal variation of measured CH4 flux in different types of measurement points of ditches (average +/- SE) at (A) Ränskälänkorpi, (B) Lettosuo, and (C) Paroninkorpi forestry-drained peatland area in 2021.
3.2 CH4 emission factors
The ditches in the whole dataset consisting of 21 study areas were classified using 2-type and 4-type classification schemes (Table 1, Dataset 1). According to the preliminary 2-ANOVA analyses, ditch type (i.e., moss-free and moss-covered) had an effect (p < 0.05), while either the site type (nutrient-rich vs. nutrient-poor) or the dataset type (old data 1996–2015 vs. new data 2021) did not affect the CH4 emission factor (p > 0.05, Supplementary Figures S25, S26). However, there was a tendency, albeit only marginally significant (0.05 < p < 0.10), for the CH4 emission to be lower in nutrient-rich than in nutrient-poor sites (Supplementary Figure S25). In addition, based on visual observation of the Supplementary Figure S26, the CH4 emission factor tended to be lower, albeit not statistically significantly, in the new than in the old dataset. As the new dataset consisted only of nutrient-rich sites (i.e., Rhtkg or Mtkg, Table 1), we cannot conclude to what extent the marginally significant differences in CH4 emission factor between the nutrient-rich and the nutrient-poor sites stem from differences in fertility and to what extent from differences in methods between the old and the new datasets (see Materials and Methods). Therefore, and given the non-significant effects of site and dataset type on CH4 emission factor, we decided to calculate the final CH4 emission factors only for different ditch types irrespective of the site type (Table 3).
TABLE 3 | CH4 emission factors [mean, standard error (SE), 95% confidence interval (CI), range and number of replicates (N)] for different types of ditches of boreal forestry-drained peatlands in Finland. Different letters in D column show statistical differences between ditch types in the 2-type (t-test, t (31) = −4.0336, p < 0.001) and 4-type classification schemes (1-ANOVA, F (3, 33) = 10.53, p < 0.001; Pairwise t-test with Holm-Bonferroni adjustment of the p-value, p < 0.05), which were also further confirmed by comparison of 95% CIs (i.e., non-overlapping 95% CIs indicate significant difference). The Tier 1 CH4 emission factor (mean, 95% CI and N) for ditches of drained forest land and drained wetland of temperate and boreal area is shown for comparison.
[image: Table 3]In the 2-type classification scheme, the CH4 emission factor for moss-covered ditches was approximately 1/8 of that for moss-free ditches (Table 3; Figure 2). In the 4-type classification scheme, the CH4 emission factor was lowest for Sphagnum-covered, vascular plant-free ditches, being approximately 1/6 of that for Sphagnum- and vascular plant-covered ditches. The highest emission factors were estimated for plant-free ditches (Table 3; Figure 3). They were approximately 41 and 7 times as high as for the Sphagnum-covered, vascular plant-free and Sphagnum- and vascular plant—covered ditches, respectively (Table 3; Figure 3). The second highest emission factor was observed for moss-free, vascular plant-covered ditches, which differed statistically significantly only from Sphagnum-covered, vascular plant-free ditches (Table 3; Figure 3). Emission factors were also calculated for rare ditch types (those represented by ≤ 2 replicate estimates) including ditches covered with Polytrichum (moss), co-covered with Polytrichum and Sphagnum, and co-covered with Calliergon (moss), Polytrichum, Sphagnum and vascular plants, with the values of same magnitude as Sphagnum-covered, vascular plant-free ditches in the 4-type classification scheme (Table 3). These data were included in analyses based on the 2-type classification (in the type of moss-covered ditches) but was left out from the analyses based on the 4-type classification.
[image: Figure 2]FIGURE 2 | CH4 emission factors in the 2-type classification scheme of ditches of boreal forestry-drained peatlands. Shown are average ± SE (in black) calculated from the replicate observations (in grey). The difference between the groups is statistically significant (t-test; t (31) = −4.0336, p < 0.001).
[image: Figure 3]FIGURE 3 | CH4 emission factors in the 4-type classification scheme of ditches of boreal forestry-drained peatlands. Shown are average ± SE (in black) calculated from the replicate observations (in grey). Different letter (top-part of the figure) denote significant pairwise differences between groups (1-ANOVA, F (3, 33) = 10.53, p < 0.001; Pairwise t-test with Holm-Bonferroni adjustment of the p-value, p < 0.05).
The mean and 95% confidence interval of the default Tier 1 emission factor for CH4 emissions of ditches of drained forest land and drained wetland of temperate and boreal area (IPCC, 2014) was compared with those developed in this study for different types of ditches of forestry-drained boreal peatlands of Finland (Table 3). Based on the comparison of means and overlapping 95% confidence intervals, the Tier 1 emission factor is similar to our estimates of average CH4 emission factors for moss-free ditches in the 2-type classification scheme and Sphagnum-free vascular plant-covered and plant-free ditches in the 4-type classification schemes (Table 3). In contrast, it is 8 times as high as our estimates for moss-covered ditches in the 2-type classification scheme, and 36 times as high as our estimates for Sphagnum-covered vascular plant-free ditches in the 4-type classification scheme (Table 3). It is also 6 times as high as our estimates for Sphagnum-and vascular plant - covered ditches in the 4-type classification scheme, yet there is slight overlap in the 95% confidence intervals (Table 3). The Tier 1 emission factor is also higher than those estimated for the rare ditch types, i.e., those including also other moss taxa than Sphagnum (Table 3).
3.3 Estimation of the areas of various ditch types
We estimated the area of moss-covered and moss-free ditches of forestry-drained peatlands of Finland. The tested RF classification models produced overall errors with validation data varying from 11% to 19%. Based on mean decrease in accuracy, the most important variables included ditch properties (age, depth, and width) and those related to climatic conditions (north coordinate, temperature sum, and elevation), and peat layer thickness (Dataset 5). In addition, including site fertility, tree species type (coniferous/deciduous), or ditch spacing among the variables improved model performance in many cases. Models RF1, RF3, RF5, and RF25 provided the lowest average of different error types (<12%). Most of the tested models had a tendency to underestimate the area of moss-covered ditches in the north. The model selected for application over Finland (RF25) was able to produce relatively unbiased results with low errors (11%–13%).
The selected model (RF25) included ditch age, north coordinate, elevation, and temperature sum as continuous variables and site fertility as a class variable (Figure 4, Supplementary Figure S27). In nutrient poor sites (V. vitis-idaea type (Ptkg), Dwarf-shrub type (Vatkg)), older age increased the probability of moss-coverage in a ditch until the ditch was 40 years old (Figure 4E). In more fertile sites (Herb-rich type (Rhtkg), V. myrtillus type (Mtkg)), moss-coverage increased until ditch was 30 years old (Figure 4F). North coordinate, elevation, and temperature sum together represent climate conditions in the classification model. The probability of moss coverage increased towards warmer conditions in all ditches (Figures 4A–D). However, the effect was more substantial in less fertile sites.
[image: Figure 4]FIGURE 4 | Demonstration of classification model RF25 results using regular point grid (10 km spacing within whole Finland, resulting in 3,829 grid points) and varying ditch age (0, 10, ..., 90 years) separately for nutrient poor (A,C,E) and nutrient rich sites (B,D,F). In total, there were 76,580 points to classify. Note that the distributions demonstrate model performance within the 76,580 points, and thus the figures do not represent the real distributions of moss-coverage in Finland since the geographical distribution of ditches and their parameters are different in reality. Note also that the grey bars in the figure represent the areas where the orange and blue bars for moss-covered and moss-free ditches overlap.
Ditch age was available for 47% of the total ditch area. Ditch age varied from 1 to 115 years with mean age being 37 years. The model RF25 was applied over these ditches, and model RF42 was applied to ditches with missing ditch age data. With an overall error of 19%, the model RF42 did not perform as well as models with ditch age as a variable (Dataset 5). A small percentage of ditches did not have all the required variables available for the selected models, and it was assumed that the proportions of moss-covered and moss-free ditches in the results also represent those ditches (Table 4). Applying the models for the segmented data over Finland resulted in 68,359 ha (67%) of moss-covered ditches and 33,349 ha (33%) of moss-free ditches. In southern Finland, 79% of the ditches were classified moss-covered, while in northern Finland 41% were moss-covered. 69% of the ditches were located in southern Finland (70,322 ha).
TABLE 4 | Drained peatland areas and ditch areas in all segmented data and within the data where parameters were available for application for the random forest classifiers RF25 (segments with ditch age available) and RF42 (segments without ditch age available) (see Datasets 5 and 6).
[image: Table 4]3.4 Ditch CH4 emissions of forestry-drained boreal peatlands in Finland
With the mean emission factors (Table 3) and estimated ditch areas for moss-covered and moss-free ditches (Table 4), the total ditch CH4 emissions for Finland were 8,600 t a−1 (Table 5). Overall variation in CH4 emissions caused by the 95% confidence level of the emission factor was from 4,000 t a−1 (−54%) to 14,100 t a−1 (+63%).
TABLE 5 | Ditch areas and CH4 emissions for moss-covered and moss-free ditches in Finland. The shares of moss-covered and moss-free ditch areas (Table 4) are based on the results from models RF25 and RF42 (see Datasets 5 and 6). For emission factors (mean and 95% confidence interval (CI)), see Table 3.
[image: Table 5]4 DISCUSSION
Our results show that the currently used IPCC Tier 1 emission factor likely overestimates CH4 emissions of ditches of boreal, forestry-drained peatlands in Finland through large overestimation of the emissions of moss-covered ditches, irrespective of whether they harbor potentially CH4 conducing vascular plants (Table 3; Figures 2, 3). Consequently, the usage of the here-developed emission factors and the ditch-type specific areal estimates would lead to a 63% lower estimate of ditch CH4 emissions than previously estimated for the greenhouse gas reporting in Finland (Table 5). Based on the comparison of hourly CH4 fluxes between foreign datasets and the compiled Finnish dataset used for calculation of the CH4 emission factors in this study, the magnitude of CH4 fluxes from ditches of forestry-drained peatlands is not generally different between Finland and other countries (Table 2). This suggests that the Tier 1 emission factor overestimates CH4 emissions of ditches of forestry-drained boreal peatlands also in other countries than in Finland.
4.1 CH4 fluxes of ditches of Ränskälänkorpi, Lettosuo and Paroninkorpi
Overall, the CH4 fluxes measured from the ditches of the three relatively nutrient-rich peatland forests in southern Finland (study sites in Ränskälänkorpi, Lettosuo and Paroninkorpi) in 2021 were of similar magnitude as measured previously for the Finnish site Kalevansuo and study areas in Sweden (Table 2). However, the fluxes were generally lower than measured previously for other Finnish sites as well as for study areas in Canada (Table 2). It is not in the scope of this study to assess the factors affecting differences in CH4 emissions between study areas. However, it can be speculated that the differences between our study and the study from Canada can be due to much younger ditches (ditches dug 7 years before sampling) in the Canadian study area (Roulet and Moore, 1995) than in Ränskälänsuo, Lettosuo and Paroninkorpi (>50 years) (Laurila et al., 2021; Palviainen et al., 2022) during the time of measurements. For Lettosuo, the fluxes measured in this study in 2021 were at the lower end of range measured previously in 2015–2017 (Table 2). This can be due to higher summer temperatures (higher than the 30-year average, Supplementary Figure S21) in 2021 than in 2015–2017 (generally lower than the 30-year average) (Korkiakoski et al., 2020).
The higher fluxes in moss-free than in moss-covered measurement points, and the occurrence of occasional CH4 sinks in moss-covered points (Figure 1), agree with results from previous studies (Minkkinen and Laine, 2006; Korkiakoski et al., 2020). This may be explained by active CH4 - consuming bacteria (methanotrophs) living in and on mosses, especially in and on Sphagnum mosses (Raghoebarsing et al., 2005; Kolton et al., 2022), and in water and sediments below the mosses. In fact, the moss-covered measurement points of two study areas, Ränskälänkorpi and Lettosuo, turned into net CH4 sinks in mid-summer when the WT was at relatively low level (Figures 1A, B; Supplementary Figure S24). This was probably due to decreased WT inducing aerobic conditions and consequently increasing aerobic CH4 oxidation and decreasing in situ methanogenesis. This condition agrees with that in the strips of forestry-drained peatlands which are usually net CH4 sinks (e.g., Huttunen et al., 2003; Korkiakoski et al., 2020). Input of dissolved CH4 from surrounding peat strips via drainage and ground water can be also expected to be lower during periods of low WT, which further decreases emissions from ditches. In addition, it has been shown that Sphagnum leachates potentially inhibit methanogenesis further decreasing methane emissions from moss-covered ditches (Medvedeff et al., 2015).
A slightly stronger occasional CH4 sink was noticed in Polytrichum-covered than in Sphagnum-covered measurement points, and there was also general similarity in the extent and temporal variation in net CH4 fluxes and sinks between Polytrichum and Sphagnum—covered points in Lettosuo (Figure 1B). This suggests that besides Sphagnum, methane oxidation may be associated also with Polytrichum mosses, but further studies are needed to confirm whether Polytrichum mosses harbor active methanotrophs in or on their cells, or whether methanotrophs inhabit the surface sediment or peat below the moss. The occasional high fluxes from moss-covered measurement points having vascular plants also agree with previous studies and is likely due to CH4 being conducted through the aerenchyma of the plants into atmosphere, bypassing the sediment, peat, water and moss-associated methanotrophs (Figure 1) (Schimel, 1995; Frenzel and Karofeld, 2000; Minkkinen and Laine, 2006). Furthermore, plant root exudates can also increase methane production (Waldo et al., 2019).
In addition to the absence of moss-associated methanotrophs, the high CH4 emissions from moss-free open water ditches can be also partially due to higher input of dissolved CH4 from surrounding peat strips via drainage and ground water. Contribution of strip CH4 in ditch emissions has been considered to be especially important in moss-free ditches with moving water, which have much higher CH4 emissions than those with stagnant water (Minkkinen and Laine, 2006; Sirin et al., 2012).
4.2 CH4 emission factors
CH4 emissions from moss-free ditches were much higher than those from moss-covered ditches and the presence of vascular plants increased CH4 emissions from moss-covered ditches (Table 3; Figure 2; Figure 3). These results are consistent with earlier studies (Minkkinen and Laine, 2006; Korkiakoski et al., 2020). Interestingly, there was also a tendency, albeit not statistically significant, for the presence of vascular plants decreasing CH4 emissions from moss-free ditches compared to those without vascular plants (Table 3; Figure 3). As vascular plants can be speculated more likely to take root in stagnant than in flowing water, we assume that the presence and absence of vascular plants in moss-free ditches can reflect water flow dynamics in ditches. Hence, the moss-free ditches with vascular plants more likely include ditches with stagnant water than those without vascular plants. As discussed above, the CH4 emissions are lower from ditches with stagnant than with flowing water (Minkkinen and Laine, 2006; Sirin et al., 2012).
It should be noted here that our estimates on the CH4 emission factors are based on diffusive fluxes, hence, excluding possible ebullition (see Material and Methods). The only existing studies on CH4 ebullition of ditches of boreal forestry-drained peatlands were done in one of our study sites, Lakkasuo, and showed no ebullition in vegetated ditches (Sphagnum and vascular plants) but only in non-vegetated, open water ditches, yet contributing there only 0.2%–22% of the diffusive flux (Minkkinen et al., 1997; Minkkinen and Laine, 2006). Furthermore, our non-quantitative measurements in a non-vegetated, open water ditch in Ränskälänkorpi also suggest that ebullition occurs only infrequently (see Materials and Methods). Hence, our estimates on ditch CH4 emissions can be underestimated, but we do not consider this to affect the major patterns detected in this study. However, due to the rarity of the ebullition data, we think that there is a need for further studies on the quantitative importance of ebullitive CH4 fluxes of different types of ditches of boreal forestry-drained peatlands.
We also acknowledge that there are subjective factors causing uncertainty in the CH4 emission results. As the CH4 measurements from wet surfaces are prone to interferences (gas leaks, unwanted chamber movement, measurement-induced ebullition, and analyzer malfunction), the measurement quality can differ between different persons conducting the measurements. In addition, the post-measurement manual screening of the concentration-time graphs to detect and discard the interfered flux data is partially a subjective process. The visual but not statistically significant difference in CH4 emissions between old data (1996–2015) and new data (2021) (Supplementary Figure S26) also hints towards the possibility that the new measurement method (i.e., short chamber closure time; portable gas analyzer) would lead to lower estimates of CH4 emissions than the old method (long chamber closure time; GC) used in majority of the previous studies (Supplementary Table S1). This could be tested in future studies, because the new method is being increasingly used. We also acknowledge that the calculation of the CH4 emission factors was based on a simplified approach, i.e., calculation of mean snow-free season CH4 emission and estimation of the snowy season emission from the snow-free season emission using published equations (see Materials and Methods). Future studies could also measure snowy season emissions, despite they should not much affect the yearly CH4 emission estimate (i.e., are only on average 0%–16% of snow-free season emissions) of ditches of boreal, forestry-drained peatlands (Minkkinen and Laine, 2006; Korkiakoski et al., 2020). In future, process-based modelling, taking into account factors known to affect microbial processes and ditch CH4 emissions, e.g., temperature, hydrological conditions, water movement, water quality, vascular plant and moss community, and moss-associated methanotrophy, could be useful in even more accurate estimations of ditch CH4 emissions and in predicting their changes under changing climate and forestry and land-use practices.
Within time, the majority of ditches of forestry-drained peatlands can be expected to be covered by mosses. For instance, in southwestern Finland mosses typically cover 35% and 43% of the ditches already 5 or 10 years after ditch cleaning, respectively (Silver and Joensuu, 2005). Also, in our model (RF25), age increased the probability of moss-coverage in a ditch until the ditch was 30–40 years old (Figures 4E, F; Supplementary Figure S27). Based on our results on the much lower CH4 emissions estimated for moss-covered than for moss-free ditches, ditch age leads to decreased CH4 emissions. Active ditch network maintenance via ditch cleaning, i.e., removal of soil, moss and other plants from ditches, is a typical forestry practice to sustain and improve the drainage conditions of forest soils (Nieminen et al., 2018). In rotation forestry, which is the most common forest management method in Finland and the other Nordic countries, ditch cleaning is applied to lower the increased water table level, caused by decreased evapotranspiration after clearcutting, to enhance growth of new tree seedlings. Based on our results, removing moss-cover of the ditches is expected to increase their CH4 emissions. Hence, this suggests that the current practice in Finland, towards minimizing ditch network maintenance (i.e., ditch cleaning) to decrease the discharge of suspended solids, would also decrease the ditch CH4 emissions.
However, according to the only existing study, a case study from Sweden, on the effects of post-harvest ditch cleaning on ditch CH4 emissions in forestry-drained peatlands, cleaned ditches have lower CH4 emissions than uncleaned ditches during the first 2 years after ditch cleaning (Tong et al., 2022). This can be due to higher occurrence of water-logged conditions in uncleaned than in cleaned ditches (Tong et al., 2022). Waterlogged conditions likely enhance methanogenesis via anaerobiosis. Furthermore, in uncleaned ditches, vascular plants likely conduct CH4 to the atmosphere and generate labile methanogenic compounds. However, the ditches studied by Tong et al. (2022) were relatively dry, which may have had increased soil aeration leading to decreased CH4 emissions via increased and decreased within-ditch CH4 oxidation and methanogenesis, respectively. Dry conditions (low WT) can be also expected to have decreased ditch CH4 emissions via decreasing CH4 transport from strips to ditches. The contrary outcomes by our study and Tong et al. (2022) suggests that the effects of ditch cleaning on ditch CH4 emissions depend on the hydrological conditions and the prior extent and quality of plant and moss coverage, and, thus, require further studies. However, it must be noted that while Tong et al. (2022) compared the CH4 emissions of newly cleaned ditches to those of old ditches, the ditches in our dataset had not been cleaned lately making it difficult to directly compare the studies. Furthermore, in contrast to Tong et al. (2022) including only one study area, our dataset of 21 study areas covered ditches of varying hydrological conditions (from dry to wet) and study years with varying temperature and precipitation compared to the 30-year average (Supplementary Figures S2–S22). Hence, combining data from these 21 study areas, we can generalize to ditches of boreal forestry-drained peatlands to conclude that removal of moss-cover via ditch cleaning likely increases CH4 emissions from ditches.
It should be, however, noted, that without ditch cleaning after clearcutting, the increase in the water table level can cause the CH4 sink of forest floor to decrease and can even turn the forest floor to a CH4 source (Korkiakoski et al., 2019). In contrast, in continuous cover forestry, where only part of the tree stand is removed in cuttings, ditch cleaning is not necessary, since the water level is kept at a sufficiently low level by sustained evapotranspiration (Leppä et al., 2020a; Leppä et al., 2020b). Consequently, as suggested by results of Korkiakoski et al. (2020), the forest floor CH4 emissions do not increase after partial harvesting. Recent modelling results also suggest that financially profitable continuous cover forestry may be sustained without ditch network maintenance when the post-harvest basal area is higher than 10 m2 ha-1 (Juutinen et al., 2021).
Soil preparation after clearcuttings, via mounding and scalping, can also affect the forest floor CH4 emissions (Pearson et al., 2012). In addition to mounding, ditch-mounding is an often-applied method to create mounds for tree seedlings to enhance their growth. Digging of the mound material results in shallow ditches, which can affect water flow directions but do not belong to the main ditch networks and hence have only marginal effects on the drying process of forestry-drained peatlands. The surface area of ditches resulting from ditch-mounding is currently not known but can be reasonably large. Their CH4 emissions are also not taken into account in the national GHG inventory (NIR Finland, 2022). Given the high CH4 emissions detected in this study for plant-free ditches, we suggest that the CH4 emissions of the ditches resulting from ditch-mounding should be taken into account in future GHG inventories.
4.3 CH4 emissions from ditches of forestry-drained peatlands in Finland
Our results suggest that ditch CH4 emission estimate for Finland (Table 5) may be clearly smaller (8,637 t a−1) than previously estimated for the greenhouse gas reporting (23,203 t a−1) (NIR Finland, 2022). This is a result of the lower emission factors for moss-covered ditches that were discussed above, and the proportions of ditch area estimates for ditch types. We estimated that 67% of the ditches were moss-covered. Silver and Joensuu. (2005) found that in southwestern Finland mosses typically cover 35% and 43% of the ditches already 5 or 10 years after ditch cleaning, respectively. The average ditch in Finland is most likely older because ditch cleaning is recommended at 20–40-year intervals (Vanhatalo et al., 2019). Thus, it can be assumed that in southern Finland the moss-coverage would be clearly over 43%. Based on the restricted SINKA data, which covered wider geographic area, average ditch age was 18 and 19 years, and the share of moss-covered ditches was 53% and 38% in southern and northern Finland, respectively. The higher proportion of moss-covered ditches can be at least partly explained by the older ditches in the data used in this study. The occurrence of ditch cleaning has been strongly decreasing in Finland in the last 20 years (Natural Resources Institute Finland, 2022), which could explain the high mean age of ditches.
The random forest model was based on drainage ditches which leads to uncertainties in estimating other ditch types. Collector ditches and main ditches are typically deeper and carry more water which increases the possibility for erosion. Applying our classification model to such ditches could overestimate the moss-coverage because ditch depth data was not available. However, drainage ditches are the most typical ditch type in forestry drainage and thus the overall overestimation should not be large.
In the selected classification model (RF25), the probability for moss-covered ditches increased with ditch age until ditches were 30–40 years old (Figures 4E, F; Supplementary Figure S27). After that the situation was quite stable. This could indicate that moss-coverage is established within 40 years if it is established at all. In fertile sites, moss coverage was established sooner than in less fertile sites. However, it should also be noted that most of the ditches in the training data were less than 40 years old which could lead to stable classification results in older ditches. In the model results, the probability for moss-coverage was higher in less fertile sites (Figure 4). Such a trend can also be seen in the sites listed in Table 1. Silver and Joensuu. (2005) also found out that Sphagnum moss coverage in peatland ditches was higher in less fertile sites. Possible reasons could include that Sphagnum mosses typically grow in nutrient poor sites and light conditions in ditches are more favorable in less fertile sites with sparser tree stands. Sparser tree stand can also help in keeping water table level from falling below ditch bottom level during dry periods which can be beneficial for mosses. However, the specific mechanisms behind the differences caused by site fertility remain unclear and require further studies.
5 CONCLUSION
Moss-free ditches may have several times higher methane emissions than moss-covered ditches in forestry-drained boreal peatlands. The IPCC default Tier 1 emission factor significantly overestimates CH4 emissions of moss-covered ditches of forestry-drained boreal peatlands in Finland and the use of ditch type-specific emission factors can improve substantially the accuracy of ditch emissions estimates. The majority of the ditches (67%) were classified as moss-covered ditches, which together with the new emission factors resulted in 63% lower CH4 emission estimate for ditches of peatland forests in Finland than in the current GHG inventory. Furthermore, our results indicate that the current practice in Finland to minimize ditch-network maintenance by ditch cleaning will likely decrease CH4 emissions from ditches, since old moss-covered ditches have very low CH4 emissions.
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Vesijako! 6122712 | 25°06615' Mtkg I 2012 3 plant-free 1|
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Jylkky 645297' | 2670607 Vatkg 2014-15 | 10° | Sphagnum 2| Ojanen et al. (2019)
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w6 | 26 mn | Vatkg 2014-15 | 12 | Sphagnum 2 |”
Konold 65'57.77" | 24'29.6' Rhtkg 2014-15 | 13" plant-free 2 Ojanen et al. (2019)
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Lylynneva 62°1040" | 22°48.63" Jitkg 2014-15 | 11" Sphagnum + vascular 2\|"
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Stormossen 60'17.76" 2526.75" Vatkg 2014-15 | 14" Sphagnum + vascular 2 Tolvanen et al. (2018)°
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"CH, flux data s from Minkkinen and Laine, (2006).
“Total number of measurement timepoints for snow-free season during both study years, i, there were 9-10 timepoints per study year (1996 and 1997) in Lakkasuo and 3-8 timepoints per
study year (2014 and 2015) in other denoted areas.
“CH, flux data is from Minkkinen et al. (2018).
CH, flux data is from Koskinen et al. (2016).
“The reference report results on GHG measurements from the study areas but not description of the study areas.
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Rénskaliankorpi (Finland) 2021 179 36 -a12 3,666 “This study

Lettosuo (Finland) 2021 502 120 287 3816 “This study

Paroninkorpi (Finland) 2021 324 68 -165 4,012 This study

14 study areas (Finland)* 2014-2015 1302 217 2,283 30739 “This study

Konilampi and Vesijako (Finland) 2012 1o s -3 7o08 Koskinen et al. 2016)
Kalevansuo (Finland) 2011 234 34 -98 1,757 Minkkinen et al. (2018)
Lakkasuo (Finland) 1996-1997 12375 6371 47 146,341 Minkkinen and Laine. (2006)

Other data from Finland

Lettosuo (Finland) 2015-2017 127/2,754" nd. -238 10,894 Korkiakoski et al. (2020)

Lakkasuo (Finland) 1995 5,065 3210 0 24,807 Minkkinen et al. (1997)

Data from foreign study areas

Asa Experimental Forest (Sweden) 1999-2002° 300-520° nd. nd. nd. von Arnold et al. (2005)

Tobo (Sweden) 2018-2019 3-24¢ 0-5° -31 5695 Tong et al. (2022)
Wally Creek (Canada) 1991 838-5,825" nd. -0 39,583 Roulet and Moore (1995)

‘See Table 1 for the names of the 14 study areas in dataset from 2014 to 2015.

"Tvo average values reported: 1. moss-filled ditch, and 2. Water-filled ditch.

“The exact year of ditch measurements is not reported.

“Min - max of four reported average values from 1. Site with young trees 13th June, 2. Site with young trees 27th June, 3. Site with old trees 13th June, and 4. Site with old trees 27th June.
“Min - max of four reported average and median values from 1. Uncleaned ditch in 2018, 2. Uncleaned ditch in 2019, 3. Cleaned ditch in 2018, and 4. Cleaned ditch in 2019.
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CH,4 emissions (t a™') with different emission factors

Ditch area data Ditch Mean 95% 95% IPCC Tier 1,  IPCC Tier 1,95%  IPCC Tier 1, 95%
source EICENGE)) Cl, min Cl, max mean Cl, min Cl, max
Segmented data moss- 68,359 1771 882 2,748
covered
‘ moss-free 33,349 6,867 3,095 11,349
‘ all 101,709 8,637 3977 14,007 22071 4,170 39,972
Current CH, inventory = moss- 71,865 1,861 927 2,889
covered®
‘ ‘moss-free* 35,060 7.219 3254 11,931
Ll 106 925 9,080 4,181 14,820 23203 4384 2,022

*Assuming a similar percentage of moss-covered (67%) and moss-free (33%) ditches as calculated in Table 4.
bErom NIR finland, 2022,





OPS/images/fenvs-11-1121969-t003.jpg
Classification scheme 95% CI*

max
‘ 2 types of ditches
moss-covered 26 08 Ly 40 -03 130 20 a
moss-free 206 70 93 340 09 7.8 13 b
‘ 4 types of ditches
‘ Sphagnum 06 03 01 11 -03 24 10 a
Sphagnum + vascular | 38 o 18 62 08 130 14 b
vascular 88 s 30 145 17 166 5 be
plant-free 251 97 83 442 09 77.8 9 <
Outside of 4-type classification” 07 Y wa | wd -03 24 4
IPCC Tier 1 default® I 217 n/d | 4.1 [ 393 n/d n/d 1!

'95% confidence interval was calculated using bootstrapping for ditches in the 2-type and 4-type classification schemes.

*Ditch types included in the 2-type (in moss-covered class) but not in the 4-type classification, including Polytrichum-covered (1), Polytrichum and Sphagnum-covered (2), and Calliergon,
Polytrichum, Sphagnum and vascular plant—covered (1).

IPCC, 2014.

“Number of study sites (IPCC, 2014).
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North®  So

Drained | All data (10° ha) 1709 2859
peatland
area
Available data (10° ha) 1638 2777 1415
Al data (%) 37% 63% 100%
Available data (%) 37% 63% 100%
Ditches, all | All data (ha) 31,387 70322 101,709
types
Available data (ha) 30,509 69,607 100,116
Al data (%) 31% 69% 100%
Available data (%) 30% 70% 100%
Ditches, All data (ha) 12910 55,449 68,359
moss-
covered
Available data (ha) 125549 54,885 67,435
Al data (%) % 79% 67%
Available data (%) 1% 79% 67%
Ditches, All data (ha) 18476 14873 33,349
moss-free
Available data (ha) 17,960 14722 32,681
All data (%) 59% 21% 33%
Available data (%) 59% 21% 33%

“North refers to North coordinate 27,200 000 in EPSG 2393 projection.
"South refers to North coordinate <7,200 000 in EPSG 2393 projection.
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