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Our study measured heterotrophic carbon dioxide (CO2) emissions in a drained peatland under potato cultivation in south-western Uganda. Soil carbon losses have not previously been reported for this land use, and our study set out to capture the range and temporal variation in emissions, as well as investigate relationships with key environmental variables. Soil chamber-based emission measurements were taken over five days at four points in time over the year to capture daily and monthly variability, including day and night sampling to capture any diurnal variations in temperatures and soil flux. Differences in soil microtopography from mounding of soils for potato beds and drainage trenches had a significant effect on the rate of soil flux. Diurnal sampling showed no significant difference in emissions or soil temperatures in the raised potato beds between day and night. More significant effects on soil flux from environmental drivers, such as water table depth, were observed between months, rather than hours and days. There were significant differences in the relationships between environmental variables and soil flux, depending on if soils had been recently disturbed or not. Area-weighted emissions based on microtopography gave a mean annual emissions factor of 98.79 ± 1.7 t CO2 ha-1 y-1 (± standard error) from this peatland use.
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1 Introduction

Globally, peatlands cover approximately 420 million ha, equivalent to 2.8% of the world land area (1). Of this area, approximately 44-170 million ha are found in the tropics (2–4), with an estimated tropical peatland carbon (C) pool of 81.7-91.9 Gt C (4). The C rich soils in peatlands are formed from long-term accumulation of dead plant material, preserved under anaerobic conditions due to high water table levels. Land use change in peatlands results in significant C losses to the atmosphere, principally due to drainage leading to microbial decomposition of the soil C, aquatic export of dissolved and particulate organic C, and methane emissions from drainage channels (5). Of the total area of tropical peatlands, it is estimated that approximately 24.2 Mha are degraded, with a loss of 1.48 Gt CO2 per year (3).

While the Congo Basin in central Africa has the most extensive peatland complex on the continent [and the most extensive in the tropics (6)], neighbouring Uganda is the largest contributor to emissions from degrading peat in Africa, where at least 0.5 Mha of Uganda’s estimated 1.3 Mha of peatland has been degraded, resulting in CO2 emissions of up to 20 Mt yr-1 (7). However, there is limited research into the use of peat soils in Uganda, and the impacts of peatland degradation on soil C and greenhouse gas (GHG) dynamics (8).

Across Uganda wetland types vary, and can be found fringing lakes, in lowland plains and in valley bottoms. Vegetation found in these wetlands are diverse and include grassland, Cyperus papyrus, woodlands, and palms, with plants either anchored into the soil or floating on the water’s surface (9, 10). These wetland areas are where Uganda’s peat soils are found. While the extent of peat soils across the country is still to be fully documented, they are often found underpinning papyrus-dominated wetland areas, in particular in the SW of the country (11). The valley bottom wetlands of the Kigezi highlands close to the border with Rwanda have some of the deepest reported peat deposits of all of Uganda (11), but the most widespread wetland drainage and land use change occurs here as well (12). Wetland conversion is largely due to agricultural drivers, with cultivation of potatoes on these peat soils estimated to provide income of US$ 3,000 ± 1,000 ha-1 yr-1 to smallholder farmers (12).

While the key environmental drivers affecting GHG emissions from soils have been documented in many studies and indicate strong relationships between temperature, water table depth (WTD) and soil respiration flux (13–18), there is limited understanding of these relationships for the diversity of conditions found across tropical peatlands. It is important to highlight the need to differentiate the CO2 emissions from heterotrophic respiration during microbial decomposition of soil organic matter (Rh) and the emissions from roots and autotrophs which is not a result of soil carbon loss (19), The majority of tropical peatland emissions research has been conducted in SE Asia (20, 21), and to a lesser extent in the Amazon basin (22, 23), but there are considerable gaps when it comes to understanding the range and biogeochemistry of C losses experienced by these drained peatlands under the diversity of land use changes and wetland conditions occurring in Sub-Saharan Africa. At an ecosystem level the work of Saunders et al. (8) identified reductions in ecosystem C due to agricultural conversion in wetlands in Uganda based on measurements of photosynthetic CO2 assimilation, but how much soils contribute to overall carbon loss from these systems is unknown.

For these reasons, this study set out to understand the biogeochemistry and rates of C losses from peat soils under land use change, through measurement of heterotrophic CO2 fluxes from a potato cultivated peatland in a deep peat wetland system in SW Uganda. The key objectives of this were to quantify the potential range of soil CO2 fluxes associated with this land use change on this soil, identify if there is temporal variability in these CO2 fluxes, and identify any relationships between soil CO2 fluxes and key environmental variables.



2 Methods

This study was implemented in the catchment of the Ruhuma wetland system in Muko Sub-county, Kabale District, in the Kigezi Highlands of south western Uganda (-1.208752° latitude, 29.830968° longitude, approximately 1,900 m above sea level). The landscape comprises of steep mineral soil hillsides which slope into a minerotrophic wetland valley bottom. The entire landscape is a mosaic of small, privately cultivated plots, with those in the wetland managed under farmer cooperatives, and individual plots distributed between farmers, most of whom manage multiple plots.

The Ruhuma wetland system is part of a network of peat dominated, valley bottom wetlands in the area, located 35 km SW of Kabale town, where the river Ruhuma flows north out of Lake Bunyonyi. The wetland covers approximately 5.47 km2, at an altitude of 1,930 m above sea level. Wetland edge cultivation began in the 1980s and by the late 1990s the majority of the wetland was drained and converted for cultivation (personal communication). Peat depths in this wetland are significant, with measurements in the site indicating depths of over 10 m (personal data), and other studies measuring peat depths of over 20 m in neighbouring wetlands (11). The sapric peat soils found in this wetland are highly organic, with average organic matter contents measured at 87.22 ± 3.9% [± SD, n=198 (24)] and bulk densities averaging 0.125 ± 0.04 g cm3 [± SD, n=835 (24)].

In order to determine the range and temporal variability in fluxes from peat soils under potato cultivation we measured CO2 emissions at daily, weekly and monthly timesteps. To capture the weekly and monthly variability, we conducted four sets of repeated 5-day morning (between 9.00 and 11.00) and afternoon (between 15.00 and 17.00) measurements on thirty randomly located paired collars (15 on raised beds and 15 on adjacent trenches) within a potato field. In addition to this, on the 4th day of each sampling period we added sampling at 18.00, 21.00 and 24.00, and 5.00 and 12.00 the following day, with the intention of capturing diurnal variability in temperatures and emissions. In order to determine the relationships between soil CO2 fluxes and key environmental variables, soil CO2 emissions, soil and air temperatures, WTD were all recorded in situ from each collar for every measurement. Measurements were all conducted from within the same farmer’s field in an area under management by the Rurigita Farmer’s Cooperative of the Ruhuma wetland.

When preparing the experimental design we were limited by the lack of available land use information, in particular around how the soils were used over the year. We targeted our sampling campaigns as best as possible towards capturing the potential difference in environmental and management conditions that the soils would experience over the year. Measurements were taken at the end of the rainy season in May 2014 when wetland soils were dug in preparation for planting of potatoes, in the dry season in August 2014 during the potato growing season, in the rainy season in November 2014 after the harvest at the start of the fallow period, and in February 2015 during the dry season and fallow period prior to the next season of planting. Farmers digging of the potato beds in May involved the clearing of fallow weeds into the old trenches between old, raised beds, and then piling the soil from the previous year’s beds into these trenches. Once the old bed had been transferred into the old trench, further digging down into fresher peat brought up previously unexposed soil which was piled on top of the new beds. After approximately 48 hours these new beds were planted with rows of potatoes. Potatoes grew for approximately 3.5 months, when they were harvested for market with the onset of the new rainy season in September. After harvesting, beds were left fallow until the following June, when the cycle of mining and mounding fresh peat to create new beds was repeated.

Collars made from PVC piping 10 cm in diameter and 5 cm in height were fully inserted into the soil. Care was taken to place collars away from any plants and they were checked on removal at the end of each sampling period to ensure no plant roots were present. These collars remained in situ for each 5-day set of samples and were then removed and randomly placed for the next month’s sampling. Soil CO2 emissions were sampled using a PP Systems EGM-4 with a SRC-1 Soil Respiration Chamber placed onto the collars. Chamber measurements were set to run for up to 120 seconds. The WTD was recorded using a tape-measure and pre-prepared dip-well near to each pair of collars, and soil and air temperature were recorded during each flux measurement using digital thermometers with a 0.1°C resolution.

All data analysis was conducted in R Studio v 1.4.1106 using R v 4.0.4. A linear function was applied to the concentrations of CO2 recorded for each measurement and data was then converted into flux based on the following equation:



where Rh was the rate of efflux (g m-2 hr-1), S was the slope of the concentration increase during the measurement (ppm s-1), P was the pressure in the chamber (mBar, recorded by the EGM), T was the soil temperature (°C), V was the chamber volume (0.001171 m3), and A was the collar area (0.0078 m2). The ratio   accounts for the area occupied by one kg mol of CO2 at standard temperature and pressure. Division by 1,000 and multiplication by 3,600 converts kg to g and seconds to hours.

Mean results are presented with either standard deviation (SD) or standard error (SE), as noted in the results. T-tests and analysis of variance (ANOVA) were used to compare results, along with Tukey’s Honestly Significant Difference (HSD). Linear models were developed based on log transformed Rh. We explored a series of linear models for Rh and WTD, soil temperature and soil management (raised beds, trenches and recent disturbance). Regression models were further improved with the log transformation of the Rh.



3 Results

Over 1,300 soil flux measurements were taken as part of this study. We observed a significant difference in the rate of soil flux from the raised beds (referred to as raised beds, n=648), compared to the narrow drainage trenches between them (referred to as trenches, n=653, t-test, p<0.005, Table 1), and as such all results are split based on this micro-topographical difference. Across all samples, the mean heterotrophic respiration (Rh) emissions of CO2 from the raised beds was 1.39 ± 0.6 g m2 hr-1 (± SD) and from trenches was 0.22 ± 0.1 g m2 hr-1.


Table 1 | Range in day time and night time results for soil and air temperatures and flux, from raised beds and trenches.




3.1 Range in Soil Respiration Fluxes and Environmental Variables

Across all measurements, the minimum air temperature recorded was 10 °C, and the maximum was 34 °C. Day time air temperatures (taken in day light hours; i.e. between 7.00 and 19.00) ranged between a minimum of 14 °C to a maximum of 34 °C, compared to night time measurements which were limited to 10-17 °C. Across all measurements the minimum soil temperature was 16.2 °C and the maximum 23.7 °C. Soil temperatures did not show such a change between day to night conditions, with almost identical mean temperatures reported for daytime and night-time results per micro-topographical class (Table 1). Mean Rh was higher in the night than in the day from the raised beds, whereas from the trenches it was lower. Measured WTDs varied between 21 cm and 81 cm below the soil surface of the raised beds, and between 2 cm above and 52 cm below the soil surface of the trenches.



3.2 Temporal Variability


3.2.1 Daily

Across the entire dataset, separated for raised beds and trenches, we found that there was no significant difference in the Rh measured from the raised beds between the sampling times of day (ANOVA, p=0.27, Figure 1). In the trenches a significant difference in Rh was found between morning and midnight measurements and the morning and measurements taken in the 15.00 to 17.00 time period (ANOVA, Tukey’s HSD, p<0.005). Soil temperature on the raised beds and in the trenches was significantly different between the measurements earlier in the day (the morning and early afternoon measurements from 5.00 – 14.00) compared with the higher later afternoon and night-time measurements (15.00 – 1.00), potentially due to a lag time from daytime sun (p<0.001).




Figure 1 | Plots of results for each time of day sampled, for (A) soil temperature and (B) heterotrophic respiration for raised beds, and (C) soil temperature and (D) heterotrophic respiration for trenches, and (E) air temperature for raised beds and trenches combined.



Air temperature showed a significant reduction in temperature over the night-time sampling points (p<0.001).



3.2.2 Day to Day

Using the regularly sampled morning and afternoon datasets, there was a significant difference between the means of some results when compared between the 5 days of sampling, with data grouped based on microtopography, month, and time of day that measurements were taken (ANOVA, with significance determined based on p value <0.05, using the regular morning and afternoon measurements, Table 2). Soil and air temperature were the most frequently different variables between days. The WTD only varied significantly between days in November and February. There were no significant differences in the day-to-day Rh measurements on raised beds, and only in the trenches in November and February, corresponding to the period of variation in the WTD.


Table 2 | Occasions when there was a significant difference (p<0.05) in flux results across the 5 day measurement period per month, split for raised beds and trenches, and split into morning and afternoon measurements.





3.2.3 Month to Month

Measured environmental variables and Rh varied significantly over the year between sampling occasions (p<0.05),; this allowed us to examine the difference between results from raised beds and the trenches using the regularly sampled morning and afternoon data (Tables 3, 4). Comparison between the four months found there were significant differences between most variables measured. In all months except November-May and November-August the WTD was significantly different between months in the raised beds, and across all months there was a significant difference between months in the WTD in the trenches. Soil temperatures were higher on the raised beds than trenches, and were significantly different between almost all months. Average daytime air temperature each month was between 20 and 25 °C, and varied significantly between almost all months. Heterotrophic respiration was higher from the raised beds than trenches and varied significantly between most months.


Table 3 | The average results and standard deviation from all measurements each month, separated into results from raised beds and trenches.




Table 4 | Significant differences (p<0.05) in measurements between months based on Tukeys HSD at 95% confidence interval.






3.3 Relationship With Variables

We observed an effect of soil disturbance on the Rh and its relationship with environmental variables. Disturbance was due to digging of the peat for preparation of the raised beds (in May 2014), and from the potato harvest prior to flux sampling in November. At the undisturbed sampling times we saw a significant relationship between the WTD and Rh (p<0.001, adjusted r2 = 0.77) and a strong relationship between the soil temperature and Rh although with high variability (p<0.001, adjusted r2 = 0.07). For the measurements taken when the soil in the raised beds had been recently disturbed these relationships were no longer significant (p>0.3, adjusted r2 = 0, Figure 2).




Figure 2 | Plots of regression between key environmental variables and heterotrophic respiration (g CO2 m2 hr-1), for (A) water table depth and flux measurements and (B) soil temperature and flux measurements for samples taken when the soil had not recently been disturbed (i.e. May trenches, August raised beds and trenches, November trenches and February raised beds and trenches) and (C) water table and flux measurements and (D) soil temperature and flux measurements when the soil had recently been disturbed (i.e. May and November raised beds) with filled circles representing raised bed data and triangles representing data from trenches.



The log transformation of the Rh further strengthened our regression models. Across the regularly sampled data there was a significant relationship between WTD and logRh (linear model, p<0.001, Table 5 equation (a)), with 81% of the total variance explained by the model (adjusted r2). Soil temperature also showed a significant relationship (linear model, p<0.001, Table 5 equation (b)), but had a lower proportion of the total variance explained by the model (adjusted r2 of 0.23). Linear regression of the logRh with WTD and soil temperature showed a significant relationship and 82% of the total variance explained by the model (Table 5, equation (c)).


Table 5 | Linear models for soil and water table depth, for the regularly sampled morning and afternoon data and for when the data is split based on disturbance (i.e. disturbed data is from raised beds in May and November sampling occasions).



Including the effect of disturbance, there was a significant relationship in the regressions of logRh with WTD, with soil temperature and with both WTD and soil temperature (p<0.001, Table 5 equations (d), (e), (f)). Total variance explained was highest in the regression of logRh with WTD, soil temperature and disturbance (adjusted r2 of 0.84, Table 5), and the best fit between predicted and actual values was also in this model (RMSE = 0.39, Table 5 equation (f)).



3.4 Area Weighed Emissions

The average width of the raised beds was 1.31 ± 0.07 m (± SE) and the average width of the trenches was 0.39 ± 0.1m. Taking into account the size of the study field, this is equivalent to 77 ± 4% (± SE) under raised beds and 23 ± 0.3% (± SE) under trenches. Taking the mean from all Rh measurements, 1.397 ± 0.02 g CO2 m2 hr-1 (± SE) from the raised beds and 0.225 ± 0.005 g CO2 m2 hr-1 (± SE) from the trenches and area-weighing them based on the measured field dimensions provides a mean hourly emissions rate of 1.128 ± 0.019 g CO2 m2 hr-1, equivalent to a mean annual emissions rate of 98.79 ± 1.7 t CO2 ha-1 yr-1 (± SE). While this annual loss estimate is simply based on the means of our measurements, future studies can refine this value through capturing further detail on environmental variables and soil use over the year.




4 Discussion


4.1 Range

The peat soils in this study site were a strong contributor to atmospheric CO2. Due to the mounding of soil to make the raised beds, the raised beds had a thicker layer of soil above the WTD than the trenches and thus showed significantly different rates of soil C loss with area weighed emissions from raised beds on average 10 times higher than from trenches per hectare across each month. While the mean hourly rate of Rh from the trenches were nearly an order of magnitude lower than on the raised beds, they were still significant and comparable with those from other studies when considering a similar concept to the commonly applied micro-topographical classification of hummocks and hollows in peatland soils research (25, 26). Jauhiainen et al., 2005 (27) presented a range of hollow flux measurements between 0.1-0.9 g m2 hr-1 from a tropical forest floor with WTD of 0 to -30 cm, of which our average monthly range in Rh from the trenches sits at the lower end of, between 0.16 to 0.27 g m2 hr-1 with a WTD of -9 to -28 cm.

Comparison with other literature from the African continent is difficult due to a lack of heterotrophic emissions studies on cultivated peat soils. Were et al. (10) reported CO2 fluxes from an intact, waterlogged wetland in eastern Uganda, with mean CO2 fluxes reported to be between 2.4-2.5 g CO2 m2 hr-1 across different wetland vegetation types. This rate of flux is higher than we measured, but is assumed to include autotrophic respiration which our study does not. Carbon dioxide emissions from a cultivated Kenyan wetland (although not strictly Rh as cut stems and roots were still present in collars) reported an approximate maximum of 0.3 g CO2 m2 hr-1 which was at the lower end of our measured emissions, but was not on peat soils (organic carbon content < 5%) (28).



4.2 Temporal Variability

While we observed a significant reduction in air temperature overnight, this was not reflected in the soil temperatures, which showed an increase in temperature into the night with any early morning cooling of the soils still within the range of daytime soil temperatures. The Rh also exhibited little to no difference over the day and night-time measurements- indicating that variability in Rh over a diurnal time frame is not a significant consideration in this site. This is likely to be due to no changes in WTD overnight (the variable that exhibited the strongest influence on emissions), and no soil cooling overnight (in fact a mean 0.4°C increase in nocturnal soil temperatures in both the raised beds and trenches across all measurements). This contrasts with other studies that describe higher soil temperatures and Rh during the middle of the day (29). Other studies have observed lower diurnal temperatures compared to daytime measurements, and applied correction factors to adjust daytime flux measurements based on Q10 (30). Instead, we saw a much stronger difference in the month-to-month observations, in both the measured environmental variables and the Rh.

There are no comparative Rh studies for drained peat soils within Uganda, and so comparison of our estimated annual emissions from these soils can only be done against tropical peats from other countries. Based on the area weighing of our measurements, our annual estimate of emissions from these peat soils of 98.79 ± 1.7 t CO2 ha-1 yr-1 (SE) is within the higher range of emissions compared to other tropical peat fluxes. Southeast Asia provides a strong set of measurements from drained peatlands, in particular under oil palm plantations. Fluxes from SE Asia are highly variable, with an Rh of 18-56 t CO2 ha-1 yr-1 in drained forest and oil palm in Malaysia (31), 74-111 t CO2 ha-1 yr-1 from a range of studies on drained oil palm plantations in SE Asia (32), and 24.9 t CO2 ha-1 yr-1 in a young oil palm plantation in Borneo (33). The Intergovernmental Panel on Climate Change emissions factor for drained cropland and fallow in the tropics is 51 t CO2 ha-1 yr-1 (34). By comparison, peatlands under arable cropping in Europe, which involves annual ploughing of soils, have been shown to emit between 24-92 t CO2 ha-1 yr-1 (35). The management of peat soils in Uganda under potato cultivation involves an annual refreshment of the exposed peat from digging up of new peat to create new raised beds, thus exposing previously waterlogged soils to aerobic conditions. This introduction of fresh peat on an annual basis is different to the soil management of oil palm plantations in SE Asia where the soils are typically not disturbed post-planting. Therefore, it might be expected that the peat soils under repeated cultivation for potatoes would have emissions that remain high, unlike in sites that are not disturbed again after the initial planting period where emissions reduce after initial years since drainage [e.g. in (33) where the initial emissions of 91 t CO2 ha-1 yr-1 dropped to 47 t CO2 ha-1 yr-1 over the first 6 years].



4.3 Environmental variables

The relationships observed between WTD, soil temperature and Rh were not unexpected, as this has previously been demonstrated in multiple studies (35). In some studies, this has been presented as a linear relationship with WTD (36–38) or soil temperature only (39). As water table depth measurements do not require technical equipment, the relationship observed here has the potential for wide use by a variety of stakeholders to evaluate and model the impacts of hydrological management within these systems for reduced carbon losses.

While we observed strong relationships in the soils which had not recently experienced disturbance, we had more varied and higher Rh from the soils that had. Disturbance could cause changes to soil microbial and environmental properties, and has implications for future studies on these soils which need to take these impacts into account, especially when attempting to determine annual change. Other variables not measured here such as changes in soil bulk density, may have a significant combined effect on Rh and will vary as a result of soil management over the year. There may also be an effect of the location of microbial biomass in the soil profile, which have been shown to be more prolific in the upper layers of the soil, with microbial extracellular enzymes involved in C cycling reducing with depth (40).

Due to a lack of literature and available information on the use of these peat soils under this land use prior to our study, our sampling frequency was based on attempting to capture the range of environmental and management conditions that we anticipated would be experienced over the year. Considering that these soils are dug, cultivated, planted, harvested and fallowed at different times over a 12-month period, each of which bring different impacts to the soil, as well as differences in WTD and temperatures over the year, further studies should consider this when planning sampling and modelling of soil C losses. While our study succeeded in capturing different management and WTD conditions over the year, future studies could consider increased sampling intensity to a monthly emissions sampling campaign to ensure the extent of land management impacts are captured. Inclusion of regular soil sampling with these monthly measurements, in particular for bulk density and organic matter content, would enable further analysis of soil change and further refinement of relationships with key variables, and feed into model development and application for estimating land use impacts on these soils. Capturing the spatial variability from cultivated peatlands across the Kigezi highlands would strengthen the estimates of soil C losses for this peatland type and land use. Measurements of continuous in-situ WTD, soil and air temperature, and soil moisture content along with local climate data, would allow for accurate modelling of emissions over the longer term.



4.4 Implications for Peatland Management

In terms of land management impacts and mitigation strategies, initial insight from this study shows considerable soil C losses due to soil drainage and disturbance. Although a number of years have passed since our field study was conducted, these management practices continue and thus these soil carbon losses are still relevant. Efforts to raise water levels would reduce these losses- one low-impact option for farmers could include the transfer of raised bed soils into trenches at the end of the harvest, to allow waterlogging of these soils during the fallow period. Alternatively, re-wetting and restoration of the wetland and exploration of alternative ecosystem service provision (including C payments for avoided emissions) or improved upland soil and crop management for enhanced incomes (and thus reduced household dependency on wetland cultivation) should also be explored. Before significant land management recommendations are made for these soils, the full GHG flux of the system should be further investigated, including the contribution of CH4 emissions under waterlogged conditions, and the impact of the current land use including effects from the application of pesticides or fertilisers on water and soil quality.




5 Conclusions

Management of these peat soils for potato cultivation leads to significant Rh, in particular due to the mounding of fresh peats to ensure soils are raised above the water table. These raised beds had emissions nearly an order of magnitude higher than the trenches in between them.

While there were lower air temperatures at night, nocturnal soil temperature and Rh were not significantly affected and as such we conclude that there is no significant diurnal variability in emissions. Significant temporal variability was found over monthly time steps, rather than over hours or days, as we observed greater changes in key variables (soil temperature and WTD) from our measurements taken in the different months.

Soil management (the different microtopography from the raised beds and trenches, and disturbance from planting and harvesting), as well as the soil temperature and water table depth were the most significant variables that impacted the rate of Rh.

Our area weighed annual flux estimate of 98.79 ± 1.7 t CO2 ha-1 yr-1 is the first attempt at providing an emissions factor for this land use on these peat soils in Uganda.
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