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Tree stems in tropical peat swamp forests are known as considerable methane (CH4) emitters; however, little is known about their carbon dioxide (CO2) and nitrous oxide (N2O) exchange. Differences between species, especially the role of palm stems in the exchange of greenhouse gasses, have remained largely unknown. We measured stem CO2, CH4, and N2O fluxes from the different heights of widely spread aguaje palms (Mauritia flexuosa) and boarwoods (Symphonia globulifera) and the soil beneath the same trees in a Peruvian Amazon palm swamp using a static closed chamber technique from September 2019 to March 2020. The tree stems were the net emitters of CO2 and CH4 but occasionally showed low N2O uptake. We found the highest stem CH4 emissions (average ± SE) from palm stems of the height of 80 cm (1,601 ± 165.9 μg C m–2 h–1), which are more than 300 times greater compared to the highest fluxes from boarwood stems, at the height of 30 cm (5.12 ± 1.27 μg C m–2 h–1). The average soil CH4 flux was 3,618 ± 465 μg C m–2 h–1. Whereas N2O fluxes from the stems were negligible, the average N2O fluxes from soils beneath the same trees were relatively high, ranging from 53.75 ± 24.04 (close to boarwood trees) to 143.4 ± 68.43 (close to palms) μg N m–2 h–1. While roughly upscaling tree-level fluxes to the stand level of 27,732 km2 of palm swamp in the Pastaza-Marañon foreland basin, these forests are net annual emitters of CH4 and N2O (897 Gg C y–1 and 24 Gg N y–1, respectively). These results highlight the necessity to study this kind of ecosystem more intensely.
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INTRODUCTION

Peatlands are globally important ecosystems covering an area of 463.2 Mha (Leifeld and Menichetti, 2018). However, tropical peatlands, which make up to 11% of the global peatland area (Leifeld and Menichetti, 2018), are the most efficient terrestrial ecosystems for carbon (C) sequestration (Yu et al., 2010). As a long-term global soil organic C stock, they sequester up to 88.6 Gt of C (Page et al., 2011; Gumbricht et al., 2017). Although peatlands are a significant source of atmospheric methane (CH4), vastly altered by anthropogenic pressure (Petrescu et al., 2015), peatlands are the key ecosystems in the climate change mitigation strategy.

The Peruvian Amazon is the home to one of the largest areas of tropical peatlands globally (Page et al., 2011; Draper et al., 2014; Gumbricht et al., 2017). The region is characterized as aguaje palm (Mauritia flexuosa) dominant swamp forest peatland (Draper et al., 2014; Bhomia et al., 2019). The number of studies on the C pools of the Peruvian Amazon peatlands has increased in recent years (Lähteenoja et al., 2009a,b; Draper et al., 2014).

Peatlands influence climate through the uptake and release of greenhouse gasses (GHG) (van Lent et al., 2019). In addition to carbon dioxide (CO2) and CH4, they may also emit or uptake nitrous oxide (N2O). All these gasses are claimed to be the main contributors to global warming.

Carbon dioxide emission from the peatland depends on the balance between plant C fixation through photosynthesis and ecosystem respiration. While CH4 is produced in the anaerobic soil of peatlands by methanogens, CH4 is oxidized in the aerobic zones by methanotrophs, and fixed carbon is released back to the atmosphere as CO2 (Le Mer and Roger, 2001). Meanwhile, N2O production and uptake is a microbial-mediated enzyme-driven process via nitrification (the aerobic oxidation of ammonia to nitrate) and denitrification (the reduction of nitrate to N2O and ultimately to inert N2 under anaerobic conditions) (Syakila and Kroeze, 2011). In tropical peatlands, other pathways can also be significant sources of N2O. In nitrate-limited conditions, these processes can be DNRA (dissimilatory nitrate reduction to ammonium) (Espenberg et al., 2018) or nitrifier denitrification (nitrification in which ammonia is oxidized to nitrite followed by the reduction of nitrite to nitric oxide, N2O and N2) (Hergoualc’h et al., 2020).

A gas pathway from the soil through herbaceous plants, adapted to high soil water content, to the atmosphere is well-studied (Scholander et al., 1955; Henneberg et al., 2012). Plants exposed to permanent or episodic flooding cope with soil anoxia through morphological adaptations such as the formation of adventitious water roots, hypertrophied lenticels and enlarged aerenchyma (Shimamura et al., 2010; Pangala et al., 2013). Trees can take up the soil-produced GHG by their roots and release it by their aboveground tree surfaces into the atmosphere; however, trees’ role in the production and consumption of these has not been thoroughly studied (Machacova et al., 2016; Maier et al., 2018; Barba et al., 2019). Plant stems are particularly efficient conduits of CH4 from the soil because the pathway bypasses highly active methanotrophic bacteria populations at the oxic-anoxic interface under the soil surface (Brune et al., 2000). Palms have adventitious root systems spread broadly throughout the shallow soil to anchor the plant (Steffens and Rasmussen, 2016). The root systems enhance gas exchange between the atmosphere and the soil (Megonigal and Day, 1992), in particular, entry of oxygen to the root zone and exit of soil-generated GHG through stems and aerial roots (pneumatophores) into the atmosphere (van Lent et al., 2019). Several studies have demonstrated that temperate trees adapted to wet soil also facilitate egress of soil-produced CH4 (Gauci et al., 2010; Rice et al., 2010; Machacova et al., 2013; Pangala et al., 2013) via gas transport through aerenchymous tissue, which allows the exchange of gasses between the shoot and the root, and emission to the atmosphere through stem lenticels (Pangala et al., 2014).

Few studies have considered stem CH4 fluxes in tropical trees (Pangala et al., 2017; Welch et al., 2019; Sjögersten et al., 2020; van Haren et al., 2021). For instance, in the Central Amazon basin, Pangala et al. (2017) have found significantly higher CH4 fluxes from mature tree stem than from the soil. However, very little is currently known about the magnitudes and patterns of stem CO2 and N2O fluxes from different plant species, especially the role of Peruvian Amazon dominant palms, which have remained largely unknown. Therefore, this study aimed to estimate GHG fluxes from palm and tree stems and adjacent soil, and roughly upscale the fluxes to the whole aguaje palm (M. flexuosa) covered area in the region.

Based on the results of previous studies, we hypothesize that:


•CH4 and N2O emissions from palm stems are higher than those from hardwood stems.

•CH4 fluxes from palm and tree stems exceed the soil fluxes.

•Soil N2O and CH4 fluxes are higher during the wetter season.





MATERIALS AND METHODS


Description of the Study Site

The research was conducted in a palm peat swamp (3°50′03′′S, 73°19′08′′W; 101 m a.s.l.), located close to Lake Quistococha and southwest of the city of Iquitos (Department of Loreto, the Peruvian Amazon; Supplementary Figure 1), from September 2019 to March 2020. The regional climate is humid tropical, classified as Af in the Köppen-Geiger system (Peel et al., 2007). The area receives excessive rainfall during the whole year, with a long-term (1999–2019) average annual precipitation of 2,859 mm. The wetter season lasts from December to April and the dryer season from June to October (Yoon and Zeng, 2010). Based on long-term (1999–2019) weather data, monthly average precipitation for wetter and dryer seasons are 295 and 163 mm, respectively. The region’s average annual air temperature is 27.2°C (1999–2019), and the relative air humidity is around 80–90% year-round. All the weather data originate from the Puerto Almendra weather station (6.5 km from the study site), Iquitos, Peru.

Peat deposits up to 6 m thick have been reported by Lähteenoja et al. (2009b). The area has no drainage, and the water table rarely decreases more than 20 cm below the soil surface as Lake Quistococha stabilizes the soil water level in the study site (Kelly et al., 2014; Griffis et al., 2020). The region occasionally floods; Roucoux et al. (2013) mention flooding events in 1998 (30 cm) and 2012 (100 cm). Neighboring peatlands likely receive nutrients from the Amazon River during these annual flooding events. Both minerotrophic (nutrient-rich) and ombrotrophic (nutrient-poor) peatlands have been reported in the region (Lähteenoja et al., 2009a; van Lent et al., 2019). Teh et al. (2017) characterized the Quistococha peat swamp forest as a transition between the minerotrophic and ombrotrophic types.



N Content in Soil

Soil samples were collected close to each chamber (n = 10) at two soil depths: 0–10 and 25–35 cm in September 2019 and March 2020. The soil samples were stored at 5°C and transported to the Estonian University of Life Sciences Laboratory, Estonia, for the chemical analyses. The soil’s average N content (Kjeldahl method) was 30,115 and 25,733 mg/kg in September 2019 and 30,778 and 28,500 mg/kg in March 2020, at a soil depth of 0–10 and 25–35 cm, respectively.



Gas Flux Measurements From Tree Stems and Soil

Stem GHG fluxes were measured from two plant species: aguaje palm (M. flexuosa L.f.) from the Arecaceae family representing palm trees and boarwood (Symphonia globulifera L.f.) representing hardwoods. These species are the most common of their family in the region by the study of Roucoux et al. (2013).

Five replicates per both species (n = 5 per species, in total n = 10) were selected randomly and gas samples were collected using the static closed tree stem chamber method, as described by Schindler et al. (2020). At each measurement level, two chambers were placed on the opposite side of the tree stem, and the installation was done 4 days before the first measurement session in September 2019. The rectangular-shaped chambers were made of transparent plastic containers, including removable airtight lids (Lock & Lock, South Korea). Before the installation, the bottom of the chamber was cut and hot-glued with a neoprene band. The chambers were sealed to the smoothed stem surface with the cord (Supplementary Figure 2) and checked for gas-tightness with a portable CO2 gas analyzer (EGM-5, PP Systems International, Inc., MA, United States).

The chambers were installed at the tree stem’s base, as close to the ground as possible (25–35 cm). In addition, to assess the tree stem vertical flux profile, on three stems per plant species, the fluxes were also studied at the heights of 75–85 and 165–175 cm above the ground (Schindler et al., 2020). During each measurement session from all measurement levels, four gas samples (25 ml) were taken through septa from both closed chambers (12.5 ml from both chambers) as the mixed gas samples in a 60 min interval (a 0–60–120–180 min sequence) and stored in pre-evacuated (0.3 bar) gas-tight glass vials (Labco Limited, Lampeter, United Kingdom). After the sample collection, the chamber remained open till the next measurement session.

Soil GHG fluxes from soils beneath the same trees were measured simultaneously with stem flux measurements using the static closed soil chamber method (Hutchinson and Livingston, 1993). PVC collars of 0.5 m diameter (Supplementary Figure 2) and 0.1 m depth were placed into the peat close to each studied tree (n = 10) 4 days before the first measurement session. For the gas sampling, white opaque PVC 65 L truncated conical chambers were placed into water-filled rings (ensure the airtightness between the collar and chamber) on top of the collars. Gas was sampled from chamber headspace into a pre-evacuated 50 mL glass vial every 20 min during a 1-h session (Soosaar et al., 2011).

All gas samples were transported to the laboratory at the Department of Geography, University of Tartu and gas concentrations were analyzed within 2 weeks using gas chromatography (Shimadzu GC-2014, Shimadzu, Kyoto, Japan) equipped with an electron capture detector for CO2 and N2O and a flame ionization detector for CH4 (Soosaar et al., 2011).

The planned measurement period was a minimum of 1 year. Due to technical issues from October to December 2019 (difficulties with new gas bottles delivery to Iquitos) and the COVID-19 outbreak in spring 2020 (restrictions on internal movement), the field campaign had to be canceled in March 2020. Altogether, nine measurement sessions were conducted: 16, 17, 24, and 25 September 2019, 11 and 25 January, 8 and 22 February, and 4 March 2020.



Data Quality Check and Gas Flux Calculation

The GHG concentration changes in the chamber were calculated from the slope of the least-squares linear regression of the samples’ gas concentrations over time. The adjusted coefficient of determination (R2) value of the linear fit was used to assert each chamber session’s goodness. When the R2 value for CO2 flux was above 0.95, both CH4 and N2O fluxes were accepted regardless of their R2 value.

To compare soil and stems contribution into ecosystem flux, the average stem fluxes across the three heights were up-scaled to a soil surface area for each measurement session using the formula from Machacova et al. (2016). Average values of the parameters used for the calculation were following (Roucoux et al., 2013): (1) aguaje palm – stem diameter 0.293 m, height 21.3 m, and stand density 186 trees per 10,000 m2; (2) boarwood – stem diameter 0.166 m, height 15.1 m, and 62 trees per 10,000 m2, respectively. The average calculated value of stem surface area per soil surface area for palm and boarwood stems were 0.18 and 0.025 m2 m–2, respectively.



Ancillary Measurements

The sampling site was equipped with a 1-m deep observation well (a 50-mm perforated PP-HT pipe wrapped in filter textile) from where the water-table depth during the gas sampling was recorded.

Soil water content was measured at 5 cm with a GS3 sensor connected to a ProCheck handheld reader (Decagon Devices, Pullman, WA, United States), soil temperature was measured at four different depths (10, 20, 30 and 40 cm) with an S0141 four-channel temperature data logger and four PT1000 sensors (COMET SYSTEM, Roznov pod Radhostem, Czechia) next to each studied tree and soil chamber.



Statistical Analyses

The normality of the gas fluxes distribution was checked using the Shapiro–Wilk test and as the data distribution deviated from the normal distribution, non-parametric tests were used. The Kruskal–Wallis one-way ANOVA on ranks test was used to check if tree height influence stems GHG fluxes and Spearman’s Rank-Order Correlation to determine the strength and direction of the relationship between the soil and stem GHG fluxes. Mann–Whitney U test was used to compare the soil flux close to palm and boarwood trees. Statistical analyses were done using Sigmaplot (version 12, Systat Software, San Jose, CA, United States) and Statistica (version 7, Stat Soft Inc., OK, United States) programs. The level of significance of p = 0.05 was accepted in all cases.




RESULTS

Monthly precipitation during the study period differed from the long-term pattern (1999–2019), being slightly lower than typical for the wetter season (January to March; Supplementary Figure 3); however, we follow the traditional climatic division in the hereafter and throughout the text. Soil temperature values at 10–40 cm showed low variation, from 24.2 to 27.8°C.


Variation of Greenhouse Gasses Fluxes From Stems

All stems were the net emitters of CO2 and CH4 but occasionally showed low N2O uptake. Stem CO2 emission of both species varied seasonally and between months. The highest average stem CO2 emissions (±SE) were from the height of 80 cm (57.8 ± 3.81 and 97.1 ± 9.25 mg C m–2 h–1 for palm and boarwood, respectively). Stem CO2 flux was significantly higher from the boarwood stems during the wetter season. Average stem CH4 emissions were significantly (p < 0.05) larger from palm than boarwood for all stem heights. Palms showed the highest emissions at the height of 80 cm (1,601 ± 165.9 μg C m–2 h–1), while boarwood stems had the highest flux values from the lowest measurement level of 30 cm (6.71 ± 1.53 μg C m–2 h–1; Table 1, Figure 1, and Supplementary Figure 4). Palm stem CH4 fluxes showed significant differences between the measurement heights (p < 0.05), while boarwood stem CH4 fluxes showed an insignificant decrease with stem heights. The average CH4 emission from stems was higher in the dryer than during the wetter season (Figure 1). In contrast to the CH4 fluxes, very low and similar stem N2O fluxes were detected in both species and at all measurement levels, ranging from −0.6 to 1.7 μg N m–2 h–1 (Table 1). N2O fluxes from the stems were higher in the dryer season compared to the wetter season (Figure 1).


TABLE 1. Average, median (in parentheses) ± SE stem CO2, CH4, and N2O fluxes from different stem heights and the soil in the Quistococha peat swamp forest.
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FIGURE 1. Temporal variation of stem CO2 (A,B), CH4 (C,D), and N2O (E,F) fluxes (session average ± SE) from different heights of aguaje palm (A,C,E) and boarwood (B,D,F) stems. Note that y-axis for stem CH4 (C,D) fluxes have different scales.




Variation of Soil Greenhouse Gasses Fluxes

Average soil CO2 emission (±SE) was 77.2 ± 4.44 mg C m–2 h–1, being the highest at the beginning of September 2019. Soil CH4 fluxes ranged from 220.9 to 19,476 μg C m–2 h–1 with an average (±SE) of 3,618 ± 465 μg C m–2 h–1, being always a net emitter. The highest CH4 emissions were measured at the end of January and in February 2020, while the lowest were in the dryer season, in September 2019 (Figure 2). Soil CH4 emissions near the boarwood were slightly higher than close to the palms (Table 1), but no significant differences were found (Mann–Whitney U test, p < 0.05).
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FIGURE 2. Temporal variation of average soil CO2 (A), CH4 (B), and N2O (C) fluxes. Median (dash line inside the box), average (cross inside the box), 25 and 75% quartiles (lower and higher lines of the box), min and max values (whiskers) are shown.


Soil N2O fluxes had large temporal and spatial variability, ranging from −8.62 to 2,590 μg N m–2 h–1. Average soil N2O fluxes close to the palms (143 ± 68.4 μg N m–2 h–1) exceeded the fluxes next to the boarwoods (53.8 ± 24.04 μg N m–2 h–1; Table 1 and Supplementary Figure 5); however, without detection of significant differences (Mann–Whitney U test, p < 0.05). The highest soil N2O emissions were recorded on 24–25 September 2019, immediately after heavy rainfall, preceded by a dry period of several days. There was no significant correlation between the soil and stem fluxes of CH4 and N2O for both species.

Average net ecosystem CH4 and N2O flux, consisting of flux from palm and boarwood stems (converted to ground area unit under consideration of mean “tree” height and density of both species in the studied forest) and soil, were 3,632 ± 1,015 μg C m–2 h–1 and 107 ± 55 μg N m–2 h–1, respectively. Soil CH4 flux contributes to 95% of the total CH4 emissions (Figure 3). The proportion of stem N2O flux from ecosystem flux was close to zero.
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FIGURE 3. Average soil, stem, and total CH4 (A) and N2O (B) fluxes.





DISCUSSION

The soil CH4 fluxes (average 3,617 μg C m–2 h–1) in the studied Quistococha palm swamp forest were within the same range of fluxes reported from similar studies in Brazilian flooded swamp forests in the Amazon river basin (Pangala et al., 2017) but lower than fluxes from palm swamps in the Southern Peruvian Amazon (Winton et al., 2017). Palm stem CH4 emissions were an order of magnitude lower than the stem CH4 fluxes of various tree and palm species reported by Pangala et al. (2017) and van Haren et al. (2021). The main differences between current and previous studies could be due to the regional soil water regime. The palm swamp forest soil was relatively dry during our study period, with significantly lower precipitation than the long-term average (Supplementary Figure 3). In our study period, the water table varied from −0.125 to +0.08 m (Griffis et al., 2020). In contrast, the water table in the Brazilian floodplain during the flood was up to 8 m higher than during the non-flooding period (Pangala et al., 2017).

At the end of dryer season (September), at a water level above −0.005 m, CH4 fluxes from the palm stems were relatively high compared to the soil fluxes. That was likely caused by the oxidation of CH4 in the aerated upper soil layer and, thus, by egress of CH4 from deeper anoxic soil layers through the aerenchymatous palm roots and stems into the atmosphere (Figures 1, 2). These structures have intercellular (lacunose) spaces, which can serve as transport conduits for soil-produced CH4 into the palm stems and finally into the atmosphere (Supplementary Figure 2; van Lent et al., 2019).

Average N2O soil fluxes measured in our study were 2.5–7 times higher than model-predicted emissions of 21 μg N m–2 h–1 for the Amazon Basin (Guilhen et al., 2020) but still lower than N2O emissions measured by Figueiredo et al. (2019) from floodplain soils in the Brazilian Amazon. In Amazonian palm swamps, no previous studies on N2O stem fluxes are known. Seasonal variations in N2O emissions are most likely correlated with seasonal changes in the water table and soil nitrogen mineralization. In our study, the higher N2O production during the dryer period just after the heavy rainfall could indicate the presence of nitrate or other denitrification product in these soils and the effect of pulsing water level (Pärn et al., 2018).

As CH4 is produced in the anaerobic soil by methanogens, the main factor influencing the soil’s methane production is the groundwater level (Lai, 2009). During our study, the soil CH4 emission significantly increased when the soil surface was flooded in the wetter season (January–March). However, N2O emission showed an opposite trend, being significantly lower during the wetter season than the dryer.

Emissions of CH4 from stems differed by several orders of magnitude among the two studied plant species. This finding supports the results from other studies in temperate and tropical peatland ecosystems, where species-specific differences have been measured (Sjögersten et al., 2020; van Haren et al., 2021). Stem CH4 emissions were significantly (p < 0.05) larger from palms than boarwood. This finding agrees with the study by van Haren et al. (2021). Higher CH4 emissions from the palm stems might be explained by porosity of adventitious roots and stems (Jackson and Armstrong, 1999), tree specific wood density (Pangala et al., 2013) and stem water content (Wang et al., 2017), which significantly affect the gas diffusivity through stem wood.

The mean stem CO2 fluxes from palm and boarwood stems (40.7 and 80.9 mg C m–2 h–1, respectively) in this study were in the same range as presented in overview study by Yang et al. (2016) for tropical forest ecosystems (58 mg C m–2 h–1). Emitted stem CO2 could originate from different sources. A portion of CO2 produced in the soil can be transported from below-ground through the xylem and during the transport diffused to the atmosphere (Teskey et al., 2008). Another part of stem CO2 flux originates from a plant’s growth and maintenance respiration and is released to the atmosphere as autotrophic respiration (Lavigne and Ryan, 1997).

While studying the tree flux profile, we found the peak of GHG fluxes at the 80 cm height of palm stems (Supplementary Figure 4) which is contradictory to other previous studies in temperate and other tropical trees, where stem CH4 flux rates decreased either linearly or exponentially with increasing stem height (Sjögersten et al., 2020; van Haren et al., 2021). In the case of palm trees, it might be explained by an effect of the lowest part of pseudobark. Outside of the central cylinder of the palm stem is a region of sclerified tissue known as the cortex and thin epidermis, which is referred to as the pseudobark (Broschat, 2013). The lowest part of the pseudobark is detached from the cortex and functional stem tissues due to the growth of adventitious roots from the root initialization zone (functional stem tissues) below the bark (Tomlinson, 1990). The GHG flux from the bottommost part of the pseudobark, which could be disconnected from the cortex as the new roots of the palm may force the cortex and pseudobark to split (Broschat, 2013), might be influenced.

The contribution of tree stem CH4 fluxes constituted 4% of the total fluxes of soil and stems, significantly lower than reported in previous mesocosm studies with Alnus glutinosa saplings by Pangala et al. (2014). The share of N2O stem fluxes was negligible in our study.

While roughly upscaling, our CH4 measurements to the 27,732 ± 1,101 km2 of palm swamp in the Pastaza-Marañon foreland basin (Draper et al., 2014) yield 897 Gg C y–1. For N2O, the upscaled estimate is 24 Gg N y–1. Using global warming potentials (100 years, with feedbacks) of 31 for CH4 and 298 for N2O (Myhre et al., 2013), the annual warming effect of these gasses for the Peruvian palm peat swamps is 27.8 and 7.1 Tg CO2 eq y–1, respectively. Nevertheless, this should be taken as an initial and rough estimate. A more spatial and temporal cover is needed for a reliable account. The ongoing increase in droughts will likely increase both N2O and CH4’s role in the radiative balance of the whole Amazon Basin (Abalos et al., 2017; Zemp et al., 2017).



CONCLUSION

Our study shows that stems of aguaje palm (M. flexuosa), a dominant plant species in West Amazonian peatlands, can emit large amounts of CH4, which is significantly higher than from boarwood (S. globulifera) stems. Thus, our first hypothesis was confirmed. Stem N2O fluxes were low and we found no differences between the species. In contrast to our second hypothesis, the average soil CH4 flux was significantly higher than flux from the stems: 3,617 μg C m–2 h–1 and 193.8 μg C m–2 h–1, respectively. The stem CH4 emission was about a magnitude lower than reported previously for trees in the Amazon floodplain. The CH4 fluxes were higher during the wetter season, while soil N2O showed higher values during the dryer season. We suggest that future studies focus on plant species composition, stem anatomy, stand density, and other key factors that control emissions of CH4 across Amazonian peatland plant species.
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Supplementary Figure 1 | Location of the study site at the Lake Quistococha shore.

Supplementary Figure 2 | Chamber profile system on a boarwood stem (A) and an aguaje palm stem (B), a soil collar (C), soil chamber on flooded soil (D), a cross-section of a Mauritia palm stem (E), and a view on Quistococha peat swamp forest (F).

Supplementary Figure 3 | Variation of long-term precipitation and during the study at area (average ± SE). Data originate from the Puerto Almendra weather station, Iquitos, Peru.

Supplementary Figure 4 | Stem CO2 (A,B), CH4 (C,D), and N2O (E,F) fluxes from three stem heights (30, 80, and 170 cm) of aguaje palm (A,C,E) and boarwood (B,D,F) stems. Median (dash line inside the box), average (cross inside the box), 25 and 75% quartiles (lower and higher lines of the box), min and max values (whiskers), and outliers (dots) are shown. Different lowercase letters above the columns indicate significant difference between stem heights (Kruskal–Wallis analysis of variance test, p < 0.05).

Supplementary Figure 5 | Soil CH4 (A) and N2O (B) fluxes in the palm swamp forest. Median (dash line inside the box), average (cross inside the box), 25 and 75% quartiles (lower and higher lines of the box), min and max values (whiskers), and outliers (dots) are shown. No significant differences between adjacent soil to palm and boarwood stems were found (Kruskal–Wallis analysis of variance test, p < 0.05).
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