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Abstract

:

Seasonality and crab activity affects the nutrients and physicochemical parameters in mangrove soils, thus, affecting the emissions of greenhouse gases, such as nitrous oxide (N2O). Climate change may intensify rainfall and/or enhance droughts, affecting mangroves and associated biota. Crabs are natural soil bioturbators responsible for soil aeration and turnover. We evaluated the effect of Ucides cordatus crab on N2O emissions from mangrove soils under a semiarid climate in Northeastern Brazil. Soil and gas samples were collected over the rainy and dry seasons in crab-naturally-bioturbated and crab-exclusion mangrove plots. We measured the soil’s pH, redox potential, and the total contents of carbon, nitrogen, and sulfur. We found higher N2O emissions in the crab-exclusion sites compared to the bioturbated sites, as well as higher N2O emissions in the rainy season compared to the dry season. The fluxes of N2O (µg m−2 h−1) were 47.3 ± 9.7 and 8.9 ± 0.5 for the crab-exclusion sites, and 36.5 ± 7.8 and 4.5 ± 2.1 for the bioturbated sites (wet and dry seasons, respectively). The soil turning over by macrofauna led to lower N2O fluxes in natural crab-bioturbated areas, and seasonality was the environmental factor that contributed the most to the changes in N2O emissions. Broadly, anthropic activities and seasonality influence nitrogen fate, N2O emissions, and ecological services in coastal ecosystems.
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1. Introduction


Severe droughts and stronger storms are the future scenarios of global climate change, which may threaten innumerable ecosystems [1,2,3], including mangroves. Mangrove ecosystems contain the most carbon-rich soils on the planet [4,5], characterized by fluctuations in the soil redox conditions due to tidal flooding [6,7,8]. Consequently, mangrove forests are one of the most important coastal carbon (C) sinks, contributing to the mitigation of climate change by sequestering and storing significant amounts of carbon, known as blue carbon [9,10,11,12]. Mangrove macrofauna (especially the crab species) are known drivers for changing the soil’s physicochemical conditions in intertidal environments and can directly affect greenhouse gas emissions, such as nitrous oxide (N2O) [13,14,15]. Crab burrows may change the air-water fluxes, increase the soil O2 content, and oxidize the soil around the burrows [16]. The Ucides cordatus crabs are one of the most important bioturbators of mangrove soils, turning over and inducing the natural recycling of nutrients and organic matter [17,18].



Aerobic respiration, anaerobic iron, and sulfate reduction are usually the most important carbon oxidation pathways in mangrove soils [13,19], while denitrification has been considered less important in the organic matter cycling of mature mangrove forests due to the limited availability of nitrate (NO3−) [20,21]. However, investigations regarding N2O emissions have been increasing because it is considered a key greenhouse gas. Nitrous oxide is produced as a by-product between the microbial pathways of denitrification and nitrification [22,23,24,25]. Denitrification consists of the reduction of nitrite (NO2−) and NO3− as alternative electron acceptors to oxygen (O2), resulting in gaseous nitrogen production; this process is mediated by heterotrophic bacteria under anoxic conditions (anaerobic pathways) [26,27,28]. Nitrification may occur when ammonium (NH4+) is sequentially oxidized to nitrite/nitrate under aerobic conditions, and N2O production occurs by the reduction of NO2−. The first step of nitrification is the oxidization of NH4+ to nitrite (NO2−) via hydroxylamine (NH2OH) [29,30]. This biotic process is carried out under aerobic conditions by the chemoautotrophs using NH4+ as an energy source [31] and can ultimately produce N2O by several biochemical pathways [24,30,32]. Nitrous oxide is one of the most concerning non-CO2 greenhouse gas [33] due to its long atmospheric lifetime (114 years) and high capacity to absorb infrared radiation that can be returned as thermal energy (298 times higher than CO2) [34,35]. Thus, N2O production and other related biogeochemical N-cycling are important pathways in mangrove forests.



Land-use change in mangrove forests by anthropogenic activities and climate change effects (e.g., sea-level rise) substantially affects the biota and physicochemical characteristics of this important and complex marine/terrestrial/estuarine system [36,37]. The impacts of land-use change and pollution in mangroves are severe and may eradicate mangrove fauna, which are fundamental for mangrove functioning [38,39]. For instance, the lack of bioturbation promoted by crabs decreases soil aeration, enhancing anaerobic conditions [40], which are propitious for increasing the emissions of anaerobic pathways of N2O and methane (CH4), and potentially feeding back to mangroves with climate change effects.



To our knowledge, there are no studies that have evaluated the effect of crab bioturbation on N2O emission in mangrove forests, and together, investigated the effects of the seasonal climatic conditions (rainy and dry seasons). Our study was performed to evaluate the effect of crab bioturbation and seasonality on N2O emissions based on the hypothesis that crab burrows could decrease N2O emissions, since crab activity favors soil aeration and oxidation [8,18], compared to areas without crab activity (crab-exclusion plots). We also hypothesized that the dry season would lead to greater soil aeration/oxidation and lower N2O emissions, compared to the rainy season. To achieve our objectives, we monitored N2O fluxes and soil physicochemical parameters over naturally crab-bioturbated plots and over crab-exclusion plots (non-bioturbated) during dry and rainy seasons in semiarid mangrove forests (Aracati, Ceará State, Brazil). We studied a non-impacted mangrove, although this region of the Ceará coast suffers strong anthropogenic pressure by the increasing presence of shrimp farming and sewage discharge of effluents into the mangroves, as well as the deforestation of the mangroves for urbanization and agricultural purposes [11,41,42]. Crab-exclusion plots were designed to mimic the possible scenario of the death of bioturbators’ macrofauna in mangroves (by anthropic disturbances, for instance), whereas the measurements over the rainy and dry seasons demonstrate the natural seasonality in this semiarid climate and possible altered scenarios in the mangroves that can be induced by climate change (such as the potential effects of El Niño).




2. Materials and Methods


2.1. Site Description


The studied mangrove is located in the semiarid Northeastern Brazilian coast (Aracati, Ceará State, Brazil) at the Jaguaribe River estuary (Figure 1A,B). The studied mangrove forest covers 11.6 km2 and is mainly populated by Rhizophora mangle L., R. racemosa G. Mey, and Avicennia schaueriana Stapf & Leechm [43]. The estuary of the Jaguaribe River contains mangrove trees with different stages of development [40], with a tree density of 5714 trees ha-1, basal area of 22.2 m2 ha−1, and canopy heights >10 m [11].



The climate at the estuary is classified as hot and semiarid (Aw′) according to the Köppen climate’s classification [44,45]. The mean annual precipitation is 812 mm yr−1, mostly between February and May (Figure 2) [46]. Soils and gas were collected at the end of both the wet and dry season, given that in both years of collection (2013 and 2014), the total annual precipitation was lower than the historical mean of 812 mm (Figure 2). The daily average temperature ranges between 26 and 28 °C throughout the year [46]. Associated with the low precipitation, the high evaporative demand causes high evapotranspiration rates that can reach up to 5 mm day−1 [47]. The water deficit leads to an increase in soil salinity and may limit the development of mangrove forests, in comparison to the Southeastern Brazilian coast [7].




2.2. Experimental Design


To verify the effect of bioturbation on N2O emissions from mangrove forests, two contrasting sampling conditions were selected as follows: six plots naturally inhabited by Ucides cordatus [48], characterizing the natural bioturbated treatment, and another six exclusion plots without crab activity (crab-exclusion treatment). The crab-exclusion plots covered 1 m2, delimited by a 1 cm mesh nylon net buried to 1.5 m depth, which was deployed 3 months prior to the soil and gas measurements (Figure 1C) [18,40]. The plots at the natural site (bioturbated area) were just marked at the four-square corners with wooden sticks to cover the same 1 m2 of area (without any other disturbance). Both sites were closely located (within a few meters apart) and vegetated by R. mangle, and were in the same physiographic positions to avoid differences in flooding frequency and minimize vegetation effects (e.g., presence of pneumatophores, roots, and plantlets). Within each plot, samples of gas and soil were collected during low tides at the end of the wet (July) and dry (January) seasons [49].



At the bioturbated plots, the burrow density (burrow m−2) and burrow size (diameter of the entrance and burrow depth) were also measured. The burrow densities were assessed within a 1 m2 frame, whereas the burrow sizes were measured in 10 burrows in each plot, using a caliper for diameter measurements and a soft rubber wire for burrow depth assessment [18,50].




2.3. Soil Sampling and Analyses


One soil sample for each plot, to the depth of 0–30 cm, was collected using PVC tubes attached to an auger for flooded soil, comprising of a total of 24 samples (six plots/replicates x two treatments x two seasons). After collection, the PVC tubes were hermetically closed and transported in vertical position (at 4 °C) to the laboratory. Each of the individual soil samples (0–30 cm) were mixed to form one bulk sample per plot, followed by oven-drying the samples at 45 °C to perform the analysis of the total organic carbon (TOC), total nitrogen (TN), and total sulfur (TS) [51]. The TOC content was quantified by an elemental analyzer (LECO SE-144DR®, Michigan, USA), after removing inorganic carbon with 3M HCl [51], whereas the TS and TN contents were quantified in untreated samples (LECO SE-144DR® and TruSpec® analyzers, LECO, Michigan, USA).



Additionally, the pH and redox potential (Eh) values were measured in situ during sampling. The Eh values were acquired by a platinum electrode, corrected to the reference calomel electrode (adding +244 mV to the readings), whereas the pH measurements were obtained using a glass electrode calibrated with pH 4.0 and 7.0 standard solutions.



The equipment used during sampling and laboratory analysis was previously cleaned, using 10% HCl overnight and rinsing with distilled water. The contents of the analyzed variables were quantified from the dried weight, which was determined after drying the subsamples at 105 °C to constant weight and obtaining a conversion factor.




2.4. N2O Sampling and Analyses


At each of the sampling plots (bioturbated and crab-exclusion), during each season (dry and rainy), one static rigid chamber for gas collection was installed. The chambers, measuring 17.5 cm diameter and 17.5 cm high, were inserted 5 cm into the soil [37], and were left open for the stabilization of the internal pressure for approximately 30 min. After stabilization, the chambers were closed, and the gas samples were collected using nylon syringes. The gas samples from each site were simultaneously collected during a 45-min sampling period (at intervals of 0, 15, 30, and 45 min) to avoid significant tidal variation. During the gas sample collection, the air temperature and atmospheric pressure were recorded [37,51].



The N2O flux (µg m−2 h−1) was measured from a linear fitting for N2O concentrations from the sampling intervals (0, 15, 30, and 45 min). The N2O concentrations were measured in a gas chromatograph (Shimadzu® GC 2014, Kyoto, Japan). The N2O mass at each interval was calculated using the universal gas equation, considering air temperature, chamber volume and area, and atmospheric pressure [37,51].




2.5. Statistical Analyses


We performed the non-parametric Friedman test (equivalent for the two-way ANOVA) to assess the differences in N2O emissions between sites and between seasons at the 5% significance level, with multiple pairwise comparisons using Nemenyi’s procedure, a two-tailed test (software XLSTAT version 3 May 2014) [52]. Similar analyses were performed for the soil parameters pH, Eh, TOC, TN, and TS.



Over our field campaign at the Brazilian mangroves, we initially had six plots per treatment (bioturbated and crab-exclusion), but we lost three plots for each treatment (at both wet and dry seasons) because of vandalism by local communities and fisherman and several flooding events that destroyed these built plots, leaving only three plots for each treatment (bioturbated and crab-exclusion) for the measurements. Thus, we used the bootstrap method, which takes into consideration that the training data represents the population data-set and several realizations of the population may be simulated [53,54], thus, bootstrapping from three to six plots, and then running the Friedman test. We bootstrapped all parameters (N2O flux, pH, Eh, TOC, TN, and TS) for both seasons. Additionally, we conducted a non-parametric Kruskal–Wallis test (equivalent for the one-way ANOVA) to assess the differences in crab burrow density and size over seasonal changes for the bioturbated mangrove areas, and the differences between seasonal changes in crab burrowing activity.



We additionally performed a principal component analysis (PCA) for the parameters N2O, Eh, pH, TOC, TN, and TS to assess the patterns driven by seasonality and the absence/presence of bioturbation, followed by varimax rotation, which allowed the improvement of the data structure predominantly into two components (software XLSTAT version 3 May 2014) [52].





3. Results


3.1. Crab Burrow Densities and Burrow Characteristics


Crab burrow characteristics (burrow density, diameter, and depth) directly affected the oxidation of mangrove soils and may have influenced N2O emissions. The crab burrow density and size did not show any seasonal changes (p > 0.05) in the bioturbated mangrove areas. In the dry season, 3.3 ± 1.2 burrows m−2 were quantified, measuring 5.7 ± 1.1 cm in diameter and 73 ± 11 cm in depth, while in the rainy season, the burrow density was 2.3 ± 0.6 burrows m−2, measuring 5.9 ± 1.0 cm in diameter and 76.2 ± 3.6 cm in depth.




3.2. Soil Characterization


Fluxes of N2O were influenced by the decomposition of soil organic matter (driven by the total contents of C, N, and S), and by environmental physicochemical characteristics (Eh and pH). There was no significant difference between bioturbated and crab-exclusion treatments for Eh and pH (p > 0.05; Figure 3A,B). However, the seasonal variation led to distinct soil physicochemical conditions when the rainy and dry seasons were compared. Higher Eh values were recorded during the dry season, characterizing the predominance of oxic conditions for both sites (Eh > +350 mV). During the rainy season, though, the Eh values significantly decreased compared to the dry season (p < 0.05), ranging between +79 and +395 mV, which indicated suboxic conditions (Eh: +100 to +300 mV; [55]). The bioturbated site showed slightly higher Eh values (202 ± 141 mV) during the rainy season than the crab-exclusion plot (174 ± 156 mV; Figure 3A), whereas during the dry season, higher Eh values were recorded at the crab-exclusion site (489 ± 32 mV). The pH values were near neutral, with no difference between sites in each season (dry season – crab-exclusion site: 6.9 ± 0.2, bioturbated site: 6.7 ± 0.2; rainy season—crab-exclusion site: 7.2 ± 0.2, bioturbated site: 7.2 ± 0.3) (Figure 3B).



During the dry season, the TOC content was similar for both sites (crab-exclusion 1.2 ± 0.4%, bioturbated 1.2 ± 0.3%) (p > 0.05), which was similar during the rainy season (crab-exclusion 1.1 ± 0.3%, bioturbated 0.9 ± 0.1%) (p > 0.05) (Figure 3C). The TN contents in the crab-exclusion site ranged from 0.11 ± 0.02% in the rainy season to 0.11 ± 0.01% in the dry season, whereas in the bioturbated site, TN was 0.10 ± 0.01% for both seasons, with no statistical differences for treatments/seasons (Figure 3E). Statistically similar TS contents (p > 0.05) were recorded for both crab-bioturbated and crab-exclusion sites (0.09 ± 0.03% and 0.133 ± 0.12%, respectively), but the TS values were significantly higher in the dry season (0.15 ± 0.11%) compared to the rainy season (0.07 ± 0.01%) (p < 0.05). The C:N ratio during the dry season ranged from 11.1 ± 2.1 in the crab-exclusion site to 11.5 ± 1.7 in the bioturbated site, whereas in the rainy season, the values were 10.2 ± 1.6 and 8.9 ± 0.9 for the crab-exclusion and bioturbated sites, respectively (Figure 3F). We observed statistically higher C:N ratios in the dry season compared to the wet season in the naturally bioturbated mangrove soils. Between the dry/wet season, the crab-exclusion treatment had statistically similar C:N rations (Figure 3F).




3.3. N2O Emissions


The emissions of N2O were higher in the crab-exclusion site compared to the bioturbated for the rainy season (p < 0.05), but the N2O emissions were statistically similar in both sites for the dry season (Figure 4). Indeed, the N2O emissions during the rainy season were almost 10 times greater than those in the dry season. Fluxes of N2O were recorded as follows (in µg m−2 h−1): crab-exclusion site/rainy season as 47.3 ± 9.7, crab-exclusion site/dry season as 8.9 ± 0.5, bioturbated site/rainy season as 36.5 ± 7.8, and bioturbated site/dry season as 4.5 ± 2.1 (Figure 4).




3.4. Effect of Seasonality and Bioturbation on Soil Composition and N2O Emissions


The PCA explained 77.71% of the variation in the studied parameters (Figure 5), with the squared cosines of the observations from the first axis (PC1) explaining 48.01% and the second axis, PC2 (soil organic matter, SOM) explaining 29.63% of the data variation (Table S8). The squared cosines indicate a goodness-of-fit for the projection to be interpreted. Seasonality is driving the parameters N2O, pH, Eh, and TS, as the squared cosines for these variables are the largest in the PC1 (season effect), whereas bioturbation drives the parameters TOC and TN, which may be attributed to the SOM, with these variables’ largest square cosines in the PC2 (Table S8). Indeed, the N2O emissions are higher in the rainy season and the values of Eh and pH are greater in the dry season, which is well explained by the PCA biplot, demonstrating a strong influence of seasonality in the emissions of N2O and the soil’s physicochemical characteristics. Moreover, the fauna (i.e., crabs) directly affects the content of SOM, since the PCA biplot (Figure 5) indicates that crab-exclusion (absence of bioturbation) has a greater content of TOC and TN, compared to the bioturbation treatment, mainly in the rainy season.





4. Discussion


4.1. N2O Emissions from Mangrove Soils are Controlled by Crab Activity and Seasonal Variation


Our major finding was the decrease of N2O fluxes in the bioturbated plots compared to the crab-exclusion plots, as well as the enhancement of N2O emissions from dry to rainy seasons at both sites. In the crab-exclusion areas, the suboxic to anoxic soil microsites were preserved (because of the absence of crab bioturbation), stimulating higher N2O emissions. Similarly, during the rainy season, large amounts of water were drained to the estuary, reducing redox potential (Eh) and, thus, inducing higher N2O emissions. In addition, the absence or presence of bioturbation was driving the SOM dynamics in these mangrove soils. For instance, the bioturbated sites in the rainy season had lower SOM contents and a lower C:N ratio, probably driven by greater soil aeration and oxidation of organic compounds, leading to SOM consumption (Figure 3 and Figure 5). Therefore, bioturbation is significantly important for keeping lower N2O emissions (compared to crab-exclusion areas), but seasonality has a key role in the dynamics of nitrogen and N2O emissions from mangrove soils in semiarid regions.



Denitrification can be one of the major contributors for N2O production in mangrove soils [56]. In our study, the Eh values over the rainy season were mostly within the range associated to denitrification, whereas over the dry season, when N2O emissions decreased significantly, the Eh values were mostly within the range of nitrification (Figure 6). Mechanistically, comparing the presence or exclusion of crabs, the crab-exclusion treatment led to less soil aeration/oxidation (i.e., more reducing soil condition), which favored denitrification and higher N2O emissions, while the presence of crab bioturbation led to greater soil aeration/oxidation (i.e., less reducing conditions) and lower N2O emissions.



Furthermore, the burrow densities measured during the study (mean: 3.3 ± 1.2 and 2.3 ± 0.6 during the dry and rainy seasons, respectively) were significantly lower than the densities measured for the same estuary by other studies carried out before 2012 (crab burrow density in the rainy season: 12 ± 3 burrows m−2; dry season: 38 ± 12 burrows m−2; [40]). Additionally, the densities were also lower than those obtained in other parts of the world, where authors have observed clear seasonal differences (Southern Brazil: 30–210 m−2, [57]; Tanzania: 68 ± 17 to 626 ± 65 m−2, [58]), indicating that a decrease in crab populations may affect N2O emissions.



Crab burrowing activity allows oxidizing compounds (mainly O2) to enter throughout wet soils, aerating and oxidizing mangrove soils [40,57]. Consequently, N2O emissions demonstrated a remarkable seasonal influence at both crab-bioturbated and crab-exclusion sites, with significantly higher N2O emissions during the rainy season compared to the dry season (Figure 4). These results are similar to N2O emissions from subtropical mangroves in India [59,60,61], but contrast with other studies that reported higher N2O emissions over the dry season [26,62,63], although some other studies in the pristine mangroves of India found no significant seasonal differences for N2O and CH4 emissions [64,65].



Therefore, mangrove ecosystems are mostly encountered in tropical and subtropical climate zones, occupying approximately 140,000 km2 [66,67,68], so that mangroves are widely variable because of alterations in some of the key environmental parameters, including temperature, precipitation, seasonality, tidal regimes, and substrate composition and properties [26,27]. Even within the same estuarine system, high soil heterogeneity can be observed [41,69,70,71], which leads to variability in N2O emission among mangroves [72].



Additionally, the abundance and activity of benthic organisms in coastal environments is regulated mainly by long-term climatic patterns; however, there is also evidence that an interannual oceanic-atmospheric oscillation, such as El Niño, can affect crabs at the population level [73]. El Niño events exert a strong influence on intertidal zones, affecting food availability for intertidal herbivores, which may lead to a strong decrease in crab populations [74]. The Northeastern Brazilian coast experiences drier climate conditions under the effects of El Niño, compared to the normal regional climate conditions. El Niño had a particularly strong influence in the climate of Ceará’s coast (area of study) in 2013 and 2014. The precipitation was lower (673 mm in 2013 and 624 mm in 2014) than the historical mean (812 mm, Figure 2), leading to drier soil conditions and a remarkably lower N2O flux over the dry season (in both crab-exclusion and bioturbated treatments). Other extreme climatic events may enhance rainfall events and may lead to larger N2O fluxes driven by wetter soil conditions.




4.2. Comparison of N2O Emissions from Mangroves and Estuarine Forests around the World


Few studies have reported N2O emissions from mangrove forest soils (Table 1). Our results uniquely showed a wide variation in N2O fluxes due to crab bioturbation as well as seasonality, demonstrating that during the rainy season, the N2O fluxes were among the highest values reported in the mangroves and estuarine forests around the world (Table 1).



The high heterogeneity between mangrove forests (within the site, regionally, and globally) because of distinct physical and biological factors leads to particular characteristics of each mangrove ecosystem [75,76,77]. Additionally, microbial processes operate on a scale of seconds to hours, changing substantially for the same location throughout the day, inducing differences of N biogeochemistry in marine and coastal areas—all of which influence the fate of N2O emissions [75].





5. Conclusions


Our study highlighted the influence of anthropic activities and seasonal changes on the emissions of N2O from mangrove soils, contributing to climate change effects. Lower N2O fluxes in natural crab-bioturbated areas are due to constant soil oxidation by macrofauna, whereas higher N2O fluxes in crab-exclusion mangrove areas are due to wet/anaerobic soil conditions that favor denitrification. Consequently, campaigns to maintain and preserve the mangrove’s macrofauna are greatly advised, mainly because humid coastal areas are increasingly deforested by anthropogenic threats (shrimp farming, urbanization, and agriculture).



We found an enhancement of N2O emissions from dry to rainy seasons. We concluded that seasonality is a major environmental factor that drives the emissions of N2O and the soil’s physicochemical dynamics, whereas natural crab bioturbation is driving greater soil aeration/oxidation and decreases the SOM contents, compared to crab-exclusion conditions. Additionally, we demonstrated that mangroves under highly wet conditions can be among the largest emitters of N2O in mangrove and estuarine forests around the world. The results elucidated the potential impacts of seasonality, as well as for the climatic changes (increase in rain or severe droughts) in mangrove ecosystems, together with the impact of bioturbation in soils, which can be used for biogeochemical cycling models of nitrogen and other nutrients in these coastal wetland systems.
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Figure 1. (A) Location of the studied mangroves in Brazil, (B) location of the sampling sites, (C) crab-exclusion plot, and (D) static chambers used for N2O collection. 
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Figure 2. Mean annual precipitation (mm) for the studied mangrove forests, total precipitation for 2013 and 2014, and sampling dates (for soils and gas) at the end of both the wet and dry seasons. 
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Figure 3. Soil measurements of mangrove soils for both bioturbated and crab-exclusion plots and over rainy and dry seasons. (A) In situ recorded redox potential (Eh), (B) in situ recorded pH, (C) total organic carbon (TOC), (D) total sulfur (TS), (E) total nitrogen (TN), and (F) C:N ratio. Labelled bars (standard error bars) with different lowercase letters (a and b) on the bars indicate statistical differences among Seasons/Sites (Rainy/Bioturbated, Rainy/Crab-exclusion, Dry/Bioturbated, Dry/Crab-exclusion), at the 5% probability level (non-parametric Friedman test). p-values for each parameter are provided in Tables S1–S6. 
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Figure 4. N2O emissions for bioturbated and crab-exclusion mangrove soils for both seasons. Labelled bars (standard error bars) with different lowercase letters (a, b, and c) on the bars indicate statistical differences among Seasons/Sites (Rainy/Bioturbated, Rainy/Crab-exclusion, Dry/Bioturbated, Dry/Crab-exclusion), at the 5% probability level (non-parametric Friedman test). p-values are provided in Table S7. 
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Figure 5. Principal component analysis (PCA) for the studied parameters N2O, Eh, pH, TOC, TN, and TS, and the effects of the factors Seasonality and Bioturbation. 
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Figure 6. Comparison of measured N2O emissions (mean and standard deviation) from the studied mangroves in relation to redox soil conditions across sites and seasons. 
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Table 1. N2O fluxes of different mangrove and estuarine forests worldwide.
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	Site
	Environment Characterization
	Season
	N2O flux (µg m−2 h−1)
	Reference





	Brazil. Ceará State
	Crab-exclusion/Control area (without crabs Ucides cordatus)
	Rainy
	47.0 ± 18.0
	This study



	
	
	Dry
	6.0 ± 5.0
	



	
	Naturally bioturbated area (with crabs Ucides cordatus)
	Rainy
	36.5 ± 12.0
	



	
	
	Dry
	4.50 ± 2.0
	



	Australia. Queensland
	Fringe river with high human influence. High nitrate and phosphate concentration
	Autumn (April)
	28.5 ± 9.10
	[56]



	
	
	Summer (February). Rainy season
	15.2 ± 8.80
	



	
	
	Winter (July)
	24.5 ± 5.20
	



	
	Avicennia marina forest
	Autumn (April)
	29.17 ± 11.6
	



	
	
	Summer (February). Rainy season
	6.0 ± 3.0
	



	
	
	Winter (July)
	11.2 ± 6.34
	



	India. South Andaman island
	Pristine area. Mangrove creek
	Rainy
	9.24 (water creek)
	[64]



	
	
	Dry
	11.04 (water creek)
	



	
	Mangrove forest of Rhizophora sp.
	Rainy
	9.66
	



	
	
	Dry
	5.52
	



	India. Odisha state.
	Avicennia sp.
	Monsoon
	16.55
	



	
	
	Winter
	26.54
	[59]



	
	Rhizophora mucronate
	Monsoon
	18.79
	



	
	
	Winter (high nitrate concentration)
	112.8
	



	
	Mangrove eutrophicated with nitrate
	Monsoon
	14.13
	



	
	
	Winter
	39.00
	



	China. Jiulong estuary
	Vegetation: Kandelia obovata
	Winter-dry season
	16.0 ± 6.0
	[78]



	
	
	Spring
	52.0 ± 0.010
	



	
	
	Summer-Rainy season
	37.0 ± 7.0
	



	
	
	Autumn
	31.0 ± 3.0
	



	
	Vegetation Sonneratia apetala
	Winter-dry season
	25.0 ± 3.0
	



	
	
	Spring
	51.0 ± 11.0
	



	
	
	Summer-Rainy season
	50.0 ± 7.0
	



	
	
	Autumn
	80.0 ± 7.0
	



	
	Vegetation: Cyperus malaccensis
	Winter-dry season
	13.0 ± 7.0
	



	
	
	Spring
	46.0 ± 9.0
	



	
	
	Summer-Rainy season
	90.0 ± 7.0
	



	
	
	Autumn
	50.0 ± 10.0
	



	
	Vegetation: Spartina alterniflora
	Winter-dry season
	6.0 ± 1.0
	



	
	
	Spring
	0.081 ± 0.008
	



	
	
	Summer-Rainy season
	60.0 ± 5.0
	



	
	
	Autumn
	56.0 ± 3.0
	



	Indonesia. North Sulawesi.
	Rhizophora apiculata, Bruguiera gymnorrhiza,
	
	−16.8–29.3
	[79]



	Puerto Rico
	Magueyes Island. Vegetation: Rhizophora mangue
	January/December. Rainy season
	~28.8
	[23]



	
	Enrique reef. Vegetation: R. mangue
	November/February. Rainy season
	12
	



	
	Bird Island. Vegetation: R. mangue affected by guano
	November/February. Rainy season
	374
	



	
	Seawage treatment plant. Vegetation R. mangue/ Laguncularia racemosa. High nitrate concentration
	January-June. Rainy-dry season
	~33.6
	



	
	Seawage treatment plant.Vegetation: Avicennia germinans. High nitrate concentration
	January/June. Rainy/dry season
	5.76
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