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Abstract

:

Mangroves represent one of the most important carbon sinks on the planet due to their ability to store a high organic matter (OM) concentration in their soils. Therefore, OM analysis is important for generating inventories that do not underestimate or overestimate carbon stocks and for reducing uncertainties. Accordingly, we propose the use of thermogravimetric analysis (TGA) against the classical ignition method to determine the OM content in mangrove soils from a karstic region of the Yucatan Peninsula, Mexico. Therefore, fifty-five soil profiles from El Playón in the Sian Ka’an Biosphere Reserve were analyzed and divided according to the condition of the mangrove: conserved, under restoration, or degraded. TGA analysis of mangrove soils, which are in direct contact with water bodies, can be used to accurately identify the thermal decomposition of hydrated calcium sulfates, which cannot be detected using the loss-on-ignition (LOI) method. Using TGA, it was determined that the water content in the internal structure of hydrated calcium sulfates was between 8 and 16% in the preserved mangrove soils, between 2 and 5% in the mangrove soils under restoration, and between 0.5 and 1% in the degraded mangrove soils. The OM content obtained using both techniques was similar; however, using TGA, the amount of water evaporated from calcium sulfates could be measured, and this was not possible with the LOI method. Therefore, the TGA technique can be used as a proxy analysis to determine the OM content in soils, including the amount of water from hydrated calcium sulfates that are found naturally.
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1. Introduction


Soil is a natural body found on the Earth’s surface. Today, it is considered an ecosystem by itself since it shows all the necessary components for the proper development of life (nutrients, minerals, water, air, and organic material) [1]. The edaphogenic characteristics of soils are controlled by soil-forming factors, including the parent rock from which the soil is formed and the climate, relief, and biota, all depending on time and human management [2,3,4].



One of the main characteristics of soil is that the minerals and nutrients that make up the entire profile are mainly obtained from the bedrock at the site where the soil was formed. To a lesser extent, minerals and nutrients are naturally deposited on the soil following their erosion from nearby sites, which also helps to incorporate the remaining available nutrients that are present in plants and organisms [5,6].



One of the most studied components of soil is its organic matter (OM) content. It has been estimated that around 58% of OM is mainly organic carbon [7], which, when entering the soil, leads to carbon storage in the soil. One of the priority issues for the scientific community and governments is identifying natural ecosystems that allow the storage of carbon in the soil for long periods of time to help mitigate greenhouse gas emissions that are contributing to the adverse consequences of climate change. Addressing this issue will reduce the vulnerability of populations in general and the ecosystem services that mangroves provide [8].



Mangroves are tropical ecosystems in coastal areas that provide multiple ecosystem services such as protection against strong waves and high tides, thus acting as a barrier against hurricanes and a nursery area for various species of fauna. They are also carbon sinks over periods of time, ranging from several years to thousands or millions of years [9]. This is favored by the anoxic conditions in these wetlands, which are submitted to a long period of flooding. This means that the organisms that influence the oxidation of OM cannot perform rapid decomposition, thus accumulating high concentrations of OM and promoting carbon storage for long periods of time in mangrove soils [10,11].



Mexico ranks fourth in the world in terms of its mangrove area, following behind Indonesia, Australia, and Brazil [12]. The Yucatan Peninsula (YP) occupies 60% of the surface of this region. In relation to mangrove soils in the YP, they are characterized by a calcite content between 89 and 99%, the main compound being calcium carbonate (CaCO3), while the rest of its minerals are quartz, clay, and iron oxides, whose concentrations, in many cases, are less than 4% [13]. However, the edaphogenic characteristics of mangrove soils in the Yucatan Peninsula are very particular because the formation of soils in this ecosystem is not directly related to the bedrock on which they develop. Rather, there is a group of factors that make the soils unique, as follows: (a) The YP is a karstic geomorphological region, which causes the aquifers to be internal; these are formed from the dissolution of limestone, where the minerals and nutrients are transported and deposited on the coast [14,15,16]. (b) Part of the hydrological flow in the mangroves comes from marine currents, which also contribute minerals that remain captured in coastal ecosystems [17]. (c) The physiological characteristics of mangroves, including prominent roots, allow the retention of minerals and nutrients that reach the ecosystem [4]. Transported minerals are essential for the capture and storage of OM since minerals such as clays and quartz encapsulate OM particles, coupled with periods of flooding and anoxic conditions within mangroves [18].



At present, one of the soil characteristics that is regularly measured is the OM content, the most common method being weight loss on ignition [19]. However, this method can overestimate results for mangrove soils that have a direct hydric influence since some minerals can retain water in their internal structure, which only evaporates at high temperatures. These features do not occur in volcanic soils or in soils without the influence of water. For this reason, it is necessary to search for other methods and procedures that reduce this uncertainty since, by overestimating the OM content, the content of organic carbon stored in these ecosystems might also be overestimated. National reports on the potential mitigation of CO2 emissions using the conservation and/or restoration of mangroves are uncertain, which has consequences for the strategies and policies that are implemented in these ecosystems [9,11,20].



At present, new techniques have been proposed for the determination of the OM content in soils, which can achieve high precision in their measurements [20,21]. Since they contain high percentages of inorganic carbon, the soils in karstic environments must undergo a prior treatment that, in some cases, can lose a portion of the OM. In other cases, the equipment is extremely expensive, and the analysis is time-consuming. Therefore, it is necessary to search for other efficient measurement tools that can return accurate results in a shorter time. A technique that has not yet been widely explored is thermogravimetric analysis [22]. The advantage of this approach is that it allows the characterization of materials and compounds in terms of decomposition rates (incineration), evaporation, and oxidation, among others, after a constant thermal treatment increase as a function of time and temperature. This technique also allows researchers to observe, in real time, the evolution of material decomposition [23]. Therefore, this method could be used to quantitatively determine the OM content in mangrove soils.



The objective of this work was to determine and compare the OM content in mangrove soils from a karstic geomorphological environment in the Yucatan Peninsula, Mexico, using two different techniques, namely loss on ignition (LOI) and thermogravimetric analysis (TGA).



Additionally, this study aimed to identify hydrated calcium sulfates in mangrove soils with X-ray diffraction (DRX) before and after subjecting them to different temperatures, using the TGA technique to observe the presence and/or absence of these minerals.



For the LOI technique, we hypothesized that an overestimation of the OM content will be observed since this technique incorporates the amount of water from the internal structure of hydrated sulfates that are found naturally in soils with a hydrological influence. This water cannot be ruled out because the samples are subjected to a constant temperature for a certain time, meaning the processes that occur during the measurement time cannot be differentiated. In contrast, when using TGA, the amount of water and OM can be identified and accurately quantified in real time.



In addition to TGA, XRD analysis helps in the mineralogical identification of soil and thereby enables researchers to verify or rule out the presence of hydrated calcium sulfates in soil samples when subjected to different temperatures. Both techniques are highly accurate, and the measurement times are relatively short, taking into account the importance of obtaining the OM content to estimate the organic carbon in mangrove forests.



It is worth mentioning that both the LOI and TGA methods have the same analytical principle, where the samples are heated to a certain temperature to evaporate or burn the OM within them. However, TGA allows for measuring the weight loss of different minerals individually since each datum is recorded with a thermogram as the temperature increases.




2. Materials and Methods


2.1. Study Area


El Playón is a site located in the Sian Ka’an Biosphere Reserve on the central coast of Quintana Roo, Mexico. It is located in a limestone karstic environment; its central coordinates are 19°49.188’ N and 87°30.304’ W. The dominant vegetation is mangroves of the Chaparro ecological type [24].



This site suffered partial degradation in the mangrove swamp due to the construction of a dirt road in the early 1990s. This road altered the hydrological flow that ran from north to south, causing soil hypersalinity and, therefore, the death of the mangrove swamp. It is estimated that the affected area covered a surface area of approximately 500 ha (Figure 1A).



Since 2013, successful activities have been carried out to restore the degraded area. For this study, sampling was carried out using a grid of 55 soil collection stations that covered the heterogeneity in the studied site (Figure 1B). The stations were divided according to the condition of the mangrove: 18 profiles in conserved mangroves, 19 profiles in restored mangroves, and 18 profiles in degraded mangroves.



Soil samples were obtained using a metal core and were divided into subsamples at intervals of 0–10, 10–20, 20–30, 30–50, and 50–100 cm, or up to the maximum depth. The samples were transported cold to the laboratory, where impurities were eliminated and 20 g was weighed. Later, they were transferred into a drying oven (Riossa, Monterrey, Mexico, HCF 71D, distributed by RSU LabSupply, México) set to 70 °C for 72 h. Afterward, they were crushed and sieved using mesh (No. 30) with an opening of 595 µm.




2.2. Analysis Using Loss on Ignition (LOI)


After the samples were dried and sieved, 2 g of soil was weighed and placed into a Felisa furnace (model FE29ID from Feligneo, S.A. DE C.V) at a temperature of 550 °C for 4 h. Subsequently, they were cooled at room temperature and weighed. This analysis was carried out in the Primary Production Laboratory, Mérida. The OM content (%) was obtained based on the difference in weight loss using Equation (1) [19]:


  L O I    ( % )  =  (    s o i l   d r y   w e i g h t − S a m p l e   w e i g h t   a f t e r   i g n i t i o n   s o i l   a i r   d r y   w e i g h t    )  × 100  



(1)




where LOI (%) is the percentage of OM in the soil; soil dry weight is the weight after subjecting the sample to a temperature of 550 °C; Sample weight after ignition is 2 g of the sample at room temperature before being subjected to a high temperature; and soil air dry weight is the weight of the shade-dried soil.




2.3. Thermogravimetric Analysis (TGA)


The analytical principle of the thermogravimetric analysis (TGA) technique is to gradually heat a sample in a given environment (air, N2, CO2, etc.) at a controlled rate. During this process, the weight loss of the material is determined during the evaporation or calcination of its chemical compounds. The advantage of this method over other conventional analyses is that the mass of these compounds can be identified and monitored in real time against time or temperature using a plot called a thermogram [19,23].



To carry out the analysis of the mangrove soil samples, and to determine the OM content, 20 mg of a previously crushed soil sample was weighed, placed in an aluminum basket, and analyzed with a thermogravimetric instrument (Discovery series, TA Instruments, New Castle, DE, USA). This analysis was performed in the facilities at the National Institute of Nano and Biomaterials Laboratory (LANNBIO) at CINVESTAV Mérida. The program conditions for the analysis were as follows: the temperature ranged from ambient temperature (Tamb) up to 800 °C in an air atmosphere with a measurement rate of 10 °C/min. The samples were heated at 800 °C to determine if the calcination process for the mainly recalcitrant OM exceeded 600 °C or ended before this temperature, which was completed to avoid underestimating the OM content.



The chemical compounds were identified using reported thermal decomposition tables [7,24,25]. In addition, the sample underwent X-ray diffraction before and after TGA was carried out to identify the presence or absence of hydrated calcium sulfates.




2.4. X-ray Diffraction Mineralogical Analysis


The mineral phases in the mangrove soil samples were identified using X-ray diffraction. This analysis allowed us to verify whether the first intensity peak obtained in TGA belonged to water from hydrated calcium sulfates. This experiment was carried out with two treatments: (1) the soil sample was analyzed using XRD before ignition to identify the presence of hydrated calcium sulfates and (2) a second XRD measurement was carried out after the soil was analyzed using TGA at 300 °C to verify the elimination of water from hydrated calcium sulfates [26].



The identification of the minerals within the soil was carried out using a diffractometer (Bruker D8 Advance by Bruker Company) with a Bragg–Brentano geometry and monochromatic copper radiation (λ = 1.5418 Å) generated at 40 kV and 30 mA. Measurements were carried out with a recording interval of 3° ≤ 2θ ≤ 50° and a step size of 0.02°/s for 15 min for each diffractogram. The identification of minerals was carried out with the “search/comparison” program, using the International Centre for Diffraction Data (ICDD-PDF) powder pattern database, 2020.




2.5. Statistical Analysis


Descriptive statistics (mean, median, standard deviation, coefficient of variation) were estimated with the obtained data. To identify whether there were significant differences between the analytical techniques based on the mangrove conditions, an analysis of variance was carried out with the Kruskal–Wallis method. In addition, a simple regression analysis was performed to assess whether there was a relationship between the TGA measurements from Tamb up to 600 °C or the limit of the OM calcination process that may differ between the mangrove conditions and the LOI measurements at a constant temperature of 550 °C. The analysis of the data was carried out with Statgraphics Centurion XV version 15.2. 06.





3. Results


The thermograms showed different OM contents among the different mangrove conditions. Data on the mineral decomposition and weight loss for each stage were obtained when the samples were heated; therefore, three main signals were observed for all the sites regardless of the mangrove condition (Figure 2).



The first characteristic signal recorded in the thermogram was from Tamb to 200 °C, with the greatest intensity peak found around 80 °C (Figure 2). This signal is associated with the evaporation of water from the structure of hydrated calcium sulfates [26]. The second signal from 200 to 400 °C, with a maximum intensity at 290 °C, is related to the calcination of labile OM. The third signal from 400 to 600 °C, reaching up to 650 °C, in the conserved mangrove soils, with the highest intensity peak at 505 °C, is associated with recalcitrant OM. Meanwhile, the signal observed from 600 to 750 °C corresponds to the decomposition of CaCO3 to CaO and CO2 (Figure 2 [7]; Table 1).



An XRD analysis was carried out to verify that the first weight loss at a low temperature corresponded to the elimination of water from the structure of calcium sulfates. In some cases, two characteristic intensity peaks were registered since gypsum (CaSO4 2H2O) and bassanite (CaSO4 0.5H2O) were identified, and the total water content was completely lost when the sample was heated up to 300 °C (Figure 3).



The sample analysis was carried out at different depths in each soil profile. With this approach, it was possible to observe that, in different mangrove conditions, the OM content behaved as it does in all ecosystems. That is, the highest concentrations were found in the surface samples, which then decreased with depth (Figure 4).



For the surface samples up to 10 cm deep, the TGA analysis showed that the content of labile OM was higher with respect to the recalcitrant material. However, for the soil samples from depths greater than 10 cm, there was a greater increase in the amount of recalcitrant material compared to the labile material (Table 2). This characteristic of mangrove soils is important in the context of climate change mitigation since, due to their hydrological conditions, it allows the accumulation of OM and, as a consequence, organic carbon in the soil at greater depths and concentrations than in any other terrestrial ecosystem [8,9].



The chosen temperature for the soil analysis was 650 °C for TGA (Figure 2, Table 1) and 550 °C for LOI. Both techniques showed very similar results; however, the advantage of TGA is that the evaporation and calcination processes can be identified using the increase in temperature. Therefore, the water content from the structure of calcium sulfates can be eliminated, meaning only the net weight of OM is obtained. On the other hand, using the LOI method, it is not possible to record the processes or identify the water from hydrated calcium sulfates during ignition when heating the sample under a constant temperature and time (Table 2).



The TGA results showed that the water, labile OM, and recalcitrant OM content could be separated, where the following values were obtained: the actual OM content in the conserved soils ranged between 10.6 ± 0.9 and 58.2 ± 1.8% with a water content between 8.4 ± 1.3% and 16.6 ± 0.8%. In the case of the soils under restoration, the OM content ranged from 8.6 ± 0.3 to 24. ± 1.3% with a water content of 2.2 ± 0.9% to 5.1 ± 1.1%. Finally, in the case of the degraded soils, the OM content ranged between 2.8 and 3.6 ± 0.3% with a water content of 0.7 ± 0.2% to 1.0 ± 0.3. In addition, it was observed that the highest concentration of OM in the soil profiles was found in the superficial part and decreased when the analyzed sample was collected from deeper in the soil (Table 2).



A statistical analysis of the OM values obtained using TGA was carried out to assess the distribution of the data. It was observed that the standard deviation showed significant differences between the mangrove conditions and soil depth. The standard deviation ranged from 1.1 to 3.3% for the conserved mangrove soils, from 1 to 2.3% for the soils under restoration, and from 0 to 0.6% for the degraded mangrove soils. Also, it was observed that, in general, for the three conditions, the coefficient of variation ranged from 0 to 3.6%, and the standard error ranged from 0.4 to 2.9% (Table 3).



The analysis of variance using the Kruskal–Wallis test showed that there were significant differences (<0.001) in the OM content in all of the soil profiles under all mangrove conditions. Comparing these conditions based on the applied technique, it was observed that the average ranges for the different conditions were higher when calculated using the ignition technique with respect to TGA since the data for hydrated calcium sulfates obtained using TGA cannot be measured using the ignition method (Figure 5).



For the linear regression between LOI up to 550 °C and TGA up to 650 °C, a positive slope was observed, indicating a strong relationship between both techniques, with an R2 = 0.99 and a p-value = 0, which was adjusted to the model y = 1.07039x − 2.85124 (Figure 6).




4. Discussion


The site of El Playón in the Sian Ka’an Biosphere Reserve suffered anthropogenic degradation due to the construction of a road, which modified the inland flow of water, causing changes not only in the mangrove cover but also in the composition of the soils [28]. Studies such as those by Cortés et al. [29] suggest that the soil in the degraded area of the El Playón site suffered a loss of OM storage capacity due to the decomposition of OM combined with vertical erosion. Based on the results of this study, it was observed that the loss of OM in the degraded area varied between approximately 19 and 59%, considering the results obtained using the TGA analyses, with respect to the conserved area (Table 2); similar results were obtained using the LOI technique.



The LOI technique has been used for many years to measure the OM content in soils. This method is reliable under the procedures established in the Mexican standard [30,31] for non-calcareous soils. However, the soils in YP mangroves are found in a karstic environment formed by limestone rocks in areas supersaturated with water. These characteristics generate high calcium sulfate contents that precipitate naturally, forming hydrated calcium sulfates—in this case, gypsum and basanite [32]—making the LOI technique imprecise since it overestimates the amount of OM and cannot determine the true water content in hydrated calcium sulfates. In this work, based on the thermograms and the identification of the first derivatives, it was observed that the last calcination stage of the OM in the preserved mangrove soils finished at 650 °C, that is, 100 °C higher than the temperature used in the LOI method. Therefore, since LOI heats the sample directly to 550 °C is difficult to obtain the amount of recalcitrant OM.



At present, the LOI method is the most frequently used technique to estimate organic carbon content, and thus, efforts have been made to identify different analytical methods that can obtain faster, more accurate results. One of these efforts is the case study by Bensharada et al. [22], where the authors analyzed soil samples from Doggerland, Great Britain, with the aim of comparing results from the TGA and LOI techniques. It was concluded that there were no significant differences between the LOI and TGA results; however, they observed a weight loss peak before 300 °C, although the origin was not determined because they did not conduct an alternate analysis that could help in the characterization.



In the case of this study, the same characteristic peak was observed, and with the support of XRD mineralogical analyses, it was possible to identify that this peak corresponds to water from the structure of hydrated calcium sulfates. With these data, it was possible to rule out weight loss, with only the correct content of OM remaining, thus showing that there are significant differences when applying TGA to obtain the OM content. In addition, TGA is a fast and very precise technique. These values were obtained for all the analyzed soils from the different mangrove conditions.



The results obtained using TGA of the complete profile of the different soil conditions, considering only the OM content from 200 °C to 650 °C, were very similar in all ecosystems; that is, the OM content decreased with an increase in soil depth [6,7]. However, based on the results obtained in this study, it was possible to observe the damage suffered by the mangroves as a result of degradation. On the contrary, the OM content reached up to 58% on the surface of soils from the conserved mangroves, while that in soils in the process of restoration only reached 24%, that is, less than half of the OM content in healthy soil. On the other hand, in the case of the degraded soils, it only reached approximately 4%, that is, 13 times less storage capacity than the conserved soil and 5 times less storage capacity than the soil under restoration conditions. However, when these results are compared with those from terrestrial ecosystems [29,33,34], it can be inferred that even soil in degraded conditions in the YP can store the same amount of OM as other undisturbed terrestrial ecosystems. Considering that organic carbon in soils comes from OM and that mangroves today are the most productive ecosystems in terms of carbon storage [6,8,9,10], it is extremely important to conserve healthy mangroves since, when these ecosystems are degraded, they could change from being ecosystems with a good carbon storage capacity to ecosystems with the highest carbon emissions.



It is important to have accurate data on the OM content since these data are often used to estimate organic carbon in mangrove soils [35,36]. When the OM content is overestimated, it is very likely that the organic carbon content will also be overestimated. The OM:C ratio is applied to estimate the carbon storage in mangrove soils, which contribute to obtain the mitigation of greenhouse gas inventories, to the financial markets of carbon volunteers and to Nationally Determined Contributions (NDCs) [37,38,39,40]. Therefore, based on the obtained results, the TGA technique can accurately estimate the OM content and even identify labile organic material, which is the OM stored over short periods of time, and recalcitrant OM, which is linked to storage for long periods of time. In addition, it can identify the chemical compounds that cause decomposition processes.



The results obtained using TGA and XRD suggest that different mangrove conditions directly influence the mineral composition and OM content in mangrove soils. This may be due to the mangrove cover, allowing the soil to settle for a longer period of time together with OM and minerals. On the other hand, after losing mangrove cover on the ground, the OM is exposed, which leads to its decomposition and the release of CO2 into the atmosphere [16]. This means that the ground suffers subsidence and a vertical loss of the minerals that are found in the soils, which causes the soils to lose their edaphogenic characteristics. In the case of the YP soils, they return to their original condition, where the calcite content is close to 100% of the total soil content [13].




5. Conclusions


A comparison between the TGA and LOI techniques was carried out to determine the OM content in mangrove soils from a karstic environment in the YP in relation to three different mangrove conditions (conserved, under restoration, and degraded). The results obtained using both methods showed that the total OM content obtained with TGA (Tamb—650 °C) was very similar to that obtained with LOI (Tamb—550 °C). However, TGA showed a constant increase in the heat treatment as a function of time, which made it possible to identify, in real time, the evolution of the decomposition processes in the soil. This allowed us to identify the water content present in the chemical compounds, namely hydrated calcium sulfates, and to obtain only the OM content that was present in the soils from the El Playón mangrove swamp. Using the LOI method, the measurements were carried out in a single step, where the temperature was increased from room temperature Tamb up to 550 °C. Therefore, it is very likely that the LOI method overestimated the OM content in mangrove soils under karstic conditions.



TGA can help to measure the OM content in a precise way. Even the content of labile OM and recalcitrant OM can be obtained in short measurement times. Therefore, this technique could be introduced into studies in areas where there are hydrological interactions for long periods of time, e.g., both marine and freshwater (internal or superficial aquifers that flow into the mangroves), to address the water content in the calcium sulfates that accumulate naturally in these ecosystems.



The results obtained using TGA suggest that the OM content in the mangrove soil profiles under conserved conditions contained twice the OM content found in the mangrove soils under restoration conditions and around 13 times more OM than the degraded soils. Considering that mangrove soils are one of the ecosystems with the best carbon storage capacity, along with the results obtained in this study, it can be concluded that soils in degraded conditions may be one of the ecosystems with the highest C emissions to the atmosphere. Therefore, it is important to preserve them in their natural state.







Author Contributions


Conceptualization, J.L.C.-E., J.H.-S. and P.Q.-O.; methodology, J.L.C.-E., J.H.-S. and P.Q.-O.; formal analysis, J.L.C.-E., J.H.-S. and P.Q.-O.; research, J.L.C.-E., J.H.-S. and P.Q.-O.; resources, J.H.-S. and P.Q.-O.; data curation, J.L.C.-E.; writing—original draft preparation, J.L.C.-E.; writing—proofreading and editing, J.L.C.-E., J.H.-S. and P.Q.-O.; supervision, J.H.-S. and P.Q.-O.; acquisition of funds, J.H.-S. and P.Q.-O. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by a Postgraduate scholarship from the National Council of Science and Technology (CONACYT) and by Dr Jorge Herrera-Silveira, the Primary Production Laboratory of CINVESTAV-IPN, Unidad Mérida, and Programa Mexicano del Carbono A.C., as part of the projects of the “Mangrove Ecological Restoration Program of Yucatán Peninsula”. Funds were also provided by the projects of the National Nano and Biomaterials Laboratory (LANNBIO) of Dr. Patricia Quintana-Owen.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to acknowledge the Primary Production Laboratory, the laboratory and field technicians, Eunice Pech, Oscar Pérez, Claudia Teutli, and, in general, all the collaborators at the same laboratory. The authors thank Daniel Aguilar for the technical assistance in the XRD at LANNBIO. To the Directorate of the ANP in the Sian Ka’an Biosphere Reserve, for the facilities provided for field work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thompson, L.M.; Troeh, F.R. Los Suelos y su Fertilidad; Reverté: Barcelona, Spain, 1980; p. 629. [Google Scholar]

	



Jenny, H. Factors of Soil Formation; Mc Graw-Hill: New York, NY, USA, 1941; p. 281. [Google Scholar]

	



Gaucher, G. Les Facteurs de la Pédogenese; Lelotte-Dison: Dison, Belgium, 1981. [Google Scholar]

	



Kathiresan, K.; Bingham, B.L. Biology of mangroves and mangrove ecosystems. Adv. Mar. Biol. 2001, 40, 81–251. [Google Scholar]

	



Van Breemen, N.; Buurman, P. Soil Formation; Springer Science & Business Media: Dordrecht, Netherlands, 2002; p. 166. [Google Scholar]

	



Porta Casanellas, J.A.I.M.E.; López-Acebedo Reguerín, M.A.R.T.A.; Poch Claret, R.M. Edafología: Uso y Protección de Suelos; Mundi-Prensa: Barcelona, Spain, 2019; p. 625. [Google Scholar]

	



Ortiz-Solorio, C.A. Edafología; Universidad Autónoma Chapingo, Departamento de Suelos: Texcoco, México, 2010; p. 335. [Google Scholar]

	



Yáñez-Arancibia, A.; Twilley, R.R.; Lara-Domínguez, A.L. Los ecosistemas de manglar frente al cambio climático global. Madera Y Bosques 1998, 4, 3–19. [Google Scholar] [CrossRef]

	



Herrera Silveira, J.A.; Camacho Rico, A.; Pech, E.; Pech, M.; Ramírez Ramírez, J.; Teutli Hernández, C. Dinámica del carbono (almacenes y flujos) en manglares de México. Terra Latinoam. 2016, 34, 61–72. [Google Scholar]

	



Alongi, D.M.; Sasekumar, A.; Tirendi, F.; Dixon, P. The influence of stand age on benthic decomposition and recycling of organic matter in managed mangrove forests of Malaysia. J. Exp. Mar. Biol. Ecol. 1998, 225, 197–218. [Google Scholar] [CrossRef]

	



Kauffman, J.B.; Heider, C.; Cole, T.G.; Dwire, K.A.; Donato, D.C. Ecosystem carbon stocks of Micronesian mangrove forests. Wetlands 2011, 31, 343–352. [Google Scholar] [CrossRef]

	



CONABIO. Extensión y Distribución de Manglares. Available online: https://www.biodiversidad.gob.mx/monitoreo/smmm/extensionDist (accessed on 24 March 2023).

	



Estrada Medina, H.; Jiménez Osornio, J.J.; Álvarez Rivera, O.; Barrientos Medina, R.C. El karst de Yucatán: Su origen, morfología y biología. Acta Univ. 2019, 29, 1–18. [Google Scholar] [CrossRef]

	



Sapper, K. Sobre la Geografía Física y la Geología de la Península de Yucatán; Oficina Tip, de la Secretaría de Fomento: Monterrey, México, 1896; Volume 3, p. 80. [Google Scholar]

	



Bautista-Zúñiga, F.; Batllori-Sampedro, E.; Ortiz-Pérez, M.A.; Palacio-Aponte, G.; Castillo-González, M. Geoformas, agua y suelo en la Península de Yucatán. In Naturaleza y Sociedad en el Área Maya; Academia Mexicana de Ciencias—CICY: Mexico City, Mexico, 2003; pp. 21–36. [Google Scholar]

	



Bautista, F.; Palma-López, D.; Huchin-Malta, W. Actualización de la Clasificación de los suelos del estado de Yucatán. In Caracterización y Manejo de los Suelos de la Península de Yucatán: Implicaciones Agropecuarias, Forestales y Ambientales, 1st ed.; Bautista, F., Palacio, G., Eds.; Universidad Autónoma de Campeche, Universidad Autónoma de Yucatán, Instituto Nacional de Ecología: Yucatán, México, 2005; Volume 1, p. 282. [Google Scholar]

	



López, J.P.; Ezcurra, E. Los manglares de México: Una revisión. Madera Y Bosques 2002, 8, 27–51. [Google Scholar] [CrossRef]

	



Mitsch, W.; Gosselink, J.G. Wetlands; Wiley: Hoboken, NY, USA, 2015; pp. 333–373. [Google Scholar]

	



Dean, W.E. Determination of carbonate and organic matter in calcareous sediments and sedimentary rocks by loss on ignition; comparison with other methods. J. Sedim. Res. 1974, 44, 242–248. [Google Scholar]

	



Schulte, E.E.; Hoskins, B. Recommended soil organic matter tests. Recommended Soil Testing Procedures for the North Eastern USA. Northeast. Reg. Publ. 1995, 493, 52–60. [Google Scholar]

	



Schnitzer, M. Organic Matter Characterization. In Methods of Soil Analysis: Part 2 Chemical and Microbiological Properties, 2nd ed.; Page, A.L., Ed.; American Society of Agronomy, Inc.: Madison, WI, USA; Soil Science Society of America, Inc.: Madison, WI, USA, 1983; Volume 9, pp. 581–594. [Google Scholar]

	



Bensharada, M.; Telford, R.; Stern, B.; Gaffney, V. Loss on ignition vs. thermogravimetric analysis: A comparative study to determine organic matter and carbonate content in sediments. J. Paleolimnol. 2022, 67, 191–197. [Google Scholar] [CrossRef]

	



Williams, A.; Günzler, H. Handbook of Analytical Techniques; Wiley-VCH: Weinheim, Germany, 2001; p. 1182. [Google Scholar]

	



Arenas, P. The Potential of Blue Carbon Management in Mexico: Case of Study from the Biosphere of Sian Ka’an. Master’s Thesis, University of the Aegean, Manchester, UK, 2019. [Google Scholar]

	



Moore, D.M.; Reynolds, J.R. X-Ray Diffraction and the Identification and Analysis of Clay Minerals; Oxford University Press, Inc.: New York, NY, USA, 1989; p. 332. [Google Scholar]

	



Pansu, M.; Gautheyrou, J. Handbook of Soil Analysis: Mineralogical, Organic and Inorganic Methods; Springer Science & Business Media: London, UK, 2007; p. 401. [Google Scholar]

	



Schumacher, B.A. Methods for the Determination of Total Organic Carbon (TOC) in Soils and Sediments; ERASC: Las Vegas, NV, USA, 2002; pp. 1–23. [Google Scholar]

	



Herrera-Silveira, J.A.; Teutli-Hernández, C.; Zaldívar-Jiménez, A.; Ceballos, R.P.; Cortés-Balán, O.; Osorio-Moreno, I.; Ramírez-Ramírez, J.; Caamal-Sosa, J.; Andueza-Briceño, M.T.; Torres, R. Programa Regional Para la Caracterización y el Monitoreo de Ecosistemas de Manglar del Golfo de México y Caribe Mexicano: Península de Yucatán; Informe final SNIB-CONABIO, proyecto No. FN009; Centro de Investigación y de Estudios Avanzados-Mérida: Mérida, México, 2014; p. 62. [Google Scholar]

	



Cortés-Esquivel, J.L.; Herrera-Silveira, J.; Quintana-Owen, P.; Teutli-Hernández, C.; Pérez-Martínez, O. Caracterización de suelos de manglar en un escenario kárstico, La Península de Yucatán. In Proceedings of the Congreso Mexicano de Ecosistemas de Manglar, Sonora, México, 29–31 March 2023; pp. 22–23. [Google Scholar]

	



NOM-021-SEMARNAT-2000; Norma Oficial Mexicana Que Establece Las Especificaciones de Fertilidad, Salinidad y Clasificación de Suelos, Estudio, Muestreo y Análisis. Diario Oficial: Ciudad de México, México, 2002; p. 73.

	



Bautista, J.I.; Hernández, J.J.A. Determinación del carbono orgánico por el método químico y por calcinación. Ing. Y Región. 2021, 26, 20–28. [Google Scholar] [CrossRef]

	



Meays, C.; Nordin, R.; Protection, W.; Branch, S. Ambient Water Quality Guidelines for Sulphates; Ministry of Environment Province of British Columbia: Victoria, BC, Canada, 2013; p. 55. [Google Scholar]

	



Paz Pellat, F.; Argumedo Espinoza, J.; Cruz Gaistardo, C.O.; Etchevers, J.D.; de Jong, B. Distribución espacial y temporal del carbono orgánico del suelo en los ecosistemas terrestres de México. Terra Latinoam. 2016, 34, 289–310. [Google Scholar]

	



IUSS Working Group WRB, 2015. Sistema Internacional de Clasificación de Suelos Para la Nomenclatura de Suelos y la Creación de Leyendas de Mapas de Suelos. In Informes Sobre Recursos Mundiales de Suelos 106; Base Referencial Mundial Del Recurso Suelo 2014, Actualización 2015; FAO: Roma, Italy, 2015; p. 205. [Google Scholar]

	



Chaikaew, P.; Chavanich, S. Spatial variability and relationship of mangrove soil organic matter to organic carbon. Appl. Environ. Soil. Sci. 2017, 2017, 4010381. [Google Scholar] [CrossRef]

	



Ouyang, X.; Lee, S.Y. Improved estimates on global carbon stock and carbon pools in tidal wetlands. Nat. Commun. 2020, 11, 317. [Google Scholar] [CrossRef] [PubMed]

	



Allen, S.E. Chemical Analysis of Ecological Materials; Wiley: Hoboken, NJ, USA, 1974; p. 565. [Google Scholar]

	



Wang, Q.; Li, Y.; Wang, Y. Optimizing the weight loss-on-ignition methodology to quantify organic and carbonate carbon of sediments from diverse sources. Environ. Monit. Assess. 2011, 174, 241–257. [Google Scholar] [CrossRef] [PubMed]

	



DelVecchia, A.G.; Bruno, J.F.; Benninger, L.; Alperin, M.; Banerjee, O.; de Dios Morales, J. Organic carbon inventories in natural and restored Ecuadorian mangrove forests. Peer J. 2014, 2, e388. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, G.C.O. Atlas Nacional de México 2022 el Impacto del Hombre Sobre el Suelo; Instituto de Geografía, Universidad Nacional Autónoma de México: Mexico City, Mexico, 2022. [Google Scholar]








[image: Forests 14 01469 g001 550] 





Figure 1. (A) Aerial view of the mangroves. The conserved area lies to the north, and the degraded area lies to the south. (B) Sampling points at the Sian Ka’an site in Quintana Roo (drone images were taken by the Primary Production Laboratory of the CINVESTAV Mérida Unit, Yucatán, México). 
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Figure 2. Examples of thermograms at a depth of 0–10 cm, obtained using TGA, showing the weight loss curves and the first derivative of the samples in the different mangrove conditions: (A) conserved; (B) under restoration; and (C) degraded (the zoomed-in image shows the derivative from Tamb to 650 °C). 






Figure 2. Examples of thermograms at a depth of 0–10 cm, obtained using TGA, showing the weight loss curves and the first derivative of the samples in the different mangrove conditions: (A) conserved; (B) under restoration; and (C) degraded (the zoomed-in image shows the derivative from Tamb to 650 °C).



[image: Forests 14 01469 g002]







[image: Forests 14 01469 g003 550] 





Figure 3. Mineral identification of a mangrove soil sample analyzed using a diffractogram, where a characteristic peak of hydrated calcium sulfates (gypsum, G, and bassanite, B). 
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Figure 4. Thermograms of soil samples at different depths by mangrove condition type: (A) conserved; (B) under restoration; and (C) degraded. 
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Figure 5. Analysis of variance using the Kruskal–Wallis method, where significant differences can be observed between the different mangrove conditions and different analytical techniques. The analysis shows the OM content in all the soil profiles. The median is indicated by the red cross. 
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Figure 6. Linear regression of OM content in mangrove soils obtained using TGA (Tamb—650 °C) and the LOI method (550 °C). 
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Table 1. Evaporation and calcination of soil components at different temperatures using the TGA technique.
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	Temperature (°C)
	Type of Evaporated or Burned Material
	Reference





	25–200
	Evaporation of water in

hydrated calcium sulfates
	Pansu y Gautheyrou, 2007 [25]



	200–400
	Labile organic matter
	Schumacher, 2002 [24]



	400–650
	Recalcitrant organic matter
	Ortíz-Solorio, 2010 [7]
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Table 2. OM content (%) in soil samples from three different types of mangroves obtained using TGA and LOI techniques [27].
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Mangrove Condition

	
Depth

(cm)

	
TGA (°C)

	
LOI (°C)




	
Tamb—200

	
200–400

	
400–600

	
Tamb—600

	
OM

	
550 °C




	
Weight Loss (%)






	
Conserved

	
0–10

	
8.4 ± 1.3

	
30.5 ± 1.8

	
27.6 ± 0.8

	
66.5 ±1.8

	
58.2 ± 1.8

	
66.3 ± 2.8




	
10–20

	
13.4 ± 0.8

	
24.0 ± 1.4

	
29.2 ± 1.6

	
66.7 ±1.6

	
53.3 ±1.6

	
65.4 ± 2.1




	
20–30

	
14.8 ± 1.1

	
16.6 ± 1

	
19.7 ± 1.6

	
51.2 ± 1.6

	
36.4 ± 1.6

	
49.1 ± 3.0




	
30–50

	
15.6 ± 0.7

	
8.1 ± 1.1

	
8.8 ± 1

	
32.6 ± 1.1

	
16.9 ± 1.1

	
30.3 ± 2.2




	
50–100

	
16.6 ± 0.8

	
5.1 ± 0.8

	
5.5 ± 0.9

	
27.2 ± 0.9

	
10.6 ± 0.9

	
24.4 ± 1.8




	
Under

Restoration

	
0–10

	
3.6 ± 0.3

	
13.2 ± 1.3

	
10.9 ± 0.8

	
27.7 ± 1.3

	
24.1 ± 1.3

	
28.6 ± 2.6




	
10–20

	
5.1 ± 1.1

	
8.9 ± 1

	
10.0 ± 1.1

	
24.0 ± 1.1

	
18.9 ± 1.1

	
27.3 ± 1.8




	
20–30

	
2.2 ± 1.3

	
6.5 ± 0.7

	
8.1 ± 1.3

	
16.8 ± 1.3

	
14.6 ± 1.3

	
19.6 ± 2.0




	
30–50

	
2.3 ± 1.1

	
4.1 ± 0.1

	
6.0 ± 0.7

	
12.5 ± 1.1

	
10.2 ± 0.7

	
15.3 ± 1.3




	
50–100

	
2.2 ± 0.9

	
2.5 ± 0.2

	
6.1 ± 0.3

	
10.9 ± 0.9

	
8.6 ± 0.3

	
13.8 ± 1.4




	
Degraded

	
0–10

	
0.8 ± 0.2

	
1.3 ± 0.1

	
2.2 ± 0.3

	
4.4 ± 0.3

	
3.6 ± 0.3

	
7.8 ± 1.2




	
10–20

	
0.7 ± 0.2

	
0.9 ± 0.1

	
2.1 ± 0.1

	
3.7 ± 0.2

	
3.1 ± 0.2

	
6.3 ± 1.3




	
20–30

	
0.8 ± 0.1

	
0.9 ± 0

	
2.0 ± 0

	
3.8 ± 0.1

	
3.1 ± 0

	
6.2 ± 0.8




	
30–50

	
1.0 ± 0.3

	
0.7 ± 0

	
2.0 ± 0

	
3.7 ± 0.3

	
2.8 ± 0

	
5.4 ± 0.9




	
50–100

	
0.8 ± 0.1

	
0.7 ± 0.1

	
2.6 ± 0.1

	
4.2 ± 0.1

	
3.3 ± 0.1

	
6.6 ± 0.3
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Table 3. Descriptive statistics of the OM content in mangrove soils obtained using TGA, grouped according to mangrove condition and soil depth.
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Parameter/Depth (cm)

	
Conserved (%)

	
Under Restoration (%)

	
Degraded (%)




	
I

	
II

	
III

	
IV

	
V

	
I

	
II

	
III

	
IV

	
V

	
I

	
II

	
III

	
IV

	
V






	
Average

	
58.2

	
53.3

	
36.4

	
16.9

	
10.6

	
24.1

	
18.9

	
14.6

	
10.2

	
8.6

	
3.6

	
3.1

	
3.0

	
2.8

	
3.3




	
Mean

	
57.9

	
53.6

	
36.0

	
17.3

	
10.5

	
23.9

	
18.6

	
14.4

	
10.0

	
8.4

	
3.4

	
3.0

	
3.0

	
2.7

	
3.1




	
Variance

	
0.1

	
1.4

	
1.1

	
0.1

	
0.0

	
1.5

	
0.5

	
0.6

	
2.6

	
0.0

	
0.1

	
0.0

	
0.1

	
0.0

	
0.1




	
SD

	
3.2

	
4.5

	
2.8

	
3.6

	
1.1

	
2.3

	
1.1

	
2.3

	
1.0

	
1.1

	
0.8

	
0.9

	
0.5

	
0.0

	
0.0




	
CV

	
0.0

	
0.1

	
0.0

	
0.0

	
0.0

	
0.0

	
2.6

	
1.0

	
2.6

	
3.6

	
1.2

	
1.1

	
0.8

	
0.4

	
0.7




	
SE

	
0.0

	
2.9

	
1.9

	
0.0

	
1.6

	
0.3

	
0.5

	
0.4

	
0.8

	
1.0

	
0.4

	
0.6

	
0.8

	
1.1

	
1.0




	
Minimum

	
59.7

	
55.6

	
37.6

	
19.9

	
11.2

	
25.8

	
19.6

	
15.8

	
10.8

	
9.6

	
3.9

	
3.7

	
3.2

	
2.8

	
3.3




	
Maximum

	
56.5

	
51.1

	
34.7

	
16.2

	
10.1

	
23.4

	
18.5

	
13.4

	
9.8

	
8.4

	
3.0

	
2.8

	
2.7

	
2.7

	
3.3








SD = standard deviation; CV = coefficient of variation; SE = standard error. I = 0–10 cm; II = 10–20 cm; III = 20–30 cm; IV = 30–50 cm; V = >50 cm.
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