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Abstract

:

Identifying the SOC levels and revealing the potential of SOC storage of ecosystems difficult to sample and study are necessary contributions to the understanding of the global reserves of SOC. Wetlands store large amounts of SOC within their soils. They have an important role in water regulation and have great biological and floristic diversity. Therefore, this study aimed to assess the SOC stock in Atillo micro-watershed in the Ecuadorian Andean wetlands at two soil depths (0–30 cm and 30–60 cm below ground) and to assess the importance of the ecosystem and its conservation in favor of reducing emissions due to degradation processes. For that, we sampled the study zone with 101 composite samples of soil to obtain the SOC storage for each sample point in Mg/ha. A SOC estimation to evaluate its spatial distribution was performed using the geostatistical method Kriging. The results show a high storage capacity of the study zone with SOC values of 126 to 454 Mg/ha in the 0–30 cm soil profile and 148 to 350 Mg/ha in the 30–60 cm soil profile. The preservation and protection mechanisms of high SOC reserves should be taken into account to prevent the emission of CO2.
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1. Introduction


Information about soil organic carbon (SOC) storage and the monitoring of soils with a great potential for carbon stock is of global interest due to its link to climate change mitigation [1,2] and due to the need to reduce the high concentrations of CO2 caused by population, being necessary to protect and preserve natural carbon sinks [3,4]. SOC studies have increased in the last years with a focus on different ecosystems, including forests, forest plantations, crops, and pastures [5,6]. SOC is the main terrestrial pool in the carbon cycle. Its variability and redistribution are widely studied for improving the accuracy of carbon assessment [7]. A large degree of variability in SOC functional group abundances showed changes at different elevations [8], and changing drying-wetting cycles in soil profiles could impact the soil C pool [9]. The concern of SOC losses has been triggering the evaluation of crop transitions and land use changes which have mainly been associated with the replacement of secondary vegetation and changes in soil properties [10]. Studies on the páramo region in Ecuador reveal a high capacity of SOC storage in the soils depending on soil types, among others factors [11]. Therefore, understanding the role of ecosystems in the global carbon cycle and their potential reserves is necessary in order to evaluate effects produced by climate change [12] and possible strategies in favor to climatic change mitigation using climate-carbon feedback [13].



Wetland environments at a global level contribute to the process of water regulation and are habitats of high biological and floristic diversity. Their flows with the environment are cataloged as the Earth’s more productive [14]. In high Andean tropical wetlands, the stock or emission of trace gases such as CH4, N2O, and CO2 is influenced by temperature levels related to altitude [15]. These flows are also characteristic of the Atillo lake system, formed in the periglacial geomorphology.



Wetlands maintain a broad classification according to three criteria (i.e., hydrological, vegetative, and edaphological), where lacustrine, fluvial, and marshy wetlands are the predominant classes in the high Andean zones. According to the Ramsar Convention and official data from the Ecuadorian Ministry of the Environment, in Ecuador, there are 18 wetlands over an area of 286,659 ha, of which 86% are located in protected areas, of which 8% are located in the Andean zone of the Ecuadorian highlands [16].



The lacustrine system of the Atillo River is an edaphic landscape inside the Sangay National Park. It is considered a World Heritage Site for its wealth of flora, fauna, and its elevation ranging from 2500 m.a.s.l. up to 4500 m.a.s.l. With low aerial biomass, the vegetation height of these ecosystems tends to decrease as elevation increases [17,18]. The accumulation levels of SOC vary from one ecosystem to another, and its formation maintains the relationship with its weathering processes and its geomorphology [19,20]. The elevation range and vegetation could also influence the level of SOC accumulation in the paramo region [21]. Hence, in medium and low terraces and valleys, there is the accumulation of allochthonous materials from the hills that surround a lacustrine system. Here the erosion is caused mainly by the effect of slope and elevation. Although dust emission redistributes SOC within terrestrial ecosystems and to the atmosphere and oceans [7], a redistribution of SOC by an effect of dust emission can be down on these wet soils that maintain a high field capacity in the hills higher than 3500 m.a.s.l and are saturated in the periglacial valley.



Weather conditions cause a cryogenic process in the evolutionary process of soil formation, which prevents an accelerated concentration of organic matter in its grasslands and wetlands. Also, a growth of the organic horizon (H) ranging from cm to several meters is produced. Wetlands are located in the tropics and subtropics [14] and, although they only cover a small proportion of the Earth’s land surface of 6% approximately, contain a large proportion of the world’s carbon 15 × 1011 t stored in terrestrial reservoirs [22,23]. Despite being an ecosystem of interest for conservation issues, agricultural activities are observed in areas where precipitation is greater than evapotranspiration. As a result, the draining necessary for the production or renewal of agricultural pastures leads to a reduction in the water mirror of the lacustrine wetlands and a decrease in the aquifer’s recharge. Therefore the agricultural systems could be more extensive and cause increased volatilization of organic carbon and loss of stability [24].



Temperature and humidity are predominant factors in the flux emission of CO2 and CH4 in high Andean marshy wetlands where acidic and anaerobic conditions are generated with strong sulfur odors [25]. Therefore, the development of methanogenic bacteria increases the concentrations of CH4 [26]. The presence of grasses and biological soil crusts formed by: lichens, bryophytes, mosses, and cyanobacteria are important components in many terrestrial ecosystems that store high concentrations of carbon [27]. Grasses as perennial vegetation, being cosmopolitan, constitute approximately 20 to 45% of the Earth’s vegetation cover [28] and offer ecosystem services such as resistance to frost, water storage, oxygen release, carbon stock, and CO2 fixation in high Andean ecosystems [29]. The low amount of aerial biomass and the moist conditions of the soil of periglacial systems without forests or shrubs contribute to a decrease in the photosynthetic process [5]; therefore, carbon sequestration takes place.



This study focuses on the Atillo lacustrine ecosystem in Chimborazo province, Ecuador, where we aimed to develop a process to identify SOC storage for all lithology types based on kriging method using in situ SOC data sampling. The objectives were: (i) to assess the SOC stock in the study zone at two soil depths (0–30 cm and 30–60 cm below ground) and (ii) to assess the importance of the ecosystem and its conservation in favor of reducing emissions due to degradation processes.




2. Materials and Methods


2.1. Location and General Properties of Study Area


The micro-watershed of the Atillo River (Sangay National Park reserve) is located in the Cebadas parish in the Chimborazo province, Ecuador, situated between 78°32′0″ west longitude and 2°12′0″ south latitude. The Atillo lagoon is ancestrally known as Colay and is a lacustrine system located in the periglacial geomorphology. The geological formations including to the geological ages of the Miocene-Pliocene and Jurassic, where the andesite lithologies, pyroclasts, claystone tuffs, conglomerates, and metagrauwacas schists and metalavas stand out, respectively [30]. With an area of 9448 ha and an elevation ranging from 3320 to 4616 m.a.s.l (average of 3960 m.a.s.l). This ecosystem has evident rejuvenation due to its rocky constitution observed at higher altitudes that are extremely difficult to access, especially over the south zone. Its valley, where surface runoff accumulates, maintains the form of meanders with a length of approximately 17.6 km. The relief is heterogeneous, flat areas are located in the valleys around the Atillo river, and the higher altitude areas form slopes and areas with steep relief. The difficulty of access for sampling is marked from the edges of the valley zone to the mountain profile due to the heterogeneous topography with steep slopes in some areas of the study zone. These areas are shown a rejuvenation of the soil due to its rocky composition. This study is developed over the periglacial valley area and surroundings of the Atillo lacustrine system, reaching an area of approximately 50 percent of the entire micro-watershed (see Figure 1).



The climate corresponds to an Upper High Montane type [31], with an average annual temperature ranging from 5.3 to 8.2 °C. The annual rainfall ranges from around 800 to 2500 mm [32], and the average annual evapotranspiration calculated ranges from 595 to 823 mm. The humid weather of the micro-watershed of Atillo river is characteristic of an altitudinal gradient with high humidity. The lacustrine system is contributed to by more than 250 hectares of the Atillo, Magdalena, Kuyuk, and Negra lagoons. The soils classified as Andisols, Entisols, Inceptisols, and Histosols, show high SOM contents and high porosity. The soil coloration is dark (10 YR), with characteristics of volcanic formations distinctive of Andean moors [33,34]. The predominant soils of the study area, according to [35], include Inceptisols and Histosols with acid characteristics in the foothills and river valley.



Land uses in Atillo include forest-1%; water bodies-4%; agricultural areas-15%; vegetation-80% (i.e., Evergreen Shrubland and Herbaceus Páramo-12%; Herbaceus Páramo 36%; Ultra-humid subnival Herbaceus Páramo 1%; Herbaceus and Evergreen Subnival Shrubland of the Páramo 8%); intervened areas 33% and other areas with 10% approximately. Anthropic activities in the study area are related to grazing. The effects of grazing are mainly to compact the soil and reduce its porosity, infiltration, and water retention capacity [36]. Also, the natural vegetation is in a fragile morphodynamic balance. Therefore, the implementation of irrigation projects or reservoirs in these areas could have irreversible impacts on the wetlands and the water regulation ecosystemic resource.




2.2. Selection of Soil Sampling Points and Sampling


Previous to the soil sample collection, the sampling density was established with 1.18 points/cm2 of the map of the Atillo river micro-watershed at a scale of 1:100,000. This led to select 101 sample points corresponding to the different lithologies/bedrock: andesites to rhyolites, pyroclasts; clays, tuffs, sandstones, conglomerates; metagrauwacas, metalavas; basaltic and andesitic metalavas, located in areas of glacial deposits and glacial deposits and volcanic deposits of the Sangay volcano, also soil formed by volcanic rocks (sedimentary) (see Figure 1 and Table S1).



The soil sampling was carried out in the second semester of 2019 (October to November 2019). Due to the fact that the swampy areas maintain organic horizons that reach up to 6 m deep, in situ monitoring was carried out, prioritizing the epipedions. A total of 101 points were selected for soil profile sampling. The geographical position (UTM coordinates, datum WGS84-zone 17 S) was obtained using a GPS (GARMIN GPSMAP 64 with 3.65 m positional accuracy in real time) of each data point. The soil samples were taken between 0–30 cm and 30–60 cm depth. Using a blast hole of 90 cm of useful length without including the handle, the internal measurement of the cylinder was 5 cm in diameter to carry out 4 soundings per sampling point and collect the composite sample. A 20 cm hole was made at the centroid using an auger to introduce 100 cm3 cylinders to collect the soil samples to obtain the bulk density [37]. The samples from each monitoring point were homogenized in situ and stored in hermetic bags. Finally, the soil samples were labeled and stored in a thermal refrigerator until they were transferred to the laboratory for their respective analysis.




2.3. Soil Analysis


Within 24 h of the sampling process, the samples were analyzed in the Environmental Protection research laboratory of the Research and Development Group for the Environment and Climate Change of Polytechnic School of Chimborazo. The homogenized samples were analyzed by the gravimetric method. So, samples were dried at 20 to 25 °C and sieved (Fisherbrand Norm-ASTM E-11e standard). Then the soil samples were dried using crucibles with 5 gr of soil, obtaining the % of humidity in a professional laboratory oven. Then the samples were weighed in a balance with high sensitivity. The carbon content was obtained using the automatic element analyzer, also known as the CHN analyzer, brand “Thermo Scientific™ FLASH 2000 CHNS/O Analyzers”. Bulk density was obtained using cylinders of 100 cm3 in both soil profiles, and SOC values in Mg/ha were obtained using bulk density and SOC% [10,38].




2.4. SOC Evaluation and Prediction by Kriging


A correction of anomalous values was carried out by applying the algorithm of [39] before the interpolation process. All SOC values of soil data sampling were merged in ArcGis 10.5, obtaining a SOC geodatabase used in this study. Geostatistical methods applied in soil mapping have the advantage of providing a statistically sound model for spatial variation, where the spatial autocorrelation is explicitly modeled, and an explicit measure of the uncertainty is associated with the prediction [11,40,41]. Kriging is the method of interpolation deriving from regionalized variable theory. It depends on expressing the spatial variation of the property in terms of the variogram, and it minimizes the prediction errors, which are themselves estimated [42]. This study used the Kriging method to obtain a surface of SOC spatial distribution in the study area, and a cross-validation process also was applied (see Figure 2).



The resulting data were analyzed by normality criteria with the Shapiro–Wilk statistical test and the Kruskal–Wallis proof for independent quantitative samples without normal distribution with a 95% confidence level [43]. The spatial variability of SOC between the lithologies of the Lacustrine System of the Sangay National Park with descriptive statistical analyses was evaluated (i.e., mean, median standard deviation, coefficient of variation, range, asymmetry, and kurtosis) for each soil profile (0–30 and 30–60 cm).





3. Results


3.1. Spatial Variability of SOC Data Samples


The lithologies that predominate in the lacustrine system under study presented high variability in SOC both in the profile 0–30 cm below ground and in the profile that was analyzed of 30–60 cm (see Table 1). A SOC variability at both soil depths of paramo was identified. It is in concordance with [44]. A higher concentration of SOC in the areas of periglacial zones that correspond to andesites to rhyolites and pyroclasts was identified, observing a higher proportion in elevations ranging from 3400 to 3520 m.a.s.l., while the lowest SOC values were observed in the lithology metagrauwacas and metalavas located above 3400 m. a. s. l. In the area of the lacustrine system, a non-typical behavior stands out where the lowest proportion of SOC is in the first 30 cm. The highest coefficient of variation of SOC occurs in the intervened areas of clays, tuffs, sandstones, and conglomerates of the first 30 cm (50.78%) corresponding to swampy, marshy areas of aged lagoons from the Miocene/Pliocene period.



The SOC distribution of in situ data sampling shows positive asymmetry for both soil profiles: the 0–30 cm profile and the 30–60 cm profile, with values of 7.75 and 3.12, respectively (see Figure 3a,b). High kurtosis coefficients with values of 10.43 and −0.53 were observed for the COS determined from 0–30 cm and 30–60 cm profiles, respectively, according to leptokurtic distribution. With the aforementioned, it can be identified that the frequency distribution resembles the Inverse Gaussian probability distribution, also known as the Wald distribution. Regarding the intervention and lithology strata, there is a statistically significant difference between the medians. The lithology of clays, tuffs, sandstones, and conglomerates of the marshy area in the study zone at elevations between 3400 and 3500 m.a.s.l. stores more organic carbon than the other lithologies. Approximately 47% of the total sampled areas indicate that the highest concentrations of SOC are located in the depth of 30 to 60 cm. Also, a particularity is observed due to the fact that intervened zones have higher carbon concentrations than non-intervened zones in both profiles.




3.2. SOC Estimation


SOC estimation was obtained based on SOC data sampling. The results of the estimation of SOC after applying the geostatistical method Kriging show a SOC storage ranging from 126 to 454 Mg/ha in the 0–30 cm soil profile and 148 to 350 Mg/ha in the 30–60 cm soil profile. The highest concentrations of SOC in the 0–30 cm profile correspond to the lithology of Clays, tuffs, sandstones, conglomerates, agglomerates, and glacial deposits close to the Atillo lagoon (see Figure 4). In the 30–60 cm profile, the highest concentrations of SOC are observed in zones with floodable vegetation predominates, and its water table is very high. The areas that register the highest levels of SOC correspond to lateral moraines with an altitude of less than 50 m above sea level. On the other hand, the areas of lower concentration are located on the hill of the reserve, whose lithology is predominantly volcanic rocks, where there is a dominance of low-lying grasslands as natural vegetation. In these areas, Typic Melanocryands soils predominate with characteristics of acidity, moderate to high depth, and high content of organic matter.





4. Discussion


The SOC content in the high Andean páramo varies between 119 and 397 Mg/ha in the first 40 cm of depth, as described in studies on páramo of Peru and Ecuador. In the lacustrine system studied, the peatland ecosystem stands out, reaching an average of 750 Mg C/ha in the first 60 cm higher than those reported in the high Andean paramo of Cayambe-Coca [20]. Among the reasons for this stratified storage of SOC are the high and continuous cloudiness, the low temperatures, and the high humidity. These conditions decrease the decomposition of organic matter and which causes a non-typical distribution of SOC at the vertical level of the soil, where the highest concentration is found in the deep layers [45].



The páramo soils are important ecosystems for mitigating climate change by capturing or sequestering large amounts of CO2 in its edaphic component. The micro-basin of the Atillo River is no exception, storing in its edaphological system between 126 and 454 Mg/ha in the first 30 cm of soil, similar to those reported in the paramos of Guativa la Russia in the department of Boyacá, Colombia, with an average capture of 467.9 Mg/ha [46]. Soil carbon change could be related to land conversions and activities over the Grasslands [47]. The results of lithologies of the intervened area and lower than the median of the intervened area are in concordance with other studies related to SOC on paramo region in Colombia where a positive asymmetry of 0.97 and kurtosis of 5.18, also estimated SOC values that oscillate in the range of 22 and 338 Mg/ha and medians of up to 180.52 Mg/ha are indicated [48]. Also, studies in the herbaceus páramo ecosystem of Ecuador showed values of SOC between 67–221 in the 0–30 cm soil profile and values of SOC between 32 and 179 Mg/ha in the 30–60 cm profile [49].



There are higher average concentrations of SOC on the slopes of mountains with lava flows [19], similar to the lithologies of volcanic rocks, also in the Sangay agglomerates composed of andesites and basalts. The values of bulk density are in the range of 0.5 to 1 g/cm3. Values of bulk density of glacial deposits are higher than agglomerated and agglomerated bulk density and higher than volcanic rocks. This is in concordance with the consideration that at lower bulk densities, the SOC concentrations are increased [50]. The SOC stock of lithologies and similar soil types in northern Ecuador are between 3.4 and 10.3% in the upper epipedion of 30 cm (elevations between 3000 and 4000 m.a.s.l.) [51]. Also, SOC values are lower than values in glacial deposits and agglomerates zones of the Atillo micro-watershed, with organic matter averages of 13 and 14%, respectively. These SOC concentrations are similar to those reported in the Machangara in the Azuay province and Pantanal in the Chimborazo province of Ecuador [52].



Similar coefficients between 45 and 80% stand out in a focused study about identifying the reduction in CV as a function of sampling intensities [53]. The coefficient between 20 to 40% obtained shows moderate heterogeneity in the SOC samples (see supplementary materials), typical of Total Carbon according to the criteria of [54]. Nevertheless, this characteristic predominates in the Atillo river micro-basin, despite being a homogeneous ecosystem dominated by grasses and peatlands that the ecological level is called the floodable grassland. The study zone is located in the glacial deposits zone, maintaining singularities of the biological soil crusts. It is composed mostly of vascular plants and mosses that both accumulate large amounts of water, which prevents the decomposition of organic matter and, consequently, their accumulation [27].



The described results of the investigation indicate that the Atillo lacustrine and marshy wetland can be cataloged as a carbon sink or emitter. It would depend on its operation, climate, age, and anthropic activities [23]. Anthropic activities are related to grazing and agricultural activities. Therefore, soil changes can alter ecosystem services. Hence, the preservation and protection of ecosystems such as Atillo wetlands should be taken into account to prevent CO2 emissions. Likewise, the study ecosystem contributes in similar criteria to the 30% of the seven million square kilometers of the Amazon basin considered wetlands within the RAMSAR convention [55]. Therefore the ecosystem can be considered and added within RAMSAR.



This study used the Kriging method with SOC data sampling. Soil lithologies and their spatial heterogeneity were taken into account to determine the position of each soil sample data point, which favored the method results. Even so, the topographic irregularity and also the presence of soils with high water saturation (swamps) caused to move sample point positions of in situ monitoring. Therefore our study does not include edge areas of the south zone of the micro-watershed of study (Section 2.1.). SOC estimates with statistical methods have made it possible to identify that the Andean areas of Ecuador store between 240 and 320 Mg/ha [20,56,57]. The results obtained in the Atillo river micro-watershed highlight higher concentrations of carbon in the lateral and valley moraines, formed during the Pleistocene, configuring several glacial cirques in the upper parts (3600–3800 m.a.s.l.) and the evident rejuvenation of the horns that make up the basin. Mountain range that surrounds the lacustrine system. In the middle and lower part of the micro-watershed, there are SOC concentrations between 265 and 342 Mg/ha in the 0–30 cm profile, which is stabilized thanks to the morphological configuration of the glacial valley bathed by the meander of the Atillo River. Due to the cold-humid climate that favors the accumulation of organic matter, organometallic complexes are formed with mineral particles in the soil. As the meander advances, the sandy particles in the riverside forest terrace increase [58,59], constituting an opportune scenario for carbon stock.




5. Conclusions


The geographic sampling intensity of 1.18 (dimensionless value) allowed the development of the SOC map of the Atillo micro-watershed with a coefficient of variation by lithological strata greater than 40%, which indicates high heterogeneity of the results and samples. Determining which detailed studies in the Atillo river micro-watershed would be required additional SOC data sampling points in temporal and spatial studies of SOC to explain it. Even so, the SOC estimation founded on this study obtained a mean of SOC storage for the study ecosystem of 263 Mg/ha, with a minimum of 126 Mg/ha and maximum value of 454 Mg/ha, in the 0–30 cm soil profile; and a mean of 252 Mg/ha, with a minimum and maximum of 148 and 350 Mg/ha respectively, in 30–60 cm soil profile.



The lithology and the state of conservation in the studied micro-watershed do not maintain a significant incidence in the variation of SOC. Therefore, the study area is important in the conservation processes as a buffer zone of the Sangay National Park. In the same way, it is an area with a high potential for CO2 stock that contributes to national and international mechanisms in the mitigation of global warming.



The Atillo lacustrine and marshy wetland is a carbon sink, so its preservation and protection mechanisms should be taken into account to prevent the emission of CO2 resulting from excessive grazing and inadequate agricultural mechanization. So also preserve other ecosystem benefits, such as biodiversity and the flow and quality of water.



Geostatistical interpolation using the Kriging method gave us the possibility of obtaining a spatial distribution of SOC in the Atillo wetlands. The need to explain SOC reserves in areas with extremely difficult access could be resolved in the second part of this research, using regression methods and environmental predictors of SOC.
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Figure 1. Study area corresponding to Atillo micro-watershed of Sangay National Park and soil sample points. 
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Figure 2. Process of evaluation and prediction of SOC. 
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Figure 3. General distribution model of SOC in the Atillo river lake system: (a) 0–30 cm profile; (b) 30–60 cm profile. The confidence level is 95%. 
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Figure 4. SOC estimation for 0–30 cm profile and 30–60 cm profile-influence area. ARP: Andesites to rhyolites, pyroclasts; CTSC: Clays, tuffs, sandstones, conglomerates; MM: Metagreywacke, metalavas; BAMS: Basaltic and andesitic metalavas, schists. 
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Table 1. Statistic descriptive of SOC in Mg/ha for each lithology of the Atillo River micro-watershed.
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IA/

NIA *

	
Lithology

	
Profile

	
Mean

	
Median

	
Std. Dev *

	
VC% *

	
Range

	
Std. Asym *

	
Std. Kurts *






	
IA

	
Andesites to rhyolites, pyroclasts

	
0–30 cm

	
273.6

	
267.5

	
75.8

	
27.7

	
262.0

	
0.2

	
−0.9




	
30–60 cm

	
268.7

	
278.6

	
84.2

	
31.4

	
241.1

	
−0.6

	
−1.4




	
Clays, tuffs, sandstones, conglomerates

	
0–30 cm

	
324.3

	
277.2

	
164.7

	
50.8

	
748.8

	
4.0

	
3.4




	
30–60 cm

	
259.9

	
236.8

	
92.9

	
35.8

	
355.3

	
1.7

	
−0.5




	
Metagreywacke, metalavas

	
0–30 cm

	
8.8

	
81.5

	
4.7

	
5.9

	
11.3

	
−0.3

	
−1.0




	
30–60 cm

	
85.3

	
87.1

	
10.1

	
11.8

	
27.5

	
−1.0

	
0.4




	
Basaltic and andesitic metalavas, schists

	
0–30 cm

	
157.3

	
149.5

	
35.1

	
22.3

	
108.1

	
0.8

	
−0.4




	
30–60 cm

	
176.3

	
176.7

	
31.2

	
17.7

	
98.0

	
−0.1

	
−0.6




	
NIA

	
Basaltic and andesitic metalavas, schists

	
0–30 cm

	
172.2

	
150.4

	
74.2

	
43.1

	
319.3

	
4.4

	
4.4




	
30–60 cm

	
192.9

	
175.4

	
74.5

	
38.6

	
313.3

	
4.5

	
4.2








* IA: intervened area; NIA: non-intervened area; Std. Dev: standard deviation; VC%: percentage coefficient of variation; Std. Asym: standardized asymmetry; Std. Kurts: standardized kurtosis.
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