

[image: image1]
A Critical Evaluation of the Relationship Between the Effective Cation Exchange Capacity and Soil Organic Carbon Content in Swiss Forest Soils












	 
	ORIGINAL RESEARCH
published: 04 September 2020
doi: 10.3389/ffgc.2020.00098





[image: image]

A Critical Evaluation of the Relationship Between the Effective Cation Exchange Capacity and Soil Organic Carbon Content in Swiss Forest Soils

Emily F. Solly1,2*, Valentino Weber3, Stephan Zimmermann3, Lorenz Walthert3, Frank Hagedorn3 and Michael W. I. Schmidt1

1Department of Geography, University of Zurich, Zurich, Switzerland

2Sustainable Agroecosystems Group, Department of Environmental Systems Science, ETH Zürich, Zurich, Switzerland

3Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Birmensdorf, Switzerland

Edited by:
Yunting Fang, Institute of Applied Ecology (CAS), China

Reviewed by:
Xiankai Lu, South China Botanical Garden, Chinese Academy of Sciences, China
Lei Duan, Tsinghua University, China

*Correspondence: Emily F. Solly, emily.solly@usys.ethz.ch

Specialty section: This article was submitted to Forest Soils, a section of the journal Frontiers in Forests and Global Change

Received: 28 May 2020
Accepted: 20 July 2020
Published: 04 September 2020

Citation: Solly EF, Weber V, Zimmermann S, Walthert L, Hagedorn F and Schmidt MWI (2020) A Critical Evaluation of the Relationship Between the Effective Cation Exchange Capacity and Soil Organic Carbon Content in Swiss Forest Soils. Front. For. Glob. Change 3:98. doi: 10.3389/ffgc.2020.00098

An improved identification of the environmental variables that can be used to predict the content of soil organic carbon (SOC) stored belowground is required to reduce uncertainties in estimating the response of the largest terrestrial carbon reservoir to environmental change. Recent studies indicate that some metal cations can have an active role in the stabilization of SOC, primarily by coordinating the interaction between soil minerals and organic matter through cation bridging and by creating complexes with organic molecules when their hydration shells are displaced. The effective cation exchange capacity (CEC eff.) is a measure that integrates information about available soil surfaces to which metal cations are retained. Therefore, we critically tested the relationship between CEC eff. and SOC content using regression analyses for more than 1000 forest sites across Switzerland, spanning a unique gradient of mean annual precipitation (640–2500 mm), elevation (277–2207 m a.s.l), pH (2.8–8.1) and covering different geologies and vegetation types. Within these sites, SOC content is significantly related to CEC eff., in both topsoils and subsoils. Our results demonstrate that, on a pH-class average, in Swiss forest topsoils (<30 cm depth) there is a strong confounding effect of soil organic matter contributing between 35 and 50% to the total CEC eff. In subsoils, soil organic matter has a negligible contribution to CEC eff., and the variation of CEC eff. is associated to the presence of inorganic surfaces such as clay content as well as iron- and aluminum- oxides and hydroxides. At pH > 5.5, between 59 and 83% of subsoil CEC eff. originates from exchangeable calcium, whereas in acidic soils exchangeable aluminum contributes between 21 and 44% of the CEC eff. Exchangeable iron contributes to less than 1% of the variability in CEC eff. Overall this study indicates that in Swiss forests subsoils, CEC eff. strongly reflects the surface of soil minerals to which SOC can be bound by metal cations. The strength of the relationship between CEC eff. and SOC content depends on the pH of the soil, with the highest amount of variation of SOC content explained by CEC eff. in subsoils with pH > 5.5.
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INTRODUCTION

Our predictions on the feedback between the terrestrial carbon (C) cycle and climate change are still uncertain, largely due to the difficulty in accurately quantifying the stabilization of soil organic C (SOC) (Jobbágy and Jackson, 2000; Todd-Brown et al., 2013; Friedlingstein et al., 2014; Jackson et al., 2017). Measuring and predicting mechanisms of SOC preservation is particularly challenging due to the long-time periods that are needed to detect changes, as well as the complexity of the soil physicochemical properties which effectively stabilize SOC (van der Voort et al., 2016; Harden et al., 2018). Due to these reasons, offsetting the diversity of mechanisms that drive soil C stabilization and adopting variables which aggregate information about multiple soil characteristics into one, has been proven useful (Bailey et al., 2018).

Climatic variables exert a major control on SOC content and its turnover, likely causing a significant feedback of the terrestrial C cycle to climate change (Chen et al., 2013; Carvalhais et al., 2014). In addition, the biotic activity of plants and microbial communities, as well as soil physicochemical properties, control the fate of SOC dynamics (Torn et al., 1997; Schmidt et al., 2011; Doetterl et al., 2015; Rasmussen et al., 2018). A soil property which is often used to determine variations in SOC stability and to model SOC turnover is the percentage of clay (e.g., Coleman and Jenkinson, 1996; Wieder et al., 2015). In principle, the content of clay controls the stabilization of SOC by promoting the sorption of organic molecules to mineral surfaces <2 μm in size, as well as their occlusion in aggregates (Oades, 1988; Eusterhues et al., 2003; Lützow et al., 2006). Finely textured soils are generally assumed to contain higher amounts of protected SOC as compared to more coarsely textured soils (Rasmussen et al., 2018). Although the use of clay content is widely applicable to large-scale investigations due to its ease of measurement, emerging understanding has indicated that it may oversimplify and not effectively capture SOC preservation mechanisms (Bailey et al., 2018; Rasmussen et al., 2018). Clay merely represents a size class of soil minerals whose surfaces partially interact with SOC (Kaiser and Guggenberger, 2000; Vogel et al., 2014). Moreover, clay content poorly informs about the surface area of soils available for the sorption of organic matter (Farrar and Coleman, 1967). Consequently, other soil properties which represent sorptive processes allowing organic matter to be preserved might represent SOC stabilization better than the amount of clay (Bailey et al., 2018).

An example of an inherent soil property which represents sorptive capacities of soil surfaces is the effective cation exchange capacity (CEC eff.). The CEC eff. represents the total amount of exchangeable cations that a soil can adsorb to its surfaces at the actual pH of the soil. Positively charged ions (cations) such as Na+, K+, Mg2+, Ca2+, Mn2+, Al3, Fe2+, H+ are generally adsorbed on negatively charged soil surfaces. At low pH it is mainly the permanent charges of the 2:1 type clays that adsorb exchangeable cations. With increasing soil pH, the positively charged ions are increasingly adsorbed to surfaces with a variable charge such as 1:1-type clays, allophane, soil organic matter and Fe- and Al- oxides (Weil and Brady, 2016). The pH of the soil specifically controls the amount of negative charges on soil surfaces with a variable charge: either through protonation or deprotonation of H+ from hydroxyl-groups on soil surfaces.

Although soil organic matter surfaces act as loci for cation exchange, and can lead to a correlation between SOC and CEC eff., there are two main reasons why CEC eff. may be causally linked to SOC preservation. First, CEC eff. is strongly associated to the available surface area of the soil (Farrar and Coleman, 1967), and thereby effectively reflects the reactive soil surfaces to which SOC may be adsorbed. With the analytical techniques that are available today, it is not possible to quantify soil surface area for large sample sets. On the other hand, the cation exchange capacity of soils is routinely measured to assess soil fertility for agricultural and forested land and is thus reported in large-scale databases (e.g., the Harmonized World Soil Database). Second, CEC eff. may represent a direct measure of SOC sorption to soil surfaces at the existing pH conditions. Conceptual advances highlighted that polyvalent metal cations such as Al3+ and Ca2+ can play a significant role in the stabilization of SOC by binding organic compounds to mineral surfaces through exchangeable bridges and ionic bonds (Oades, 1988; Rasmussen et al., 2018; Rowley et al., 2018). It has been suggested that the strength of metal cations in binding organic compounds largely depends on the size of the hydration shell and the valence of the cations. For instance, chemical modeling shows that bridges with exchangeable Ca2+ are more stable than bridges with exchangeable monovalent cations because the charge to hydration radius ratio of Ca2+ allows to balance-out the repulsion between negatively charged soil surfaces (Sutton et al., 2005; Iskrenova-Tchoukova et al., 2010). The complexation of organic molecules by metal cations present on mineral surfaces through ionic bonds is mainly related to the displacement of the hydration shell of the cations, the cations ionic potential, as well as types of organic molecules present in the soil solution at the local environmental conditions (Rowley et al., 2018). In acidic soils, Al3+ has been observed to play a relevant role in coordinating the complexation between organic molecules and mineral surfaces. Fe3+ normally forms insoluble precipitates in most environmentally relevant pH conditions and is rarely found as free ion in soils. Ca2+ is weakly polarizable and tends to form ionic bonds with O-containing ligands such as carboxylic acids, and therefore it has the ability to form complexes with organic substrates (Sposito, 2008). The monovalent cation Na+ does not form ionic bonds with organic ligands, and K+ only participates in these complexations in interlayers of certain phyllosilicates (Rowley et al., 2018). Additionally, metal cations can form organo-metal complexes by bridging multiple organic compounds together, which has been observed to cause aggregation and thereby physical protection of soil organic matter (Kunhi Mouvenchery et al., 2012).

Here we used linear regression analyses to assess the relationship between CEC eff. and SOC content for a set of more than 1000 forest soil profiles across Switzerland spanning a strong gradient of climate, elevation, pH, geology and vegetation. We first of all determined the confounding effect of organic surfaces on CEC eff. and detected soils where organic matter does not significantly contribute to CEC eff. We then explored which type of soil surfaces and which cations reflect the variation of CEC eff. and thereby may influence SOC content. In soils where soil organic matter contributes negligibly to CEC eff., we additionally assessed how the variance of SOC content was explained by CEC eff. in comparison to other environmental variables.



MATERIALS AND METHODS


Study Area and Dataset

The study area covers the complete country of Switzerland (N: 45° 51′ 40.50–47° 42′ 38.07, E: 6° 07′ 31.19–10° 31′ 35.37), situated in the center of Europe. Switzerland offers a wide and intricate range of geology and topography which vary abruptly often within short distances (Walthert et al., 2013; Gosheva et al., 2017). About 30% of the country (∼12.000 km2) is covered by forest, and half of this area is located above 1000 m a.s.l. Forest management is mainly practiced at low elevations, where no large-scale clear-cutting is applied and natural regeneration is often fostered by silvicultural management (Brassel and Brändli, 1999). Forest soil fertilization and liming has always been forbidden in Switzerland.

The dataset used in this study originates from a database of the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) containing data on 1204 forest sites across Switzerland (for more details see Walthert et al., 2013; and Walthert and Meier, 2017). More than 80% of these sites have been covered for at least 150 years with forests (Gosheva et al., 2017). The parent material of Northern Switzerland is dominated by calcareous bedrocks and sediments. In Southern Switzerland crystalline bedrocks prevail and in the central Alpine regions calcareous and crystalline bedrocks form a complex pattern. Most acidic soils are found in parts of the Swiss plateau and in the central and Southern Alps of Switzerland (Figure 1). The predominant soil types are classified as Cambisols (n = 365), Luvisols (n = 127), and Gleysols (n = 89). The soil variables which we evaluated included SOC content (g kg–1) and other soil physicochemical properties such as pH in CaCl2, CEC eff. (mmolc kg–1), oxalate and dithionite extractable aluminum and iron (mg kg–1), and soil texture (%). In this study we report SOC content rather than SOC stocks. This is because SOC content represents a direct measure of SOC after a single correction for the amount of fine earth in pedogenetic horizons, while SOC stock estimates would require multiple imponderable corrections (Gosheva et al., 2017).
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FIGURE 1. Spatial distribution of (A) mean annual precipitation (MAP), (B) subsoil (30–120 cm depth) pH, (C) subsoil effective cation exchange capacity (CEC eff.), (D) subsoil soil organic carbon (SOC) in the Swiss forest sites analyzed in this study. Maps were built using R packages (“sp,” “lattice,” “RColorBrewer,” “proj4, rworldmap,” “raster,” “rgdal”).


The soil data of each forest site was paired with climatic, vegetation and topographic data. Climatic data was based on the Swiss meteorological network (MeteoSwiss), combined with suitable interpolation algorithms (Walthert et al., 2013). Specifically, mean annual precipitation (MAP) and mean annual temperature (MAT) were provided by Meteotest1 for the period 1981–2010 (for details see Remund et al., 2014). For each forest site, the local Leaf Area Index (LAI) was further estimated according to Schleppi et al. (2011). These estimates were based on data from a vegetation surveys during the vegetation period (May–September) using the Braun-Blanquet cover abundance scale (Braun-Blanquet, 1964; Mueller-Dombois and Ellenberg, 1974). The LAI is a common measure of canopy foliage and indicator of primary production (Asner et al., 2003). No other vegetation variable related to primary production was available. The altitude of the forest sites was extracted from a 25 m digital elevation model (DEM) of the Federal Geo-Information centre swisstopo.



Soil Chemical and Physical Properties

At each forest site a soil profile was sampled by pedogenetic horizons down to a depth of 120 cm if possible, otherwise down to parent rock, with six samples per pit on average. Soil samples were dried at 40–60°C and sieved at 2 mm for chemical analyses. SOC content was measured in milled subsamples by dry combustion using a C/N analyzer (NC 2500, Carlo Erba Instruments, Milan, Italy). Inorganic C was removed in samples with a pH above 6.0 by fumigating with HCl vapor prior to analysis (Walthert et al., 2010). Soil pH was measured potentiometrically in 0.01 M CaCl2 with a soil - extract ratio of 1:2 after 30 min of equilibration. Exchangeable cations were extracted in an unbuffered solution of 1 M NH4Cl for 1 h on an end-over-end shaker using a soil - extract ratio of 1:10. The elemental concentrations were subsequently measured with an ICP-AES (Optima 3000, Perkin–Elmer, Waltham, MA, United States). For soil samples with a pH (CaCl2) < 6.5 concentrations of exchangeable protons were calculated as the difference between the total and the Al-induced exchangeable acidity with the KCl method (Thomas, 1982). For soil samples with a higher pH, concentrations of exchangeable protons were assumed to be negligible. The effective cation exchange capacity (CEC eff.) was finally calculated by summing the charge equivalents of exchangeable Na, K, Mg, Ca, Mn, Al, Fe, and H. Grain size distribution was measured with the sedimentation method according to Gee and Bauder (1986) for 750 soil profiles, to determine the relative amounts of clay, silt and sand. For the remaining soil profiles, we used the field estimates based on ten texture classes from Walthert et al. (2004). Our analysis focused on the following soil-depth intervals: the upper 0–30 cm of the mineral soil (topsoil), the lower 30–120 cm of the mineral soil (subsoil) and the complete 0–120 cm of the mineral soil. For the 0–30, 30–120, and 0–120 soil-depth intervals we calculated the mean content of all the above-mentioned soil properties. This was done by considering the proportional contribution of each of the pedogenetic horizons within those fixed-depth intervals, as described in Walthert et al. (2013) by accounting for the proportional amounts of fine earth <2 mm.

For a subset of soil profiles (n = 238), iron and aluminum oxides and hydroxides were additionally measured by oxalate and dithionite extraction in all of the mineral soil horizons within a soil profile. Oxalate extractable aluminum and iron (Alo and Feo) were obtained by extracting one gram of soil sample with 50 ml of 0.2 M ammonium oxalate and shaking for 4 h in the dark (Leoppert and Inskeep, 1996). Dithionite extractable iron (Fed) was determined according to Holmgren (1967). Two grams of soil were mixed with two grams of Na–dithionite and extracted in a mixture of 10 ml 1 M sodium bicarbonate and 150 ml 0.3 M tri-Na citrate-dihydrate for 24 h on an end over end shaker. The suspensions were filtered using Whatman No. 40 filter paper and the Fe- and Al-concentrations were measured by atomic absorption spectrometry (Philips PU 9200, Eindhoven, Netherlands). The extraction of soils with oxalate dissolves aluminum and iron from more amorphous oxides and hydroxides (e.g., allophane, imogolite, ferrihydrite and organo-metal complexes), while the extraction of soils with dithionite additionally dissolves crystalline iron form (e.g., goethite and hematite) (Parfitt and Childs, 1988; Herold et al., 2014).



Regression Analyses

In this study we used regression analyses to assess the relationship between CEC eff. and SOC content.


Assessment of the Confounding Effect of Organic Surfaces on CEC eff.

Since the variable negative charges on soil organic matter surfaces may contribute significantly to CEC eff., especially alkaline and surface soils, we quantified how much of the CEC eff. is contributed by soil organic matter and by soil minerals in the clay fraction. To separate the contribution of organic matter and inorganic components to CEC eff. of soils, statistical approaches have been previously advantageously adopted over the selective removal of each component by chemical treatment (Wright and Foss, 1972; Klamt and Sombroek, 1986). The reason being that chemical treatment can cause interference on the derived charges due to pH alterations (Salazar et al., 2002). Therefore, we used partial regression coefficient values and the content of soil organic matter, clay and CEC eff. to distinguish how much of the CEC eff. of topsoils and subsoils is driven by soil organic matter and clay minerals. The following equation was adapted from Klamt and Sombroek (1986):
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where [X2] is the amount of soil organic matter (where SOC is used as a proxy of soil organic matter), [X1] is the amount of clay in soil. The fitted coefficient a is the CEC eff. of 1 unit of clay in soil, whereas b is the CEC of 1 unit of soil organic matter in soil. The contribution of soil organic matter to soil CEC eff. is then:
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and the contribution of clay to the total CEC eff. of soils is then the remaining difference from 100 percent. For this assessment, data was grouped into nine consecutive pH ranges: (pH: <4, 4–4.5, 4.5–5, 5–5.5, 5.5–6, 6–6.5, 6.5–7, 7–7.5, and >7.5).



Variation of CEC eff. in Relation to Soil Inorganic and Organic Surfaces

We used linear mixed effect models to test how the variation of CEC eff. is related to different soil inorganic and organic surfaces, such as clay minerals <2 μm in size (here measured as clay content), pedogenic oxides and hydroxides (here measured as dithionite extractable iron, oxalate extractable aluminum and iron) and soil organic matter (SOC used as a proxy of soil organic matter). This analysis was performed on the subset of 238 soil profiles for which iron and aluminum oxides and hydroxides were measured in each individual soil horizon. To address the non-independent nature of multiple horizons within one soil profile for this subset of data, linear mixed effect models were chosen for this statistical approach as in Rasmussen et al. (2018). We conducted three separate linear models, one considering the entire depth range of the soil profiles, one for topsoils <30 cm and one for subsoils >30 cm depth. Soil profile identity was used as a random effect, allowing both the slope and intercept to vary with soil depth. Thus, we considered that the interactions between CEC eff. and soil inorganic and organic surfaces may vary with soil depth and pH. For the linear model considering the entire depth range of a soil profile, CEC eff. was set as dependent variable and soil depth as well as all the other soil properties as fixed effects. The linear models for topsoils and subsoils were performed with CEC eff. set as dependent variable and pH as well as all the other soil properties as fixed effects.



Assessment of the Relative Contribution of Exchangeable Cations to CEC eff.

Hierarchical variance partitioning based on linear models was used to assess the relative contribution of each exchangeable cation to CEC eff. across pH classes. Specifically, soil-pH data was grouped into nine consecutive pH ranges: (pH: <4, 4–4.5, 4.5–5, 5–5.5, 5.5–6, 6–6.5, 6.5–7, 7–7.5, and >7.5). Exchangeable cations were treated as explanatory variables while CEC eff. was treated as the main response variable. This analysis was only assessed for soils where organic matter contributed negligibly to the overall CEC eff., therefore all topsoils were excluded and all subsoils were included in this assessment.



Contribution of CEC in Explaining the Variance SOC Content

We also adopted hierarchical variance partitioning based on linear models to determine how much of the variance in SOC content is explained by cation exchange capacity, as compared to that of other edaphic, climatic and vegetation variables in soils with pH <5.5 and >5.5. CEC eff., percentage of clay, LAI, MAT, and MAP were treated as explanatory variables while SOC content was treated as main response variable. This analysis was only assessed for soils where organic matter contributed negligibly to the overall CEC eff., excluding all topsoils.



Statistical Analyses and Model Development

To meet the normality assumptions of the applied statistical tests and standardize the variation among variables, we transformed the continuous variables to normal distributions applying log-transformations when required, and subsequently standardized them to a mean of 0 and standard deviation of 1. The linear models were checked for multicollinearity using the variance inflation factor (VIF). The value of VIF > 4 was set as a threshold for evidence of multicollinearity. We checked the model assumptions using the diagnostic plot functions in R (Crawley, 2012), and the normality of the residuals was tested with histograms.

For the hierarchical variance partitioning analyses, we used the“lmg” metric in the R package “relaimpo” (Groemping and Matthias, 2006), which decomposes the R squares of previously built linear models into non-negative contributions that automatically sum to the total R2 of the linear model and takes care of the dependence on orderings by averaging over orderings (Grömping, 2006). The contribution of the explanatory variables was normalized to 100%, i.e., instead of the total R2 (Groemping and Matthias, 2006). All analyses were performed with the R statistical software version 3.5.0 (R Core Team, 2018), and the packages “vegan,” “MASS,” “dplyr,” “plyr,” “car,” “quantPsyc,” “caret,” “relaimpo,” “Psych.”



RESULTS


Environmental Characteristics of the Forest Sites

The Swiss forest sites from which the soils were sampled are distributed between 277 and 2207 m a.s.l. They are characterized by a mean annual precipitation (MAP) ranging between 636 and 2484 mm, and mean annual temperatures (MAT) ranging between 0.1 and 12.0°C. MAT and altitude are strongly negatively correlated (r = −0.97). About half of the sites are covered by broadleaf tree species while the rest are coniferous forests (Gosheva et al., 2017), with LAI values varying between 2 to 7.2. pH values range from 2.8 to 8.1 and the percentage of clay varies between 0.8 and 75.6% (for details about specific ranges in topsoils and in the subsoils see Table 1). The content of SOC varies between 6 and 377 g kg–1 in topsoils (upper 0–30 cm of the mineral soil) and between 0 (below detection limit) and 229 g kg–1 in subsoils (30–120 cm depth). CEC eff. ranges between 20.4 and 1046 mmolc kg–1 in topsoils and between 6.2 and 728 mmolc kg–1 in subsoils. Oxalate extractable aluminum and iron range between 78.9 and 37100 mg kg–1, 63.3 and 42410 mg kg–1 respectively. Dithionite extractable iron varies between 272.4 and 53200 mg kg–1.


TABLE 1. Ranges of climatic, vegetation and edaphic, variables.
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Relationship Between CEC eff. and SOC Content

Soil organic carbon content is significantly related to CEC eff. in topsoils and subsoils (p-value < 0.0001), with the strongest positive relationship observed in topsoils with pH > 5.5 (R2 = 0.64) followed by subsoils with pH > 5.5 (R2 = 0.20). In soils with more acidic pH the relationship is weaker (Figure 2).
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FIGURE 2. Relationship between effective cation exchange capacity (CEC eff.) and soil organic carbon (SOC) content in (A) topsoils (0–30 cm depth) with soil pH < 5.5, (B) topsoils with soil pH > 5.5, (C) subsoils (30–120 cm depth) with soil pH < 5.5 and (D) subsoils with soil pH > 5.5. The axes are log-log scaled. ***p-value < 0.001.




Confounding Effect of Soil Organic Matter on CEC eff. in Topsoils but Not in Subsoils

The partial regression analysis following the approach by Klamt and Sombroek (1986) indicated that soil organic matter contributes, on average for the pH classes assessed in this study, between 35 and 50% to the total CEC eff. in topsoils (0–30 cm depth) (Figure 3). In subsoils (30–120 cm depth), soil organic matter contributes to CEC eff. to a much lower extent: between 0 and 11% in soils with pH below 5.5 and between 2 and 34% for soils with higher pH (Figure 3).
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FIGURE 3. Relative contribution of soil organic matter (SOM) and the percentage of clay to the effective cation exchange capacity across pH classes of (A) Swiss forest topsoils (0–30 cm depth) and (B) subsoils (30–120 cm depth). The contribution of SOM and clay was estimated using partial regression coefficient values as well as the content of SOM, clay and CEC eff.




Relationship Between the Variance of CEC eff. and Soil Properties

Corroborating the outcome of our partial regression analysis, the results of the linear mixed effect model run to test the interactions between CEC eff. and soil surfaces across complete vertical soil profiles, showed a significant influence of the interaction between soil organic matter and soil depth on CEC eff. (p-value < 0.01, Table 2A). The separation between topsoils (<30 cm depth) and subsoils further indicated that the variance of CEC eff. is significantly related to alterations in soil organic matter in topsoils (p-value < 0.0001, Table 2B) but not in subsoils (p-value n.s., Table 2C). Due to the major confounding effect and significant influence of soil organic matter on CEC eff. in topsoils (<30 cm depth), this paper predominantly focuses on presenting and discussing the relationship between CEC eff. and SOC content in subsoils.


TABLE 2. (A) Linear mixed effect model testing the effect of soil depth, soil organic matter (SOM, as a proxy of SOC), percentage of clay, pH, dithionite extractable iron (Fed), oxalate extractable aluminum and iron (Alo and Feo), as well as two-way interactions between soil physicochemical properties with depth on the effective cation exchange capacity (CEC eff.) across complete soil profiles.

[image: Table 2]
According to our analysis in subsoils, the variance of CEC eff. is in addition to soil pH predominantly related to changes in clay content, oxalate extractable aluminum, dithionite extractable iron and to a smaller extent to oxalate extractable iron (Table 2C). The interactions of pH with clay content, iron oxides and hydroxides and soil organic matter are not statistically significant (p-value n.s., Table 2C). Instead, the interaction between oxalate extractable aluminum and pH meaningfully contributes to the variance of CEC eff. (p-value < 0.0001, Table 2C). The distributions of clay content, oxalate extractable aluminum, SOC, and CEC eff. in subsoils (>30 cm depth) are presented in Figure 4, where it is possible to observe that the lowest values of CEC eff. are present in acidic soils.
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FIGURE 4. Median values of effective cation exchange capacity (CEC eff., brown squares), soil organic carbon (SOC, blue diamonds), oxalate extractable Al (Alo, orange triangles) and clay content (gray circles), across pH classes in subsoils (>30 cm depth) of Swiss forests.




Contribution of Different Cations to CEC eff. in Subsoils

In subsoils, 59 to 83% of the CEC eff. originates, on average for the assessed pH classes, from exchangeable Ca at pH levels higher or equal to 5.5 (Figure 5). Instead, in acidic soils with pH < 5 exchangeable Al contributes between 21 and 44% of the CEC eff. Exchangeable Fe contributes to less than 1% of the variability in CEC eff.
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FIGURE 5. Relative contribution of exchangeable Ca, Al and other cations (Na+, K+, Mg2+, Mn2+, Fe2+, H+) to the effective cation exchange capacity (CEC eff.) across different pH classes in subsoils (30–120 cm depth) of Swiss forests.




Variance of Subsoil SOC Content Explained by CEC eff. in Comparison to Other Environmental Variables

The results of the linear model analysis aimed at analyzing how the variance of subsoil SOC (30–120 cm depth) is influenced by different environmental variables showed that CEC eff. explains the greatest amount of variance of SOC content in soils with a pH > 5.5 (63% of total R2), followed by LAI (13% of total R2) and MAT (12% of total R2) (Table 3). In more acidic soils, MAP explains the highest amount of variation of SOC content (50% of total R2), followed by MAT (25% of total R2) and CEC (13% of total R2) (Table 3). In comparison to CEC eff., clay content explains a smaller amount of variation in SOC content (7% of total R2 at pH ≤ 5.5, and 10% of total R2 at pH > 5.5).


TABLE 3. Results of the linear model used to analyze how the variance of subsoil organic carbon (30–120 cm depth) is influenced by the effective cation exchange capacity (CEC eff.) and other environmental variables.
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DISCUSSION

Our analysis indicated that throughout 1204 forest sites in Switzerland, the negative charges of soil organic matter contribute substantially (35 to 50%, on average for the pH classes assessed in this study) to CEC eff. in topsoils (<30 cm depth), but negligibly in subsoils (Figure 3). In the deeper soil (>30 cm depth) the variance of CEC eff. was rather strongly associated with clay content, dithionite extractable iron, oxalate extractable aluminum, and to a smaller extent oxalate extractable iron (Table 2C). The negative charges on clay minerals and pedogenic oxides and hydroxides adsorb oppositely-charged metal cations (Weil and Brady, 2016), which may thereby bind SOC through exchangeable bridges and ionic bonds (Oades, 1988; Rasmussen et al., 2018; Rowley et al., 2018).

We observed that the contribution of different exchangeable cations to subsoil CEC eff. is strongly influenced by the pH of the soil. In acidic soils exchangeable Al contributes to 21 to 44% of the CEC eff. (on pH-class average), while at pH levels higher than 5.5, between 59 and 83% of the CEC eff. originates from exchangeable Ca (Figure 5). Although many geologic substrates in Switzerland contain carbonates and several soils are genetically young so that carbonates are still present in many soil horizons, this pattern could be partially linked to the precipitation of specific soil minerals. For instance, the precipitation of gibbsite [Al(OH)3] and calcite (CaCO3) was previously found to be reflected by soil pH at the global scale (Slessarev et al., 2016). Slessarev et al. (2016) showed that at the global scale, soils containing exchangeable Al have a pH averaging around 5, while CaCO3 is in equilibrium with atmospheric CO2 at much higher pH ranges (averaging at 8). Aluminum oxides and calcite usually precipitate from Al3+ and Ca2+ ions, respectively, releasing protons and thereby buffering pH during their precipitation processes. We found that in Swiss forest subsoils exchangeable Fe contributes little to CEC eff. (less than 1%). Fe3+ is seldom observed in large amounts as a free ion in soils (Rowley et al., 2018). Nevertheless, Fe-oxides are assumed to contribute substantially to SOM stabilization by the clay fraction (Inagaki et al., 2020).

Our assessment showed that the relationship between CEC eff. and subsoil organic C content evolves as a function of soil pH. CEC eff. explains a greater amount of variation of SOC content in subsoils with a pH > 5.5 (Table 3). Although this pattern could be partially explained by the increase in cation exchange sites provided by soil organic matter (Yuan et al., 1967), some studies have evidenced that some metal cations such as Ca2+ can influence SOC dynamics (Whittinghill and Hobbie, 2012; Minick et al., 2017; Martí-Roura et al., 2019; Rowley et al., 2020). Our observation that subsoil CEC eff. mainly originates from exchangeable Ca at pH levels higher than 5.5 (Figure 5) could indeed suggest that Ca2+ could play a role in stabilizing organic compounds in Swiss alkaline subsoils. In Switzerland, the regions with less precipitation largely maintain circum-neutral to alkaline pH values (Figure 1). It has previously been observed that regions with a drier climate favor the development of permanent charge clay minerals with a high abundance of negatively charged sites in alkaline soils (Douglas, 1989). This is in line with the increase in clay content that we observed at pH values > 5.5 (Figure 4). In Switzerland, however, geology may contribute to the observed linkage between precipitation and alkaline soils as drier regions are primarily located on calcareous bedrock. When polyvalent cations, such as Ca2+ occupy negatively charged exchange sites on permanent charge clay minerals, they can effectively bridge negatively charged organic compounds such as carboxylic acids which are commonly present in soils (Lützow et al., 2006; Mikutta et al., 2007). Moreover, Ca2+ can bridge negatively charged organic compounds together, forming organo-metal structures which protect soil organic compounds (Kunhi Mouvenchery et al., 2012). Overall, our finding of a complex influence of soil pH in shaping the relationship between CEC eff. and subsoil organic C strongly corroborates previous experimental and conceptual studies suggesting that soil pH can act as an essential indicator of the mechanisms controlling SOC stabilization (Newcomb et al., 2017; Rasmussen et al., 2018; Rowley et al., 2018).

In subsoils with pH values lower than 5.5, we observed that climate explains a higher amount of variance in subsoil organic C content as compared to CEC eff. (Table 3). The strong influence of MAP on organic C content in acidic subsoils is likely primarily related to the reaction of organic ligands with aluminum cations (Al3+) and aluminum oxides that occurs in many soils of regions with a high MAP and thus high water availabilities (Blaser and Sposito, 1987; Blaser et al., 1997; Torn et al., 1997; Chadwick and Chorover, 2001; Eckmeier et al., 2010; Inagaki et al., 2020). In acidic soils the presence of Al3+ cations is commonly associated with the production of organo-metal complexes during weathering. A strong chelation of organic ligands with Al3+ and the association of SOC to aluminum oxides in Swiss forest soils characterized by a high MAP and acid soils is pointed out by the high levels of exchangeable aluminum as well as oxalate extractable aluminum found at low pH classes (Figures 4, 5), and by the fact that the acidic soils occur primarily in regions with the highest MAP regime (Figure 1). Moreover, previous results have shown that the relatively humid climate of the Southern Alps promotes both the formation of pedogenic oxides and the leaching of dissolved organic C from the organic layer to the mineral soil, where organic matter i.e., tannins and other polyphenols, form organo-metal complexes (Eckmeier et al., 2010).

The finding that clay content explains a smaller amount of variation in SOC content as compared to CEC eff. strongly supports the emerging conceptual understanding that other edaphic properties, such as soil mineralogy and metal cations interacting with soil organic matter, could predict the potential persistence of SOC better than the amount of clay (e.g., Rasmussen et al., 2018; Rowley et al., 2018).

In conclusion, our study in Swiss forest soils indicates that soil organic matter contributes negligibly to the overall CEC eff. in Swiss forest subsoils (>30 cm). The relationship between CEC eff. and subsoil SOC is to a large extent mediated by the pH of soils and the local climate which largely shape soil physicochemical conditions. These conditions in turn reflect the respective effects of Ca2+ and Al3+ in protecting organic C, mainly by cation bridging or through the formation of organo-metal complexes. Due to the relatively narrow ranges of MAT and MAP in Switzerland, further studies are encouraged to examine the relationship between CEC eff. and SOC content also in other geographical locations and ecosystem types, especially in regions characterized by different climatic, biotic and geologic settings (such as tropical forests or arid lands). This would provide higher certainty in the mechanisms behind the functional relationship between CEC eff. and SOC, which might be used in larger-scale modeling applications. This information could be compiled starting from available soil profile samples, soil surveys and monitoring programs at the country, continental or climatic zone level2,3. Some global gridded data about cation exchange capacity has also already been derived by the international soil reference and information center ISRIC (Hengl et al., 2017). In our study, CEC eff. and SOC content are more strongly related at pH > 5.5. Since 73% of the global-land surface is covered by soils with pH > 5.5 [area calculated according to the global pH dataset IGBP-DIS (1998)], the consideration of CEC eff. as a variable reflecting the surface of soil minerals to which subsoil organic C can be stabilized by metal cations could strengthen our ability to predict future changes in the belowground C reservoir.
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(B,C) Linear mixed effect models testing the effect of SOM, percentage of clay, pH,
Feq, Alo, and Feo as well as two-way interactions between soil physicochemical
properties with pH on CEC eff. in (B) topsoils (<30 cm depth) and (C) subsoils

(>30 cm depth).





OPS/images/ffgc-03-00098-g004.jpg
(,-6% 6) 00s
9

vL 2L 0L 8 v 2 0
L | | | 1 | | |
(,_B ojoww) ‘Yo 030

00z @ ool 05 0
L | | |
[ T T T T T T
000€ 0002 0001 00S O
(,-6% Bw) v
[ T T T T 1
sz 0z Sk ok S 0

(%) Ae|n





OPS/images/ffgc-03-00098-e001.jpg
b x amount of soil organic matter in soil
x 100 (2)

amount of CEC eff. in soil





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Critical Evaluation of the Relationship Between the Effective Cation Exchange Capacity and Soil Organic Carbon Content in Swiss Forest Soils



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area and Dataset



		Soil Chemical and Physical Properties



		Regression Analyses



		Assessment of the Confounding Effect of Organic Surfaces on CEC eff.



		Variation of CEC eff. in Relation to Soil Inorganic and Organic Surfaces



		Assessment of the Relative Contribution of Exchangeable Cations to CEC eff.



		Contribution of CEC in Explaining the Variance SOC Content







		Statistical Analyses and Model Development







		RESULTS



		Environmental Characteristics of the Forest Sites



		Relationship Between CEC eff. and SOC Content



		Confounding Effect of Soil Organic Matter on CEC eff. in Topsoils but Not in Subsoils



		Relationship Between the Variance of CEC eff. and Soil Properties



		Contribution of Different Cations to CEC eff. in Subsoils



		Variance of Subsoil SOC Content Explained by CEC eff. in Comparison to Other Environmental Variables







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/ffgc-03-00098-g005.jpg
Relative contribution of cations to CEC eff.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

L

4.5

6.5

Other cations
Exchangeable Al
m Exchangeable Ca






OPS/images/ffgc-03-00098-e000.jpg
wedefine [X = X2/X;, Y = amount of CEC eff. in soil/X; ]

and fit the linear model [Y = a + bX] )





OPS/images/ffgc-03-00098-g001.jpg
A MAP (mm)
600,1000]

s
o (1800,2200] ~r,  SE
© (2200,2400F 922 2a5
220" S
5%
Q. ‘l T
e g
~\‘ﬁx \/(,)
; 4 o').
oo .o -8 'J;J '.‘o
.t \f/?
(]
x oo
; - ]
o van:
Y

C  CEC eff. (mmolc kg™')

oe
NN
I31-1=p"
[SXSISIST=
R WNS
[olelole)
58838
\7"\"}
o
>

LX)
)
=3
L
1

N A






OPS/images/ffgc-03-00098-g002.jpg
512 1024
CEC eff. (mmolc kg™

256

128

256

256 512

128

CEC eff. (mmolc kg™

64

32

0.07**®

R2=

128 1

256

CEC eff. (mmolc kg™

CEC eff. (mmolc kg™)





OPS/images/ffgc-03-00098-g003.jpg
‘Topsoil 0-30 cm depth

<

pH

Subsoil 30-120 cm depth

S

“Jjo D3O 0} UOKNQUIUOD BAREIRY

SIITIITIIL
“Jj@ 93D 0} UoHNGUIUOD BAlERY






OPS/images/cover.jpg
, frontiers
in Forests and Global Change

A Critical Evaluation of the
Relationship Between the Effective
Cation Exchange Capacity and
Soil Organic Carbon Content in
Swiss Forest Soils









OPS/images/logo.jpg
’ frontiers
in Forests and Global Change





