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Abstract

:

The main aim of this study was to assess the amount of carbon (C) stored in the upper 30 cm layer of mineral soils in eucalypt plantations in Portugal, with a Mediterranean-type climate. Soil sampling data (2468 samples), field evaluations (soil profile description) and relevant information on the particle size distribution, climate, bedrock and reference soil group were accomplished. Bulk density per sample was assessed using pedo-transfer functions and soil C stock was estimated. The results showed an average of 41.2 t C ha−1 stored in the soil. In the northern regions of Portugal, the coldest and wettest areas of the country with better stand productivity, a higher soil organic carbon (SOC) is achieved (median SOC of 39.2 g kg−1 and soil C stock of 55 t ha−1) than in southern and inland regions, with a warmer and drier climate (median SOC of 15.2 g kg−1 and soil C stock of 28 t ha−1). The assessment of mean soil C stock per bedrock type revealed higher C stored in granites followed by conglomerates, coal shales and clay shales. Regarding soil type, the results showed a higher C stock in Cambisols, Leptosols and Fluvisols (>50 t C ha−1), whereas Regosols and Luvisols stored less, following the same trend presented for reference soil groups in Europe. Comparing the geographic distribution of the C stock in the upper layer of the mineral soils with the amount of C in eucalyptus stands (root and aboveground biomass—data from national forest inventory), the mineral soil pool can represent more than two-thirds of the total C stored in eucalyptus plantations in Portugal. Further studies should focus on the evolution of C stocks in eucalypt plantations during different stages of stand growth and under different management practices.
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1. Introduction


Forests account for around 31% of the planet’s continental surface [1] and play an important role in regulating hydrological and carbon (C) cycles at a global level [2,3,4,5]. Forests and their derived products are key elements in mitigating global warming, acting as reservoirs and, in some cases, also as C sinks [6,7,8]. A net C sink of −7.6 ± 49 PgCO2e yr−1 was estimated for global forests, considering a balance between gross C removals (−15.6 ± 49 PgCO2e yr−1) and gross emissions from deforestation and other disturbances (8.1 ± 2.5 PgCO2e yr−1) [9]. In fact, the noticeable potential of forests for C sequestration has been extensively addressed [10,11,12,13]. Carbon stocks are dynamic and influenced by continuous processes, such as tree growth, and by discrete events, namely fires and disturbances caused by pests and diseases or land-use change [14]. Carbon pools may be gathered in five main components as described by the Intergovernmental Panel on Climate Change (IPCC): aboveground biomass (wood and leaves), belowground biomass (roots), soil C in mineral layers, soil organic layer (forest floor, dead biomass in decomposition above soil surface) and harvested wood products. These pools of the C cycle, input and output fluxes from the system, and transfers, are presented in Figure 1.



Around two-thirds of global soil C is held as soil organic C (SOC), as a result of decaying vegetation, fungi and bacteria growth and the metabolic activities of living organisms, the remainder being inorganic C [16,17]. The average SOC stocks in Europe account for 22.1 t C ha−1 in forest floors, 108 t C ha−1 in mineral soils and 578 t C ha−1 in peat soils to a 1 m depth [18]. Considering the total area covered by forest at the European scale (163 M ha), a total stock of 3.50–3.94 Pg C was estimated in forest floors and 21.4–22.7 Pg C in mineral and peat soils up to a 1 m depth.



About 36% of the Portuguese mainland is forested, with more than 800 thousand hectares occupied with eucalypt, mostly Eucalyptus globulus L. [19]. Around 50% of the total C in forest areas is stored in the soil, even if it is quite variable with region, forest type and trees’ age [20]. Some studies suggest even a higher proportion in the soil of E. globulus stands, with around 200 t C ha−1 in the soil, up to 1 m deep [21]. Also, in a six-year-old stand of E. globulus established in Arenosols, on the central coast of Portugal, the C storage in the soil and in the organic layer was estimated to be 42 to 63 t C ha−1, respectively, depending on the water and nutrient availability [22]. In Chile, the total C stocks in the aboveground and belowground biomass, forest floor and soil in E. globulus plantations were around 254 Mg ha−1 (at the end of rotation), with 30% to 50% being stored in the soil [23]. Despite the studies carried out thus far, the knowledge about the amount of C stored in soils on eucalypt stands in Portugal and its spatial distribution is still very limited. Thus, the main aim of this study is to assess the amount of C stored in Portuguese mineral topsoil (0–30 cm) in eucalypt managed forests.




2. Materials and Methods


2.1. Study Area and Soil Sampling


The study area covers E. globulus plantations on Portugal’s mainland. Sampling covered different eucalypt stand ages and has been carried out since 1996 comprising 2468 soil samples (Figure 2). About 70% of the samples are under a Mediterranean-type climate with mild winters and dry warm summers and 30% under a Mediterranean-type climate with an Atlantic influence (Csa and Csb Köppen classification, respectively) [24].



In each sampling site, a composite sample was collected inside forest plantation avoiding areas close to roads, firebreaks, plantation borders or any other disturbances. Samples were composed of 15 subsamples randomly distributed in the area. All samples were taken from 0 to 30 cm of soil after removing superficial dead organic material following the IPCC guidelines [15]. For samples with soil depth of less than 30 cm, the real depth was registered and considered for the C stock estimation.



Soil profile evaluation per sampling site allowed us to estimate the relative percentage of coarse fragments of soil volume following the FSCC guidelines [25]. Additionally, according to local climate characteristics and soil profile features, a site productivity index—indicating the potential for the aboveground biomass production of E. globulus—was assigned per site. This index was derived as described by RAIZ [26] for 70% of the total soil samples collected.



Prior to C analysis, soil samples were air-dried and passed through a 2 mm sieve. SOC concentration was then determined by dry combustion following ISO 10694 [27] at accredited national laboratories.




2.2. SOC Assessment


Particle size distribution data were not available for the soil samples. Therefore, this information was extracted from the Infossolo database [28] complemented with analytical data from 102 soil samples collected in eucalypt plantations by RAIZ. The assessment of the particle size distribution of the fraction <2 mm followed the Gee and Or method [29]. From Infossolo, 400 records related to the particle size distribution of soil samples collected under forest occupation in Portugal were considered. This information of 502 records was grouped according to the bedrock type (map provided by the Portuguese Environment Agency) and was used to fill the data on coarse sand (2–0.2 mm), fine sand (0.2–0.02 mm), silt (0.02–0.002 mm) and clay (<0.002 mm) content per soil sampled.



For C stock estimation, the bulk density (BD, g cm−3) of the fine earth fraction (<2 mm) of the soil samples was determined using a pedo-transfer function [30] (Equation (1)):


  B D = 0.69794 +   0.750636   ( − 0.230355 × S O C )   + ( 0.0008687 × s a n d ) − ( 0.0005164 × c l a y )  



(1)




where SOC is the organic C concentration (g kg−1) of soil samples (fraction < 2 mm), sand (%) is the content in particles between 2 and 0.02 mm and clay (%) is the content in particles below 0.002 mm.



Carbon stock (CS, t ha−1) per sample was determined according to Equation (2) [31,32]:


  C S = S O C × d e p t h × B D ×   1 −    C f   100      × 10  



(2)




where SOC is the SOC concentration (g kg−1) of soil samples (fraction < 2 mm), depth (m) is the thickness of the soil layer sampled (0–30 cm), BD is the bulk density (g cm−3) of the fraction < 2 mm and Cf is the coarse fraction (>2 mm) of the soil (%).



Finally, data from the soil sampling (2468 samples) and soil profile information (coarse fragments) were organized in a layer and processed stepwise (Figure 3): (i) layers provided by the Portuguese Environment Agency on lithology/bedrock (map 1:1,000,000), soil type according to the reference soil group [33], and Köppen classification [24] completed the information per soil sample; (ii) information on the particle size distribution of the fraction < 2 mm was completed using the mean values obtained from the Infossolo and RAIZ database per lithology/bedrock group; (iii) the BD per sample was computed using pedo-transfer functions [30]; and (iv) the C stock was estimated [32]. The main physical features of the soil samples are presented in Table 1.




2.3. Statistical Analysis


Statistical analyses were performed using Statistica, TIBCO software Inc. (Santa Clara, CA, USA), version 13.5.0.17. The medians of SOC and C stock by climate stratification (Csa and Csb) were computed and presented with percentiles 25%–75% in a boxplot. This information was complemented with the Tukey test (HSD) to check the significance of the results (p ≤ 0.05). Principal component analysis (PCA) was applied considering the following as active variables: Köppen group, SOC, soil C stock, productivity index (aboveground biomass production potential), coarse fraction (>2 mm), BD, particle size distribution, and as supplementary variables: altitude and slope. As composition data, for the particle size distribution of the fine fraction (<2 mm) an additive log-ratio transformation (alr) was applied and for the coarse fraction a logarithmic transformation [34]. Slope and altitude data were provided by ASTER-GDEM [35]. The steps in the PCA included computing the univariate statistics, covariance matrix, correlation matrix, eigenvalues and eigenvectors, degree of correlation, and projection in principal components (PCs). Prior to analysis, the database was standardized, and qualitative variables were transformed into numerical variables.





3. Results


3.1. SOC and C Stock by Lithology Group (Bedrock)


The SOC ranged between 1.6 and 104.4 g kg−1. The mean SOC concentration ranged from 4.8 to 37.0 g kg−1 (Figure 4a), and the highest mean values were achieved for soil samples derived from conglomerates, coal shales and clay shales (ID12). Also, soils derived from shale, greywacke and shale–greywacke complexes (IDs 25 and 26), granites (ID15) and arcose sandstones and sandstones (ID4) presented ≥30 g kg−1. The lowest mean values were obtained for soil samples of dunes and aeolian sands (ID14), followed by quartzdiorites (ID21) and shales, quartzites and amphibolites (ID27).



The distribution of C stock by lithology group is shown in Figure 4b and ranged in average between 9.0 and 70 t ha−1. Granites and similar rocks (ID15) revealed the highest mean value, followed by conglomerates, coal shales and clay shales (ID12), arcose sandstones and sandstones (ID4) and nepheline syenites (ID22) which also presented C stocks higher than 50 t ha−1. The lowest values (<25 t ha−1) were found for sands and gravel (ID2), dolerites (ID13), dunes and aeolian sands (ID14), shales, quartzites and amphibolites (ID27), quartzdiorites (ID21) and granite porphyries (ID18). The remaining groups displayed stocks between 25 and 50 t C ha−1.




3.2. SOC and C Stock by Reference Soil Group (Soil Type)


The bulk densities (BDs), particle size distribution (fine and clay fractions), SOC in mineral 30 cm topsoil and C stocks by soil reference group are provided in Table 2. The most representative sampled groups were Leptic Cambisols (Humic), Eutric Leptosols, Umbric Podzols and Leptic Luvisols. The average BD of the sampled soils was 1.20 g cm−3 ranging between 1.01 and 1.43 g cm−3, a mean fine fraction ≥37% and a clay proportion within 9.9 and 24.0% of the total soil volume. The average SOC was 24.7 g kg−1 and allowed a mean C stock of 41.2 t ha−1. Eutric Fluvisols, Leptosols, Leptic Cambisols (Humic) and Cambic Calcisols revealed a C stock higher than 50 t ha−1; the lowest stock belonged to Leptic Calcaric Regosols, Albic Gleyic Luvisols, Chromic Leptic Luvisols, Eutric Leptic Regosols and Vertic Luvisols (C stock ≤ 25 t ha−1).




3.3. Major Drivers for Soil C Stock


To further identify the major drivers of SOC and C stock, attributes were extracted by PCA. Two principal components with eigenvalues >1 were extracted with a cumulative contribution of 66.3%, which could explain most of the results. The first principal component (PC1) had the highest contribution, accounting for 46.8%, followed by PC2 with 19.5%, respectively.



As presented in Figure 5, the SOC concentration and soil C stock were loaded in PC1 with a positive relation with Köppen classification and site productivity index (biomass production), suggesting that higher SOC concentrations and C stocks are related with better climate conditions and higher biomass production. A higher BD of soil is in opposition to the increment of SOC. The coarse fragments and the particle size distribution of fine fraction were accounted for by PC2, showing the opposition of the coarse fraction and the higher proportion of sand in the fine elements (<2 mm), suggesting that the soils studied have a higher component in fractions between 2 mm and 0.02 mm.



A box-plot with the distribution of SOC concentration and C stock according to the Köppen classification is displayed in Figure 6, following the PCA results suggesting a positive correlation between these parameters. As suspected, Csb revealed a significantly higher SOC and soil C stock than Csa. For Csb, the SOC values ranged between 27.4 (Q25) and 51.6 g kg−1 (Q75), whilst for Csa results from 9.1 (Q25) to 23.5 g kg−1 (Q75) were recorded. Concerning soil C stocks, Csb presented a median of 55 t ha−1 (38.8–80.3 t ha−1, lower and upper quartile) and Csa showed a median of around 28 t ha−1 (17.8–40.8 t ha−1, lower and upper quartile).



Apart for arcose sandstones and sandstones (ID4), the remaining groups of bedrock lithology agree with the previous box-plot, revealing that within the same bedrock type, mineral soil samples with the Csb climate type have higher C stocks than Csa (Figure 7). Focusing in the lithologies with the highest frequency of samples distributed by different climate types such as granites and similar rocks (ID 15) and shale and greywacke groups (ID 25 and 26), this is reinforced.





4. Discussion


4.1. C Stored in Eucalypt Stands and the Influence of Mediterranean Climate Conditions


Data from the last Portuguese National Forestry Inventory—2015 [19] show that the total plant biomass (above and belowground) accounts for around 19.5 t C ha−1 in pure eucalypt plantations (the majority of plantations until 12-year-old stands). This inventory is used to assess the land use land cover (LULC) and forecast wood availability and the C stored in the biomass. The data support that eucalypt plantations are one of the forestry species in Portugal that most contributes to C stored in biomass. Northern regions and the central part of Portugal are the greatest contributors to the C in total plant biomass (25.4 and 20.4 t ha−1, respectively), followed by Alentejo (15.4 t ha−1) and finally Algarve in the south of the country (11.0 t ha−1). The amount of biomass produced and the ability to store C in the aboveground biomass in eucalypt plantations has been well documented and evaluated [6,19,22,37]. Furthermore, the results also show that around 50 to 55% of plant C is stored in wood, suggesting that if management practices consider leaving leaves, branches, bark and roots in the area after harvesting, this may contribute to the conservation and increase of C in the soil. The forest floor was found to be significantly lower (less than 4% of the total) when compared with other pools and showed a large spatial variability [19,23].



Stand productivity is highly influenced by climatic and topographic variability, with temperature, precipitation and soils (physical and chemical features) being major drivers for wood biomass production [37]. Concerning the soil pool, studies found SOC concentrations in forest soils between 3 and 115 g kg−1 in the upper 20 cm of the mineral soil [18,38], in line with this study. The present results are also supported by Gómez-Rey et al. [39] who reported SOC values from 9.8 to 64.4 g kg−1 for five eucalypt plantations in Portugal across different mean annual precipitation values (500 to 2000 mm). The accumulation of C is a function of the prevailing edaphoclimatic characteristics at each site. In Portugal, two distinct climate regions are defined by the Köppen classification [24]. In the northern regions of Portugal, colder and wetter areas of the country (Csb), a higher amount of C is in stored in the soil (median SOC of 39.2 g kg−1 and soil C stock of 55 t ha−1), whereas in southern and inland regions, the climate is warmer, drier and with a very pronounced dry season (usually March to September) (Csa). As a result, productivity is lower in Csa as stated by Pereira et al. (2007), and consequently litter inputs to soils decrease and SOC also reduces (median SOC of 15.2 g kg−1 and soil C stock of 28 t ha−1). These values are in line with (but slightly lower than) IPCC references which have reported for warm temperate climate regions an average of 38 t C ha−1 (dry) and 88 t C ha−1 (moist) for mineral soils under native vegetation at a 30 cm depth [15].




4.2. SOC Stock and Soil Variability


Our study shows that eucalypt plantations in Portugal can store a substantial amount of C in soils, which is in line with other studies showing that a large amount of the total C stock is stored in the soil [40]. The present study revealed that mineral topsoil (0–30 cm) in eucalypt plantations is able to store an average of 41.2 t C ha−1, which is not out of line with the data presented in other studies that found average SOC stocks of 108 t C ha−1 in mineral soils in European forests to a 1 m depth [18] and between 11.3 and 126.3 t C ha−1 for a 0–20 cm soil depth [41].



Considering the analysis of soil C stock by the northern, central, Alentejo, and Algarve regions of the country, an average amount of C is found to be stored in the upper 30 cm of the mineral soil of 65.8, 43.4, 28.2 and 38.0 t ha−1, respectively. As expected, sites with the most favorable climatic and soil conditions for tree growth have a higher biomass production and soil C storage potential. This is in accordance with data from forest plantations including E. globulus in Chile, which revealed that 30 to 50% of the total C stock is stored in the soil (0–30 cm) [23]. Also, Scharlemann et al. [17] highlight the relevance of C stored in the topsoil (0–30 cm), which represents between 46% and 65% of the total SOC. This last study also identified differences related to climatic conditions.



Mediterranean soils are known for their variability, reduced water holding capacity, shallow horizons and high stoniness on the soil surface [42]. Therefore, storing C in the soil is essential to promote an increase in organic matter and soil quality, also mitigating the effect of climate change. Differences were found in SOC by the soil parent material (bedrock) and reference soil group. According to the FAO database, in the Mediterranean region, Cambisols prevail but Fluvisols, Luvisols and Leptosols are also common, which agrees with the main reference soil group sampled. The results showed a higher C stock in Cambisols, Leptosols and Fluvisols (>50 t C ha−1), whereas Regosols and Luvisols stored less—following the same trend presented for reference soil groups in Europe [18,43]. Similar results were found for soil samples according to the soil group reference in eucalypt plantations in northwestern Spain [10].




4.3. Methodological Considerations


This study contributes to the characterization of C stocks in soil in eucalypt managed forests. However, some limitations must be acknowledged to contextualize the findings and guide future research. Firstly, our sampling, although extensive, was limited to Portugal and may not fully capture the variability of C content across Mediterranean conditions in planted forests. Furthermore, the C stock per sampling site reflects a measurement at a single point in time and the time span of soil sampling may not provide a comprehensive understanding of soil C stocks throughout the stand growth cycle. Future research should consider implementing long-term monitoring per location and different soil layers to capture soil C changes over multiple years, thereby better elucidating temporal dynamics and the influence of management practices. Additionally, it is advisable to assess the aboveground and root biomass of eucalypt stands per location in order to establish more reliable comparisons with soil C stocks.



We also faced some analytical constraints. Ideally, BD, coarse fragments and particle size distribution should be assessed by analysis per soil sample. In this study, we used a pedo-transfer function for predicting soil BD that is applicable across all soil types within Europe with a mean percentage error of ± 11%, which introduces some uncertainty in the data [30]. However, we found values of BD around 1.20 g cm−3, being higher for Vertic Luvisols and Eutric Leptic Regosols (around 1.40 g cm−3) and lower to Eutric Fluvisols and Leptosols (around 1.02 g cm−3) which agrees with the results found for soil BD in Europe [44]. Concerning coarse fragments, we considered the data from the soil profile evaluation in the assessment of C stocks. As expected from field observations, usually, forest soils present a high stoniness as soils are pedogenetically underdeveloped [40] which is also supported by the lower amount of clay fraction in the soils. For the assessment of particle size distribution, we used laboratory results from soil samples and Infossolo data to fill the main database of the 2468 soil samples with this information. Although the results are consistent with the literature, the reliance on other databases may have introduced some uncertainty in the estimation of C stocks.



New approaches using remote sensing, machine learning, and other technologies are being tested and optimized to accurately quantify the SOC, which could represent a promising solution for C stock estimation at the management unit level, rather than a point-based analysis [45], eventually helping in the future to overcome some of the data gaps faced in this study.




4.4. The Effect of Management Practices on SOC Stock and Further Studies


The C held in the mineral topsoil (upper 30 cm layer) is often the most chemically decomposable, and the most directly exposed to natural and anthropogenic disturbances [15]; this is the reason why this study focused on this layer of mineral soil. Nevertheless, C stored in deeper soil layers can be relevant for the soil C sequestration potential in a changing forest ecosystem (e.g., afforestation and forest management). The amount and rate of organic C accumulation associated with afforestation depend on several factors such as climate, topography, soil characteristics, species and forestry management practices [38,46]. Forest management can improve C sequestration amounts, and understanding the effects of forest management is even more important in the Mediterranean area, given the current high climatic variability and disturbance events [47]. Harvesting operation and soil tillage, particularly, can lead to a reduction in soil C stocks if mitigation measures are not considered. Applying conservation practices in site preparation and leaving harvesting residues on the soil (roots, leaves, stumps and bark), for instance, and the proper management of stand growth may outweigh soil C losses over a rotation [38,47]. Management practices pursuing a canopy cover of the soil and minimizing the disturbances in soil are likely to improve the C storage [38]. Ruiz-Peinado et al. [47] reviewed the implications of different forest management practices on C sequestration (e.g., stocking, thinning, coppice, rotation period and harvesting operations) in the Mediterranean region and highlighted the need to carry out further integrated studies to investigate forest management alternatives.



This study provided estimations that can be valuable for the validation and parameterization of C models, also providing relevant information for management practices. Further studies should be conducted to assess the evolution of C stocks in eucalypt plantations during different stages of stand growth and under different management practices.





5. Conclusions


Across the country, we assessed the ability of forests soils to store C under a wide range of bedrock and reference soil groups. The SOC assessed in the first 30 cm of mineral soils in eucalypt plantations ranged between 1.6 and 104.4 g kg−1. The total soil stocks averaged 41.2 t C ha−1 and were clearly influenced by climate conditions. Better conditions for tree growth, warm temperatures and higher annual precipitation (Csb) lead to a higher stand productivity as supported by the national forest inventory. This results in a higher input of litter in the soil and higher C stocks. Comparing different C pools and considering the amount of C stored in plant biomass according to the most recent national inventory [19], the relevance of the C stock in the upper 30 cm of the mineral soil is recognized, which may represent more than 65% the total C retention (considering soil and plant biomass pools).



While acknowledging that this study presented some methodological limitations, the data compiled, and the methodological approach used in this study contribute to the establishment of a forest soil C baseline and highlights the importance of soil and its conservation for C sequestration. Given the relevance of soil to the total C stock in eucalyptus plantations, special attention should be addressed to the management practices that may affect this organic C pool, and further studies should include long-term monitoring and time-dynamic assessment to provide new insights on C sequestration strategies.
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Figure 1. Generalized carbon cycle showing the flows of carbon between the five C pools for agriculture, forestry and other land use ecosystems [15]. 
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Figure 2. Soil sampling sites in eucalyptus plantations, Portugal (Csa—Mediterranean-type climate with mild winters and dry warm summers; Csb—Mediterranean-type climate with an Atlantic influence). 
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Figure 3. Methodological approach applied for soil carbon stock estimation: soil collection and analysis, relevant information completion (particle size distribution, bulk density, climate, bedrock and reference soil group) and C stock calculation [30,32]. 
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Figure 4. Mean SOC content (a) and C stock (b), and standard deviation in soil samples (0–30 cm depth) by lithology group (bedrock ID presented in Table 1). Significant differences are denoted by different letters (Tukey’s test, p ≤ 0.05). 
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Figure 5. Spatial ordination resulting from the principal components analysis (PCA) for soil samples features and climate attributes (PC1: 3.74, variance explained: 46.8%; PC2: 1.56, variance explained: 19.5%). 
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Figure 6. Median, upper and lower quartiles of soil organic carbon content (g kg−1) and carbon stock (t ha−1) in mineral soil samples (0–30 cm depth) according to the climate Köppen classification (Csa—Mediterranean-type climate with mild winters and dry warm summers; Csb—Mediterranean-type climate with an Atlantic influence). Within each variable, significant differences among climate classification are denoted by small and capital letters (Tukey’s test, p ≤ 0.05). 
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Figure 7. Mean and standard deviation of carbon stock (t ha−1) in mineral soil samples (0–30 cm depth) by lithology group and climate classification of Köppen (Csa—Mediterranean-type climate with mild winters and dry warm summers; Csb—Mediterranean-type climate with an Atlantic influence) (Lithology ID in Table 1 and number of soil samples in italics above graph bars). Within each bedrock ID, significant differences among climate classification are denoted by * and ** (Tukey’s test, p ≤ 0.05). 
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Table 1. Number of samples (N) and mean physical characterization of soil samples by lithology group (bedrock).
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Bedrock ID

	
Bedrock

	
N

	

	
Particle Size Distribution (%)




	
Coarse

Fraction

(>2 mm)

	
Fine

Fraction

(<2 mm)

	
Fine

Fraction (<2 mm) Classes

	
Bulk Density

(g cm−3)




	
Coarse

Sand

	
Fine

Sand

	
Silt

	
Clay






	
1

	
Alluvium

	
29

	
35.9

	
64.1

	
29.7

	
36.8

	
24.2

	
9.4

	
1.28




	
2

	
Sands and gravel

	
17

	
34.0

	
66.0

	
30.4

	
41.6

	
15.8

	
12.2

	
1.36




	
3

	
Sands, pebbles, poorly consolidated sandstones, clays

	
298

	
25.2

	
74.8

	
50.4

	
27.5

	
13.0

	
9.1

	
1.32




	
4

	
Arcose sandstones and sandstones

	
9

	
35.0

	
65.0

	
55.5

	
26.6

	
8.0

	
9.9

	
1.18




	
5

	
Sandstones, more or less marly limestones, sands, gravel, clays

	
278

	
31.9

	
68.1

	
55.5

	
26.6

	
8.0

	
9.9

	
1.35




	
6

	
Sandstones, conglomerates, limestones, dolomitic limestones, marly limestones, marls

	
34

	
30.9

	
69.1

	
63.3

	
22.1

	
6.2

	
8.3

	
1.26




	
7

	
Basalts

	
2

	
50.3

	
49.7

	
43.5

	
25.0

	
11.7

	
19.8

	
1.15




	
8

	
Limestones, dolomitic limestones, marly limestones, marls

	
11

	
29.0

	
71.0

	
86.1

	
11.2

	
0.4

	
2.3

	
1.38




	
9

	
Plateau gravel pits, Beira Baixa arches, sandstones, limestones

	
24

	
29.4

	
70.6

	
43.1

	
32.3

	
13.5

	
11.0

	
1.24




	
10

	
Conglomerates, sandstones, white limestones, reddish marls

	
5

	
17.0

	
83.0

	
31.7

	
32.6

	
13.2

	
22.5

	
1.34




	
11

	
Conglomerates, sandstones, limestones, dolomitic limestones, marly limestones, marls

	
36

	
20.1

	
79.9

	
31.7

	
32.6

	
13.2

	
22.5

	
1.29




	
12

	
Conglomerates, coal shales, clay shales

	
9

	
43.8

	
56.2

	
25.1

	
23.4

	
30.9

	
20.6

	
1.07




	
13

	
Dolerites

	
4

	
44.5

	
55.5

	
43.5

	
25.0

	
11.7

	
19.8

	
1.36




	
14

	
Dunes and aeolian sands

	
1

	
10.0

	
90.0

	
50.0

	
47.4

	
0.9

	
1.7

	
1.45




	
15

	
Granites and similar rocks

	
225

	
27.7

	
72.3

	
46.8

	
31.1

	
12.4

	
9.7

	
1.15




	
16

	
Red sandstones (from Silves), conglomerates, marls, limestones generally dolomitic

	
3

	
30.7

	
69.3

	
31.7

	
32.6

	
13.2

	
22.5

	
1.27




	
17

	
Metavolcanites

	
39

	
33.2

	
66.8

	
33.2

	
25.3

	
25.7

	
15.9

	
1.28




	
18

	
Granite porphyries

	
1

	
61.8

	
38.2

	
46.8

	
31.1

	
12.4

	
9.7

	
1.35




	
19

	
Quartziferous porphyries

	
2

	
31.0

	
69.0

	
48.2

	
31.6

	
12.1

	
8.1

	
1.34




	
20

	
Quartzites

	
64

	
51.2

	
48.8

	
22.8

	
35.4

	
24.6

	
17.1

	
1.14




	
21

	
Quartzdiorites

	
4

	
40.5

	
59.5

	
59.6

	
24.0

	
8.5

	
7.9

	
1.44




	
22

	
Nepheline syenites

	
2

	
13.0

	
87.0

	
46.8

	
31.1

	
12.4

	
9.7

	
1.28




	
23

	
Clay shale, greywacke, sandstone

	
438

	
46.4

	
53.6

	
27.2

	
26.1

	
22.8

	
24.0

	
1.22




	
24

	
Schists, amphibolites, mica schists, greywacke quartzites, carbonate rocks, gneisses

	
19

	
41.7

	
58.3

	
23.5

	
40.2

	
22.5

	
13.9

	
1.23




	
25

	
Shale, greywacke

	
228

	
50.3

	
49.7

	
28.9

	
38.1

	
19.4

	
13.6

	
1.14




	
26

	
Shale, greywacke (shale–greywacke complex)

	
682

	
46.5

	
53.5

	
22.7

	
32.2

	
30.9

	
14.3

	
1.10




	
27

	
Shales, quartzites, amphibolites

	
4

	
48.0

	
52.0

	
47.3

	
24.3

	
12.8

	
15.7

	
1.39











 





Table 2. Number of samples (N), mean and quartiles (25% and 75%) of physical properties, SOC and C stocks (0–30 cm depth) according to the reference soil group ([36], * previous classification reference [33]).
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Reference Soil Group

	
N

	
Bulk Density

(g cm−3)

	
Fine Fraction

(<2 mm) (%)

	
Clay Fraction

(<0.002 mm) (%)

	
SOC

(g kg−1)

	
C Stock

(t ha−1)




	
Mean

	
Q25

	
Q75

	
Mean

	
Q25

	
Q75

	
Mean

	
Q25

	
Q75

	
Mean

	
Q25

	
Q75

	
Mean

	
Q25

	
Q75






	
Cambic Calcisols

	
22

	
1.22

	
1.16

	
1.29

	
73.8

	
69.0

	
85.0

	
13.9

	
8.3

	
22.5

	
21.7

	
14.3

	
28.4

	
53.7

	
39.5

	
67.2




	
Chromic Cambisols

	
30

	
1.29

	
1.23

	
1.36

	
70.7

	
58.4

	
83.4

	
16.3

	
8.3

	
22.5

	
14.8

	
9.8

	
18.4

	
36.9

	
24.5

	
49.0




	
Leptic Calcaric Regosols/Calcaric Chromic Cambisols *

	
7

	
1.36

	
1.27

	
1.43

	
57.7

	
56.0

	
56.0

	
9.9

	
9.9

	
9.9

	
10.8

	
5.5

	
17.4

	
22.7

	
13.2

	
36.9




	
Dystric Cambisols

	
36

	
1.34

	
1.31

	
1.41

	
69.5

	
62.0

	
85.0

	
10.1

	
9.7

	
9.7

	
11.4

	
6.0

	
13.7

	
28.5

	
13.4

	
35.4




	
Eutric Cambisols

	
99

	
1.36

	
1.31

	
1.41

	
69.8

	
62.0

	
81.7

	
10.8

	
9.1

	
9.9

	
10.4

	
6.0

	
13.0

	
26.3

	
15.3

	
34.3




	
Leptic Cambisols (Humic)

	
751

	
1.06

	
0.97

	
1.12

	
57.2

	
40.0

	
72.3

	
13.1

	
9.7

	
14.3

	
41.6

	
30.2

	
52.3

	
63.8

	
39.6

	
84.0




	
Eutric Fluvisols

	
3

	
1.01

	
0.93

	
1.18

	
56.0

	
56.0

	
56.0

	
9.9

	
9.9

	
9.9

	
52.5

	
25.6

	
65.9

	
90.7

	
50.7

	
110.7




	
Eutric Leptosols/Eutric Lithosols *

	
664

	
1.21

	
1.14

	
1.31

	
53.6

	
41.6

	
63.3

	
17.5

	
14.3

	
24.0

	
22.1

	
12.0

	
27.0

	
30.6

	
17.0

	
41.0




	
Leptic Ferric Luvisols/Ferric Luvisols *

	
28

	
1.26

	
1.17

	
1.35

	
50.9

	
51.7

	
52.0

	
19.1

	
13.6

	
24.0

	
17.0

	
9.3

	
22.9

	
28.4

	
18.8

	
37.9




	
Albic Gleyic Luvisols

	
10

	
1.38

	
1.36

	
1.40

	
77.1

	
69.0

	
90.0

	
11.7

	
9.1

	
13.6

	
8.4

	
6.4

	
9.8

	
21.3

	
14.3

	
28.6




	
Leptic Luvisols/Orthic Luvisols *

	
244

	
1.22

	
1.17

	
1.28

	
57.6

	
51.2

	
66.7

	
21.6

	
24.0

	
24.0

	
19.8

	
14.1

	
23.7

	
36.4

	
23.7

	
46.5




	
Chromic Leptic Luvisols /Rhodochromic Luvisols *

	
9

	
1.26

	
1.20

	
1.30

	
37.6

	
30.0

	
40.0

	
15.6

	
13.6

	
17.1

	
16.7

	
13.1

	
22.4

	
19.1

	
11.7

	
30.4




	
Calcic Chromic Luvisols

	
15

	
1.29

	
1.22

	
1.36

	
69.5

	
60.0

	
78.4

	
15.1

	
9.4

	
22.5

	
15.3

	
8.2

	
20.2

	
37.7

	
23.8

	
59.8




	
Vertic Luvisols

	
3

	
1.43

	
1.41

	
1.44

	
52.0

	
52.0

	
52.0

	
11.7

	
7.9

	
13.6

	
4.8

	
4.4

	
5.2

	
10.6

	
9.8

	
11.5




	
Umbric Podzols/Orthic Podzols *

	
542

	
1.34

	
1.28

	
1.42

	
71.6

	
62.0

	
85.0

	
9.9

	
9.1

	
9.9

	
12.1

	
5.8

	
15.5

	
29.8

	
17.0

	
36.4




	
Leptosols/Rankers *

	
2

	
1.02

	
1.01

	
1.02

	
61.0

	
49.7

	
72.3

	
11.7

	
9.7

	
13.6

	
45.8

	
45.8

	
45.8

	
83.9

	
68.4

	
99.4




	
Plintic Luvisols

	
1

	
1.32

	
-

	
-

	
60.0

	
-

	
-

	
24.0

	
-

	
-

	
10.8

	
-

	
-

	
25.7

	
-

	
-




	
Eutric Leptic Regosols

	
1

	
1.41

	
-

	
-

	
90.0

	
-

	
-

	
9.9

	
-

	
-

	
6.4

	
-

	
-

	
17.4

	
-

	
-




	
Endosalic Gleysols/Gleyic Solonchaks *

	
1

	
1.35

	
-

	
-

	
95.0

	
-

	
-

	
9.9

	
-

	
-

	
10.5

	
-

	
-

	
40.5

	
-

	
-
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