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Abstract

:

Air-dried soil archives are important for microbial ecology research, although the process of air-drying preservation inevitably destroys the original microbial information in soils. Only upon fully understanding the limitations of air-dried soil can it play a greater role. The value of air-dried soil depends on the fidelity of microbial community structure information in the air-dried soil relative to that in fresh soil. To evaluate this, high-throughput sequencing was applied to investigate the microbial community of fresh soils and 227 days air-dried archives from typical farmland under a large spatial scale, and PERMANOVA was used to analyze the explanation proportion (EP) of the spatial factor on the microbial community structure in any paired-fresh or air-dried soils. The results show that for any paired soils, the value of EP ranged from 42.4% to 97.9% (p < 0.001). Importantly, taking fresh soil as a reference, the value of EP declined in air-dried soils (effect size r = 0.79, p < 0.001). Furthermore, the standardized difference in EP between fresh and air-dried soil (NDEP) was used to characterize the fidelity of variance source of microbial community structure in air-dried soils, and correlation tests showed that NDEP was negatively correlated with spatial distance (r = −0.21, p < 0.01) and with environmental difference (r = −0.37, p < 0.001). Further analyses show that larger NDEP was observed at a spatial distance <25 km or an environmental difference <0.58. Variance partitioning analysis showed that 28.0% of the variation in NDEP could be explained, with environmental difference constituting 14.0% and the interaction between the environmental difference and spatial distance constituting the remaining 14.0%. Soil texture was the most important factor for predicting NDEP, followed by soil pH and annual average temperature. This study not only emphasizes the possible decline in EP when using air-dried soils to reveal microbial community patterns, but also implies that air-dried soil is more suitable for addressing scientific questions under a large spatial scale or environmental differences.
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1. Introduction


As an invaluable record of soil quality, many worldwide institutions and organizations (e.g., Rothamsted, NEON and CERN) systematically curate collections of archived soils [1]. These archived soils can be used not only to check and verify the recorded soil information, but also to trace the historical events and ecological environment marks that have not been well documented. These archives are a readily available source of ecological information relevant to microbial ecology, but only when we are clear about the application boundary of air-dried soil archives.



In recent years, many studies have shown that air-dried soil archives play an important role in revealing spatial distribution patterns and community assembly mechanisms, and in tracing environmental changes and the effects of farmland fertilization [2,3,4,5]. Among them, studies on the evaluation of air-dried soil highlighted its value in microbial ecology; however, they overlooked the limitations of such application. They can be summarized in three aspects. Firstly, more attention was focused on whether the distribution and clustering patterns of the microbial community were consistent with expectations rather than on its driving factors and the reproducibility and fidelity of explanation proportions after air-drying preservation. Secondly, in terms of experimental materials, few studies had strict fresh soil samples to act as controls, let alone soil samples of a spatial gradient. Thirdly, lacking quantitative descriptions, most evaluation results were only qualitative. Obviously, air-drying and archiving changed the structure of the soil microbial community, because air-drying indeed influences the in situ and/or original information held by the microbial community due to desiccation [6,7,8,9]. Therefore, the limitations of air-dried soil archives should be fully recognized before use.



Disturbance is a common way to affect the composition and spatial distribution pattern of the microbial community [10]. The strength of the influence of a disturbance on microbial community composition depends on spatial scales, presenting a greater influence at the local scale and a relatively limited influence at large scales, e.g., regional or continental [11,12]. On a large scale, external disturbance generally cannot hide the differences in microbial communities; in these situations, strong environmental gradients select distinct bacterial species [13]. On a smaller scale, the external disturbance could potentially subvert the microbial community structure because the microbial community generally exhibits a relatively smaller and unstable difference [14]. Used it as an analogy to understand the air-dried soil archives, air-dried preservation is a disturbance that would probably count for a portion of the true source of the variation in the microbial community structure in fresh soils, leading to the distortion of its analysis in air-dried soils. Therefore, it is supposed that the distortion displays a scale effect, such that the variation source losses might be lesser at large scales, and greater at small scales (Figure 1).



To determine whether the source of variation in the microbial structure in air-dried soil changes compared with that in fresh soils and its relationship with scales (i.e., spatial distance and environmental difference), high-throughput sequencing was applied to investigate the bacterial community of fresh and air-dried soils from typical farmland with a spatial span of approximately 2453 km. With fresh soil as a reference, the fidelity and influencing factors of the source of variation in the microbial community structure were quantized in air-dried soil archives. This study refined the application of air-dried soils and enhanced the confidence of applying air-dried soil archives for microbial ecology studies by confirming the changing fidelity of source of variation in the microbial community structure in air-dried soil samples and, the relationship between fidelity and scale.




2. Materials and Methods


2.1. Soil Sampling


Four agricultural sites, namely, Hailun (HLA), Yucheng (YCA), Taoyuan (TYA) and Yingtan (YTA) were selected to represent typical farmland in different eco-climate regions of China, and a total of 19 plots (5, 5, 6 and 3 at each site, respectively) were selected for sample collection (Figure 2). The crops of the four sites in the sampling year were rice at YTA, rapeseed at TYA, and corn at YCA and HLA. The distance between sites ranged from 534 km to 2453 km. The distance between plots at each site ranged from meters to 25 km. The surface soil (0–20 cm) inside each plot was collected using the five-point mixing sampling method and plant roots, insects and other non-soil were removed during sampling. After sampling, the soil samples were sent to the laboratory on ice in time. Each soil sample was divided into two parts: one part for air-drying and archiving and the other for the determination of physical and chemical properties. During air-drying and archiving, the soil on day 0 and day 227 was used as fresh soils and air-dried soils, respectively. In total, 38 soil samples were used for microbial community investigation.




2.2. Environmental Variables Determination


The soil pH, soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), total potassium (TK), texture and water content (WC) were determined, according to standardized methods [11] (Table S1). The annual average temperature (AAT) and annual precipitation (AP) were generated from WorldClim Climatology according to the spatial locations of each plot [15].




2.3. DNA Extraction and High-Throughput Sequencing


Genomic DNA was extracted from 0.5 g of soil using a FastDNA SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, USA). The extracted DNA was dissolved in 100 μL of DES buffer. The DNA quantity and quality were assessed using a NanoDrop 2000 (ThermoFisher, Waltham, MA, USA) and the solution was stored at −20 °C for further usage.



The soil DNA was amplified using the universal primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) [16]. A unique barcode sequence (11 mer) was added to the 5′-end of the forward strand, which was then used for the generation of PCR amplicons. The PCR cycling conditions were 94 °C, 5.0 min; 28 × (94 °C, 30 s; 54 °C, 30 s; 72 °C, 45 s); 72 °C, 8 min. A 50 µL PCR reaction mixture containing 45 µL L−1 Platinum PCR SuperMix (Invitrogen, Shanghai, China), a 200 nM final concentration of each primer, and 2 µL of template DNA was used; the amplicons were purified using the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA), and quantified using NanoDrop ND-2000 (Thermo Scientific, Waltham, MA, USA).



All the samples were pooled together with equal molar amounts from each sample. High-throughput sequencing was performed with the Illumina Miseq sequencing platform (Illumina Inc., San Diego, CA, USA). The bar-coded PCR products from all the samples were normalized in equimolar amounts before sequencing.




2.4. Bioinformatic Analysis


After sequencing was completed, 16S rRNA gene data were processed using the Quantitative Insights Into Microbial Ecology (QIIME, version 1.9) pipeline for data sets [17] (http://qiime.org, accessed date 1 January 2022). Sequences were assigned to soil samples based on the unique barcode. The paired-end read data were merged using FLASH v1.2.11 [18]. Sequences with an average quality score below 25 and length shorter than 200 bp were trimmed and then the resultant high-quality sequences were binned into OTUs using a 97% identity threshold with the UPARSE algorithm [19]. Simultaneously, chimeras were checked and eliminated. Taxonomic classification was then assigned to OTUs with the RDP database (Trainset No. 16) using a naïve RDP classifier at a confidence threshold of 0.7 [20]. For the evaluation of the beta diversities of soil bacterial phylotypes, samples were rarefied to 40,000 sequences. Sequence data were deposited in the DDBJ DRA database (accession No., PRJDB12506)




2.5. Statistical Analysis


Statistical analyses were performed in R v4.0.4 [21]. Between any two soils, soil sampling location (namely, the spatial factor), which can represent geolocation and environmental variables, is the main driving factor of microbial community structure. To evaluate the possible change in the explanation proportions of driving factor (EP) on microbial community structure using air-dried soil, compared with that of fresh soils, the Permutation Multivariate Analysis of Variance (PERMANOVA) test [22] was conducted between any two of 19 fresh or air-dried soils, respectively. The obtained R square value was used to compare the EP in fresh and air-dried soils. PERMANOVA was conducted based on Bray–Curtis distance using the R package “VEGAN” [23]. A schematic overview of the main procedures is given in Figure S1. In detail, firstly, the 171 × 2 groups of paired soils were separately generated from 19 fresh soils and 19 air-dried soils. Secondly, PERMANOVA was performed on each of the 171 × 2 groups with the soil sampling location as the independent variable. Six technical replications were performed by randomly sampling the community table, due to limited samples when performing PERMANOVA. In this step, the EPs of the 171 fresh soil groups (  E  P  f r e s h  1   ,    E  P  f r e s h  2   ,   E  P  f r e s h  3   , …,   E  P  f r e s h   171    ) and the EPs of the 171 air-dried soil groups (  E  P  a i r − d r i e d  1   ,    E  P  a i r − d r i e d  2   ,   E  P  f r e a i r − d r i e d  3   , … ,    E  P  f r e a i r − d r i e d   171    ) were obtained through PERMANOVA tests. These two series of EPs were matched, and the paired Wilcoxon rank-sum test was used to compare the difference in EP; the distribution of the changes (  E  P  f r e s h   − E  P  a i r − d r i e d    ) was also plotted. Thirdly, for the matched fresh and air-dried group, the normalized difference explanation proportion (NDEP) was calculated using the formula below. It was used here as a parameter to assess the degree of fidelity of the microbial community information in air-dried soils.


  N D E  P i  =   E  P  f r e s h  i  − E  P  a i r − d r i e d  i    E  P  f r e s h  i     








where, i is the group id of ranging from 1 to 171, and   N D E  P i   ,   E  P  f r e s h  i   ,   E  P  a i r − d r i e d  i    are the normalized difference explanation proportion, the EP of fresh soils, and the EP of air-dried soils in group i, respectively.



The changing NDEP was linked to the background difference of soil samples, including spatial distance and environmental difference. The spatial distance was calculated based on the latitudes and longitudes of each soil using the R package “geodist”. Environmental difference was calculated using the Euclidean distance [24] of all the variables in the ecological context including physical and chemical parameters of the soil, and climate variables. Before calculation, each variable was normalized to dimensionless form using the method “Min-Max”. The relationship between NDEPs and the background difference was evaluated using the Spearman method. Moreover, to clearly visualize the changing pattern of NDEP across spatial and environmental differences, the continuous data sets of spatial distance and environmental distance were broken into a series of scale breaks according to Jenks’ natural break method using the “plotJenks” function in the “GmAMisc” package. Meanwhile, the variation partitioning analysis (VPA) was performed to distinguish the spatial and environmental influence on NDEP using the “varpart” function of the “VEGAN” package.



To evaluate the relative importance of the environmental variable difference on influencing NDEP, we used a model selection based on an exhaustive search method to select the best predictors of NDEP. This procedure was performed using the function ‘regsubsets’ in the R package “leaps”. All predictors were standardized before analyses using the “Min-Max” method to interpret parameter estimates on a comparable scale. The relative effect of the parameter estimates for each of the predictors was compared with the effect of all parameter estimates in the model.



To test which specific OTUs changed significantly during soil storage, differential abundance analysis between fresh soils and air-dried soils was performed on the relative abundance of OTUs using the Wilcoxon signed-rank test following the p value correction (Bonferroni correction method). Considering the large differences in microbial communities across samples, only those OTUs that appeared in more than 90% of the samples were analyzed (192 OTUs, the sum of relative abundance of these OTUs across samples ranged from 8.45% to 27.87%, with a mean value of 14.64%).





3. Results


3.1. General Description of Soil Microbial Community Composition


Based on high-throughput sequencing, a total of 5,111,383 high-quality sequences were obtained from 38 soil samples. The sequencing depth of each sample was normalized to 45,379 reads and 33,474 OTUs were identified at 97% similarity. The relative abundance of 10 most dominant taxa in all the soil samples was investigated at the phylum level (Figure S2). The most dominant phyla across all the soil samples were Proteobacteria (11.2–32.2%), Chloroflexi (6.2–46.5%), Actinobacteria (4.7–28.5%), Acidobacteria (2.9–26.5%), Planctomycetes (3.6–16.8%), Firmicutes (0.8–40.2%), Bacteroidetes (0.1–8.7%), Gemmatimonadetes (0.1–5.9%), Crenarchaeota (0.2–5.2%) and Nitrospirae (0.1–2.9%). These phyla accounted for more than 90% of the total sequences in all soil samples (96.2–96.5% at HLA, 92.0–93.1% at TYA, 95.5–95.9% at YCA and 91.0–93.8% at YTA). The members of these dominant phyla remained unchanged in the air-dried state compared with that under fresh state at four sites.




3.2. Decline of EP in Air-Dried Soils Compared with That in Fresh Soils


The PERMANOVA test showed that for all 342 groups of paired soils (171 fresh soils and 171 air-dried soils), the proportion of explanation for the spatial factor (EP) on microbial community structure measured with R square ranged from 42.4% to 97.9% (p < 0.001) (Table S2). Figure 3a showed that the median EP in the fresh group was 95.6% (IQR = 2.74%), whereas the median in the air-dried group was 94.4% (IQR = 3.25%). The Wilcoxon test showed that the difference was significant (p < 0.001, effect size r = 0.79). Figure 3b showed that the difference in EP between fresh and air-dried soil ranged from −3.6% to 28.6% with a median value of 1.6%. It should be noted that among 171 comparisons, 89.5% of them had a declining EP from fresh to air-dried soils.




3.3. NDEP Varies with Spatial Distance and Environmental Difference


To make data comparable, the difference in EP in fresh and air-dried soils was standardized with NDEP. The results show that NDEP ranged from −0.048 to 0.402 with an average of 0.031 and a median value of 0.017. The Spearman correlation test showed that NDEP was negatively correlated with spatial distance (r = −0.21, p < 0.01) and environmental difference (r = −0.37, p < 0.001) (Figure S3). For better visualization, Jenks’ natural break method was applied to break the values of spatial distance and environmental difference into seven different classes: the larger the value, the larger the scale. Figure 4 shows that NDEP tended to be larger at smaller scales and smaller at larger scales, whether under the spatial scale or environmental difference scale (Figure 4a,b). To be specific, NDEP was significantly higher at spatial scale 1 than other scales with median and average values of 0.061 and 0.072, respectively, and higher at environmental difference scale 1 than others with median and average values of 0.088 and 0.112, respectively (Table 1).



Variance partitioning analysis (VPA) was used to evaluate the effects of the spatial scale and environmental differences scale on NDEP. Figure 5 shows that 28.0% of the variation in NDEP could be explained, with environmental difference constituting 14.0% and interaction between environmental difference and spatial distance constituting the other14.0%. The large part of the variation (72%) cannot be explained by either environmental difference or spatial distance.




3.4. The Main Environmental Variables Influencing NDEP


The relative influence of the environmental variable difference on NDEP was further evaluated. The results show that the estimates of all the significant environmental variables were negative, and the sand content was the most important variable (30.66%, p < 0.01) for NDEP prediction, followed by the clay content (24.31%, p < 0.05), annual average temperature (23.67%, p < 0.01) and soil pH (21.36%, p < 0.05) (Table 2). In other words, soil properties could explain 76.33% of the variation in NDEP, and of all soil properties, the relative importance of physical properties (54.97%) was larger than that of chemical properties (21.36%).




3.5. OTUs Differential Abundance Analysis between Fresh Soils and Air-Dried Soils


The Wilcoxon signed-rank test following the p value correction was used to determine which specific OTUs changed significantly between fresh soils and air-dried soils. A table of the OTUs used in this study is provided in Table S4. Figure 6 shows that 10 OTUs (including OTU_1615, OTU_9868, OTU_206, OTU_79, OTU_53, OTU_646, OTU_1240, OTU_4, OTU_78, OTU_3, OTU_69, and OTU_42) decreased in relative abundance in air-dried soils compared with that in fresh soils. The difference in relative abundance for these OTUs reached a maximum of 0.20%. The other 12 OTUs (including OTU_5, OTU_215, OTU_260, OTU_29, OTU_487, OTU_211, OTU_346, OTU_4493, OTU_24270, and OTU_2765) increased in relative abundance in air-dried soils compared with that in fresh soils. The difference in relative abundance for these OTUs reached a maximum of 0.88%. Most of the OTUs with increasing relative abundance belonged to the Firmicutes phyla except for OTU_646 (Chloroflexi phyla) and OTU_206 (Proteobacteria phyla) (Table S5). The OTUs with decreasing relative abundance belonged to the Proteobacteria and Acidobacteria phyla.





4. Discussions


With the change in EP as the core concern and guided by the conceptual diagram (Figure 1), taking the fresh soils of a spatial gradient as reference, this study used indicators such as NDEP to evaluate the fidelity of microbial community information in air-dried soils. The results show that the spatial factor significantly contributed to the variation in the microbial community structure in air-dried soils (Table S2), which is consistent with previous studies [2,3]. More importantly, this study found that the level of EP in air-dried soil declined compared with that in fresh soil (Figure 3). Although this novel insight is proposed here for the first time, a similar phenomenon has also appeared in previous studies, but failed to attract attention. In a recent paper on air-dried soil application, the main driving factor, fertilization, could explain a greater amount of the variance in fresh soils than in air-dried soils [3]. This study suggests that errors in the source of variance caused by air-drying preservation should be seriously considered when solving microbial ecological problems with air-dried soil archives, since analysis of the source of variance is the most common indicator to reveal changes in the microbial community.



NDEP, which characterizes the fidelity in the contribution of the driving factors to the microbial community pattern in air-dried samples, was proved to be negatively correlated with spatial distance, as well as environmental difference. Additionally, as shown above, NDEP started from a relatively high value at limited distance and reached a low value at a relatively large distance (Figure 4 and Figure 5), which confirmed the concept that this study initially expected (Figure 1). Not only did it provide a good explanation for the results of previous studies [2], it also provided a chance for tentative prediction and extrapolation on the changing scale. The higher NDEP at smaller scales of spatial distance or environmental difference questions the over-optimistic assertion that air-drying does not affect the soil microbial community structure when using a DNA-molecular method [25]. At smaller scales, which usually mean a relatively small distance in spatial or other ecological factors, or a specific soil type, soil microbial community pattern information could be influenced by the effect of air-drying and archiving [26,27]. At larger scales, which usually means a spatial large distance or environmental difference, soil microbial community pattern information can be well preserved, and kept largely free from the influence of air-drying and archiving [4,28,29,30,31]. The scale is of significance in governing soil microbial community distribution [32]. On a large scale, the distribution pattern generally exhibits the huge difference in the presence or absence of some microbial species caused by strong environmental gradients, which could are hardly affected by the external disturbance of air-drying and preservation [13]. As shown in Figure S2, the presence of dominant species remains unchanged at the phylum level in air-dried soils compared with that in fresh soils. On a small scale, however, the distribution pattern is probably caused by the difference in the relative abundance of species, which could be easily affected by air-drying preservation.



In this study, it was found that, of the various environmental variables, only the AAT, clay content, sand content and soil pH had a significant effect on the change in NDEP change. The importance of these variables for microbial community differentiation has been confirmed by many studies [33,34,35]. With a negative coefficient (Table 2), the greater the difference in these variables, the smaller the NDEP, namely, the smaller bias of EP after air-drying and preservation. This is consistent with the concept diagram mentioned above (Figure 1). These results offer practical guidance when the difference in ecological context variables (especially soil texture, soil pH and AAT, etc.) is greater; air-dried soil archives could serve to reveal the distribution pattern of the microbial community.



It is interesting that the relative abundance of OTUs changed consistently after air-drying and preservation, exemplified by the decrease in Proteobacteria OTUs and the increase in Firmicutes OTUs. This is rarely mentioned in previous studies on applicability in the microbial ecology of air-dried soils. This is consistent with the changes in soil microbial composition under drought stress [36,37].



The reasons for using air-drying as the chosen treatment method applied to fresh soil samples in this research are that: first, air-dried soils are currently and widely archived and have been increasingly developed for the study of soil microbial ecology; second, few studies have mentioned the inadequacy of using air-dried samples. Nevertheless, freeze-drying is also a common treatment of biological samples, and its impact on the microbial community requires further study.




5. Conclusions


Through investigations of the microbial community and comparisons of the source of variance in the community structure between fresh and air-dried farmland soil samples along a spatial gradient, it is clear that air-dried archives could be applied to reveal microbial community distribution patterns; however, the sources of variance were biased compared with fresh soils, and the fidelity of the variance sources was greater under a larger environmental difference or spatial distance. The environmental variables, including soil texture, soil pH, and are important variables for influencing the fidelity of the source of variance. The significance of this study lies in the further refinement of potential application scenarios for air-dried archives, which are more suitable for solving microbial ecological problems at large scales (i.e., environmental difference and spatial distance). In terms of further study, a more successive spatial gradient (e.g., 25 km to 500 km) should be considered to define a more precise relationship of NDEP with scale.
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Figure 1. The concept diagram of the changing fidelity of the source of variation in the microbial community structure in the air-dried soils. It is assumed that the microbial community of fresh soils is governed by driving factors such as spatial factors, fertilization management, etc. After the soil is air-dried, the variance source of the community structure of air-dried soils deviates from that of fresh soils. The degree of deviation varies with the scale of soil samples. In short, when the soil samples are vastly different (e.g., a large spatial distance of thousands of kilometers or an environmental difference represented by acid soil vs. alkaline soil), air-drying counts for a small fraction of the original variance source. In this situation, the microbial community structure of air-dried soils would be consistent with that of fresh soil. If the difference between soil samples is small, the air-drying factor counts for a larger fraction of the variance source rendering the community structure of air-dried soils inconsistent with that of fresh soils. 
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Figure 2. Map of sampling sites in this study. Sampling sites are labeled with red circles and sampling plot names are labeled around sites. The map presents the distribution of five climate zones namely region I to region V, representing the plateau and mountain climate zone, temperate continental climate zone, temperate monsoon climate zone, subtropical monsoon climate zone and tropical monsoon climate zone, respectively. 
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Figure 3. The proportion of explanation for the spatial factor which drives the microbial community structure in fresh soils (blue) and air-dried soils (yellow) (a). The distribution of the difference in the proportion of explanation for the spatial factor between fresh soils and air-dried soils. The x-axis represents frequency, and the blue dash line represents median value (b). 
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Figure 4. NDEP varies with spatial scale (a) and environmental difference scale (b). The blue line in the box represents the median value. 
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Figure 5. The contribution of spatial distance and environmental difference to NDEP based on Variance Partitioning Analysis. The left yellow circle represents spatial distance, and the right green circle represents environmental difference. 
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Figure 6. Extended error bar plot identifying significant differences between mean relative abundance of OTU taxa on treatment Day 0 (Fresh) (blue) and treatment Day 227 (Air-dried) (yellow). The symbols on the right indicate the significant p value. *** represents p < 0.001, ** represents p < 0.01, * represents p < 0.05. The taxonomic assignment of these significantly changed OTUs is provided in Table S5. 
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Table 1. Variation in NDEP values at different spatial scales and environmental difference scales.
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	Spatial Scale
	Spatial Distance (km)
	Median NDEP Values
	Average NDEP Values
	Number





	1
	24.666
	0.061
	0.072
	38



	2
	541.730
	0.014
	0.013
	18



	3
	975.764
	0.015
	0.015
	15



	4
	1020.115
	0.012
	0.011
	30



	5
	1457.705
	0.024
	0.024
	25



	6
	2305.852
	0.012
	0.011
	15



	7
	2452.856
	0.007
	0.010
	30



	Environmental Difference Scale
	Environmental Difference (Euclidean)
	Median NDEP Values
	Average NDEP Values
	Number



	1
	0.577
	0.088
	0.112
	19



	2
	0.945
	0.019
	0.036
	17



	3
	1.324
	0.018
	0.016
	27



	4
	1.535
	0.017
	0.016
	44



	5
	1.772
	0.014
	0.012
	26



	6
	2.061
	0.013
	0.012
	26



	7
	2.450
	0.009
	0.009
	12
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Table 2. Effect of environmental variable distance on NDEP. See Table S3 for model selection.
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	Estimate
	Std. Error
	t Value
	p Value
	Relative Effect of Estimates





	AAT
	−0.03925
	0.008156
	−4.812
	p < 0.001
	23.67%



	Sand
	−0.05083
	0.012719
	−3.996
	p < 0.001
	30.66%



	Clay
	−0.04031
	0.015062
	−2.676
	p < 0.05
	24.31%



	pH
	−0.03542
	0.010842
	−3.267
	p < 0.05
	21.36%
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