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Increasing soil organic carbon (SOC) content is crucial for soil quality and climate change mitigation. SOC monitoring is indispensable to the corresponding policies and should provide results at farm scale to allow for incentives. In Switzerland, farmers perform mandatory analyses of the SOC content of the 0–20 cm topsoil of every field, based on a composite sample, at least every 10 years. The corresponding results are stored in a database in canton of Geneva. These data may be relevant for topsoil SOC monitoring, in particular for carbon sequestration policies, provided that they show appropriate quality, which is analyzed in this study. The minimum detectable change (MDC) of past results calculated based on the observed SOC changes was 0.013% g g–1 at canton scale (2,700 fields). Based on extended sampling of three representative fields, different sampling strategies were simulated to determine the best future sampling guidelines for farmers. Collecting 20 aliquots with a gouge on the field diagonals was considered the best sampling compromise with field MDC of ∼0.1% g g–1 and a sampling duration of 20 min. Compared to this procedure, former farmers’ sampling was not biased in average but showed a variance of 0.22% g g–1 due to smaller number of aliquots and varying sampling depths. Based on the best sampling results and assumptions on farm-scale SOC variance or SOC differences, the MDCs at farm scale ranged from 0.21 to 0.12% g g–1 (5 fields) and 0.09 to 0.05% g g–1 (30 fields), respectively. These MDCs are small compared to published monitoring networks MDCs and allow determining SOC change rates at farm scale, thus offering perspectives for inexpensive and efficient monitoring in the frame of soil quality or climate mitigation incentives. For the latter, however, additional information with equivalent soil mass and deeper-layer carbon content would be necessary.
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INTRODUCTION

The 2015 United Nations Climate Change Conference, COP 21, emphasized the urgency to take measures allowing to keep the temperature increase below 2°C (2015 United Nations Climate Change Conference, 2019). The corresponding measures addressed both the reduction in emissions and the sequestration of atmospheric CO2, the so-called negative emission technologies (NET). The recent IPCC report (Intergovernmental Panel on Climate Change, 2018) was extremely alarming with respect to these objectives. “The current failure to reverse the growth in global emissions means that meeting Paris Agreement targets depends increasingly on deployment of NETs” (European Academies Science Advisory Council, 2019). However, the 2018 assessment report from EASAC (European Academies Science Advisory Council, 2018) estimated that NETs “offer only limited realistic potential to remove carbon from the atmosphere and not at the scale envisaged in some climate scenarios.” In this report, carbon sequestration in soils is considered as the most credible NET because it can be performed at large scale without large investments and technology development (European Academies Science Advisory Council, 2019). The 4 per 1,000 initiative (Minasny et al., 2017) assumed that an annual growth rate of 0.4% in the soil organic carbon (SOC) stocks would halt the increase in the CO2 concentration in the atmosphere related to human activities. The potential of agroecology and conservation agriculture to increase SOC stocks is emphasized, although the potential of these cropping systems to meet 4 per 1,000 objectives is largely disputed (De Gryze et al., 2009; Dimassi et al., 2014; Powlson et al., 2014; Baveye et al., 2018).

The potential for atmospheric carbon sequestration in soils is supported by the estimation that conversion of natural to agricultural ecosystems caused depletion of the SOC pool up to 60% in soils of temperate regions and 75% or more in soils of the tropics (Lal, 2004).

Indeed, increasing the soil carbon content is not a matter of climate change mitigation at first. The millennium assessment (Hooper et al., 2005) allowed to understand that soil functions are the cornerstone of ecosystem services. Soil quality, defined as the ability of the soil to function (Karlen et al., 2008), is largely depending on the topsoil SOC content (Bünemann et al., 2018). SOC decrease strongly impacts soil quality (Lal, 2006), in particular its physical resistance and resilience (Kay, 1998). Owing to the multiple benefits of SOC to soil quality, in particular soil fertility in a broad understanding (King et al., 2020), increasing SOC content is an environmental and agronomical emergency regardless of climate questions. The requirements in SOC content with respect to soil physical quality were recently defined by Johannes et al. (2017), who showed that soil structure vulnerability is proportional to the SOC to clay ratio. This ratio should not be smaller than 10% for acceptable structure vulnerability.

There are, therefore, multiple reasons to foster carbon sequestration in soils, which requires to closely monitor SOC content. The minimum detectable change (MDC) of a monitoring network defines a limit of detectability below which changes cannot be statistically assessed. MDC depends on the variance of the considered property and the number of sampling points (Zar, 2007).

Soil organic carbon monitoring networks are usually dedicated to assessing SOC changes at regional scale and are based on a network of sampling sites (Arrouays et al., 2014). Each site usually represents a small area, e.g., 10 × 10 m for the Swiss National Monitoring (Gubler et al., 2015). Aliquots are collected within the sites to form spatial composites for SOC analysis, thus averaging the site-scale spatial variability.

Promoting SOC sequestration in cropland, however, is not only a matter of regional monitoring. Because each farm is the operational management unit, carbon sequestration should be rewarded at farm scale. Therefore, SOC changes must be detected at farm scale with appropriate MDC, which is usually not provided by current monitoring networks. Moreover, it is highly preferable to adopt result-oriented management schemes rewarding effective sequestration than to subsidize the adoption of practices assumed to allow for sequestration as action-oriented schemes do (Burton and Schwarz, 2013). In this review, it is shown that “encouraging farmers to conduct their own monitoring has the added bonus of increasing the social value of expertise in identification and boosting the opportunity for the development of new cultural, symbolic and social capital.” Therefore, “indicators should be sensitive enough to deliver locally appropriate results and be able to entice farmers to participate but, at the same time, be not overly difficult or expensive to administer.” When it is not possible to develop simple, reliable, and self-monitorable indicators, result-oriented schemes are simply not effective in meeting the provision goals. This is particularly true for SOC, whose deficiency is not well perceived by farmers (Hijbeek et al., 2017), while farmers commitment is considered a key for sustainable management (Dal Ferro et al., 2020).

Since 1998, Swiss farmers have to sample their soils to analyze the soil organic matter (SOM) content of the top 0–20 cm layer of every field at least every 10 years to receive the state subsidies for ecological services. The farmers are assumed to provide a composite sample based on 10–15 aliquots taken from the topsoil (0–20 cm depth) of each field, and the analysis must be performed in a certified laboratory. In the Canton of Geneva, these mandatory analyses were performed according to Walkley and Black (1934), and stored in the Geographical Information System of the canton SITG (SITG, 2019) since 1993. In December 2017, Geneva canton has adopted a climate plan aiming, among others, at sequestrating 15,000 tons of CO2 per year in the arable land (Plan climat cantonal-Volet 2, 2017).

This paper aims at analyzing to what extent the mandatory analyses made after farmer’s sampling in the frame of the current Swiss agri-environmental management scheme meet the MDC requirements for SOC content monitoring from regional to field and farm scale. The conversion of SOC content into SOC stocks, which should accompany the implementation of the soil carbon sequestration part of the climate plan, is not considered in this study.



MATERIALS AND METHODS

The study was conducted in three steps. Three fields with different SOC content and spatial variability, representative of the cultivated fields in the region, were sampled to determine the MDC of field SOC content as a function of the location and number of the aliquots used to make the composite sample. A “best sampling practice” guideline for farmers was derived from these results. Current farmers’ sampling practices were inquired, and the analyses of their composite samples were compared to the “best practice” samples, which allowed to determine the MDC of past analyses stored in the data base. The suitability of farmer’s sampling to meet the SOC content estimation requirements in terms of MDC and SOC error were then discussed from canton to farm and field scale.


Canton of Geneva SOC Database

The Geographical Information System of the canton SITG (SITG, 2019) contains the analyses of all cropland fields since 1993. Arable land in canton of Geneva represents about 9,000 ha with 2,700 fields that were sampled by farmers at least every 10 years since 1993 for mandatory analyses. The most common soil type is Cambisol (Food and Agriculture Organization, 2014) developed on moraines. The composite samples collected by farmers were brought for analysis to the ISO17025 certified Soils and Substrates laboratory of the Swiss University of Applied Sciences, Geneva. The samples were sieved to 2 mm and dried to 40°C, prior to SOC analysis following Walkley and Black (1934). According to these data, the average SOC content of the soils is 1.55% g g–1 with 0.48 standard deviation.



Field Sampling

Three fields representatives of the cultivated soils of the canton (in soil type, surface area, SOC content, and cropping history), constituted of cambisols, with different SOC content and cropping history, were intensively sampled. The fields, denoted J, C, and W covered areas of 2.6, 3.3, and 6.4 ha, respectively, with average SOC content of 1.2, 1.6, and 1.4% g g–1, respectively. Field J was under conventional tillage. Field C was cultivated under conservation agriculture for 10 years and showed the largest SOC content, while on field W, the farmer recently started no-till management.

In each field, 150 samples were collected with a gouge auger (Eijkelkamp® 2.5 cm inside diameter) in the 0–20 cm topsoil layer after removal of the surface residues. After exclusion of wheel tracks and 10-m large strips along the field limits, the sampling points were distributed on a stratified random network (Webster and Oliver, 1992) made of two embedded grids of large and small grid size, respectively. In each large grid cell, 2 points were randomly selected on the nodes of the inner grid. The larger and thinner sampling grid sizes were 20 and 4 m for fields C and J, and 30 and 6 m for W field, respectively. Each sample was analyzed for SOC content according to Walkley and Black (1934) after 2 mm sieving and drying at 40°C.



Simulation of Farmers’ Sampling

We first used the 150 SOC content analyses of each of the three field to create high resolution (1 × 1 m grid) SOC maps with kriging (Journel and Huijbregts, 2004), using the R® package Georob version 0.3–10.

The predicted soil maps (Figure 1) were used to simulate different possible trajectories of sampling to collect composite samples made of 5–25 sampling points. The tested sampling trajectories were single-diagonal, double-parallel transect, and double-diagonal (X shape) trajectories (Figure 2). Sampling points were assigned to each trajectory type with 500 repetitions at random, namely by (i) introducing a random component on the coordinates, which was smaller at the ends of the trajectory than in the middle, to simulate farmer’s walk in the field, and (ii) by adding a random error to the estimated SOC value based on the estimation variance (Figure 2). For each virtual composite sample, we computed mean, and standard deviation of the SOC content extracted from the predicted maps.
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FIGURE 1. Predicted soil organic carbon (SOC) maps of the three fields. SOC was estimated on a grid of 1 × 1 m by kriging.
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FIGURE 2. Different types of simulated trajectories: (A,B) single-diagonal, (C) double-parallel transect, and (D) double-diagonal (X-shape), and (E) example of 500 simulated single diagonals with 15 sampling points, J field.




Minimum Detectable Change

The MDC of a sampling network can be calculated with two methods (Saby et al., 2008). If the monitoring network of SOC provides n analyses of the same i sites at different times t0 and t1, the average difference [image: image] between the SOC analyses is estimated as:

[image: image]

If Sd2 is the estimate of the variance of the differences, the MDC of SOC is:

[image: image]

where zα is the value of the standardized normal distribution at probability α (taken at 5% in the following, zα = 1.96). When differences are not available, the MDC can be estimated with the observed variance of SOC (de Gruijter et al., 2006) as:

[image: image]

where n is the number of points, and S2 is the variance of SOC in the considered area.



Farmers’ Sampling

The sampling error of past SOC analyses of field composite samples stored in the SITG database depends on how the fields were sampled by farmers. This is likely to vary compared to the “best procedure” tested in this study, since poor recommendations were formerly provided to farmers. The following investigation to estimate this “past” error compared to future guidelines was performed. After receiving soil for field mandatory analysis, we contacted the farmer to (i) immediately sample again his field (during the same week and before any operation was carried out) with the selected sampling procedure determined below and (ii) ask him how he proceeded (number of samples in the composite, depth, and sampling strategy), and the reasons for this operating mode. Comparing the SOC content of farmers and “best procedure” composite samples allowed to calculate the farmers’ sampling error to consider for the past SITG SOC data. All contacted farmers accepted the new sampling of their soil and to answer the inquiry. A total of 55 fields cultivated by 49 farmers were sampled a second time after farmer sampling, with 20 samples collected on the X-shape trajectory forming the composite.



RESULTS AND DISCUSSION


SOC Properties in the Database and in the Sampled Fields

The mean and standard deviation of SOC as determined from the analyses of the 150 samples from each of the three fields are reported in Table 1.


TABLE 1. Mean value of soil organic carbon (SOC) content (% SOC g g–1) in the simulated composite samples, and standard deviation (SD), for the different simulated sampling trajectories and number of samples to form the composite.

[image: Table 1]The C field, under conservation agriculture for 10 years, was not only the most heterogeneous but also showed largest SOC content. As expected, the field J managed with conventional tillage showed the smallest SOC content and variability. The experimental semivariograms were calculated for each field, and their fitted properties are reported in Table 2.


TABLE 2. Properties of the fitted semivariograms of the sampled fields, spherical model.

[image: Table 2]


Best Field Sampling Procedure

The average and standard deviation of the SOC composites estimated from the different trajectories and different number of samples in the composite for each of the three fields are reported in Table 1. Mean values and standard deviations are close between trajectories, the closest estimation to the observed means being provided by parallel and X-shape sampling trajectories, compared to single diagonals. The decrease in standard deviation is marked until 20 samples, and the difference is smaller between 20 and 25 samples (Table 1). Therefore, we considered the X-shape trajectory with 20 subsamples forming the composite as the best practical compromise, taking into account that two parallel lines involve a risk to sample a former manure reclamation line. This sampling procedure takes ∼20 min for the experimented field size. The corresponding standard deviations were 0.04, 0.06, and 0.05% g g–1 of SOC for W, C, and J fields, respectively, (Table 1). The average error on the SOC value for 20 subsamples collected following an X-shape sampling to form the composite is smaller than 0.03% g g–1 compared to observed SOC mean value for the different fields.

However, in these simulations, the analytical variance of SOC analysis (determined as 0.0017 by the laboratory) is not taken into account because of the large number of trajectories simulated. In the case of a single composite sampling, only one analysis is performed. Therefore, the variances reported in Table 1 can be considered as the sampling variance to which the analytical variance should be added, as presented in (Ramsey, 1998).



Farmers’ Sampling

On average, the difference between SOC estimated by farmers and SOC estimated with the second sampling was -0.026% g g–1 and was not significant. The variance of the difference was 0.05 corresponding to a standard deviation of 0.22% g g–1. This variance is, therefore, an estimation of the field sampling variance for past analyses. Farmers made composite samples from seven aliquots on average. Forty-two out of 49 farmers sampled randomly following a single diagonal or double diagonal (X-shape), and 29 out of 49 sampled in the 0–20 cm layer. Although other sampling depths (e.g., 0–10, 10–25, etc.) were denoted, the sampled layer always belonged to the plow layer except one case. Since the earliest conversions to Conservation Agriculture occurred in 2008 only in the canton, most fields show a relatively homogeneous SOC content down to the plow layer, the depth of which was 30 cm in general, thus explaining the small observed error despite the various sampling depths used.

All farmers that took part in the survey stated that their sampling strategy followed recommendations they received from different sources, which we could verify. This is very encouraging, since we may expect a large majority of the farmers to apply an officially recommended best sampling practice in the future.



Minimum Detectable Change at Regional, Field and Farm Scales

At canton scale, the standard deviation of the SOC content of the arable land (0.48% g g–1) allowed to calculate the MDC using Eq. (3). However, the database also allowed to calculate the standard deviation of the difference between two consecutive sampling dates. We selected 390 fields whose second sampling time occurred in the last decade and whose field area and shape were unchanged at the two sampling dates. The average time lag between the sampling dates was 9.9 years because, in some cases, the mandatory analysis was performed earlier than required. The standard deviation of the difference was calculated as 0.35% g g–1 (variance, 0.12). We used Eq. (2) to calculate the MDC on the network formed by the 2,700 cropped fields (arable land) based on this standard deviation. The corresponding MDCs are of 0.013 [Eq. (2)] and 0.026% g g–1 [Eq. (3)], respectively. The two estimations are close, which supports the assumption made by de Gruijter et al. (2006) to calculate the MDC based on the observed variance [Eq. (3)]. This was also verified in the case of SOC content for England and Wales soils by Saby et al. (2008), although in both cases the standard estimation and MDC were overestimated by the latter method. According to these results, the SOC monitoring based on farmer’s sampling and mandatory analyses at canton scale provides smaller MDC than those reported for different European countries networks by Saby et al. (2008). Note that if the two consecutives dates were closer than 10 years, the variance of the difference could be smaller, hence resulting in a smaller MDC as calculated with Eq. (2), and vice versa. This could be further investigated, if rewarding carbon sequestration on shorter time lag than 10 years was considered.

At field scale, the MDC of X-shape trajectory for the different number of samples in the composite at a level of 95% confidence can be calculated as 1.96∗S, with S2 the variance of this sampling trajectory calculated as the sum of the sampling variance of the considered trajectory (Table 2) and the laboratory SOC analysis variance (0.0017; Ramsey, 1998). The MDCs were also calculated with Eq. (3) for each of the three fields and from the average variance of these fields. The results yielded by the two methods are reported in Table 3. Average values of MDCs are unsurprisingly similar with the two calculation modes. For X-shape trajectory and 20 subsamples in the composite, and based on the simulated composites, the average MDC was 0.10% g g–1, with values of 0.07, 0.15, and 0.08% g g–1 for W, C, and J fields, respectively. Assuming a bulk density of 1.35 g cm–3 (average value for the cropland topsoil of the canton) and an average SOC of 1.55 g g–1, the 0.1% g g–1 MDC corresponds to 2.7 t ha–1 of C in the 20-cm topsoil layer and 6.5% of the C stock in this layer.


TABLE 3. Minimum detectable change of soil organic carbon (SOC) content (% g g–1) as determined (i) from simulated repeated sampling on the two diagonals using the variances in Table 1 and (ii) using the observed average variance for each experimental field, and average values.

[image: Table 3]At farm scale, the MDC of SOC depends on the number of fields in the farm. Most Swiss farms have 10–30 fields, and the average number in Geneva is 20 (HSSO, 2019). To cover a wide range of cases, we considered farms with 5–30 fields, using 20 samples per field to form the composite. MDCs were calculated in two ways: (i) using Eq. (3) and considering the variance of SOC at farm scale and n the total number of samples collected to calculate the average SOC content, namely 20∗(number of fields) or (ii) using Eq. (2), considering the variance of the difference between two consecutive field sampling at farm scale, with n taken as the number of fields. In the first case, an assumption must be made on the variance of SOC at farm scale. In the second one, an assumption on the farm-scale variance of the differences in SOC values between two sampling campaigns must be made. We assumed a SOC variance of 0.2 at farm scale (reminding that it is 0.3 at canton scale), and we assumed that the variance of the differences at farm scale was 0.06, namely, half of the variance of the differences between consecutive sampling at canton scale. Both assumptions are likely to overestimate the variance and the resulting MDCs, which should be further investigated, however. The corresponding calculated MDCs are reported in Figure 3. The calculated MDCs with the two approaches are very close and decrease with the number of fields, from 0.21 to 0.09% g g–1 [Eq. (2)] and 0.12 to 0.05% g g–1 [Eq. (3)] for 5–30 fields, respectively. In a small farm with 5 fields, an MDC of 0.12% g g–1 SOC means that a yearly SOC change of 0.024% g g–1 would be detectable after 5 years, and in a mid-size farm (15 fields), an MDC of 0.07% g g–1 SOC means that a yearly SOC change of 0.014% g g–1 would be detectable after 5 years, which correspond to annual sequestration rates of 16 and 9‰, respectively, at the observed mean SOC content of Geneva fields. According to the dataset used to calculate the standard deviation of the differences between two consecutive sampling, the annual rates of SOC change observed in Geneva range between −35 and + 40‰ (Figure 4). These SOC changing rates are in the range of values reported for conservation agriculture in the review of (Minasny et al., 2017).
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FIGURE 3. Minimum detectable change of soil organic carbon (SOC) at farm scale, as a function of the number of fields. Black dots: calculated using Eq. (2) and the estimated variance of the difference between two consecutive analyses at farm scale; gray dots: calculated using Eq. (3) and the estimated variance of SOC content at farm scale.
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FIGURE 4. Histogram of the observed annual soil organic carbon (SOC) change rate for 390 fields of arable land from canton of Geneva. Time lag between two SOC analyses 10 years and sampling performed by farmers.


The SOC variances observed at field and canton scale are in the range of values commonly observed for arable land, after exclusion of organic soils and for fields of <10 ha surface area as reported in the meta-analysis of Saby et al. (2008). Therefore, our results may apply in a wide range of situations, keeping in mind that the variance at field scale is increasing with field area (Saby et al., 2008) and that the variances of SOC and SOC differences at farm scale were assumed a priori and are likely to be overestimated, which should be further determined.

For fields ranging from 2.5 to 6.5 ha fields, the X-shape trajectory with 20 sampling points was the most effective and easy to apply method, thus our favorite for best practices guidelines. Our results show that former sampling by farmers was neither standardized nor optimized in sampling depth, trajectory, and number of samples forming the composites. However, they followed some sampling guidelines they received, which is very encouraging for the future application of sampling guidelines.

The corresponding MDCs are small compared to published values according to the meta-analysis of Saby et al. (2008). From this point of view, farmers’ sampling for mandatory analyses represent a high-quality SOC monitoring at regional scale, even in a small canton such as Geneva with a relatively small number of fields. It would be even smaller for larger cantons or at country scale. Moreover, in Switzerland, this monitoring is available without additional expenses since it is based on mandatory analyses automatically stored in the canton GIS. Such a result was not expected by experts, who tend to trust on experts sampling or technology despite the many drawbacks in terms of cost and limited use.

Indeed, the major advantage of such a monitoring is not the small MDC at regional scale, however. First, the results are available at field and farm scale, which is not the case for published monitoring networks, usually performed on repeated sampling of small areas, thus neither representing the field containing the site nor the farm. Such a monitoring allows to know if SOC has increased or decreased at network scale but would not allow rewarding farmer’s results. Second, because the sampling is performed by farmers, the resulting SOC estimation is much more reliable to farmer’s eyes than any expert-operated measurement. Therefore, the corresponding SOC satisfies a fundamental indicator requirement in the perspective of result-oriented management scheme (Burton and Schwarz, 2013), which is a guarantee of farmers commitment and motivation, and is a requisite for the implementation of carbon sequestration incentives in arable land in the frame of soil quality management.

Monitoring carbon stocks for climate plans, however, requires additional information, such as soil bulk density, and should consider SOC stock on the 0–30 cm depth layer at least (Eggleston et al., 2008). The simplified Equivalent Soil Mass procedure proposed by Wendt and Hauser (2013) applies to composites samples collected with a gouge and could be adapted to the present case to meet the requirements for the Geneva climate plan, as currently investigated. If so, little additional efforts would be expected from farmers, which is important since complicated procedures may jeopardize their willingness to follow the corresponding guidelines. Collecting the 20–30 cm composite would allow both complying with international standards and apply the method proposed by Wendt and Hauser (2013). This should be considered since, under conservation agriculture, a decrease in SOC content below 10–15 cm depth compared to conventional tillage was reported after long-term experiments, which may balance the increase observed in the top layer (e.g., Balesdent et al., 2000; Hernanz et al., 2002; Dimassi et al., 2014).



CONCLUSION

This study allowed to propose sampling guidelines to farmers, namely, collect a composite made of 20 aliquots collected on the two field diagonals, for optimal SOC content estimation in the 0–20 cm depth layer of a field, which is the required sampling depth in the Swiss mandatory soil analysis system. It was performed on fields of <10 ha surface area and average SOC content of 1.5% g g–1. A composite sample made of 20 aliquots collected using a gouge along the two diagonals of the field was a good compromise in terms of minimum detectable change (0.17% g g–1), mean SOC estimation error (<0.03% g g–1), quickness (20 min), and ease of sample collection. Farmers past sampling practices were less accurate. Nevertheless, with an additional field sampling variance estimated to 0.22% g g–1, on average, these results were good in a perspective of SOC monitoring. At canton scale, the proposed field sampling scheme provides an MDC smaller than 0.03% g g–1 for SOC, which is small compared to published MDCs of monitoring networks, with almost no cost since these analyses are already available. The small MDC is explained by the large number of sampling sites in the monitoring, namely, the 2,700 cropland fields in Geneva. At farm scale, an MDC of 0.07% g g–1 is expected for 15 fields, which means that annual increases of < 0.02% g g–1 SOC would be detectable after 5 years.

The major strengths of this monitoring are with respect to farm scale and farmers’ commitment. Contrarily to classical SOC monitoring networks, determining the SOC content of each field with farmers’ sampling allows monitoring SOC changes at farm scale, thus opening the door to result-oriented management schemes, such as expected for rewarding carbon sequestration in the frame of climate plans.
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