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Abstract

:

The nitrate concentration in the subsoil moisture of the vadose zone is an important indicator for future groundwater quality, which is classically determined via centrifugation. Batch extraction is an inexpensive and easy alternative method, but whether these methods measure the same soil water, nitrogen species, and nitrate concentrations is unclear, in particular for loess soils. Two experiments were carried out to assess the differences in nitrate and other anion concentrations between centrifugated soil moisture (centrifugated at different speeds and times) and batch extractions (using double-distilled water and 0.01 M CaCl2). Batch extraction resulted in lower nitrate (−20%) and chloride (−15%) concentrations than centrifugation, mainly due to anion exclusion, where soil microporosity controls the contribution of diffusion, denitrification, and leaching processes. Vice versa, batch extraction overestimated the concentration of nutrients that occur as precipitates in or sorb the soil matrix, such as sulphate (+50%) and ammonium (+96%). Batch extractions can only be used as a proxy to determine actual nitrate concentrations of soil water. However, they are useful to monitor changes in nitrate leaching over time in response to (policy) measures taken. They can also be used as “early warning indicator” and to improve the reliability of spatial explicit monitoring networks.
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1. Introduction


Nitrogen (N) is an important nutrient in agriculture. Since the 1940s, European agriculture has intensified, greatly relying on the use of large amounts of N fertilisers and manure to accelerate crop production. A substantial part of the added nitrogen is lost to the environment, since only 60 to 65% of the added N is taken up by crops in the European Union [1]. The N surplus, being the N not taken up by crops, is largely lost to the environment, with undesired impacts on air, groundwater, and surface water quality. This poses a threat to both the aquatic environment and human health [2,3]. Policies have, therefore, been adopted to reduce the negative impacts of N use, including the National Emission reduction Commitments Directive (for ammonia and NOx), the Birds and Habitats Directive (for biodiversity), the Water Framework and Nitrates Directive (for water quality), and the Paris Climate Agreement [4] (for greenhouse gases). Through the so-called Farm to Fork Strategy, the EU Member States aim to establish a sustainable food production system characterised by high nutrient use efficiencies to protect the environment, preserve biodiversity, and tackle climate change [5]. Agriculture has, therefore, to increase the nitrogen use efficiency (NUE) by optimising crop, soil, and fertiliser management.



The Nitrates Directive additionally obliges Member States to implement measures to decrease the N losses to the groundwater and surface water and to monitor the current state, as well as the impact of measures taken to reduce the losses. In the Netherlands, the nitrate concentration in water leaching from the root zone of agricultural fields is, therefore, monitored at 450 farms, representing more than 80% of the agricultural land [6]. Nitrate concentrations are measured in pore water being extracted via centrifugation.



There are several methods to sample root zone leachate within the vadose zone, which differ in complexity, cost, and labour intensity [7,8,9,10,11,12,13,14,15]. Centrifugation [16,17], pressure filtering or squeezing [18,19], and batch extraction [20,21] are often used for the soil moisture extraction from soil samples taken from the soil layer directly below the rooting zone. Centrifugation has been shown to sample the same water pool (low tension, mobile water) isotopically as (non-destructive) suction cups [22], whereas methods using vapour equilibration, microwave extraction, or cryogenic extraction might affect the composition of the water extracted [23]. Centrifugation is often usen in monitoring programs as a robust, reproducible, and standardised way of determining solute concentrations in pore water in silt loam subsoils [24,25], including the assessment of ion concentrations in pore water [26,27] and the monitoring of nitrate leaching [28,29]. However, centrifugation is more costly and labour-intensive than batch extraction, where the latter might offer an alternative and less expensive method to facilitate national monitoring of nitrate leaching.



Batch extraction is a simple extraction method [30]. A soil sample is split into two subsamples. A certain amount of extraction solution is added to the first subsample. Once the solution is in equilibrium with the soil moisture, the solution and soil are separated, and the concentration in the solution is determined. The other subsample is used to determine the soil moisture content and, subsequently, a dilution ratio based on both subsamples. The concentration in the soil moisture of the undisturbed soil sample is calculated using the dilution ratio given the moisture content of the soil. Batch extractions are commonly used for routine agricultural soil analyses, as well as environmental assessments [30,31,32], but it remains unclear whether both methods extract the same water pool and are able to detect (changes in) nitrate concentrations in the vadose zone of loess soils. This is particularly true for nitrogen species since the extraction conditions might impact both the N species determined and their concentration [20,21,33], in particular for ammonium and extractable organic nitrogen [34].



Variation in the extraction conditions leads to differences in the occurrence of geochemical processes in the soil sample and, thus, affects the measured ion speciation and concentration in the soil moisture. Anions such as nitrate and chloride, however, are assumed to be hardly influenced by the adsorption–desorption or precipitation–dissolution processes, specifically in soils without anion exchange capacity [35]. This suggests that both batch extraction and centrifugation can be used to measure nitrate concentrations in the vadose zone of agricultural soils. However, the transport of anions in loamy and clayey soils is known to be influenced by anion exclusion [36]. Due to the negatively charged particles in the walls of pores, anion concentrations in soil moisture are lower near the wall and higher near the centre of the pore [37]. Although the effect of anion exclusion on transport has been studied extensively [38,39], the implications for the sampling methodology to assess the risk of nitrate leaching remains unknown. For example, Reference [40] concluded that dilution effects for nitrate were adequately accounted for by assuming no buffering by soil particles for three clay loams with strongly different parent materials (basalt, sandstone, and siltstone). Similarly, Reference [20] reported no consistent impacts of the soil-to-solution ratio on nitrate concentrations in loess topsoil samples. Nevertheless, Reference [41] reported an increase in nitrate concentrations when they decreased the soil-to-solution ratio using silty and clay-rich subsoil samples. Furthermore, Reference [42] showed that nitrate is partly immobile in loess subsoil and that, by choosing a particular extraction solution, one can select the nitrate compounds that are sensitive to leaching.



There have only been a few studies that have investigated both the batch extraction and centrifugation methods [19,43,44,45,46,47] while focussing on the differences for dissolved organic nitrogen compounds, electric conductivity, and inorganic contaminants. As far as we know, there are no studies that compare batch extraction and centrifugation with regards to the nitrate concentration in soil moisture. This raises the question of whether batch extraction can be used instead of centrifugation to determine the nitrate concentrations in soil moisture in the unsaturated subsoil and, secondly, what the potential consequences are for the estimated nitrate leaching risks to groundwater.



The objective of this study was, therefore, to determine whether batch extraction could be used instead of the centrifugation method to measure the nitrate concentration in soil moisture within the unsaturated zone of loess soils. This study focused on two regularly used batch extraction methods using fresh soil samples, which were extraction with double-distilled water and extraction with a 0.01 M CaCl2 solution. We compared the nutrient concentrations between centrifugation and batch extraction, as well as their ratios (NO3 to Cl and SO4 to Cl), assessed the potential impact of anion exclusion, and explored whether differences between both methods can be quantified in response to a variation in the soil properties.




2. Materials and Methods


2.1. General Setup of the Study


Two experiments were designed to unravel differences between nitrate concentrations in soil moisture determined by batch extraction and by drainage centrifugation. The first experiment aimed to determine how much residual nitrate remains after drainage centrifugation (accounting for differences in centrifugation conditions) and can be extracted by batch extraction afterwards (details in Section 2.4). The second experiment compared batch extraction and centrifugation for a series of soils (n = 14 soils, 3 depths, 2 duplicates), where both methods were used (details in Section 2.5). The batch extractions included extractions with pure water and 0.01 M CaCl2, both performed at relatively small soil-to-solution ratios (1:1 to 1:2 v/v). Differences between pure water and CaCl2 effects clarified the impact of anion exclusion, where pure water would lower the ionic strength and, thus, lead to another equilibrium for substances that may be adsorbed by the soil matrix or can precipitate or dissolve. The relatively small soil-to-solution ratios were selected to maximise the potential differences between both methods: (i) the smaller the ratio, the smaller the effect on the calculated concentration in the soil solution is; (ii) it minimises the number of values below the limit of detection.




2.2. Site Description and Sampling


Soil was sampled from agricultural fields in the loess region in the southern part of the Netherlands (see Figure 1). The landscape is slightly undulating (20–325 m above sea level). In the western part of the region is the river plain of the River Meuse, which flows south to north in this region. To the east of this river plain are plateaus covered with a 2–20 m-thick layer of loess [48]. The main soil types are characterised as Eutric-Gleyic Fluvisols in the river plain and Haplic Luvisols outside the river plain [49]. The climate is temperate maritime, with annual precipitation ranging from 775 mm in the northwestern part to 925 mm in the southeast [50].



Soil samples for Experiment 1 were collected in 2014 at four fields (A to D, Figure 1), following standardised procedures described by [24]. At each location, five drillings were carried out (semi-replicates). Each drilling resulted in eight replicate samples of the subsoil, representative of the subsoil between 1.5 and 3.0 m below the surface. In total, 40 (semi-)replicate samples of 0.5 kg were collected for each of the four locations.



Soil samples for Experiment 2 were collected in 2015 from 14 fields within drinking water protection areas (light blue areas, Figure 1). In each of the selected fields, a borehole was drilled using an Edelman auger at two locations, representing different conditions within that field. Per borehole, duplicate samples were taken at three depths (3.3–3.5, 4.3–4.5, and 5.3–5.5 m below the surface), unless sampling was restricted by the presence of chalk or gravel. At each sampling depth, two samples were taken using stainless steel tubes (length 0.240 m, diameter 0.038 m, content 0.226 L). The tubes were sealed and stored in a dark and cool environment until processing. In total, 77 samples were collected.




2.3. Soil Analysis


Standard soil analyses were performed for all samples of Experiment 1 by the Eurofins Agro laboratory in accordance with Dutch or international standard procedures: soil texture (NEN 5753; sand (>50 μm) gravimetric, clay (<2 μm) density measurement using Stokes formula, silt calculated), organic matter (NEN 5754, weight loss at 550 °C), inorganic carbon (ISO 10694, 1000 °C with infra-red spectrophotometry), cation exchange capacity (CEC) (ISO 23470, extraction with 0.0166 M cobalt hexamine tri-chloride), and pH (NEN-ISO 10390, 1:10 v/v 0.1 M KCL and 1:10 v/v water suspension). Soil moisture content was determined for a separate replicate sample per borehole by weight loss at 105 °C for 48 h in the laboratory by TNO.




2.4. Experiment 1: Centrifugation and 1:1 Water Extraction


Soil samples were removed from the refrigerator and stored at room temperature in the dark for at least 12 h before processing to avoid condensation on the wall of the container. Replicate samples were centrifuged at five centrifugation time levels and five relative centrifugal force levels to elucidate the impact of both factors on the ion composition and ion concentration of the centrifuge. A preliminary test was performed with the soils of Location D to quantify the combined effect of force and time on soil moisture extraction efficiency. The soils from Locations A to C were centrifuged at two force levels (733 g and 6579 g) and five time levels ranging from 20 to 240 min in order to quantify the impact of centrifugation time. In addition, soils from Locations A to D were centrifuged at one time level (35 min) and five force levels ranging from 117 to 14,191 g. In total, 48 solute concentrations were available for the data analyses (time series: 2 force levels × 5 time levels × 3 locations = 30, force series: 5 force levels × 1 time level × 4 locations = 20). Further details about the experimental setup and chemical analysis are given in [24].



After centrifugation, the samples were stored in glass containers in a refrigerator until processing for batch extraction. When processed, each centrifuged soil sample was mixed briefly (30 s) in a 2 L polypropylene box with a porcelain spatula and subsampled for the determination of the remaining moisture content and batch extraction. Batch extractions were carried out in triplicate (see Figure 2). In summary, 50 g of soil was placed in a 500 mL polyethylene jar, and then, 50 g of Milli-Q water was added. The jars were closed with a lid and placed on a horizontal shaker (IKA HS501 digital) during 60 min (200 min−1 at 30 mm). The solution was separated from the soil by centrifugation in glass centrifugation tubes (Sorvall T6000 D, 60 min at 1900 rpm) and then filtered over a 0.45 μm polyethersulfone filter using a polypropylene syringe. Soil moisture was determined by drying 100 g of soil for 24 h at 105 °C. Solution samples were analysed for nitrate, chloride, and sulphate via ion chromatography (internal procedure AC-W-066) and for ammonium (acidification with H2SO4, pH < 2; spectrophotometry-continuous flow analysis; internal procedure AC-W-027).




2.5. Experiment 2: Centrifugation and 1:2 CaCl2 Extraction


Soil samples were split, where one part was centrifuged at 6597 g for 35 min (see Figure 2) in accordance with the procedure described by [24] and one part was extracted via batch extraction. Centrifugated solutions were analysed for nitrate, chloride, sulphate, and ammonium, as described above. The sample for batch extraction was subsampled for (i) the determination of moisture content by drying 50 mL of soil at 105 °C until its weight did not change and for (ii) batch extraction. For batch extraction, soil was added to a glass vessel with 0.100 L of 0.01 M CaCl2 solution up to a volume of 0.150 L (soil-to-liquid ratio 1:2 v/v) in accordance with the method of [51]. The vessels were placed on a horizontal shaker for 60 min (200 min−1 at 30 mm). The solution was separated from the soil by filtration using a 0.45 μm filter. The solution was analysed for nitrate and ammonium by means of colorimetry [51].




2.6. Data Analysis


For batch extraction, the solute concentration in the soil moisture (C0) was calculated by multiplying the measured concentration in the batch extract (Cb) by a dilution ratio. This dilution ratio was calculated based on the soil moisture content (W) measured in the first subsample, the weight of the solution added (Vsolution) to the second subsample used for extraction, and the weight of this fresh (wet) sample (Vsoil):


C0 = Cb × (Vsolution × (1 + 1/W) + Vsoil)/Vsoil



(1)







If the weight of the added solution and the fresh soil sample were exactly the same, this formula was reduced to: (1)


C0 = Cb × (2 + 1/W)



(2)







For Experiment 1, the soil moisture solute concentration by batch extraction of a fresh (non-centrifuged) soil sample was calculated as the weighted mean of the concentration in the centrifugation extract and the concentration in the batch extract of the already-centrifuged soil sample.



Data controls discovered unrealistic results in Experiment 1 for one of the triplicate batch samples from Location B, which was centrifuged at 7500 rpm for 35 min before batch extraction. Nitrate, chloride, or sulphate concentrations in this sample were all below the limit of detection, while in the other two triplicates, the concentrations found were 186 mg/L, 35 mg/L, and 66 mg/L, respectively. Therefore, this single sample was removed before analysis. All nitrate data were used in the analyses of Experiment 2, using the detection limit values when concentrations were not detectable, but additional analyses were performed without values below the detection limit to check their effect on the results.



Data handling and statistical analysis were performed with R (4.2.1) [52]. For data handling, the tidyverse package was used [53]. As multiple samples were collected in each of the fields for both experiments, mixed-effect models were used to analyse the difference in nitrate, ammonium, chloride, and sulphate concentration between the batch and centrifugation method, their relationship, and the effect of other parameters on the difference between the methods. For this modelling, the nlme package [54] was used with “field” as the random variable in the first experiment and “sampling point within field” in the second experiment. The confidence interval (CI) and prediction interval (PI) were calculated as described in [55]. To estimate the marginal means, the packages emmeans was used [56].





3. Results


3.1. Experiment 1


Soil moisture content ranged from 17.2 to 25.7% (w/w) with a mean of 21.9%. The concentrations of nitrate, ammonium, chloride, and sulphate in the centrifugation and batch extracts are given in Table 1 and shown in Figure 3. The ammonium was below the limit of detection in only 3% of the centrifugation extracts (LoD 0.064 mg/L), but in all the batch extracts (LoD 0.49 mg/L). Concentrations of the other solutes were always above the LoD. The nitrate and chloride concentrations in the centrifugation extracts were higher than those in the batch extracts, on average, 31% and 43%, respectively (Table 1). The soil moisture recovery (SMR), i.e., the percentage of a sample’s total soil moisture extracted by centrifugation, ranged from 4.1 to 39% with a mean of 22%. This means that 27–28% of the total extractable nitrate and chloride was extracted by centrifugation. The ammonium concentration was substantially lower than the nitrate concentration, and it was not meaningful to compare centrifugation and batch extraction, as the batch concentrations were below the LoD (Table 1 and Figure 3B). The sulphate concentration in the centrifugation extract was 26% lower than in the batch extract (Figure 3D). This is in contrast to the two other anions. The recovery of sulphate from the sample with centrifugation was, therefore, lower than for nitrate and chloride.
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Table 1. Comparison of mean concentrations of nitrate, ammonium, chloride, and sulphate (mg/L) in soil moisture determined by centrifugation and 1:1 (w/w) Milli-Q water batch extraction, the mean difference between both, and the associated t-value.






Table 1. Comparison of mean concentrations of nitrate, ammonium, chloride, and sulphate (mg/L) in soil moisture determined by centrifugation and 1:1 (w/w) Milli-Q water batch extraction, the mean difference between both, and the associated t-value.





	Parameter
	Centrifugation 1
	Batch 1:1 2
	Batch 1:1 3
	Difference 4
	t-Value 4





	Nitrate
	153 (8.7–346)
	108
	116 (6.5–234)
	34
	3.03



	Ammonium 5
	0.17 (<0.064–0.45)
	0.20
	0.18 (<0.073–0.35)
	−0.01
	−0.49



	Chloride
	24.5 (11.9–50.7)
	16.1
	17.7 (5.4–40.6)
	6.5
	5.47



	Sulphate
	29.4 (16.2–55.3)
	42.7
	40.4 (21.0–66.2)
	−10.3
	−3.55







Note(s): 1 Concentration in centrifugation extract; mean, with minimum and maximum between brackets. 2 Concentration in batch extract of sample already centrifuged; corrected for dilution. 3 Calculated weighed mean concentration of centrifugation and batch results as estimated for fresh soil sample batch extraction; mean, with minimum and maximum between brackets. 4 Mean and t-value of difference between individual centrifugation (1) and recalculated batch (2) results. 5 Ammonium concentrations in batch extracts were all below the limit of detection (LoD); 3% were below in centrifugation extracts.
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Figure 3. Relationship between nitrate (A), ammonium (B), chloride (C), and sulphate (D) concentration in soil moisture determined by a 1:1 Milli-Q water batch extraction (x-axis) and by centrifugation (y-axis) using samples from Locations A to D. The intercepts and regression coefficients and their significance are given in Table 2. The limit of detection (LoD) is shown for ammonium (red dotted line). Confidence (Conf.Int) and prediction (Pred.Int) intervals are shown in dark and light pink, respectively. 
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Table 2. Relationship between solute concentration in centrifugation (dependent) and batch (independent) extracts for nitrate, ammonium, chloride, and sulphate, based on mixed model analyses (intercept and regression coefficient (mean), their standard error (SE), and p-value).






Table 2. Relationship between solute concentration in centrifugation (dependent) and batch (independent) extracts for nitrate, ammonium, chloride, and sulphate, based on mixed model analyses (intercept and regression coefficient (mean), their standard error (SE), and p-value).





	
Parameter

	
Experiment

	
Intercept

	

	

	
Coefficient

	

	




	

	

	
Mean

	
SE

	
p-Value 1

	
Mean

	
SE

	
p-Value 1






	
nitrate

	
1

	
1.81

	
5.37

	
0.73

	
1.27

	
0.038

	
<0.001




	
nitrate

	
2

	
17.9

	
8.80

	
0.046

	
1.09

	
0.091

	
0.33




	
ammonium

	
1

	
0.077

	
0.065

	
0.24

	
0.51

	
0.360

	
0.18




	
chloride

	
1

	
3.46

	
0.33

	
<0.001

	
1.17

	
0.014

	
<0.001




	
sulphate

	
1

	
3.07

	
6.06

	
0.61

	
0.66

	
0.128

	
0.012








Note: 1 p-value based on H0: intercept = 0 and coefficient = 1.











The NO3-to-Cl ratio in the centrifugation extracts was about 87% (p < 0.001) of the ratio in the water batch extracts (Figure 4A), showing that relatively less nitrate was extracted with centrifugation than with batch extraction. This difference was even bigger for sulphate, where the SO4-to-Cl ratio in the centrifugation extracts was about 45% (p < 0.001) of the SO4-to-Cl ratio in the batch extracts (Figure 4B).



An increase in SMR led to a smaller difference in the chloride concentration (p < 0.001) between the two methods (Figure 5A) and to a larger (more negative) difference in the sulphate concentration (p < 0.001, Figure 5B). Nitrate showed a similar, but statistically insignificant (p = 0.28), behaviour as chloride. The difference in chloride concentration between centrifugation and batch extracts decreased when the CEC of the soil sample was larger (p < 0.001, Figure 6).




3.2. Experiment 2


Soil moisture content ranged from 16.6 to 23.8% (w/w) in the duplicate samples used for centrifugation and ranged from 16.5 to 27.8% (w/w) in the duplicate samples used for batch extraction. The mean moisture content was 17.2% in both duplicate sets. The centrifugation SMR ranged from 10 to 41% with a mean of 30%. The nitrate concentration ranged from 0.21 to 476 mg/L with a mean of 92 mg/L in centrifugation extracts and from below the detection limit to 450 mg/L with a mean of 68 mg/L in batch extracts (Figure 7). Centrifugation extracted about 40% of the total extractable nitrate. About 30% of the nitrate concentrations in batch extracts were below the limit of detection (0.6 mg/L as NO3-N). Accounting for the dilution of the soil solution by the addition of CaCl2, this means a detection limit between 8 and 16 mg/L as NO3 in the soil moisture. The ammonium concentrations in batch extracts were all below the limit of detection (0.5 mg/L as NH4-N). In the centrifugation extract, 30% of the ammonium concentrations was below the detection limit of 0.05 mg/L, with a mean concentration of 0.12 mg/L and a range of <0.05 to 1.02 mg/L. The chloride concentration in the centrifugation extract ranged from 1.5 to 80 mg/L with a mean of 27.5 mg/L and the sulphate concentration from 1.7 to 447 mg/L with a mean of 55 mg/L.



The nitrate concentration (p = 0.68) and the soil moisture content (p = 0.126) did not change with depth. The chloride concentration increased with depth (p = 0.016, 4 mg/L/m), while the sulphate concentration decreased (p = 0.0175; 17 mg/L/m). Nevertheless, the nitrate-to-chloride and nitrate-to-sulphate ratios did not change significantly with depth, at p = 0.251 and p = 0.149, respectively. The nitrate concentration was on average 36% higher in the centrifugation extract than in the CaCl2 batch extract (Table 3; Figure 7). Similar findings were found when the nitrate concentrations below LoD were removed prior to the analysis.



The relative difference in nitrate concentration between the two methods, expressed as the relative difference compared to the batch concentration, was not influenced by the nitrate concentration in the batch extract (p = 0.32; Figure 8A), although substantial deviations occurred across the range of nitrate concentrations. The difference was also not related to the depth of sampling (p = 0.44; Figure 8B), the soil moisture content (p = 0.36; Figure 8C), or the SMR (p = 0.88; Figure 8D).





4. Discussion


The objective of this study was to determine whether batch extractions can replace drainage centrifugation to measure the nitrate concentration in soil moisture within the unsaturated zone of loess soils. There was sufficient evidence that the nitrate concentration differed between both methods. We first discuss these differences in relation to spatial microvariation within the vadose zone. Thereafter, we look into the impact of the extraction methodology and sample type and whether this can help to explain the differences we and others have found. We conclude with a discussion of the opportunities to estimate nitrate leaching to groundwater based on batch extraction.



	
Spatial microvariation in nitrate concentration






The extraction method to collect soil moisture from the vadose zone and the associated nitrate analysis had a substantial impact on the nitrate concentration determined in the soil moisture that leaches to the groundwater. Both experiments showed that the nitrate concentration was 30–40% higher in the centrifugation extract compared to the batch extract. This contradicts the classic hypothesis that nitrate is not affected by adsorption–desorption or precipitation–dissolution in soils without anion exchange capacity. The variation of nitrate concentrations in pore water showed that the concentration was not homogeneous and calls into question whether batch extraction can be used to provide an unbiased estimate of the nitrate concentration in pore water leaching to groundwater. In contrast to our results, Reference [57] reported a higher nitrate concentration in a batch extract of a shallow sample of a sandy loam (0.2–0.3 m depths) than in a porous cup extract, but—similarly to our results—the concentration in the batch extract of subsoil samples (0.7–0.8 m) was lower than in the porous cup extract. Porous cups, just like centrifugation, only extract part of the soil moisture. Reference [57] attributed this different behaviour between topsoil and subsoil to the production of nitrate (nitrification) in soil aggregates occurring mainly in the topsoil, suggesting that the distribution of nitrate in the soil moisture changes across the soil profile.



The fact that the difference between the nitrate concentration in centrifugation- and batch-extracted soil moisture is not the same for topsoil and subsoil samples might also be due to a variation in water potential within the soil matrix. In the topsoil of most agricultural fields, the nitrate is predominantly available in the immobile water located within the soil aggregates, as suggested by [35]. As percolation occurs, porous cups sample the mobile water with lower nitrate concentrations. At greater depths, the water leaching from above contains a higher concentration than the immobile water in subsoil aggregates. Consequently, centrifugation and lysimetry would access mostly continuous water, while batch extraction would include isolated water as well. This isolated water is present in areas in the soil matrix where water movement is restricted by the physical structure of the soil. As such, we would expect that differences between both methods decline with a decrease in soil clay content, a finding confirmed by others [57,58]. Both studies found no differences in the nitrate concentration between batch extraction and porous cups in sandy topsoils. In addition, Reference [59] showed that, in the upper layer of a loamy soil (0–0.15 m), the nitrate concentration was also higher in a centrifugation extract than in soil moisture sampled by porous cups and zero-tension lysimeters, whereas the nitrate concentrations did not differ in the deeper soil layer (0.30–0.60 m). Again, soil microporosity seemed to control the nitrate concentration in the topsoil. We showed that, in centrifugation extraction, only part of the soil moisture (i.e., only the mobile water in the large pores) is extracted, whereas in batch extraction, all the soil moisture (i.e., also the immobile water in small pores) is extracted. Given the higher concentration in the soil moisture extracted by centrifugation, we concluded that the immobile water in the subsoil has a lower nitrate concentration than the mobile water.



A lower nitrate concentration in immobile water in subsoil micropores could be due to denitrification as a consequence of local anaerobic conditions within soil aggregates [60]. Denitrification is a common process controlled by carbon and nitrogen availability, temperature, and anaerobic conditions. Reference [61] did indeed show that long-term (30-year) nitrogen fertilisation increased the abundance of denitrifiers in loess subsoils. In aggregated soil, however, it is important to consider diffusion to the centre of aggregates, where denitrification predominately occurs [62]. For well-aerated soil with air-filled macropores, the critical distance for anoxic conditions in aggregate micropores might not be exceeded [63]. Denitrification in micropores might have caused a decline in nitrate concentrations in our experiments, but since chloride showed a similar behaviour as nitrate, there needs to be another process controlling the nitrate concentrations in immobile water. The most-likely process to explain the observed differences in both the chloride and nitrate concentration is anion exclusion, as this process leads to a higher anion concentrations in the more mobile water than in the less-mobile water in the unsaturated zone [37,64]. Anion exclusion is the process by which anions, such as nitrate, are repelled by the negatively charged clay and organic matter particles in a thin layer of water surrounding soil particles in pores. As a result, the nitrate concentration is lower in the thin layer of water around soil particles than in the surrounding water.



We would, therefore, expect that a higher CEC leads to a more-pronounced anion exclusion and, therefore, a larger difference between the chloride concentration in the centrifugation and batch extracts. However, the opposite is the case (Figure 6). The underlying processes remain unclear. Though centrifugation extracts predominantly the mobile water, part of the less-mobile water can be extracted when the conditions during centrifugation are more severe. As [59] showed, centrifugation makes it possible to extract part of the less-mobile water. In agreement with the finding of [59], an increase in SMR, i.e., a larger contribution of relatively less-mobile water in the centrifugation extract, resulted in a smaller difference in the chloride concentration between centrifugation and batch extracts in Experiment 1 (Figure 5A).



As stated, both nitrate and chloride had a higher concentration in centrifugation extracts than in batch extracts. In Experiment 1, the same percentage of the total amount was extracted by centrifugation for both solutes (27–28%), and both solutes exhibited a similar relationship between concentrations in the centrifugation and batch extracts (Figure 3A,C). In Experiment 2, the nitrate-to-chloride ratio in the centrifugation extract did not significantly change with sampling depth (mean ratio of 2.3, trend −0.2 m−1; p = 0.251; see Appendix A), which could be an indication that denitrification did not have a large impact on the nitrate concentration in the mobile pore water. Therefore, we assumed that anion exclusion is the main cause of the difference in concentration between centrifugation and batch extraction.



However, if anion exclusion is the main factor causing a higher nitrate and chloride concentration in the centrifugation extract, we would expect an even stronger effect on the sulphate ion, as it has a more negative charge than chloride and nitrate [65]. However, the Experiment 1 results showed the opposite behaviour for sulphate (Figure 3D). This could be explained by precipitation, where the sulphate is dissolved again when the soil sample is mixed with water and shaken. High wet and dry sulphate deposition originating in the past might have resulted in stable sulphate minerals [66]. Reference [66] reported that the maximum sulphate content in the soil profile was reflected in the sulphate concentrations in soil moisture extracted by squeezing, but not in porous cup measurements. In addition, Reference [67] studied the origin of sulphate in the vadose zone and groundwater of a loess aquifer in China and concluded that water-extractable concentrations of sulphate are not representative of the actual sulphate concentration due to the presence of gypsum, either in closed pores or covered by a calcium carbonate film. Based on our findings, we postulated that this is also the case in Dutch loess soils.



	
Impact of extraction methodology and type of sample






The results of batch extractions are strongly influenced by soil pre-treatment [20,21,33], in particular when soils are dried and sieved. The use of pure water may change the pH of the soil moisture and, thereby, the chemical equilibrium. For that reason, References [21,51] proposed the use of a 0.01 M weak salt solution to mimic the actual conditions occurring in the soil moisture in agricultural soils. Increasing the ionic strength additionally affects the release of potential plant-available nutrients. Salt solutions that are often used to mimic the N concentrations in soil moisture include 0.01 M CaCl2 and 1 M and 2 M KCl. The extraction methodology will have a substantial effect on ammonia and dissolved organic nitrogen [34], but might also impact the nitrate. For example, Reference [68] showed that a batch extraction (soil-to-solution ratio of 1:10) with 0.01 M BaCl2 extracted more nitrate than 0.02 M SrCl2 and 0.01 M CaCl2 in acid and neutral soils (29–35% clay), but not for basic soils (5–21% clay). In addition, Reference [20] found inconsistent results when comparing 1 M KCl, 0.01 M CaCl2, and 0.5 M K2SO4 solutions (soil-to-solution ratio of 1:10), but increasing the molarity of the KCl solution from 0.5 to 1 M resulted in the extraction of a smaller amount of nitrate. There was no difference between the 1 M and 2 M solutions. However, these empirical studies did not provide any insight into the potential causes of the differences we found. Our results showed that centrifugation resulted in a higher nitrate concentration than both a 1:1 pure water (+31%) and a 1:2 0.01 M CaCl2 solution batch extraction (+36%) of silt loam subsoil samples. The results for both batch extraction methods were similar, even though both the ionic strength and the soil-to-solution ratio were different.



A difference in the soil-to-solution ratio in batch extraction will influence the release of nutrients for which the concentration is controlled by the adsorption–desorption and/or precipitation–dissolution processes [46], such as ammonium. Due to low ammonium concentrations and a relatively high LoD for batch extraction, the current study could not confirm this, even though the soil-to-solution ratios were high. For soils with anion exchange capacity (AEC), the soil solution nitrate concentration, corrected for dilution, is affected by the soil-to-solution ratio [69]. For anions such as nitrate and chloride, one would assume that the soil-to-solution ratio, the type of extraction solution, and the extraction time and condition have hardly any effect on the results of batch extraction in soils without AEC. Indeed, Reference [43] concluded that each of the three soil-to-water-extraction ratios tested (1:2, 1:5, and 1:10) were effective in estimating the electric conductivity of a saturated paste extract, but they recommended adopting a ratio of 1:2 to reduce possible issues with dilution. Other studies also showed no effect of the dilution ratio on the nitrate concentration when corrected for dilution. Reference [20] reported the highest nitrate extraction for a soil-to-solution ratio of 1:10, while both 1:5 and 1:20 ratios gave lower amounts, which seems to suggest that the ratio has no influence on the nitrate concentration. Nevertheless, Reference [41] reported an increase in extracted nitrate when they decreased the soil-to-solution ratio from 1:1 to 1:10. They used a 2 M KCl solution to extract silty to clay-rich subsoil samples from loess soils. The isotopic signature of NO3-N showed incomplete extraction at the 1:1 ratio. They assumed that incomplete dispersion of particles caused the lower nitrate extraction efficiency. Reference [42] showed that, for a subsoil without AEC, but rich in smectite (>40%), a 1 M KCl solution extracted more nitrate than double-distilled water (DDW). They postulated that the KCl solution collapsed the interparticle spaces and removed both bound and DDW-extractable nitrate. They concluded that nitrate concentrations obtained by DDW extraction best represent a nitrate-in-soil solution that would be vertically transported with recharge. However, these results cannot explain why the nitrate concentration in a centrifugation extract is higher than in a batch extract, as centrifugation leaves the soil structure more or less intact.



Finally, soil type and sampling depth may also contribute to differences between extraction methods given the variation in compaction, elemental composition, and exchange capacity. For example, Reference [40] showed that nitrate concentrations in paste extracts—when accounting for dilution—were in good agreement with nitrate concentrations in soil moisture extracted by porous cups. They compared the results of a paste batch extraction (240 g soil: 60 mL water) to those acquired by porous cup extraction and showed that nitrate concentrations at other soil-to-solution ratios (up to 1:16), when corrected for dilution, were not significantly different from the concentrations in the saturated paste. However, the authors studied the upper 0.1 m of clay loam soils with organic carbon contents ranging from 1.7–8,6%, while in our study, we used silt loam subsoil material (>1.5 m depths) with a low organic carbon content (0.01–0.72%). As discussed above, the extraction of samples from the topsoil might lead to other results than the extraction of samples from the subsoil. The findings of [70], however, seem to be in agreement with our findings. At one location—a sandy loam field—[70] nitrogen leaching was measured at a depth of about 1.3 m during 2 y. The authors compared differences between free-draining lysimeters, porous cups (10 kPa suction), and soil core batch extracts (2 M KCl, with a soil-to-solution ratio of 1:5) and found that the measured nitrate leaching with lysimeters was 12% higher than the leaching calculated using batch extracts. Calculations using porous cup measurements resulted in 21% higher values. These differences were explained by (a) lower nitrate concentrations in subsoil micropores, which were not sampled by lysimeters and porous cups, (b) nitrogen mineralisation in soil core samples due to freezing and thawing before extraction, and (c) a high limit of detection due to the dilution of the soil moisture. The latter two reasons could not have played a role in our experiments. Our samples were not stored frozen, and the detection limit was not as big of a problem, as we used a narrow soil-to-liquid ratio.



	
Estimating nitrate concentration leaching to groundwater






The results of this study imply that the nitrate and chloride concentrations were higher in the more-mobile soil moisture (up to pF 3.6) compared to the less-mobile moisture fraction (pF > 3.6) of loess soils. Earlier research showed that concentrations within the more-mobile fraction of soil moisture do not depend on the tension applied at centrifugation [24,58]. Whether or not batch extraction can be used instead of centrifugation to estimate the nitrate concentration in the actual nitrogen leaching from the root zone depends on the aim and setup of the research.



Batch extraction results can be used to determine whether or not measures to reduce nitrate leaching are effective or to determine trends. As batch extraction underestimates the nitrate concentration in water leaching from the root zone, it cannot be used directly for comparison with environmental quality objectives. Nevertheless, since the nitrate concentrations between both extraction methods were highly correlated, one might expect that nitrate concentrations observed from batch extractions might be used as a proxy for the nitrate concentration in leaching water as determined by centrifugation extraction. As such, batch extraction results can be used to clarify soil-type- and land-use-dependent spatial explicit patterns observed in national monitoring networks or to detect changes over time due to altered management and might even be useful to unravel the main drivers controlling the huge spatial and temporal variability in nitrate concentrations. Up to now, the estimate of the nitrate concentration in a centrifugation extract based on an individual batch result has been very uncertain (see Figure 7), but extending this approach for a wide range of nitrate concentrations and soil properties controlling the aggregate formation, as well as the AEC might help to build robust empirical models for regional applications. Nitrate concentrations in water leaching from the root zone of an agricultural field show inevitably a high variability, within a field, between fields on a farm, and between farms [71,72]. Consequently, a large number of samples is required to obtain a mean value with a small confidence interval for the area of interest. In such a case, the confidence interval of the estimated nitrate concentration in a centrifugation extract based on the results of a batch extraction will also be relatively small.



We did not find a significant contribution of SMR, soil moisture content, or CEC to the estimation of the centrifugation extract nitrate concentration, but SMR and CEC contributed to the estimation of the chloride concentration. For other soils or in the case of the use of other extraction solutions, it is advised to determine the soil-solution-specific relationship between centrifugation and batch extraction.




5. Conclusions and Outlook


This study showed that the nitrate concentration in the soil moisture differs within the soil matrix due to anion exclusion, thereby limiting the use of batch extractions for reliable estimates of the nitrate and chloride concentration actually leaching from agricultural soils. This is particularly relevant for loess soils that are sensitive to nitrate leaching. To monitor the effectiveness of measures improving groundwater and surface water quality and to guide policies and farmers’ practices, batch extracts can deliver “early warning” indicators. Batch extracts can also help to improve the spatial interpolation of the analysed data from centrifuged soil samples. Batch extraction of silt loams underestimates the nitrate and chloride concentration in the root zone leachate, as the concentration is higher in the mobile pore water than in the immobile pore water. By contrast, batch extraction may overestimate the concentration of nutrients that occur as precipitate in the soil matrix, such as sulphate, or that are in strong equilibrium with the cation exchange complex, such as ammonium. Nevertheless, batch extraction can be an inexpensive and reliable alternative to centrifugation to monitor relative changes over time and to estimate whether or not (policy) measures to reduce nitrate leaching in agriculture are effective. By establishing an empirical relationship between the concentrations in batch and centrifugation extracts, the concentration in the root zone leachate can be estimated via batch extracts.
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Appendix A


This appendix gives the change in the solute ratios in the centrifugation extracts with depth per sampling point for each of the 14 fields sampled in Experiment 2. It considers the nitrate-to-chloride, sulphate-to-chloride, and chloride-to-moisture-content ratios.
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Figure A1. Nitrate-to-chloride ratios with depth per sampling point for 14 fields. Fields are divided over four subplots (A–D) for visual clarity. 
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Figure A2. Sulphate-to-chloride ratios with depth per sampling point for 14 fields. Fields are divided over four subplots (A–D) for visual clarity. 
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Figure A3. Chloride-to-moisture-content ratios with depth per sampling point for 14 fields. Fields are divided over four subplots (A–D) for visual clarity. 
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Figure 1. Study area, sample locations of Experiment 1 (dark blue circles, A–D), 5 boreholes per location (green dots in blue circle), and areas were 14 fields sampled for Experiment 2 (light blue). Brown colours on the left map are high elevations; green colours on the map are low elevations. 
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Figure 2. Setup of extraction of soil moisture by centrifugation and batch extraction in Experiment 1 (left) and Experiment 2 (right). Green oval shapes show the measured concentration in centrifugation (Cc) and batch extracts (Cb) and calculated concentrations in the batch extract of the centrifuged sample (C0) and the fresh soil sample (C0 fresh). 
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Figure 4. Ratio between nitrate and chloride (A) and sulphate and chloride (B) in a centrifugation extract versus a 1:1 Milli-Q water batch extract using soil measurements using samples from Locations A to D. Concentrations are expressed in mmol/L for the calculations. Confidence (Conf.Int) and prediction (Pred.Int) intervals are shown in dark and light pink, respectively. 
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Figure 5. Effect of soil moisture recovery (SMR) on the difference in concentration between centrifugation and 1:1 Milli-Q water batch extracts for chloride (A) and sulphate (B) using samples from Locations A to D. Confidence (Conf.Int) and prediction (Pred.Int) intervals are shown in dark and light pink, respectively. 
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Figure 6. Effect of cation exchange capacity (CEC) on the difference in concentration between centrifugation and 1:1 Milli-Q water batch extracts for chloride using samples from Locations A to D. Confidence (Conf.Int) and prediction (Pred.Int) intervals are shown in dark and light pink, respectively. 
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Figure 7. Relationship between nitrate concentration in soil moisture determined by a 1:2 (v/v) batch extraction with 0.01 M CaCl2 solution and by centrifugation. Confidence and prediction intervals are shown in dark and light pink, respectively. The intercept and regression coefficient and their significance are given in Table 2. 
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Figure 8. Relationships between the relative difference (%) in nitrate concentration in soil moisture determined by centrifugation and by a 1:2 (v/v) batch extraction with 0.01 M CaCl2 solution and nitrate concentration in batch extract (A), the sampling depth (B), the soil moisture content (C), and the soil moisture recovery (D). Confidence interval in dark pink and prediction interval in light pink. 
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Table 3. Comparison of mean concentrations of nitrate and ammonium (mg/L) in soil moisture determined by centrifugation and 1:2 (v/v) 0.01 M CaCl2 solution extraction and percentage of samples with concentration below LoD 1.
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Parameter

	
Centrifugation

	
Batch

	
Difference

	
t-Value




	
mg/L

	
% < LoD

	
mg/L

	
% < LoD






	
Nitrate

	
90.5 (120)

	
0

	
66.8 (86.6)

	
30

	
24.0 (34.0)

	
3.49 (4.13)




	
Ammonium

	
0.13

	
0

	
<2.7

	
100

	
-

	
-








Note: 1 the number in parentheses gives the result if data below LoD are neglected.
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