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Abstract 22 

Soil texture plays a crucial role in organic matter (OM) mineralization through both direct 23 

interactions with minerals and indirect effects on soil moisture. Separating these effects could 24 

enhance the modelling of soil organic carbon (SOC) dynamics under climate change scenarios. 25 

However, the attempts have been limited small-scale experiments. Here, we studied the effects of 26 

soil texture on added OM mineralization in loamy sand, loam and silt loam soils in nine agricultural 27 

fields in Flanders, Belgium. Soil moisture, temperature, groundwater table depth and the 28 

mineralization of 13C-labeled ryegrass were monitored in buried mesocosms for approximately 29 

three months during a dry summer. Ryegrass-C mineralization was lowest in the loamy sand 30 

(39±7%) followed by silt loam (48±7%) and loam (63±5%) soils, challenging the current clay%-31 

based moderation of C-mineralization rates in soil models. Soil temperature was not influenced by 32 

soil texture, whereas soil moisture was indeed dependent on soil texture. It appears that capillarity 33 

sustained upward water supply from groundwater to the topsoil in loam and silt loam soils but not 34 

in loamy sand soil, although this difference in capillary rise could not fully explain the higher 35 

moisture content in loam than that in silt loam soils. Additionally, soil texture only impacted 36 

remnant added ryegrass pieces (>500 µm) but not the finer ryegrass-derived SOC (<500 µm), 37 

which might point at the important indirect control of texture on OM mineralization during 38 

prolonged summer drought. However, these effects are only manifested during drought when no 39 

other factors (e.g., groundwater depth or subsurface water flows) exert an overriding impact on the 40 

soil water balance. Overall, our findings highlight the need to properly incorporate the indirect 41 

effects of soil texture on OM mineralization into soil carbon models to accurately predict soil C 42 

stocks under future climate change scenarios. 43 

Keywords: Capillary rise; Groundwater; Soil moisture; Soil organic carbon; Stable carbon isotope 44 
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1. Introduction 45 

Together with moisture and temperature, soil texture is a key factor controlling soil organic carbon 46 

(SOC) content (Burke et al., 1989; Blanco-Moure et al., 2016). Soil texture controls SOC dynamics 47 

directly by a myriad of direct interactions with organic matter (OM). The high specific surface 48 

area and net negative charge of most clay minerals facilitate the binding of OM, and this retards 49 

OM mineralization (Krull et al., 2003). For instance, Plante et al. (2006) found that biochemically 50 

protected C strongly correlated with clay content while soil texture had little impact on the content 51 

of particulate OM. In fact, the stabilizing action of soil minerals on SOC has been recognized for 52 

over two centuries (Feller and Chenu, 2012) and has been integrated into SOC models for decades 53 

(Parton et al., 1987; Jenkinson et al., 1990; Barré et al., 2017). Soil aggregation is also enhanced 54 

in finer textured soil, and OM within aggregates can be “protected” from mineralization (Beare et 55 

al., 1994; Krull et al., 2003). Numerous studies concluded that soil respiration decreases with finer 56 

soil texture because of these physicochemical OM protection mechanisms (Van Veen et al., 1985; 57 

Hassink, 1992; Wang et al., 2003; Muller and Hoper, 2004). These “direct” effects of soil texture 58 

explain the generally increasing SOC levels with higher clay and silt content under similar climatic 59 

conditions (Burke et al., 1989; Blanco-Moure et al., 2016).  60 

Apart from these well-studied “direct” textural effects, there is much less information on how 61 

strongly soil texture influences OM mineralization indirectly through its control on the soil 62 

moisture balance. With more silt and clay, the pore size distribution shifts to smaller pores and 63 

water holding capacity increases, resulting in contrasting soil moisture content in differently 64 

textured soils for a given water input (Geroy et al., 2011). Thomsen et al. (1999) reported that 65 

microbial activity was higher in finer-textured soils than that in coarser ones specifically because 66 

more water was retained. When adding equal amounts of water to three distinctly textured soils 67 
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and allowing soils to dry out, Li et al. (2020) concluded that C mineralization was strongly 68 

indirectly modulated by soil texture via its impact on soil moisture, with less evaporative losses 69 

from finer- than from coarser-textured soil. However, these studies were laboratory based with 70 

strict control of soil moisture and temperature. In the more complex field reality, soil 71 

microorganisms are subjected to fluctuations in soil temperature and moisture, and such fluctuation 72 

is well known to strongly impact soil heterotrophic activity. Under field conditions, Dilustro et al. 73 

(2005) found that soil CO2 emission was indirectly controlled by soil texture through moisture 74 

during a dry season in forest soils. Zhang et al. (2015) found that desert dune soil physical 75 

properties, such as soil texture and field capacity, exerted strong influences on soil respiration 76 

through affecting its relation with soil water content. In a soil texture manipulation field 77 

experiment with all other factors kept equal, Li et al., (2022) demonstrated that during dry summer 78 

months OM mineralization was strongly controlled by soil texture, and in particular through its 79 

impact on soil moisture. However, none of these few studies on this topic allowed to unequivocally 80 

discern the direct and indirect textural controls on mineralization of SOC or newly added OM. 81 

Moreover, only limited numbers of sites were included and no larger-scale field assessment has 82 

been conducted to investigate indirect vs. direct controls of soil texture on OM mineralization.  83 

Under field conditions, the topsoil moisture can be influenced by shallow groundwater through 84 

capillary rise (Zipper et al., 2015; Smith et al., 2017). In low-flat landscapes, such as in The 85 

Netherlands and Northern Belgium, many agricultural lands have shallow groundwater tables 86 

(GWTs) (<2.5 m). In fact, shallow groundwater accounts for up to 32% of global land area and in 87 

dry summers it might be critical for topsoil moisture supply through capillary rise (Fan et al., 2013). 88 

Next to groundwater depth and topsoil moisture level, soil texture controls the flux and extent of 89 

this upward moisture supply with maximal capillary rise height of only 0.2-1.3 m in sand and >3 90 
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m in silt (Liu et al., 2014; Zipper et al., 2015; Salim, 2016). However, it is still unclear whether 91 

this indirect texture-mediated effect on soil moisture profiles is crucial for OM mineralization in 92 

the topsoil during a dry summer.    93 

The objective of this study was to systematically investigate the direct (through physicochemical 94 

stabilization) and indirect (through textural controls on soil moisture) effects of soil texture on OM 95 

mineralization in croplands during a dry summer period. To this end, we followed mineralization 96 

of 13C-labeled ryegrass at eighteen plots distributed over nine agricultural fields covering three soil 97 

textures, i.e. loamy sand, loam and silt loam, with detailed follow-up of soil moisture and 98 

temperature. Extra control treatments with a single reference soil at all plots were included to 99 

assess the indirect textural control on OM (i.e. ryegrass) mineralization. We expected that during 100 

dry summer months ryegrass-C mineralization would proceed overall slower in the “reference” 101 

soil when buried in loamy sand textured fields as these soils dry out faster compared to finer 102 

textured loam and silt loam fields. We also expected that shallow groundwater would maintain 103 

topsoil water supply in silt loam and loam soil through capillary rise, but not in loamy sand soils, 104 

which again would hinder OM mineralization in the loamy sand fields. In buried mesocosms 105 

containing the original soils both indirect and direct soil textural effects on OM mineralization 106 

would counteract: lesser physicochemical protection of OM in coarser-textured soil but at the same 107 

time a stronger drying out of topsoil compared to in finer textured fields. How the interaction 108 

between these phenomena would impact OM mineralization is difficult to predict as it depends on 109 

how limiting topsoil moisture content becomes. The direct stabilizing effect of finer texture would 110 

predominantly control OM mineralization if sufficient moisture were available in all soils. In 111 

contrast, OM mineralization would proceed in finer-textured soils under drought, while it would 112 

become strongly moisture-limited in coarse textured soil.  113 
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2. Materials and Methods 114 

2.1. Overall experimental design  115 

An extensive assessment of OM mineralization in cropland soils as a function of soil texture was 116 

set out in situ with buried soil mesocosms in which mineralization of a 13C isotope-labeled ryegrass 117 

substrate (see 2.3) was monitored. These buried mesocosms were distributed over nine agricultural 118 

fields in the Province of East Flanders, Belgium, covering three soil textures, i.e., loamy sand, 119 

loam and silt loam. In each field, we laid out two plots, thus totaling eighteen plots. In each plot, 120 

the buried native and reference soil mesocosms (see 2.4) were taken out after about three months. 121 

We assumed that in the soil mesocosms filled with the native soil, soil texture exerts both a direct 122 

control on OM mineralization, via its steering of OM-mineral phase interactions, as well as an 123 

indirect control via mediation of the soil moisture content in the field. In order to study the indirect 124 

effect of soil texture on OM mineralization via its regulation of soil moisture, a parallel set of 125 

reference soil mesocosms (with a loamy sand soil from plot 1-1, see Table 1) was included at each 126 

plot (Fig. 1). By using the same soil in the reference mesocosms, any direct textural effect on OM 127 

mineralization was eliminated, allowing to study indirect soil moisture effects on OM 128 

mineralization in isolation.  129 
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Table 1 Basic properties of the studied soils. 130 

* m a.s.l: Meters above sea level 131 

 132 

2.2. Field plots  133 

The study area has a maritime climate, with mean temperature and annual precipitation during 134 

1992-2013 of 10.7 °C and 872 mm, respectively. Daily air temperature and precipitation data were 135 

collected by a weather station at the Ghent University experimental farm in Bottelare, Belgium. 136 

The annual precipitation in 2020 was 872 mm, identical to the 1992-2013 average, while 137 

precipitation was only 196 mm within the experimental period (from May 26th to September 1st), 138 

i.e. only 65% of the mean precipitation in 1992-2013 for the same period (Fig. 2a). Nine cropland 139 

fields were preselected based on the digital Belgian soil map, which provides an indication of soil 140 

Plot 

No. 

Texture 

(USDA) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

SOC 

(g kg–1) 

δ13C 

(‰) 

C/N 

ratio 

(-) 

pH-KCl 

(-) 

Elevation 

(m a.s.l)* 

1-1 loamy sand 84.6 12.7 2.8 8.6 –25.2 8.9 6.6 24.0 

1-2 loamy sand 79.7 17.3 3.0 9.0 –25.7 8.6 5.1 18.8 

2-1 sandy loam 77.9 11.2 10.9 9.0 –24.9 8.2 5.0 27.6 

2-2 loamy sand 85.1 10.2 4.7 13.8 –26.1 9.9 6.2 21.1 

3-1 loamy sand 80.9 15.3 3.8 8.8 –27.2 8.2 5.5 38.9 

3-2 loamy sand 83.9 12.7 3.4 7.5 –26.7 7.9 5.3 36.1 

4-1 loam 49.0 42.4 8.6 15.6 –27.0 9.6 5.9 29.2 

4-2 loam 43.9 47.3 8.8 16.2 –26.9 9.5 6.0 25.0 

5-1 loam 49.0 44.0 7.0 9.2 –26.3 8.4 5.4 30.7 

5-2 loam 44.0 48.9 7.1 10.2 –25.9 9.3 5.9 25.2 

6-1 sandy loam 50.2 47.3 2.5 15.9 –26.6 10.7 6.4 25.0 

6-2 loam 48.6 43.7 7.7 11.1 –27.4 8.7 6.2 21.1 

7-1 silt loam 14.1 74.2 11.7 14.7 –26.8 9.5 6.6 51.2 

7-2 silt loam 15.0 73.2 11.8 12.7 –26.8 8.6 6.5 45.2 

8-1 silt loam 36.2 52.8 11.0 11.5 –25.8 9.9 6.7 58.9 

8-2 silt loam 12.9 76.3 10.8 15.4 –27.3 9.0 6.0 50.3 

9-1 silt loam 22.8 65.8 11.4 13.6 –27.1 9.2 5.9 60.0 

9-2 silt loam 15.9 72.6 11.5 16.4 –27.2 9.3 5.3 54.7 
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texture and soil drainage classes. We specifically chose three field replicates per soil textural class 141 

(loamy sand, loam and silt loam) with comparable expected GWTs. Two plots were chosen in each 142 

field, totalling six plots per soil textural class (Table 1). At each of these eighteen locations, 1.5 m 143 

× 3.0 m plots were set out in which the soil mesocosms were incorporated. These data were 144 

considered representative for all nine cropland fields situated within 20 km distance. The 145 

characteristics (soil texture, soil pH, soil C and N content, and soil δ13C) of the studied soils are 146 

shown in Table 1. Soil texture of the field replicates per intended textural class was alike. One 147 

exception was plot 2-1, with a somewhat deviating sandy loam texture (USDA classification), 148 

although in absolute terms its sand and silt contents were well comparable to the other loamy sand 149 

replicate fields. Therefore, we denoted plots 1-1 to 3-2 as loamy sand soils, plots 4-1 to 6-2 as 150 

loam soils and plots 7-1 to 9-2 as silt loam soils (Table 1). All soils had a comparable C/N ratio 151 

(~9) and pH (~6), while the mean native SOC was higher in the silt loam soils (14.1±0.7 g kg–1) 152 

than in the loamy sand soils (9.4±0.9 g kg–1) (P<0.05). Soil water retention curves for the eighteen 153 

undisturbed field soils at 15 cm and 45 cm depth were determined by measuring moisture content 154 

at –1, –3, –7, –10 kPa using a sandbox (Eijkelkamp Agrisearch Equipment, The Netherlands) and 155 

at –33, –100, and –1500 kPa using a pressure membrane (Soil Moisture Equipment, USA) (Fig. 156 

S1 and Fig. S2). The water retention curves were fitted with the RECT programme (Van 157 

Genuchten et al., 1991) using van Genuchten equation (Van Genuchten, 1980). 158 

 159 

 160 

 161 

 162 
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 163 

 164 

Fig. 1 Schematic of two plots in one out of nine included cropland fields (left) and side view of a 165 

single plot (lower right) with buried mesocosms containing native and reference soils in which 166 
13C-labeled ryegrass was mixed. The top and bottom of the mesocosm PVC tubes were covered 167 

with a nylon mesh to allow contact and free equilibration of moisture between the soil in the tube 168 

and the surrounding field soil (upper right). Volumetric soil moisture content and temperature were 169 

measured at 15 cm depth using a TEROS 12 sensor and soil moisture once more at 45 cm depth 170 

using a TEROS 10 sensor. A 2.5 m-deep groundwater monitoring well was established at each 171 

plot.  172 

 173 

2.3. Production of 13C labeled ryegrass  174 

Isotopic (13C) labeled ryegrass (Lolium perenne L.) was produced at the Ghent University 175 

experimental farm (Bottelare, Belgium). Prior to 13C-labeling, ryegrass was cut to 2 cm above-176 

ground from nine 0.8 × 0.8 m plots in a permanent ryegrass field. The ryegrass was then weekly 177 
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pulse-labeled with 13C-CO2 between August 2nd and September 27th, 2019, using custom-made 0.8 178 

× 0.8 × 0.3 m Plexiglass labeling chambers. The 13CO2 concentration in the labeling chamber was 179 

brought to about 500 ppmv by injecting 0.2 mol L–1 HCl solution into a recipient containing 180 

NaH13CO3 (98 Atom%) solution in each labeling event. The generated 13C-CO2 was circulated by 181 

battery-powered fans in the sealed chambers and allowed to be evenly taken up by the ryegrass. 182 

Chambers were always installed around 9 a.m. and were kept closed for 24 hours, allowing re-183 

uptake of the nighttime respired 13C-CO2 by the ryegrass in the next morning. To increase biomass 184 

productivity, KNO3 was applied at a rate of 60 kg N ha–1. After eight weeks, the ryegrass above-185 

ground parts were manually harvested (to 2 cm above the surface) and then dried at 60 °C for 72 186 

hours. The 13C-labeled ryegrass had a C content of 39.6±0.2%, N content of 3.1±0.0% and δ13C of 187 

+53.7±2.7‰. Young and matured ryegrass plant parts differed in δ13C by only 3.8‰, indicating 188 

homogeneous labeling. 189 

2.4. Preparation and sampling of soil mesocosms 190 

Soils were collected from the eighteen different locations on the verge of each plot at the 10-20 191 

cm depth layer, which is known to represent the top agricultural soils in the Flanders region. In the 192 

laboratory, these field moist soils were passed through a 5 mm sieve and larger plant debris and 193 

gravel left on the sieve were removed. The 13C-enriched ryegrass was cut into pieces of 194 

approximately 2–4 cm length and mixed with soil at a dose of 2.5 g dry matter kg–1 soil, equivalent 195 

to 1.0 g C kg–1 soil. To eliminate differences in N availability among the used soils, KNO3 was 196 

added at a dose of 24.7 mg kg–1 (equivalent to about 100 kg N ha–1). After mixing thoroughly, 197 

soils were repacked at a bulk density of 1.35 g cm–3 into 7.0 cm high and 6.9 cm diameter PVC 198 

tubes. The top and bottom of the PVC tube were covered with a nylon mesh (0.5 mm opening), to 199 

allow free equilibration of moisture between the soil in the tube and the surrounding field soil (Fig. 200 
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1). Next to soil from the original field (here termed “native soils”), a parallel set of reference soil 201 

(loamy sand soil from plot 1-1 in Table 1) mesocosms was also included at each experimental plot 202 

to specifically investigate the indirect textural control on OM mineralization through its impact on 203 

soil moisture.  204 

All soil cores were incorporated at 15 cm depth into plots measuring 1.5 m by 3.0 m at the 18 205 

field locations (Fig. 1). These plots were established close to the edges of the selected croplands 206 

excluding tractor traffic and without growing crop (Fig. 1). The soil mesocosms were incorporated 207 

in the plots on May 26th, 2020 and taken out on September 1st, 2020. In total, 108 soil mesocosms 208 

(3 mesocosm replicates × 6 field replicates per texture × 3 soil textures × 2 treatments (native soil 209 

and reference soil) were prepared. During the short period between preparation and incorporation, 210 

soil cores were stored at 4 °C to minimize microbial activity. 211 

2.5. Estimation of ryegrass-C mineralization  212 

After recollecting mesocosms from the plots, the field-moist soil cores were gently broken apart 213 

by hand and they were passed through a 4-mm sieve. Large pieces of roots, plant debris and small 214 

stones were taken out manually. We distinguished between remnant undecomposed ryegrass-C 215 

and ryegrass-derived SOC by sieving soils at 500 µm, and both fractions were assumed to 216 

correspond to ryegrass-C left in the >500 µm and <500 µm soil fraction, respectively. To separate 217 

these soil fractions, half of the total field moist soil (equivalent to ~175 g dry soil) was transferred 218 

into a 1 L glass Erlenmeyer, dispersed by adding 350 ml of 5 g L–1 sodium metaphosphate and by 219 

shaking the suspensions for 1 h. After shaking, the mixtures were poured onto a 500 μm sieve and 220 

the material remaining on the sieve, viz. undecomposed ryegrass, coarse particulate soil OM and 221 

sand was rinsed gently with deionized water. The >500 µm fraction and suspension with soil <500 222 

μm were transferred into aluminum cups and dried at 60 °C for 72 hours. Finally, these dried 223 
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samples were ball-milled and analyzed for their C % and δ13C using an elemental analyzer-isotope 224 

ratio mass spectrometer (PDZ Europa ANCA-GSL, Sercon, Cheshire, UK). 225 

The ryegrass-C fraction of the total C in the >500 μm and <500 μm soil fraction (fryegrass-C) was 226 

calculated with a simple isotope mixing model, following Balesdent and Mariotti (1996):   227 

fryegrass-C = 
𝛿13𝐶𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿13𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝛿13𝐶𝑚𝑖𝑥𝑒𝑑 − 𝛿13𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙
,                                                                                                  (1)    228 

where δ13Csample, δ
13Ccontrol and δ

13Cmixed are the δ13C value of a given >500 µm (or <500 μm) 229 

sample, the >500 µm fraction (or <500 μm) without ryegrass added and the initial >500 µm (or 230 

<500 μm) fraction with ryegrass mixed at onset of the experiment, respectively. δ13Ccontrol varied 231 

between −27‰ and −24‰ (Table 1). δ13Cmixed of >500 μm fractions and δ13Cmixed of <500 μm 232 

fractions varied between –5‰ to +12‰, and between –23‰ to –17‰, respectively, depending on 233 

the corresponding soil OM fraction mass and native SOC content. Ryegrass-C mineralization was 234 

calculated using the following equation:  235 

Ryegrass-C mineralization (%) = 100 – fryegrass-C>500 μm – fryegrass-C<500 μm,                                  (2) 236 

where fryegrass-C>500 μm and fryegrass-C<500 μm are the percentage of remaining ryegrass >500 µm and 237 

<500 µm of the added ryegrass, respectively.  238 

2.6 Soil moisture, temperature and groundwater table  239 

Dataloggers and TEROS 12 (soil moisture and temperature) and TEROS 10 (soil moisture) sensors 240 

(METER Group, USA) were used to monitor volumetric moisture content (θv) and soil temperature 241 

every 12 hours from March 2020 to September 2020. The sensors were calibrated individually in 242 

the used soils prior to the start of the experiment. Briefly, each soil was air-dried and water was 243 

carefully added to each soil to reach a θv of 0.02, 0.08, 0.15, 0.25, 0.35 and then the soil was gently 244 
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compacted at a bulk density of 1.40 g cm–3. Consequently, the linear functions between the 245 

measured and the pre-set values were calculated. The moisture values from the field measurements 246 

were calibrated based on the calibration formulas specific to each soil. The sensors were installed 247 

horizontally at 15 cm and 45 cm depth in each plot (Fig. 1). The mean soil temperature was on 248 

average 19.3 °C across all soils (Fig. 2b), and was statistically identical in all soils. As water-filled 249 

pore space (WFPS) eliminates differences in bulk density and reflects balancing between moisture 250 

availability and aeration status in soil microbiological processes (Scott et al., 1996; Franzluebbers, 251 

1999; Poll et al., 2013), the measured θv was converted into WFPS with the following equation: 252 

WFPS (%) = 
𝜃𝑣

(1−
𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

particle density
)
 × 100,                                                                                                  (3) 253 

assuming a particle density of 2.65 Mg m–3. A 2.5-m depth groundwater measuring well was 254 

installed at the border of each plot and the GWT depth was measured manually using a GWT 255 

measuring tape on regular a basis (Fig. 1).    256 

2.7. Statistical analysis 257 

All analyses were performed in RStudio Version 1.3.1093. To test whether variation in initial SOC 258 

content, soil pH, soil C/N ratio, ryegrass-C mineralization and the remaining undecomposed 259 

ryegrass-C (>500 μm and <500 μm fractions) depended on soil texture, linear mixed effects models 260 

(LMMs) were applied with ‘soil texture’ as fixed factor and ‘plot’ as random factor to account for 261 

the hierarchical design of the experiment, using restricted maximum likelihood in the lme function 262 

from the nlme-package (Zuur et al., 2009). Next, soil moisture content and soil temperature 263 

measured over defined time periods among the three textural classes was compared using likewise 264 

LMMs. To account for temporal autocorrelation of soil moisture content and soil temperature 265 

(Koenig and Liebhold, 2016; Ruel and Ayres, 1999), the corAR1(form=~Date) variance structure 266 
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(Zuur et al., 2009), to test whether the values of soil moisture content and soil temperature 267 

significantly differed between soil texture classes was incorporated. Multiple linear regression 268 

analysis was employed to test the predictive power of %WFPS, soil temperature for ryegrass-C 269 

mineralization for the different textures separately.  270 

3. Results 271 

3.1. Soil moisture  272 

Soil moisture (%WFPS) followed a similar temporal pattern across the different textured soils, 273 

with relatively high WFPS levels in the loamy sand and silt loam soils (~75%WFPS) and wetter 274 

conditions (~90%WFPS) in the loam soils several months prior to onset of the experiment in 275 

March 2020. Soil gradually dried at all plots thereafter until mid-June, shortly after the experiment 276 

started. Subsequently, dry/wet cycles occurred in all soils in June-August 2020 (Fig. 2c). Using a 277 

linear mixed model, we tested for statistical differences in the time-series data between the studied 278 

textural classes during the experimental period. The average %WFPS followed the following order: 279 

loam (54±7%) > (P<0.05) loamy sand (37±5%) = silt loam (37±5%).   280 
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 281 

Fig. 2 Daily average air temperature (line chart) and daily precipitation (bars) (a). Changes in soil 282 

temperature (°C) (b) and water-filled pore space percentage (%WFPS) (c) at 15 cm depth in the 283 

loamy sand, loam and silt loam soils. Error bars represent standard errors of soil moisture measured 284 

on all six field replicate plots per texture. Note: the error bars of soil temperature were not included 285 

in the figure as they were negligibly small. For %WFPS only upper error bars are shown.  286 
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3.2. Groundwater Tables (GWTs) 287 

Throughout the experimental period, there were two, one, and three plots where GWTs reached 288 

deeper levels than the 2.5 m monitoring well limit for the loamy sand, loam, and silt loam classes, 289 

respectively (Fig. 3). GWTs were at the shallowest levels around March 2020 after which they 290 

gradually lowered to minima by September 2020. Except for the plots where GWTs were deeper 291 

than the monitoring limit, GWTs were all approximately 1.5-2.5 m deep during the experimental 292 

period (Fig. 3).  293 
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 294 

Fig. 3 Trends in groundwater table depth in the nine studied fields with two plots per field. The grey rectangle shade indicates the 295 

experimental period. For some of the plots no data was available as groundwater was below the measuring limit of the monitoring well 296 

(2.5 m: indicated by a red dashed line). 297 
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3.3. Ryegrass-C mineralization and undecomposed ryegrass 298 

3.3.1 Ryegrass-C mineralization  299 

As explained in 2.1, in each microplot ryegrass C mineralization was followed both in mesocosms 300 

filled with the ‘native soils’, i.e. the original corresponding microplot soil, as well as in parallel 301 

filled with a constant ‘reference soil’ (the loamy sand soil from plot 1-1) across all sites. . Around 302 

three months after incorporation, the percentage of ryegrass-C mineralized in the native soils 303 

followed the order: loam (63±5%) > silt loam (48±7%) > loamy sand (39±7%) (P<0.05; n=6) (Fig. 304 

4). Similarly, the percentage of ryegrass-C mineralized in the mesocosms filled with the loamy 305 

sand reference soil was higher in the loam soil (49±3%) than in the silt loam soil (36±5%, P<0.05; 306 

n=6) (Fig. 4). A larger part of added ryegrass-C was mineralized in the native loam and silt loam 307 

soils than in the reference mesocosms buried in the corresponding plots (P<0.01; n=6). No likewise 308 

statistical difference existed between native loamy sand soils and corresponding reference soils 309 

(Fig. 4).    310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 
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 319 

 320 

 321 

Fig. 4 Percentage of added ryegrass-C mineralized three months since incorporation. Lowercase 322 

and uppercase letters denote significant differences between soil texture classes for the native and 323 

reference soils, respectively (P < 0.05). ** and *** denote significant differences ( P<0.01 and 324 

P<0.001) between native and reference soil pairs per texture class. ‘n.s.’ indicates that there was 325 

no significant difference between both. 326 

 327 

3.3.2 Remnant ryegrass-C    328 

More undecomposed ryegrass-C (i.e. ryegrass-C > 500 μm) was left in the native loamy sand (32±3% 329 

of added ryegrass-C) and silt loam soils (23±3%) than in the loam soils (15±2%, P<0.05; n=6) 330 
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(Fig. 5). In the reference soil buried in silt loam soils, a larger share of added ryegrass-C (> 500 331 

μm) was left undecomposed (37±4%) compared to that in the loam soils (23±2%, P<0.05; n=6) 332 

(Fig. 5). In contrast, the remnant ryegrass-derived SOC fraction (i.e. ryegrass-C in the <500 μm 333 

soil fraction) did not differ between the soil textures, neither for native soil nor reference soil 334 

mesocosms. Across all 36 soil/treatment (reference or native soil) combinations, the average 335 

percentage of added undecomposed ryegrass-C residing in the <500 μm fraction was 27±1%.  336 

 337 

 338 
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 340 

 341 
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 354 

Fig. 5 Percentage of added ryegrass-C remnant in the >500 µm and <500 µm soil fractions three 355 

months since incorporation. Lowercase and uppercase letters denote significant differences in 356 

remnant OM>500µm between soil textures for the native and reference soils, respectively (P < 357 

0.05).  The percentage of remnant OM<500µm did not differ with texture.  358 

 359 

4. Discussion 360 

4.1. Overall differences in ryegrass-C mineralization between the three soil textural classes  361 

Fine mineral particles (silt and clay) can protect added OM from mineralization directly by binding 362 

the OM, or by forming micro-aggregates and micro-pores within soil. This  partially renders the 363 

OM inaccessible to microorganisms (Hassink, 1992; Beare et al., 1994; Krull et al., 2003). 364 

Surprisingly, the ryegrass-C mineralized in the loamy sand soils was 24% and 9% lower than in 365 
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the loam and silt loam soils, respectively (Fig. 4). Similarly, the percentage of ryegrass-C 366 

mineralized was lower in the reference soil (loamy sand) mesocosms buried in the loam and silt 367 

loam fields compared to ryegrass-C mineralization in corresponding the native soils. These results 368 

contradict to the widespread expectation that OM mineralization would be generally retarded in 369 

finer textured soil, owing to enhanced physicochemical protection of OM (Amato et al., 1987; 370 

Hassink, 1992; Côté et al., 2000; Angst et al., 2021). To explain this discrepancy, other factors 371 

known to influence soil microbial activity, such as  might have co-varied with soil texture:  pH, 372 

soil N, SOC, soil temperature, and soil moisture content need to be considered. The pH-KCl was 373 

statistically similar among the textural classes and limitations in available N were avoided by 374 

adding a sufficient amount of mineral N to all soil mesocosms. Moreover, all soils had a similar 375 

low C/N ratio (~9) and the ryegrass substrate itself had a C/N ratio of 12.8, which can be expected 376 

to result in net N release. While pH and N availability affect OM mineralization (Pietri and 377 

Brookes, 2008; Maenhout et al., 2018), we can assume that the observed strong dependency of 378 

ryegrass-C mineralization on soil texture was not caused by differences in these parameters. Native 379 

SOC content, which varied among the three textural classes, may also influence mineralization of 380 

added OM (Franzluebbers et al., 1995). Overall there was a weak positive correlation between 381 

SOC and the silt and clay content (r = 0.66; p < 0.05) and particularly the higher native SOC level 382 

of the silt loam soils may have provided more favorable conditions for microorganisms compared 383 

to the loamy sand soils and this may have masked a direct stabilizing effect of finer texture. 384 

However, this explanation does not account for the higher percentage of decomposed ryegrass-C 385 

in the loam soils, given that its SOC content did not differ from that of the loamy sand soils. All 386 

microbial-mediated processes, including OM mineralization, are highly sensitive to soil 387 

temperature (Kirschbaum, 1995; Davidson and Janssens, 2006). Coarse-textured soils absorb heat 388 
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faster than fine-textured soils in top 10 cm (Akter et al., 2015; ). Vice-versa, soil cooling also 389 

depends on soil texture. This textural control on soil temperature may in turn influence moisture 390 

content. Our data showed that the soil temperature was not statistically significant between all soils 391 

(Fig. 2b) and therefore variation in observed ryegrass-C mineralization could not have stemmed 392 

from temperature differences between the three considered soil texture classes (Table S1). Lastly, 393 

there existed a significant difference in moisture content among the three textures, suggesting a 394 

potential indirect influence of soil texture on the ryegrass mineralization via mediation of soil 395 

moisture, as discussed further in 4.2.   396 

 397 

4.2. Indirect effects of soil texture on ryegrass-C mineralization through moisture  398 

Soil moisture influences OM mineralization directly through its effect on physiological processes 399 

of microorganisms and indirectly via regulating substrate and oxygen diffusion, enzyme activity 400 

and osmotic stress (Moyano et al., 2013). Previous studies have shown that OM mineralization 401 

may be unaffected in finer-textured soils during extended drought periods, primarily due to their 402 

larger water holding capacity. In contrast, microbial activity would be inhibited in coarser-textured 403 

soils (Dilustro et al., 2005; Li et al., 2020; 2022). As expected, the loamy sand soils had a lower 404 

mean WFPS (37%) throughout the summer monitoring period than the loam soils (54%), which 405 

approached the optimum level for aerobic heterotrophic activity (Skopp et al., 1990; Moyano et 406 

al., 2013). Against our expectations, the silt loam soils also had a rather low mean WFPS (37%) 407 

throughout the experimental period. The trends in ryegrass-C mineralization, both in the reference 408 

and the native soils were in line with these trends in %WFPS and across all soils, the %WFPS 409 

correlated positively with the percentage of added ryegrass-C decomposed. Within each soil 410 

textural classes, no such relation was found between %WFPS and ryegrass-C mineralization, 411 
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suggesting factors other than soil texture had limited influence on soil moisture and ryegrass-C 412 

mineralization variation. These combined results suggest that differences in %WFPS between the 413 

considered soil texture classes determined OM mineralization. In other words, there was a clear 414 

indirect control of soil texture on OM mineralization via its impact on soil moisture. This indirect 415 

influence appeared to be sizable in the studied dry summer, with a doubling of OM mineralization 416 

in the wettest (loam) soils than in the driest (loamy sand) plots, but we did not detect such indirect 417 

impact on OM mineralization between loam and silt loam soils. Nonetheless, this outcome stresses 418 

the need for accurate simulation of the soil texture-mediated topsoil moisture balance in soil C 419 

models.     420 

It is noteworthy that the dependency of remnant ryegrass-C on soil texture was very different for 421 

the two soil fractions considered. The remaining ryegrass-C in the <500 μm fraction was not 422 

significantly different among the three soil textures, whereas the ryegrass-C left in the >500 μm 423 

fraction, i.e. remnant added ryegrass pieces, varied with soil texture. This result contradicts the 424 

view that soil texture has a limited impact on unprotected OM while it mainly regulates finer OM 425 

in soil through physicochemical interactions (Plante et al., 2006). Again, the preservation of over 426 

double the amount of >500 µm ryegrass-C in the loamy sand than in the loam soils could not be 427 

explained by any direct textural effect. Rather, it again appears that mineralization of C in these 428 

larger OM pieces was more sensitive to the moisture content, that co-varied with the texture, than 429 

the finer ryegrass-derived-C (<500 µm). This is likely due to the location of the ryegrass pieces in 430 

macropores, which are more readily subject to desiccation than finer pores containing smaller-431 

sized OM in the loamy sand and silt loam soils. The significantly higher WFPS% in the loam soils 432 

might have been sufficient to prevent desiccation of the coarse ryegrass pieces, and this would 433 

explain why much less ryegrass-C was left (15±2%) than in the loamy sand soil (32±3%) (Fig. 5). 434 
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In contrast, ryegrass-C in the <500 µm fraction likely resided in smaller pores that remained mostly 435 

moist across all three investigated textural classes. Therefore, soil texture could not have indirectly 436 

controlled mineralization of this finer sized ryegrass-derived OM via its effect on the soil moisture 437 

content (Fig. 5). Further experimental proof for the postulated indirect effect of soil texture on 438 

large-sized OM mineralization could follow from observation of the location of OM in the soil 439 

matrix relative to water-filled pores, e.g. via X-ray CT scanning of soil cores.  440 

4.3 Effects of capillary rise on topsoil moisture supply and ryegrass-C mineralization 441 

The study area experienced an unusual dry summer in 2020, with 35% less precipitation compared 442 

to the corresponding period in 1992-2013. It is thus not surprising that %WFPS often dropped 443 

below 40%WFPS in the loamy sand soils, while the heavier-textured loam soils remained at 444 

~55%WFPS (Gupta and Larson, 1979). However, the finer-textured silt loam fields also dried out 445 

during this dry summer. To explain these contrasts in %WFPS and concurrent larger ryegrass-C 446 

mineralization in the loam soils, it is relevant to compare the potential for water supply from 447 

subsoil, which can form a significant supply of topsoil moisture aside from precipitation (Zipper 448 

et al., 2015; Smith et al., 2017; Qiu et al., 2019). Especially in situations with shallow GWT, 449 

capillary rise may serve as a crucial water supply to the topsoil in finer textured soils during 450 

prolonged drought, whereas its effect is likely limited in coarse-textured soils due to the restricted 451 

maximum height of capillary rise (0.2 to 1.3 m) (Hassink, 1994; Liu et al., 2014; Marchionni et 452 

al., 2020). In this study, the GWT in the loamy sand soils was ~2 m or deeper during the summer 453 

period (Fig. 3), making capillary feeding of the topsoil moisture highly unlikely. Except for three 454 

of the loam soils and three of the silt loam plots, GWT was above 2.5 m depth during the 455 

experimental period. Since the maximum height for capillary rise can be ~2 m in loam and as much 456 

as 3 m in silt loam soils (Liu et al., 2014; Salim, 2016), moisture supply from groundwater was 457 
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thus likely to reach topsoil via capillary rise in these finer textured soils. To further explore this, 458 

we converted measured soil moisture contents from 15 cm and 45 cm depths to water potentials 459 

using soil layer specific fitted Van Genuchten models (Van Genuchten, 1980) and calculated water 460 

potential gradients. Water potential gradients from 45 cm to 15 cm depth were small or close to 461 

zero in the loamy sand soils throughout the experimental period, but they were positive in most 462 

loam and silt loam soils (Fig. 6). This indicates upward water transport between these two layers, 463 

suggesting groundwater was potentially a relevant source of water in the loam and silt loam 464 

topsoils. However, water potential gradients and GWT depths were comparable in the loam and 465 

silt loam soil, indicating that the higher topsoil %WFPS in the loam soils cannot be fully explained 466 

by a substantially larger moisture supply from the groundwater than in the silt loam soils. Another 467 

likely explanation for systematically wetter conditions in the loam soils seems to be their 468 

antecedent wetter condition in March 2020. Other factors such as field slope or vegetation water 469 

uptake, not accounted for in this study, might also have systematically influenced the initial 470 

moisture levels between both textural classes (Xu and Wan, 2008; Vereecken et al., 2022), causing 471 

unexplained spatial variability in OM mineralization at the landscape level. These results once 472 

again reinforce the complexity of soil matrix under field conditions. Nevertheless, our analysis 473 

illustrated that capillary water from shallow groundwater contributed little to topsoil moisture 474 

supply in coarse-textured soil and consequently it had limited impacts on OM mineralization. 475 

Future research using differences in isotopic signature (such as δ18O) between precipitation and 476 

groundwater could shed more light on the relative contribution of both sources on topsoil water 477 

supply and its further impact on OM mineralization during dry summers. 478 

 479 

 480 
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489 

Fig. 6 Difference in soil water potential (∆Ψ) at 45 cm and 15 cm depth. The grey rectangle shade indicates the experimental period. 490 
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Positive values indicate more negative water potentials at 15 than at 45cm depth, i.e. conditions that would allow for upward capillary 491 

transport of soil moisture.  492 
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4.4. Implications for SOC dynamics  493 

Generally it is assumed that soil texture exerts a relevant ‘direct’ effect on OM mineralization, by 494 

regulating opportunity for OM protection via organo-mineral interaction or physical occlusion. 495 

However, our results demonstrate that a “direct” effect of soil texture on fresh OM mineralization 496 

was limited under field conditions. This in fact corroborates several other studies (Jenkinson and 497 

Ayanaba, 1977; Sugihara et al., 2012), including our previous observation (Li et al., 2022) that 498 

added maize shoots mineralization was not impacted by soil texture in the first months after field 499 

incorporation in autumn. These results are in contrast with the direct textural factors for 500 

decomposition rates of labile-C pools that are usually included in the algorithms of most soil C 501 

models. For instance, the Roth-C model includes clay content as a factor to estimate the ratio 502 

between CO2 produced and the sum of humified organic matter and microbial biomass formed 503 

during the decomposition of decomposable plant material (DPM) and resistant plant material 504 

(RPM) (Coleman and Jenkinson, 1996). The ryegrass residues studied here would be partitioned 505 

40% in the RPM pool and 60% in the DPM pool. The DPM pool has a turnover time of a few 506 

months, corresponding to the observed percentage of ryegrass-C mineralization and the time scale 507 

of this field experiment. Our findings suggest the Roth-C model to be overly sensitive to the factor 508 

soil texture for simulation of the decomposition of this 60% DPM pool. The DNDC model (Li et 509 

al., 1992) also includes clay as a controller of the OM decomposition rate, with factors 1.00-1.67 510 

and 0.35-1.00 for coarse-textured and fine-textured soils, respectively. This textural decomposition 511 

rate modification applies to all of DNDC’s OM pools, i.e., plant residues, microbial biomass, 512 

humads and humus. Again, our results challenge DNDC’s algorithms for simulating the 513 

decomposition of the plant residue OC-pool as a function of soil texture.  514 
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Over the past years, Europe and many other regions in the world have experienced severe summer 515 

droughts and current climate models predict more frequent summer droughts under future climate 516 

change scenarios (Vicente-Serrano et al., 2014; Hanel et al., 2018). Summer drought not only 517 

imposes a severe threat on the agricultural sector but also reduces litter-derived C mineralization 518 

(Joos et al., 2010). Our results imply that soil texture-mediated moisture played a non-negligible 519 

role on OM mineralization during dry summers, even in a maritime climate with an even 520 

distribution of precipitation across the year and an overall precipitation surplus of 300 mm. 521 

However, the indirect impacts of soil texture on OM mineralization through mediation of moisture 522 

appear insufficiently accounted for by current soil C models. For instance, water inputs to topsoil 523 

from capillary rise are not simulated by most models, including DNDC and Roth-C. We found that 524 

upward capillary flow was rather limited in sustaining topsoil water input in loamy sand soils when 525 

GWT was deeper than 1.5 m. However, water input from subsoil to topsoil was suggested to occur 526 

in the finer textured soils, potentially forming an important component in the topsoil water balance 527 

during prolonged summer droughts. Therefore, in future climate with more incidence of prolonged 528 

dry periods, it will become even more pertinent to properly simulate soil water balances for 529 

simulating SOC dynamics precisely, as moisture availability becomes the main controller of OM 530 

mineralization.  531 

5. Conclusion 532 

We monitored OM mineralization in nine agricultural fields during a dry summer and 533 

demonstrated that direct effects of soil texture on OM mineralization played a minor role in the 534 

short term. This suggests that textural-modifiers of C mineralization in C models might be overly 535 

sensitive for the considered labile C pools. Instead, our analysis suggests that soil texture can 536 

control fresh OM mineralization indirectly through moisture in the short term. The mineralization 537 
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of OM in loam soils was higher than in loamy sand and silt loam soils due to the higher moisture 538 

content (54%WFPS). This indirect textural effect was significant for OM in the larger soil size 539 

fraction (here added ryegrass >500 µm), but not for OM in the finer soil fraction (<500 µm). We 540 

hypothesize this contrasting sensitivity to texture to be related with more frequent drying out of 541 

large soil pores during droughts, while finer pores remain sufficiently moist for microbial activity 542 

to proceed. Capillary rise from subsoil was indicated to have contributed to topsoil moisture in 543 

loam and silt loam but not in the loamy sand fields in the study area. In this way, soil texture could 544 

have additionally indirectly controlled OM mineralization. This indirect textural control during 545 

drought obviously only occurs when soil texture predominantly determines soil moisture, and with 546 

many more here unaccounted for components of the soil water balance, it is perhaps unsurprising 547 

that soil texture only poorly explained the differences in soil moisture and OM mineralization 548 

between the loam and silt loam pairs. Our findings call for a proper simulation of the soil water 549 

balance of entire soil profiles if soil carbon models are to be used to simulate SOC dynamics under 550 

future climate scenarios.   551 
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