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Abstract. Climate change increasesis increasing the frequency of droughts andfollowed by heavy rainfall events in temperate 

climatesregions of Central Europe. This study examined the impacts of such extreme weather events on the downward , with 

potentialimportant consequences for preferentialwater flow, nitrogen transport of water and inorganic nitrogen species, the 20 

main processes governing inorganic nitrogen turnover and the , redox dynamics of the soil, and microbial communityactivity 

in loamy floodplain soils. To this end, we conducted We investigated these coupled responses in a field experiment 

simulatingon a fine-textured arable Gleysol after a prolonged summer drought. A simulated heavy rainfall event applyingwas 

applied using isotopically (2H) enriched D2O-labeled water on a plot of arable land with fine-textured soil after a prolonged 

dry period. Subsequently the experimental plots were irrigated (²H₂O) as a hydrological tracer, followed by recurrent moderate 25 

irrigation with non-labelledlabeled water. 50 cm deep soil Soil cores to 50 cm depth were collected from irrigated and dry 

control plots at different time points (on days 0, 6/8, and 14)over 14 days and analysedanalyzed for soil nitrate and ammonium 

water content, soil water content, 2H-δ²H signaturesenrichment of soil water, nitrate and ammonium masses,, microbial 

bacterial community composition based on DNA and RNA, as well asand extracellular enzyme activities. Furthermore,In situ 

redox potentials were recorded in situmonitored along the soil profile on dry and irrigated plots. Whereas the irrigation water 30 

of . Within two hours after the simulated heavy rainfall event, labelledlabeled irrigation water had penetrated toreached at least 

50 cm deep into the soil alongdepth, indicating rapid preferential flow paths after only two hoursthrough drought-induced 

shrinkage cracks. Despite this deep water infiltration, ammonium and This was accompanied by a significant decline in nitrate 

valuesmass in the topsoil without nitrate accumulation masses did not increase at 50 cm depth, suggesting nitrate whereas 

nitrate declined significantly in the topsoil. This pattern suggests rapid nitrate transport beyondbelow the investigated profile. 35 

soil depth, while In contrast, ammonium remained constant at 50 cm depth despite a significant decrease of nitrate in the 

topsoil after irrigation. This suggests that some nitrate might have been transported rapidly below 50 cm depth in contrast to 

ammonium, which is rather immobile in soils due to strong largely retained in the soil profile, most likely because of sorption 

to clay minerals. Ammonium behaved very conservatively and only and increased significantlyonly in the topsoiluppermost 

soil layer (0–5 cm) in response to the wetting of the dry soil (“), consistent with a short-term rewetting-induced mineralization 40 

pulse, i.e. the Birch effect”). At day 6 and day 14 of the experiment, the non-labelledlabeled irrigation water of the daily 

recurrent. During Ssubsequent moderate irrigation  doses resided, most newly added water remained was retained mainly in 

the topsoil layer (0–5 cm depth), and only a small fraction penetrated to the subsoil,reached deeper layers, likely because the 
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shrinkage cracks present at the beginning of the experiment had closed. In parallel, the in situ redox potential dropped after 

initial wetting. Redox potentials declined from >oxidizing conditions (> +400 mV to below -) to strongly reducing conditions 45 

(< −100 mV relative tovs. the standard hydrogen electrode. Soil nitrate contents decreased when redox potentials were below 

+100 mV and vice versa. This implies that nitrate formation and transformation after the initial rewetting was governed by soil 

redox conditions instead of processes induced by the rewetting after drought. )declined after irrigation, and were associated 

with later changes in nitrate pools, although  with pronounced temporal and depth-dependent variability. Nitrate masses tended 

to decrease under low redox potentials and increase when redox potentials recovered, indicating that redox conditions likely 50 

contributed to nitrate dynamics after the initial rewetting phase. However, because nitrogen transformation rates were not 

directly measured. , these patterns should be interpreted as evidence for redox-associated changes in inorganic nitrogen pools 

rather than direct process-rate estimates. Microbial Bacterial community composition remained stable at both DNA and RNA 

levels, whereas analysis showed no significant differences between the active fraction of the community (RNA) on irrigated 

and dry plots.treatment effects at either the DNA or RNA level over the 14-day experiment. Diversity indices onof the RNA-55 

levelactive community were somewhat higher on dry than on wet plots, althoughslightly, but not significantly, which suggests 

that drying and the following rewetting selected for more adapted taxa. In contrast, activities of the extracellular enzymes 

higher in dry than in irrigated soils. In contrast, β-glucosidase and exochitinase showedactivities increased after irrigation.were 

significantly higher activities on wet plotsin irrigated than onin dry plots, whereas the activity of acid phosphatase activity did 

not respond to the irrigation treatment. All enzymes decreased in activity; all enzyme activities declined with soil depth. 60 

Overall, the our results show that heavy rainfall after droughtevent had only a minor effect on the turnover of inorganic nitrogen 

species. Nitrogen turnover was mainly governed by redox conditions. The presence of pronounced shrinkage cracks formed 

after a drought period before the heavy rainfall event, however, allows forcan trigger rapid created a short hydrological window 

for rapid nitrate displacement through preferential flow pathways, transport of nitrate dissipation into the subsoilthrough fine-

textured floodplain soils, potentially bypassing nitrogen retention in the biologically active topsoil and eventuallyincreasing 65 

the risk of nitrate transfer to the underlying aquifer. Our study also showed that thedeeper soil layers or shallow groundwater. 

In contrast, microbial community in temperate climates reacts in terms of activity and may ultimately be reshapedcomposition 

remained comparatively stable over the short observation period, while extracellular enzyme activities responded rapidly to 

represent more resilient taxa regarding drying and rewetting cycles. . 

 70 
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1 Introduction 

Floodplains are biogeochemically active interfaces between terrestrial and aquatic systems and play an important landscape 

compartments when it comes to role in nitrogen retention and turnover (Lair et al., 2009; Venterink et al., 2003). Often, 75 

floodplain soils are (Lair et al., 2009; Venterink et al., 2003). Their soils are often exposed to recurrent inundation and dry 

periods, or they are influenced by alternating , drying, and fluctuations in groundwater levels throughout the year (Baldwin 

and Mitchell, 2000; Coby et al., 2011). In both cases, they experience alternating level, which cause pronounced shifts in 

oxygen availability and thus fluctuating redox conditions. The availability of oxygen determines which nitrogen turnover 

processes dominate (Baldwin and Mitchell, 2000; Hefting et al., 2004). Inorganic nitrogen in the form of ammonium is released 80 

during the mineralization of organic matter. Ammonium is relatively stable  (Baldwin and Mitchell, 2000; Coby et al., 2011). 

These redox fluctuations regulate the dominant pathways of inorganic nitrogen transformation (Baldwin and Mitchell, 2000; 

Hefting et al., 2004). Organic matter mineralization releases ammonium, which may accumulate under reducing conditions 

but is nitrifiedor be oxidized to nitrate under oxidizingoxic conditions. Under reducing Conversely, nitrate is reduced under 

low-oxygen conditions, nitrate is mainly denitrifiedthrough denitrification to N2ON₂O and N2N₂ via nitrite and NO. nitric 85 

oxide. Thus, floodplain soils are hotspots of nitrogen transformation, but the balance between nitrogen retention, gaseous loss, 

and leaching depends strongly on hydrological connectivity and redox dynamics. 

Climate change increases the frequency and amplitude of weather extremes such as drought periods and heavy rainfall events 

(Coumou and Rahmstorf, 2012; Horton et al., 2016; Perkins et al., 2012). Heavy rainfall after summer drought triggers 

important hydrological and biogeochemical processes, particularly in fine-textured, loamy soils. First of all, drought causes 90 

the formation of shrinkage cracks of substantial width and depth, that allow for preferential flow (Beven and Germann, 2013; 

Jarvis et al., 2016; Nimmo, 2021) and thereby fast vertical solute and particle-bound transport of nutrients and agrochemicals 

(Bronswijk et al., 1995; Kelly and Pomes, 1998; Schlögl et al., 2022) during a following heavy rainfall event. The two inorganic 

nitrogen species ammonium and nitrate differ strongly in their chemistry and biogeochemical behaviour in soils. Ammonium 

as a cation is prone to sorption to the mostly negatively charged soil mineral particles whereas nitrate as an anion is little sorbed 95 

in soils and therefore more mobile in pore water (Blume et al., 2016) and can thus be lost from the soil system by leaching. 

The fate of ammonium and nitrate during rewetting of dry soils is also determined by the so-called Birch effect. This effect 
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describes the occurrence of a temporary flush of inorganic nitrogen after the rewetting of dry soil, that was observed in both 

lab (Birch, 1958, 1960) and field experiments (Cui and Caldwell, 1997). This flush of inorganic nitrogen is caused by microbial 

lysis, mineralization of dead microbial biomass, and by decomposition of osmoregulatory substances released by 100 

microorganisms upon rewetting (Fierer and Schimel, 2002; Jarvis et al., 2007; Saetre and Stark, 2005; Unger et al., 2010). The 

effect can last up to several days in the field with the main fraction of nitrogen mineralized in the first three days after wetting 

(Cui and Caldwell, 1997). Despite the potential importance of the Birch effect on inorganic soil nitrogen cycling, it is only 

triggered by severe drying-rewetting cycles. After this pulse of nitrogen seizes it is later expected that the “usual” redox-driven 

processes dominate soil inorganic nitrogen cycling, including mineralization, nitrification and denitrification. 105 

Inorganic nitrogen turnover processes are largely microbiologically driven in soils. The soil microbial community adapts to 

regular drying and rewetting cycles (Armstrong et al., 2016; Fierer et al., 2003; Veach and Zeglin, 2020). Dependent on the 

frequency and intensity of the disturbance in hydraulic and redox conditions, dynamics of microbial community composition 

and activities may respond differently (Moche et al., 2015; Rinklebe et al., 2006). In mid-European temperate climates such 

as at our study site, drying and rewetting cycles might become more frequent in the future due to climate change (Coumou and 110 

Rahmstorf, 2012; Horton et al., 2016; Perkins et al., 2012). It is therefore important to understand their effects on microbial 

community activity and composition and related changes in soil nitrogen cycling.  

The objectives of our study were (i) to evaluate the water flow and solute transport during a drying-rewetting event 

induced by heavy rainfall following a summer drought Climate change is expected to increase the frequency and intensity of 

weather extremes, including droughts and heavy rainfall events, in temperate regions of Central Europe (Coumou and 115 

Rahmstorf, 2012; Horton et al., 2016; Perkins et al., 2012). Heavy rainfall following summer drought can trigger rapid 

hydrological and biogeochemical responses, particularly in fine-textured, loamy soils. During drought, shrinkage cracks may 

form and create preferential flow paths that allow water, dissolved solutes, and particle-associated compounds to bypass much 

of the soil matrix and move rapidly into deeper soil layers (Beven and Germann, 2013; Jarvis et al., 2016; Nimmo, 2021). Such 

preferential flow has been shown to enhance the vertical transport of nutrients and agrochemicals during subsequent rainfall 120 

events (Bronswijk et al., 1995; Kelly and Pomes, 1998; Schlögl et al., 2022). For inorganic nitrogen, this process is particularly 

relevant because ammonium and nitrate differ strongly in mobility. Ammonium is retained by sorption to negatively charged 

mineral surfaces, especially clay minerals, whereas nitrate is weakly sorbed and can therefore be transported with percolating 

and infiltrating water (Blume et al., 2016). Heavy rainfall after drought may therefore decouple the vertical redistribution of 

water, nitrate, and ammonium, with potential implications for nitrogen retention in the soil profile and nitrate transfer to deeper 125 

soil layers or groundwater. 

In addition to physical transport, rewetting of dry soil can stimulate short-lived pulses of microbial activity and 

nitrogen mineralization, commonly referred to as the Birch effect. This effect describes the transient release of inorganic 

nitrogen after rewetting, as observed in both laboratory and field studies (Birch, 1958, 1960; Cui and Caldwell, 1997). It is 

commonly attributed to microbial cell lysis, the mineralization of dead microbial biomass, and the decomposition of 130 

osmoregulatory compounds released during rewetting (Fierer and Schimel, 2002; Jarvis et al., 2007; Saetre and Stark, 2005; 

Unger et al., 2010). In the field, this pulse can last several days, with the strongest nitrogen release often occurring within the 

first few days after rewetting (Cui and Caldwell, 1997). However, after the initial rewetting pulse, inorganic nitrogen pools 

may increasingly reflect the combined effects of continued mineralization, nitrification, denitrification, microbial 

immobilization, and transport. Distinguishing these processes from pool-size data alone is challenging, particularly under field 135 

conditions where water flow and redox conditions vary strongly with depth and time. 

Microbial communities mediate most nitrogen transformation processes in soils, but their responses to drought and 

rewetting are complex. Soil microbial communities can adapt to repeated drying–rewetting cycles, depending on the frequency, 

intensity, and duration of such disturbances (Armstrong et al., 2016; Fierer et al., 2003; Veach and Zeglin, 2020). Floodplain 

soils may therefore show contrasting responses: microbial activity may respond rapidly to rewetting, whereas community 140 
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composition may remain comparatively stable over short time scales because of spatial heterogeneity, dormancy, or prior 

exposure to fluctuating environmental conditions (Moche et al., 2015; Rinklebe et al., 2006). Combining microbial community 

analyses with extracellular enzyme activities can therefore help distinguish whether drought–rewetting primarily affects 

microbial activity or also leads to detectable shifts in community composition. 

Despite extensive knowledge on preferential flow, the Birch effect, redox-dependent nitrogen transformations, and 145 

microbial responses to wetting and drying, these processes are rarely investigated together under realistic field conditions. In 

particular, it remains difficult to determine how heavy rainfall after summer drought simultaneously affects (i) the depth 

distribution of newly infiltrated water, (ii) the redistribution of nitrate and ammonium, (iii) the development of redox conditions 

along the soil profile, and (iv) microbial community composition and activity. This integrated perspective is needed because 

drought-induced preferential flow may rapidly transport nitrate beyond the biologically active topsoil, while subsequent soil 150 

wetting may alter redox conditions and microbial activity in ways that affect inorganic nitrogen pools over the following days. 

The objective of this study was therefore to assess how a simulated heavy rainfall event after summer drought affects water 

infiltration, inorganic nitrogen redistribution, redox dynamics, and microbial responses in a fine-textured floodplain soil, (ii) 

to examine the temporal transition from pulse-driven nitrogen cycling (the Birch effect) upon soil rewetting towards redox-

driven nitrogen turnover processes, and (iii) to assess the impact of drying and rewetting on soil microbial community structure 155 

and activity.. Specifically, we aimed to (i) quantify the depth distribution of infiltrating water after heavy rainfall using D²H₂O-

labelledlabeled irrigation water, (ii) assess whether nitrate and ammonium differ in their vertical redistribution after rewetting, 

(iii) evaluate how in situ redox potentials develop during subsequent moderate irrigation and how these dynamics relate to 

inorganic nitrogen pools, and (iv) determine whether microbial community composition and extracellular enzyme activities 

respond to rewetting over a 14-day period. To this end, we conducted a field experiment simulating a one-hour heavy rain 160 

event followed by recurrent moderate daily rainfall for 14 days on on a Gleysol that exhibitedwith pronounced drought-induced 

shrinkage cracks after summer drought. The water of the. A one-hour simulated heavy rainfall event with D²H₂O-

labelledlabeled water was spiked with deuterated water as a conservative hydrological tracer, that allowed us to quantify water 

infiltration depth and distribution.followed by recurrent moderate irrigation with non-labelledlabeled water. We monitored 

depth-resolved in situ redox potentials using permanently installed sensors and took, collected soil cores to 50 cm depth from 165 

irrigated and dry control plots on day 0, i.e., two hours after the heavy rainfall simulation, on day 6/8, and on day 14. The soil 

samples were analyzed for vertical changes in, and analysedanalyzed soil water content, in isotopicδ²H signatures (δ2H) of the 

pore water, in extractable ammonium and nitrate concentrations, in, total (and active microbial community composition based 

on DNA-level) and active (RNA-level) microbial community composition, as well as in, and extracellular enzyme activities. 

  170 

 

2 Materials and Methods 

2.1 Study site 

The study site is located in the Ammer valley floodplain, approx.approximately 7 km Westwest of Tübingen in SW, 

southwestern Germany (48.521266° N, 8.972687° E, 394 m a.s.l.). The Ammer catchment of river Ammer is situated in the 175 

South German Escarpment in thewithin geological units of the Middle and Upper Triassic. The westwestern part of the 

catchment lies within the Muschelkalk unit, whereas the eastern part lies within Keuper units, which mostlymainly consist of 

terrestrial sediments, such as sand-, mud- or sandstones, mudstones, and dolostones (Geyer et al., 2011; Grathwohl et al., 2013; 

Martin et al., 2020; Schwientek et al., 2013). 

(Geyer et al., 2011; Grathwohl et al., 2013; Martin et al., 2020; Schwientek et al., 2013). The floodplain withcontaining the 180 

study site liesis located in the eastern part of the catchment and is definedbordered by Keuper hills at its southernto the south 
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and northern rimnorth. The hydrostratigraphy withinof the floodplain comprises, from bottom to top:, Keuper rocks as 

basement, an aquifer mainly madecomposed of gravel and clay (gravel aquifer), a regional aquitard (lower clay aquitard), a 

confined aquifer madecomposed of calciferouscalcareous tufa sediments (tufa aquifer)), and anotheran upper regional aquitard 

(upper clay aquitard) (Martin et al., 2020).(Martin et al., 2020). The upper clay aquitard comprises the investigated soil. On 185 

developed within the upper clay aquitard, which is, on average, it is 2 m thick and consists of fine-grained, clay -mineral-rich 

alluvial sediments derived from the surrounding Keuper hills. The bottom halflower part of this aquiferaquitard is water -

saturated throughout the year. The soils are characterizedclassified as Gleysols, showing the  and show typical gleyic properties 

such as color-, including visually distinguishable reduced and oxidized horizons (Appendix A) (Martin et al., 2020). In; Martin 

et al., 2020). The 50 cm soil cores collected in this study sampled only the Ah and Go horizons. Although the site is 190 

geomorphologically part of the Ammer floodplain, the Ammer currently flows in a regulated riverbed. Regular overbank 

flooding of the investigated area is therefore unlikely under present study the cores of 50 cm depth only sampled the Ah and 

the Go horizonconditions. This information is relevant for interpreting microbial responses to drying–rewetting and flooding-

related redox fluctuations. 

The soil has an organic matter content (, quantified as total organic carbon (TOC), for; methodological details seein 195 

Appendix B) of), was 2–2.5 wt% in the upper 15 cm and of approximately 1 wt% atbetween 15 toand 50 cm depth (Appendix 

B). It has a uniform soil. Soil texture of was relatively uniform within the upper 50 cm, with 11 ± 4 wt% of sand, 56 ± 6 wt% 

of silt, and 32 ± 4 wt% of clay within the upper 50 cm (Appendix C,; determined afteraccording to DIN EN ISO 17892-4). 

The soilSoil pH varied between ranged from 7.0 andto 7.3 and was determined on six samples from irrigated plots, with two 

samples each from soil depths of 0–10 cm, 20–30 cm, and 40–50 cm depth, after stirring the samplesoil in a 1 : 1 (v : w) 200 

mixmixture with deionized water for 30 min. 

The experiment was conducted on a plot of arable land after the harvest of summer barley harvest and after a 

prolonged summer dry period during summer (see Section Meteorological Conditions(see Sect. 2.2 for moremeteorological 

details below). Information about theon previous land use of the plot was provided by personal communication with the 

farmer:. During winter 2018/192019, before croppingthe cultivation of summer barley, a catch crop (consisting of radish and 205 

mustard) was planted and in February 2019 this green manure was incorporated into the soil with a cultivator. in February 

2019. The plot was fertilized with horse manure in winter 2018/192019 and with calcium ammonium nitrate fertilizer (27 % 

N) in spring 2019. During barley cultivation of summer barley, the herbicide Ariane-C (active ingredients:was applied, 

containing 100 g L-1 Fluroxypyr⁻¹ fluroxypyr (as Methylheptylestermethylheptyl ester, 144 g L-1),⁻¹), 80 g L-1 Clopyralid +⁻¹ 

clopyralid, and 2.5 g L-1 Florasulam) was applied⁻¹ florasulam. 210 

 

 

2.2 Meteorological conditions 

The climate in the region ofat the experimental site is temperate oceanic, with a long-term mean annual precipitation of 718 

mm and a mean annual temperature of 9.4 °C (for the period 1981–2010, (German meteorological service (Dwd), 2024)). 215 

From  (German Meteorological Service (DWD), 2024). Meteorological data were retrieved from a weather station in Tübingen 

-Unterjesingen (48.52950° N, 8.98380° E, 439 m a.s.l.,.), located close to the actual experimental study site) meteorological 

data were retrieved (Agrarmeteorologie baden-Württemberg, 2021) ( (Agrarmeteorologie Baden-Württemberg, 2021; 

Appendix D). The experiment was conducted from 16 to 30 July 2019. InDuring the two weeks preceding experimentalthe 

start, of the experiment, daily temperatures well aboveexceeded 20 °C dominated on all but two days, and three moderate 220 

(according to the classification of the American meteorological society (2012)) rainfall events occurred (, with 9.1, 5.1, and 

33.1 mm precipitation, respectively). , according to the classification of the American Meteorological Society (2012). 
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During the experiment, athe minimum night-time temperature ofwas 10.2 °C was reached during night (night, with 

an average 17.7°C) and a maximum night-time temperature of 36.317.7 °C during. The maximum daytime (daytemperature 

was 36.3 °C, with an average daytime temperature of 24.5 °C). On . Temperatures exceeded 25 °C on 12 days, temperatures 225 

> 25°C  and 30 °C on six of these temperatures > 30°C were measured.days. Following the FAO guideline (Allen et al., 1998), 

(Allen et al., 1998), the reference evapotranspiration ETo(ET₀) for July 2019 was calculated as 4.2  mm  day-1 (see ⁻¹ (Appendix 

E). Because the experimental plots had been harvested before the experiment, ET₀ is used here as a meteorological reference 

for details on the calculation). From 16 toatmospheric evaporative demand rather than as a direct estimate of plot-scale 

evapotranspiration. 230 

Between 16 and 30 July 2019, two natural rainfall events occurred,: one on the 21 July from 02:00 to 05:00 amlocal 

time (2.5 mm)), and aone heavy rainfall event from 26 July 08at 20:00 pm to 27 July at 05:00 amlocal time (24.7 mm) (; 

Appendix D). During both of these events, the dry control plots were covered bywith plastic foilsfoil. However, during the 

natural heavy rainfall event offrom 26 July to 27 July, the plastic foil ofcovering plot D2, where the redox probes were installed, 

was removed by wind. 235 

 

2.3 Experimental setup 

2.3.1 Plot design 

The plotexperimental design comprised nine plots that were arranged as a Latin Squaresquare with three different treatments 

(Fehler: Verweis nicht gefunden). All plots were of 2.4 m (Fig. 1). Each plot had a lateral length of 2.4 m and was separated 240 

from adjacent plots by 50 cm stripes to allow access strips. Within each plot, a sampling area of 2 m x× 2 m inner sampling 

area was defined to excludeminimize boundary effects. Three different treatments were realizedestablished, but only two are 

relevant for the present study presented here: (i) W plots were artificially irrigated to simulate plots (W), where a heavy rainfall 

event (HRE) after a dry period, drought was simulated, and (ii) dry control plots (D plots), which remained dry and served as 

controls.. The third treatment included theglyphosate application of glyphosate before irrigation. Results; results from these 245 

plots are presented in other publications (Schlögl et al., 2022; Wirsching et al., 2022).elsewhere (Schlögl et al., 2022; Wirsching 

et al., 2022).  
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 250 

Figure 1: Plot design and treatments in the field experiment. Nine plots of 2.4 m x× 2.4 m lateral length were arranged as a Latin 
Squaresquare, and three treatments were realizedestablished in triplicates:triplicate. A heavy rainfall event was simulated aton day 
0 and, followed by light daily irrigation followed for 14 days on irrigated plots (W plots, blue). Dry control plots (D plots (, orange) 
remained dry and served as control. Glyphosate-treated plots.  (G plots (, grey) were treated with received glyphosate before they 
received the same rainfallirrigation treatment as the W plots. AnThe inner sampling area (dashed line) was defined to minimize 255 
boundary effects. For the in situ monitoring of redox potentials, redox sensors (red circles) were installed on plots W1, D2, and G2, 
and two reference electrodes (black triangles A and B, wherewith B servedserving as control for thea system control) were installed 
on plot G2 approx. in equidistance toapproximately equidistant from all redox sensors. (Figure adapted after Schlögl et al. 
(2022).)from Schlögl et al. (2022).  

 260 

2.3.2 Plot treatment  

Irrigation took place was conducted from the 16 to 31 July 2019, with the day of the simulated heavy rainfall event (16 July) 

defined as day 0 (T0) (Fehler: Verweis nicht gefunden).; Fig. 2). All plots were covered for one week before the experiment 

to guaranteeestablish dry initial conditions. The heavy rainfall event (, defined as 7.6 to 50 mm per hour by the 

American meteorological society (2012))h⁻¹ according to the American Meteorological Society (2012), was simulated by 265 

irrigation withapplying 24.3  mm deionized water for approx.over approximately one hour withusing watering cans. The 

irrigation water was labelledlabeled with deuterated water (D2OD₂O) as a conservative hydrological tracer. Two literslitres of 

deuterated waterD₂O (99.9 atom %, Carl Roth, Germany) were mixed with the1000 L irrigation water (1000 L) which resulted, 

resulting in an input δ2Hδ²H signature of 12 730 ‰ vs.relative to Vienna Standard Mean Ocean Water (VSMOW).  

On days 1 to 10 and on day 14, light irrigation with non-D2O-labeledlabelledlabeled water was conducted with an 270 

irrigationapplied at a rate of 5.2 mm day-1⁻¹. This moderate recurrent irrigation was intended to keep the soilssoil moist and to 

force , promote the closure of shrinkage cracks to investigate the, and allow monitoring of the subsequent development and 

influence of in situ redox potential onpotentials, inorganic nitrogen turnover processespools, and on the microbial 

communityresponses. Daily irrigation was paused from T11 to T13 due tobecause of a natural heavy rainfall event on the 

evening of T10 and ongoingcontinued natural rain fallrainfall on T11 and T12. The Ddry control plots were covered with 275 

greenhouse foil between T10 and T14 to prevent wetting by a natural heavy rainfall on the evening of T10 and the following 

three daysrainfall. During the natural heavy rainfall event from 26 to 27 July, the plastic foil covering plot D2, where the redox 

probes were installed, was removed by wind. 

  

 280 
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Figure 2: Irrigation and sampling scheme. Irrigation (black bars,; bar length indicates intensity) included a simulated heavy rainfall 
event (HRE) with D2O-labeledD₂O-labelledlabeled water on day 0, followed by light daily irrigation on with non-labelledlabeled 
water on W plots. Natural precipitation is indicated by light -blue bars, which and was excluded from D plots but not from W plots. 
Sampling for inorganic nitrogen species (NinorgN_inorg) and soil water content took place on days 0, 6, and 14 (black stars), samples). 285 
Samples for analyses of δ2H signatureδ²H signatures, microbial communities, and enzymesenzyme activities were retrievedcollected 
on days 0, 8, and 14 (golden stars). (Figure adapted after Schlögl et al. (2022).)from Schlögl et al. (2022).  

 

2.3.3 Sampling  

Sampling Soil sampling was doneperformed with a stainless-steel soil corer (Humax, Hasli-Rüegsau, Switzerland). The 290 

soilSoil cores were retrieved within collected in PVC liners of 50 cm length and 3.5 cm diameter and were immediately 

putplaced on dry ice. In the lab, theylaboratory, cores were stored at -−80 °C (for microbiological analyses, enzyme analyses, 

δ2Hand δ²H analyses), and at -−21 °C (for inorganic nitrogen species) until further analysis. The analyses. Sampling holes in 

the field were filled with bentonite.  

The sampling scheme comprised Two sampling schemes were used: one for (i) inorganic nitrogen species and soil water 295 

content, and (ii)one for soil pore -water δ2Hδ²H, microbial community structure, and soil enzymes (Fehler: Verweis nicht 

gefunden).extracellular enzyme activities (Fig. 2). For thesoil-water δ²H analysis of soil water δ2H, cores were takencollected 

from W plots along shrinkage cracks. Additional samples were takencores from D plots were collected to determine the natural 

δ2Hδ²H background. Samples for inorganic nitrogen species, soil water content, and microbiological analyses were takenalso 

collected from W and D plots along shrinkage cracks. The initial shrinkage cracks were marked before the first irrigation so 300 

that their locations remained identifiable during later stages ofsampling. 

Exact sampling positions within each plot were not recorded. However, all samples were taken from within the inner 

sampling area and at least 20 cm away from plot borders to minimize boundary effects. Later samples were collected at least 

10 cm away from previous sampling holes. Because the experiment, their courseholes were filled with bentonite immediately 

after coring, direct resampling of disturbed locations was still recognizable.avoided. Sample codes in the following text are 305 

defined as follows: treatment of the respective plot (dry (control, D),; irrigated (, W))), followed by the respective experimental 

plot replicate number (1, 2, or 3) as well asand the sampling time point T + number, whereplus the number expresses 

theexperimental day. For example, W1T8 refers to the irrigated plot W1 sampled aton day 8, whilewhereas WT8 refers 

collectively to all three replicate Wirrigated plots sampled on day 8. 
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 2.3.4 In situ monitoring of redox potentials 310 

To evaluate the redox potential as a controlling factor of the microbial turnover of the two inorganic nitrogen species, nitrate 

and ammonium, in In situ soil redox potentials were measured on a plot irrigated with water (plot monitored to assess temporal 

and depth-resolved changes in soil redox conditions after irrigation. Measurements were performed on one irrigated plot (W1) 

with two independent redox sensors (sensorsensors 1 and 2) and on aone dry control plot (plot D2) with one redox sensor 

(sensor 5) (Fehler: Verweis nicht gefunden).; Fig. 1). Thus, redox measurements provide high-resolution temporal information 315 

but were spatially limited to one irrigated and one dry control plot. The multilevel redox sensors (PaleoTerra, Oijen, Thethe 

Netherlands) were madeconsisted of fiberglassfibreglass and epoxy tubes and were with a total length of 1.20 m length. Each 

sensor hadcontained 10 platinum (Pt) electrodes. For the installation of the sensors, we first drilled a, vertical hole holes were 

drilled into the soil that was with a diameter 2 mm smaller in diameter than that of the sensors, so that after sensor installation, 

the to ensure contact between the electrodes and the surrounding soil was given. Then the sensorsafter installation. Sensors 320 

were installed in a waysuch that the firstuppermost electrode was placedpositioned 5 cm below ground level (bgl) and the 

further), with additional electrodes placed at 10 cm intervals bgl.below the surface. Two Ag/AgCl reference electrodes (A and 

B) (; saturated KCl sat.; E0; E₀0 = 0.199 V) were installed on plot G2 (Fehler: Verweis nicht gefunden)., approximately 

equidistant from the redox sensors (Fig. 1). One of them served as the reference electrode was used for the measurements, and 

the other onesecond served as a control for the system control. The redox sensors and reference electrodes were installed on 325 

15 July 2019., one day before the start of the irrigation experiment. Measured redox potentials (Emeas) are reported vs.relative 

to the standard hydrogen electrode (SHE; E0E₀0 = 0 V, by definition) as EH = Emeas + EKCl,sat. Measurement precision was ± 10 

mV. The sensorsSensors and the reference electrodes were connected to a data logger (Campbell ScientifcScientific, Logan, 

Utah, US)USA), which stored therecorded redox potentials at 30-minute min intervals throughout the experiment. The 

characterization of the inIn situ soil redox conditions will be based on the following categorization (Mansfeldt, 2003) of were 330 

classified according to Mansfeldt (2003) for EH values at circumneutral pH as follows: oxidizing (> +400 mV vs. SHE), weakly 

reducing (+400 to +200 mV), moderately reducing (+200 to -−100 mV)), and strongly reducing (< -−100 mV).  

2.3.5 Soil water content 

For the assessment of gravimetricGravimetric soil water content onwas determined for 50 cm soil cores from irrigated (W) 

and dry control (D) plots, the 50 cm cores. Cores were cutdivided into 5 cm increments of 5 cm for 0–10 cm depth and into 10 335 

cm increments of 10 cm for 10–50 cm depth. From these increments, triplicates of approx.each increment, three aliquots of 

approximately 1.5 g of field wet-moist soil (scale precision 0.001 g) were weighed (small pebbles were rejected) before and 

after freeze drying. The gravimetric-drying. Small pebbles were removed before weighing. Gravimetric water content (g g-

1)⁻¹) was calculated as the ratio of water loss relative to dry weight. The soil mass. Soil water content of the D plots on day 0 

was used as the reference condition and is hereafter referred to as “the initial soil water content”. 340 

2.4 Chemical and isotopic analyses 

2.4.1 δ2H signature of soil water 

The δ2Hδ²H signature of the soil pore water was determined by H2OH₂O(liquid)-H2O(vapor)–H₂O(vapourvapor) equilibration 

andfollowed by cavity ring-down laser spectroscopy (Picarro L2120-i and L2130-i) (Wassenaar et al., 2008). To this end, 

frozen; Wassenaar et al., 2008). Frozen core samples (coresfrom WT0/8/14, WT8, WT14, and DT0) were sliced ininto 10 cm 345 

segments and aliquots. Aliquots of 66 to –170 g of those segments from each segment were doublebaggeddouble-bagged in 1 

L Ziploc freezer bags and stored at 4 °C. Before analysis, the bags were filled with laboratory dry air and the bags were stored 

for 3 morean additional three days to let theallow equilibration between pore water equilibrate with the and headspace water 

vaporvapourvapor. Each analysis lasted up to 30 minutesmin, until the signal plateaued, that is,reached a stable 
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conditionsplateau within the expected measurement accuracy were reached (i.e.,, defined as a standard deviation < 1.0 ‰ for 350 

δ2Hδ²H of the water vapor).vapourvapor. The average signal over the lastfinal minute of the analysis was recorded. After every 

third sample, an internal standard (consisting of water ofwith known isotopic composition in a freezer bag) was measured for 

calibration. The isotopicIsotopic signatures are reported as isotope ratios relative to the international standard (Vienna Standard 

Mean Ocean Water, VSMOV (VSMOW) in delta notation in ‰ (δ‰ ൌ ሺሺRsample – Rstandardሻ/Rstandardሻ*1000 ),as δ‰ = 

((R_sample − R_standard) / R_standard) × 1000, where R is the ²H/¹H isotope ratio 2H/1H of the sample and theor standard, respectively. 355 

For the determination of δ2Hthe natural δ²H background values on cores from in DT0 cores, the upper-mostuppermost segment 

was ignoredexcluded to avoid corruptionpotential contamination by wind drift or water vaporvapourvapor from irrigation. 

Additionally, the gravimetricGravimetric water content of each analyzedanalysedanalyzed segment was additionally 

determined byfrom the weight difference before and after drying at 105 °C. These values were used for isotope mass -balance 

calculations. 360 

 2.4.2 Water mass balance 

A water mass balance was determinedcalculated to assessestimate how much of the total water input from irrigation plusand 

natural precipitation receivedwas stored within the sampled 0–50 cm soil profile on days 0, 6, and 14. Total water inputs to W 

plots were 24.3 mm by day 0, 6 and 14 (24.3 mm, 60.0  mm by day 6, and 115.0 mm, respectively) on W plots reached the 

different depth segments of the profile. It was assumed that irrigation only led to a water storage change and that hardly any 365 

leaching below 50 cm occurred. by day 14. The measured gravimetric soil water contents from WT0/6/14, WT6, WT14, and 

DT0 were converted to volumetric water contents using known bulk densities of individualthe corresponding depth segments. 

The change in water storage within each depth segments. With these volumetric water contents, the amount of water volume 

changesegment was calculated andrelative to the increase ofinitial soil water content, i.e., of the dry control plots on day 0 and 

expressed as water volume per m² on irrigated plots, at each day was assessed by comparison with dry plots on day 0.square 370 

metre. The resulting water mass balance represents apparent water recovery within the sampled 0–50 cm soil profile. It does 

not constitute a closed hydrological balance, because water loss by evaporation and drainage below 50 cm depth could not be 

quantified directly from soil water content measurements alone. Potential losses below the sampled depth were therefore 

evaluated indirectly using the δ²H isotope mass balance of the labelledlabeled heavy-rainfall water.  

2.4.3 Isotope mass balance 375 

The irrigation water ofapplied during the simulated heavy rainfall event on day 0,  (IrrHRE,) was labeledlabelledlabeled with 

D2O. A two-component (i.e., isotope mass balance) mixing approachmodel was used to calculate the fraction of IrrHRE in every 

i-theach depth segment (fIW,zi): 

 

𝑓ூௐ,௭೔ ൌ
𝛿²𝐻௭೔ െ 𝛿²𝐻଴
𝛿²𝐻ூௐ െ 𝛿²𝐻଴

 380 

 

where δ2Hzi is the measured isotope ratio in the i-th depth segment, δ2HIWδ²H_IW is the isotope ratio of the simulated heavy -

rainfall event irrigation water on day 0 (i.e., 12  730‰) ‰), and δ2H0δ²H_0 is the average natural background average δ2Hδ²H 

of the pore water before irrigation (i.e., -(−47.6‰). For the calculation of  ‰). To calculate the amount of IrrHREIrr_HRE in each 

depth segment, the volumetric water content calculated as described in SectionSect. 2.4.2 was multiplied by the fraction of 385 

irrigation water fIWf_IW,zi.  
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2.4.4 Extraction and analysis of inorganic nitrogen 

Changes in the content ofExtractable inorganic nitrogen compounds was analysedanalyzed to assess changes in nitrate and 

ammonium allow to follow redox transformations induced by thepools after the simulated heavy rainfall event. and during 

subsequent irrigation. Inorganic nitrogen was extracted from approx.approximately 1.2 g of frozen soil aliquots with 12 mL 2 390 

M KCl (p.a., Honeywell, Germany) prepared in ultrapure water (GenPure Pro UV-TOC, Thermo Fisher Scientific, Germany). 

Samples were shaken for 30 minutesmin on a horizontal shaker (IKA, Germany) withat 160 motions per minute (mpm)min⁻¹ 

and then centrifuged at room temperature for 15 min at 5 000 x5000 × g (centrifuge 5430 R, Eppendorf, Germany) and ). 

Extracts were filtered (through 0.2 µm, regenerated cellulose,  filters (Sartorius, Germany). The extracts were ), stored at 4 °C 

until analysis, and were analyzedanalysedanalyzed within a maximum of 2two days.  395 

Ammonium and nitrate concentrations were analyzed in these extractsdetermined by continuous flow analysis (CFA) 

using an AA3 HR AutoAnalyzer System from (Seal Analytical (, Germany). All chemicals used were purchasedobtained from 

Sigma -Aldrich, Germany, and were of ACS grade. Standard curve range wascurves ranged from 0 to 7.5 mg N L-1⁻¹ for both 

analytes, giving a and showed high linearity (R² between= 0.999 and –1.000). Nitrate determination followed the was 

determined according to ISO  13395 standard methodology, where nitrate is reduced to nitrite by hydrazine, which and then 400 

reacts with sulfanilamide and NEDD formingto form a pink complex, which is measured at 550 nm. PotentiallyNitrite present 

nitrite in the original sample iswas determined independently without hydrazine addition and subtracted from nitrate 

concentration.concentrations. Ammonium was determined according to the ISO  11732 standard methodology, where 

itammonium reacts with salicylate and dichloroisocyanuric acid to form a blue complex which is measured at 660  nm. To 

account for signal shifts due to the samplepotential matrix (2 effects caused by 2 M  KCl),, standards for both nitrogen species 405 

were also prepared in 2 M KCl for both nitrogen forms..  

 

2.4.5 Nitrate and ammonium mass balance 

The measuredMeasured nitrate and ammonium concentrations (mg N L-1)⁻¹) were corrected for baseline and blank values, and 

the massmasses of nitrate and ammonium in the extraction solution waswere calculated. The original weightmass of the frozen 410 

soil sample was corrected to dry weight by the mass using gravimetric water content and the. The mass of ammonium-N and 

nitrate-N per gram of dry soil was then calculated. IncludingUsing bulk density of the soil and the sample volume at different 

depths of theeach soil core, the mass of  segment, ammonium-N and nitrate-N at masses were calculated for each depth interval 

and for the whole entire 0–50 cm soil core was assessed. 

 415 

2.5 Microbiological Analyses 

2.5.1 Molecular Analysis 

For molecular analysis of bacteria and archaea, soil cores were storedplaced on dry ice immediately after sampling. Soil cores 

were and stored at −80 °C in the lab at -80°Claboratory until analysis. The frozenFrozen cores were cut into depth segments 

ranging from soil depthof 0–10 cm, 20–30 cm, and 40–50 cm using aan electric saw sterilized (with 2 % sodium hypochlorite 420 

solution) electric saw. For nucleic acid extraction representative. Representative subsamples (of 10–15 g) of the soil samples 

were defrostedthawed at room temperature, and homogenized with a sterile spatula, and finally duplicate. Duplicate aliquots 

of 400 mg offrom each subsample were used for DNA extraction. 

 DNA extraction was conducted withextracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s protocol. RNA was extracted using the modification of aa modified commercial DNA extraction kitprotocol 425 

according to Tournier et al. (2015)Tournier et al. (2015), combining the FastDNA SPIN™ kitKit for soilSoil (MP Biomedicals) 

andwith the RNaid® Kit (MP Biomedicals, LLC, IllkrichIllkirch, France). Instead of the standard weightsample mass of 0.25 
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g, 0.5 g soil was used to increase the mass of RNA yield. RNA was purified withusing the RNeasy Micro Kit (Qiagen). 

Residual DNA was removed with DNAseDNase I, and the RNA was reverse-transcribed to cDNA using the RevertAid RT 

Reverse Transcription Kit (Thermo Scientific) with a random hexamer primerprimers. A primer combination of 515F (5′-430 

GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′), annealing totargeting the V4 region 

of the 16S rRNA gene, was used for gene amplification, following the PCR protocol as described by Pjevac et al. (2017).Pjevac 

et al. (2017). Sequencing was performed on aan Illumina MiSeq platform (Illumina, San Diego, CA, USA),) using a v3, 600 

cycle chemistry with 600 cycles (2 × 300 bbp paired-end sequencesreads) in two separate runs. 

Raw reads were processed in R (version 4.1.1,) with using DADA2 (v.version 1.20.0), as outlined in Callahan et al. 435 

(2017).by Callahan et al. (2017). Amplicon Sequence Variantssequence variants (ASVs) were inferred across all samples in 

pooled mode (details. Details on sequence trimming, and quality filtering is outlined in Pjevac et al. (2017)).are provided in 

Pjevac et al. (2017). ASV sequences were subsequently aligned and classified using SINA version 1.7.2 and the SILVA 

database SSU Ref NR 99 database release 138.1 usingwith default parameters. ASVs classified as archaea, eukaryotes, 

mitochondria, or chloroplasts, as well as ASVs not classified at the domain level, were removed before downstream analysis. 440 

ASVs classified as archaea were also removed from the dataset prior tobefore downstream analysis; the resulting dataset 

therefore represents bacterial 16S rRNA gene and transcript diversity. Statistical data analysis wasanalyses were performed 

within R, and plots were created using the package ggplot2. Alpha and beta diversity indices were calculated (vegan) and 

compared using vegan. Non-metric multidimensional scaling (NMDS) analysis of Aitchinsonbased on Aitchison distances 

was used for ordination.  445 

 

2.5.2 Extracellular Enzyme Activities 

Potential activities of three soil hydrolytic soil enzymes, i.e., β-glucosidase (BG), N-acetylglucosaminidase (NAG; 

exochitinase)), and acid phosphatase (AP)), were measured fluorometrically withusing artificial substrates (Tian et al., 

2023).(Tian et al., 2023). The following 4-methylumbelliferyl (MUF) )-based substrates were used to measure the enzyme 450 

activities: MUF-β-D-glucopyranoside for BG, MUF-N-acetyl-β-D-glucosaminide for NAG, and MUF-phosphate for AP. Soil 

slurries (1:100 (w:v)) were prepared in 50 mM sodium acetate buffer (pH 5) at a soil-to-buffer ratio of 1 : 100 (w : v) and 

dispersed by ultrasonication (with an energy input ~of approximately 350 J).. Substrates were added to soil slurries in black 

microplates in five analytical replicates and incubated in the dark for 180 min, with repeated measurements of sample 

fluorescence. Microplates were read byusing a TECAN Infinite® M200 spectrophotometer at an excitation wavelength of 365 455 

nm and an emission wavelength of 450 nm. Sample fluorescence was corrected for quenching, and theMUF concentrations of 

MUF released by enzymatic activity were calibrated by respectiveusing standards added to the soil slurries.  

  

3 Results 

3.1 Soil water contentdistribution and in situ redox potentials 460 

Water mass balances and 2H2O-isotope mass balances were calculated for days 0, 6 and 14 and days 0, 8 and 14, respectively 

(Fehler: Verweis nicht gefundena and b), to  measure the infiltration depth of the irrigation water. Mean values were calculated 

from the triplicate experimental plots for each depth section. For the water mass balance on T14 and the isotope mass balance 

on T8, mean values were only calculated from two individual plots due to sample loss. The water mass balance (Fehler: 

Verweis nicht gefundena) included the sum of all irrigation and natural precipitation water during the experiment, Irrtot, 465 

whereas the isotope mass balance (Fehler: Verweis nicht gefundenb) only included the recovery of the D2O-labeled heavy 

rainfall event water, IrrHREThe simulated heavy rainfall event rapidly increased soil water storage throughout the sampled 0–
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50 cm profile, whereas the recurrent moderate irrigation applied thereafter was retained mainly in the upper soil layers (Fig. 

3a). On day 0 (T0), 95.6 % of the applied irrigation water was recovered within the 0–50 cm profile. Apparent recovery of the 

cumulative water input decreased to 50.3 % at T6 and 32.1 % at T14. 470 

Two. 

 

 

Figure 3: (a). Water mass balance for days 0, 6, and 14 (T0, 6, and 14) in five 10 cm soil depth sections. Recovery of the water 

is given in relation to the total amount of water that had reached the plots by irrigation and natural rainfall at the respective 475 

time point (Irrtot, represented by the 100 % line). (b). Isotope mass balance for days 0, 8 and 14 (T0, T8 and T14) in five 10 

cm depth intervals. Recovery of heavy rainfall water is given in relation to the amount of deuterium-labeled irrigation water 

of the simulated heavy rainfall event (IrrHRE) on T0. The color gradient from dark to light blue indicates the depth from the top 

(0–10 cm) to the bottom (40–50 cm) of the soil profile. 

 480 

The water mass balance was calculated as the percentage of the sum of irrigation and natural precipitation water, Irrtot, 

recovered in the soil at days 0, 6 and 14 (T0, T6, T14) on irrigated (W) plots (Fehler: Verweis nicht gefundena) after subtracting 

pre-event water levels from dry plots. Irrtot was 24.3 mm at T0, 60.0 mm at T6, and 115.0 mm at T14 which is represented as 

the 100 % line in Fehler: Verweis nicht gefundena. The recovery of irrigation plus precipitation water was 95.6 % at T0, 50.3 

% at T6, and 32.1 % at T14, and thus steadily decreased during the experiment. 485 

In the following, the dynamics of irrigation and precipitation water recovery are described as percentages of the amount of 

recovered water at the time points T0, T6, and T14, respectively. At T0, 2 hours after the simulated heavy rainfall event, 

54.2  % of the recovered irrigation water was foundlocated in the topupper 10 cm., while 19.9 % of the recovered water was 

foundoccurred at a10–30 cm depth of 10–30 cm. A substantial fraction (and 25.9 %) however, was% had already present in 

the subsoil (reached 30–50 cm depth). Also, at (Fig. 3a). At T6 and T14, more than 50 %half of the recovered irrigation water 490 

was foundagain located in the upper 10 cm. At 10–30 cm depth, the percentage of recovered water increased to 31.6 % and 

32.6 % at T6 and T14, respectively. However, the absolute amount of Irrtot at 10–30 cm depth decreased compared to T0. At 

T6 and T14In contrast, only small fractions of the recovered water were found at 30–50 cm depth at T6 and T14 (4.7 % and 

14.4 %, respectively) were found at 30–50 cm depth. 

 495 

While the HRE irrigation water at T0, IrrHRE, carried a 2H-label, the irrigation water from the following moderate 

daily rainfall events was unlabeled.). Thus, the recovery of the HRE water could be assessed via an isotope mass balance at 

T0, T8 and T14 from the soil water content, the fraction of the recovered 2H-label, and the amount of simulated heavy rainfall 



 

15 
 

event irrigation water, IrrHRE, (24.3 mm). The recovery was calculated for 10 cm layers of the 50 cm soil cores. The isotope 

mass balance is presented as the percentage of the simulated heavy rainfall event (24.3 mm) recovered in the soil on days 0, 8, 500 

and 14 (T0, T8, T14) on W plots (Fehler: Verweis nicht gefundenb). The IrrHRE was 108 % at T0, 82 % at T8 and 63 % at T14. 

In the following, the development of the recovery is described as the percentages of the amount of recovered irrigation water 

from the heavy rainfall event. At T0, the biggest fraction of HRE irrigation water (30 %) was found in the upper 10 cm of the 

soil. The rest of the irrigation water was fairly evenly distributed throughout the soil profile: each of the 10 cm depth intervals 

from 10 to 50 cm containing 15–22 % of the recovered irrigation water. On T8 and 14 only 13 % and 4 % of the recovered 505 

IrrHRE were found in the top 10 cm, respectively. Also, in the deeper segments the recovery decreased during the experiment 

but less pronounced compared to the top 10 cminitial heavy rainfall event caused rapid deep infiltration, whereas subsequent 

moderate irrigation contributed mainly to water storage in the topsoil. 

The isotope mass balance confirmed rapid redistribution of the D₂O-labelledlabeled heavy-rainfall water throughout 

the sampled soil profile (Fig. 3b). Recovery of the labelledlabeled heavy-rainfall water was 108 % at T0, 82 % at T8, and 63 510 

% at T14. Recovery of more than 100 % result from slightly uneven irrigation intensity or confluence of the irrigation water 

at the shrinkage crack sites where the samples were taken. At T0, 30 % of the recovered labelledlabeled water was found in 

the upper 10 cm, while the remaining labelledlabeled water was distributed relatively evenly across the deeper 10 cm depth 

intervals, each containing 15–22 % of the recovered label. At T8 and T14, only 13 % and 4 %, respectively, of the recovered 

labelledlabeled water remained in the upper 10 cm. The relative decrease in labelledlabeled water recovery over time was 515 

therefore strongest in the topsoil. 

 

 

Figure 43: (a).  
The in situ redox potentials were measured at different depths from 5 cm below ground to 60 cm below ground (Fehler: Verweis 520 
nicht gefunden). In the beginning of the measurements (T0), the in situ redox conditions were oxidizing (> 400 mV vs. SHE) at all 
depths. Water mass balance for days 0, 6, and 14 (T0, T6, and T14) in five 10 cm soil depth intervals. Recovery is shown relative to 
the total water input from irrigation and natural rainfall received by the plots by each time point (Irr_tot; 100 % line). (b) Isotope 
mass balance for days 0, 8, and 14 (T0, T8, and T14) in five 10 cm soil depth intervals. Recovery is shown relative to the amount of 
D₂O-labelledlabeled irrigation water applied during the simulated heavy rainfall event on T0 (Irr_HRE). The colour gradient from 525 
dark to light blue indicates increasing soil depth from 0–10 to 40–50 cm.  
 

In situ redox potentials responded to the irrigation at all measurement points on W plots. In the topsoil layers (0strongly to 

irrigation and showed pronounced variation with depth and time (Fig. 4). At the start of the experiment, redox conditions were 

oxidizing throughout the monitored soil profile (> +400 mV vs. SHE). In the irrigated plot, redox potentials declined at all 530 

monitored depths after the simulated heavy rainfall event. In the upper soil layers (5–20 cm below ground)), redox potentials 

mostly declinedshifted to reducing conditions within 24  h after the simulated heavy rainfall.. In the subsoil (30–50  cm below 
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ground), the time for redox potential decline to +200 mV varied between one (sensor 2, 30 cm) and six (sensor 1, 30 cm) days 

and, thus, on average, was longer than in the top soil but also was slower and more variable.. ; the time required to reach +200 

mV ranged from one day at 30 cm depth in sensor 2 to six days at 30 cm depth in sensor 1. 535 

At 10, 20 and 30 cm soil depth, after the firstAfter this initial decline, we observed high temporal and spatial (among sensors) 

variations in the redox potentials, ranging at 10, 20, and 30 cm depth showed strong temporal variation and also differed 

between the two sensors installed in the irrigated plot. Values fluctuated between oxidizing and moderately reducing 

conditions, whereas at a depth of . At 40 to –60 cm below grounddepth, the decline ofdecrease in situ redox potentialspotential 

after the irrigation was more constant.  540 

Especially gradual and persistent. The strongest short-term fluctuations occurred at 10 cm depth in sensor 1 (plot W1, 

Fehler: Verweis nicht gefundena) at a depth of 10 cm, the daily irrigation and drying of the soil led to strong diurnal changes 

of the redox potentials between , where redox potentials varied between weakly oxidizing and moderately reducing conditions 

(+200 mV to -100 mV). Between days 10 and 14,during the phase of recurrent irrigation. When daily irrigation of 5.2 mm was 

interrupted, between T10 and T14, redox potentials rose well intoincreased again, reaching weakly reducing orto oxidizing 545 

conditions even at soil depths of 30 to 50 cm. At the dry plot (plot D2, Fehler: Verweis nicht gefundenc and f), the redox 

potentials remained oxidizing throughout the experiment, except of 10 and 20 cm soil depth at day 10 to 14, when a natural 

heavy rainfall event hit the experimental plots and removed the protecting foil from plot D2 (but not the other dry treatment 

plots). 30–50 cm depth. 

In the dry control plot, redox potentials remained oxidizing throughout most of the experiment (Fig. 4). The only 550 

exception occurred between T10 and T14 at 10 and 20 cm depth, when the plastic foil covering plot D2 was removed by wind 

during a natural heavy rainfall event. 

 

 

 555 
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 560 

Figure 54: In situ redox potentials (, reported as EH at pH7 in mV vs. SHE) were, measured on plot W1 (irrigated plot W1 with 
water, sensor 1 and 2)two sensors and on plot D2 (dry control, plot D2 with one sensor 5). Redox potentials are shown at depths of 
5, 10, and 20 cm depth (panels (a) to (–c))) and at 30, 40, 50, and 60 cm depth (panels (d) to (–f)). The measurements). Measurements 
started on experiment day T -−1 and are presentedshown until T16. For plot W1, the time points of the simulated heavy rainfall 
event (HRE,; black triangle) and the steadysubsequent light irrigation events (blue crosses) are indicated, and for all plots, the 565 
natural heavy rainfall events (blue diamonds) are depicted (panels (a), (b), (d) and (e)).indicated.   

 

3.2 Nitrogen CycleInorganic nitrogen masses  

Ammonium The simulated heavy rainfall event affected ammonium and nitrate masses differently (Fig. 5). Ammonium mass 

balances were calculated to evaluate increased only in the nitrogen solute transport and the turnover of the two inorganic 570 

nitrogen species. Dry control plots on day 0 (DT0) represent the initial state of theuppermost soil inorganic nitrogen before 

irrigation. A comparison of DT0 with irrigated plots on day 0 (WT0), 2 hlayer after the irrigation, therefore, indicates the 

impact of irrigation on the inorganic nitrogen species distribution rewetting, whereas nitrate mass decreased across the soil 

upper part of the profile. 

 575 

 shortly after irrigation.  
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 Two hours after the simulated heavy rainfall event, ammonium (Fehler: Verweis nicht gefundena) hadmass in the 0–

5 cm layer nearly doubled in the top horizon (0–5 cm), , increasing from 0.08 ± 0.03  mg  N (DT0)in dry control plots at T0 to 

0.15 ± 0.02 mg N (WT0)in irrigated plots at T0 (p < 0.05). On W plots at 0–5 cm depth,; Fig. 5a). In the same layer, ammonium 

contentsmass further increased to 0.20 ± 0.01  mg  N at T6 (p = 0.058 compared with WT0) and 0.3 ± 0.2 mg N at T14 (p > 580 

0.05). compared with WT0). Below 5 cm soil depth, only minor changes in soil ammonium content occurredmasses changed 

only slightly during the experiment, the sum of. Consequently, total ammonium overmass in the entire 0–50 cm soil profile 

therefore being veryremained similar at DT0, WT0, WT8 and WT14 (in irrigated plots across T0, T6, and T14, ranging 

between 0.8– and 0.9 mg N). However, the sum of ammonium in DT14 (1.2 ± 0.3 mg N) was nearly twice as high as in DT0 

(p > 0.05). From DT0 to DT14, ammonium mass increased at all depths, three-fold at 0–5 cm (p < 0.05) and 1.1-fold to 2.2-585 

fold at greater depth (all p > 0.05). . 

In dry control plots, total ammonium mass increased from 0.8 ± 0.1 mg N at T0 to 1.2 ± 0.3 mg N at T14, although 

this increase was not statistically significant (p > 0.05). The strongest relative increase occurred in the 0–5 cm layer, where 

ammonium mass increased approximately three-fold (p < 0.05). At greater depth, ammonium mass increased by factors of 1.1 

to 2.2, but these changes were not significant. 590 

  

 

 

 

Figure 65: Mass balance of ammonium (panel (a))) and nitrate (panel (b)) (each), expressed as mg N per core segment), in cores 595 
from dry control plots on daydays 0 and day 14 (orange bars,; DT0 and DT14) and onin irrigated plots on days 0, 6, and 14 (blue 
bars,; WT0, WT6, and WT14). ColorColour shading from dark to light symbolizesindicates increasing soil depth of the core 
segments. Displayed are the. Bars show means of three experimental triplicates and theirreplicate plots, and error bars indicate 
standard deviations. The sums ofTotal ammonium and nitrate contents together with their standard errorsmasses in each the 0–50 
cm coreprofile are displayed onshown to the right of the bars.stacked bars, together with standard errors.  600 

 

Nitrate showed a contrasting pattern. Total nitrate mass in the whole0–50 cm profile (Fehler: Verweis nicht 

gefundenb) decreased by approximately one third shortlywithin two hours after irrigation (, from 1.2 ±  ± 0.1  mg  N in DT0 

vs.dry control plots at T0 to 0.8 ± 0.1 mg N in WT0, irrigated plots at T0 (p < 0.05; Fig. 5b). This decrease was mostly caused 

by adriven mainly by losses from the upper soil layers. Nitrate mass decreased by approximately 40 % decrease at both 0–5 605 

cm and 5–10 cm soil depth (both  p  < 0.05) and anby 18 % decrease at 10–20 cm depth (p > 0.05). From WT0 to WT14, 

during ongoing moderate daily irrigation (5.2 mm day-1), 

During the whole-profilefollowing two weeks, nitrate mass almostin irrigated plots increased again. Total nitrate mass nearly 

doubled from 0.8 ± 0.1 mg N at WT0 to 1.5 ± 0.4 mg N at WT14 (p < 0.05). From WT0 to WT6, nitrate mass increased at 0–

5 cm, 5–10 cm and 10–mainly in the upper 20 cm, while there were no relevant changes below 20 cm depthwere small. From 610 

WT6 to WT14, nitrate increased at mass increased in the 0–5 cm layer and also below 20 cm depth, whereas nitrate masses at 

5–10 and 10–20 cm depth decreased; however, these depth-specific changes were not significant. 
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In dry control plots, total nitrate mass increased from 1.2 ± 0.1 mg N at T0 to 3.0 ± 1.2 mg N at T14, but this increase 

was not statistically significant (p > 0.05). The increase occurred mainly in the upper soil layers, with an approximately three-

fold increase at 0–5 cm and below 20 cm and decreased depth (p > 0.05), a 2.4-fold increase at 5–10 cm depth (p < 0.1), and 615 

a 2.2-fold increase at 10–20 cm (all depth (p > 0.05). 

On D plots, the sum of nitrate mass showed a 2.5-fold increase from T0 (1.2 ± 0.1 mg N) to T14 (3.0 ± 1.2 mg N) (p > 
0.05) (Fehler: Verweis nicht gefundenb). This strong increase of nitrate was mainly due to a strong increase in the 
upper soil layers: a nearly 3-fold increase in the top segment (0–5 cm) (p > 0.05) and a 2.4- and 2.2-fold increase at 5–
10 cm (p < 0.1) and 10–20 cm (p > 0.05), respectively. 620 

 3.3 Microbial community composition and extracellular enzyme activities 

To assess the effect of a heavy rainfall after a summer drought and the following changes in soil redox potentials on soil 

microbial community composition and activities, the depth- and time-resolved in situ redox potentials (EH) were recorded as 

well as total (on DNA level) and active (on RNA level) soil microbial community composition at depths of 0–10 cm, 20–30 

cm and 40–50 cm from dry (D) and wet (W) plots on days 0, 8 and 14.  625 

The Microbial community composition showed high spatial variability but no clear separation between irrigated and dry 

control plots over the 14-day experiment. After quality filtering, the 16S rRNA amplicon sequencing resulted in dataset 

contained a mean number of 7 4017 401 reads per sample for DNA and 6 9706 970 reads per sample for RNA. Due to the 

large range of reads per sample (DNA: min: 3 531; max: 13 706, and RNA: min: 8; max: 18 224), we selectedBecause read 

numbers varied strongly among RNA samples, only samples with at least 300 reads, thereby were retained, reducing the RNA 630 

dataset from 54 to 46 samples. TheseThe retained samples contained, on average 1 334 different Amplicon Sequence Variants, 

1 334 amplicon sequence variants (ASVs) (richness) (Fehler: Verweis nicht gefunden).). 

Alpha diversity of the active bacterial community, based on the RNA fraction, did not differ significantly between 

dry control and irrigated plots (Fig. 6). Diversity indices tended to be slightly higher in dry control plots than in irrigated plots, 

but this pattern was not statistically significant. Shannon diversity of the active community did not differ between treatments 635 

(p = 0.956). 
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 640 

Figure 76: ObservedViolin plots of observed amplicon sequence variants (ASVs) (; panel (a))) and different alpha diversity indices 
(panels (b), (c) and (–d))) of microbialactive bacterial communities (based on the RNA) on fraction in dry control plots (orange) and 
wateredirrigated plots (blue) plots.). Differences between the treatments were not significant (p > 0.05) (brackets without asterisk 
above violins).).  

 645 

Microbial community composition of the different experimental treatments revealed high heterogeneity between 

sample plots. The soilsAcross all samples, the bacterial communities were dominated by the phyla Proteobacteria (mean: 17.4 

% SD:± 4.7), %), Acidobacteriota (mean: 14.5 % SD:± 4.9), %), Actinobacteriota (mean: 13.5 % SD:± 7.4) %), and 

Verrucomicrobiota (mean: 11.5 % SD:± 5.2). %). These were the most abundant phyla independentremained dominant 

irrespective of wetting, soiltreatment, depth, and the day of the experimentsampling time (Appendix FG). At a finer taxonomic 650 

resolutionAt family level, Pedosphaeraceae (Verrucomicrobiota), unclassified Vicinamibacterales (Acidobacteriota), 

Xiphinematobacteraceae (Verrucomicrobiota)), and Nitrosomonadaceae (Gammaproteobacteria) were the top four bacterial 

families found throughout all samplesmost abundant groups, with the mean relative abundances varying betweenranging from 

3.2 to 4.6 and 3.2 %. 

The common alpha diversity parameters (RNA-fraction) showed only minor differences between dry and wetted soils. 655 

Dry soils revealed a little higher diversity compared to the water treated soils (Fehler: Verweis nicht gefunden). The Shannon 

diversity of the active (RNA-fraction) prokaryotic communities in dry and wet soils was not significantly different (p = 0.956). 

The DNA and RNA based community data suggest that microbial communities did not change with depth and treatment in 

terms of composition and active fractions within the short time frame of this study (14-days, Fehler: Verweis nicht gefunden). 

 660 

Ordination of DNA- and RNA-based community composition showed no clear clustering by treatment or soil depth 

(Fig. 7). This indicates that neither total nor active bacterial community composition changed consistently in response to 

irrigation over the 14-day observation period. 
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 665 

 

Figure 87: Non-metric multidimensional scaling plots of the microbialbacterial community composition (a)based on the DNA-level 
(a) and RNA (b) on the RNA-level at three). Symbols indicate soil depths (depth: 0–10 cm: dots, (circles), 20–30 cm:  (triangles,), 
and 40–50 cm:  (squares) on dry). Colours indicate dry control plots (orange) and irrigated plots (blue) plots.).  

 670 

 

The activities of theIn contrast to community composition, extracellular enzymes enzyme activities responded clearly 

to irrigation and soil depth (Fig. 8). Activities of β-glucosidase, exochitinase, and acid phosphatase all decreased significantly 

with soil depth (p < 0.05) (Fehler: Verweis nicht gefunden).). β-glucosidase and exochitinase showedactivities were 

significantly higher activities on wetin irrigated plots than onin dry control plots (p < 0.05), whereas the activity of acid 675 

phosphatase activity did not respond to the irrigation treatmentdiffer between treatments (p > 0.05). Time period Sampling 

time after rewetting by heavy rainfall was not a significant factor for allany of the three enzymes (p <> 0.05), indicating that 

irrigation effects occurred very rapidly and did not recover to pre-treatment levels thereafter. The  if non-significant interaction 

of treatment and soil depth (p < 0.05, two-way ANOVA) for ). The stimulation of β-glucosidase and exochitinase reflects that 

the wetting treatment effect (stimulation)by irrigation was strongest in topsoils (0–5 cm)the upper soil layer and declined with 680 

depth., as reflected by significant treatment × depth interactions for both enzymes (p < 0.05).  

 

 

 

 685 
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Figure 98: Extracellular enzyme activities of β-glucosidase (panel (a)),), exochitinase (panel (b))), and acid phosphatase (panel (c))) 
at three soil depths onin dry control and wateredirrigated plots. The measurement time points day 0, 8 and 14 (Sampling times T0, 
T8, and T14) are indicated by grey shading from light to dark. Error bars indicate standard deviations of three replicate plots. 690 
Significant treatment effects are  indicated by asterisks (**** = p < 0,0001).  

4 Discussion 

4.1 WaterPreferential flow and solute transportcontrasting nitrate and ammonium redistribution  

Both the water and the isotope mass balance showed that at T0 almost all of the irrigation water was recovered within the 

profile (Fehler: Verweis nicht gefundena and b). It is remarkable that shortly (2 h) after the simulated heavy rainfall, only 695 

about half of the irrigation water resided in the topsoil (0–20 cm) while the rest already had reached the subsoil (below 20 cm 

depth) (Fehler: Verweis nicht gefundena). This rapid deep infiltration was facilitated by the pronounced network of shrinkage 

cracks, which formed in the fine-textured soil due to the preceding drought (Schlögl et al., 2022).  
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The water mass balance (Fehler: Verweis nicht gefundena), following the recovery of the sum of irrigation water and 

precipitation throughout the whole experimental period (Irrtot), showed that Irrtot decreased from 96 % at T0 to 50 and 32 % at 700 

T8 and T14, respectively (Fehler: Verweis nicht gefundena). This strong loss of irrigation water can be rationalized by high 

evaporation rates (ETo = 4.2 mm day-1, see Appendix E) during the course of the experiment. While during the simulated 

heavy rainfall at T0 (24.3 mm), parts of the irrigation water penetrated down to 50 cm soil depth or even deeper through 

shrinkage cracks, the continued daily irrigation scheme (5.2 mm day-1) did not penetrate into the subsoil to a larger extent as 

the shrinkage cracks and thus the preferential flow paths disappeared after initial wetting as shown in Schlögl et al. (2022). 705 

Water of subsequent moderate daily irrigations was trapped near the soil surface and thus subject to high evaporation rates 

(4.2 mm day-1). The pronounced impact of evaporation is supported by the isotope mass balance (Fehler: Verweis nicht 

gefundenb), which shows the recovery of the 2H-labeled irrigation water from the simulated heavy rainfall event at T0, IrrHRE. 

Over the entire 50 cm soil profile, the isotope mass balance indicates slightly lower losses than shown by the water mass 

balance but also indicates the most pronounced losses in the top 10 cm of the soil (56 % and 86 % at T8 and T14 compared to 710 

T0, respectively). Thus, the irrigation rate of 5.2 mm day-1 was not high enough to balance the losses by evapotranspiration 

and seepage during the experimental period as indicated by the decreasing values of the water mass balance with time.  

 

The vertical distribution of ammonium (Fehler: Verweis nicht gefundena) and nitrate (Fehler: Verweis nicht gefundenb) on 

irrigated and dry plots was affected very differently by solute transport during the simulated heavy rainfall event. Nitrate as a 715 

weakly sorbing anion in soils is expected to travel in seepage water without noticeable retardation (Blume et al., 2016). 

Moreover, rapid transport of dissolved nitrate along preferential flow paths has been shown in earlier studies (Bronswijk et al., 

1995; Kelly and Pomes, 1998) and could be the cause of initially decreasing nitrate contents in the topsoil in our experiment 

(loss of 0.37 mg nitrate-N in the top 20 cm) as evident by the comparison of nitrate in the soil profiles at DT0 (initial state) to 

WT0 (2 h after the heavy rainfall event) (Fehler: Verweis nicht gefundenb). However, even though D2O-labeled water from 720 

the simulated heavy rainfall event was found in the subsoil two hours after the event and accompanying hydrological export 

of nitrate from the topsoil is very likely, we did not observe an accumulation of nitrate in the subsoil. Denitrification is probably 

not the reason for the disappearance of nitrate at WT0, since the redox potentials in the subsoil were still around 560 ± 30 mV 

two hours after the heavy rainfall simulation (Blume et al., 2016). Given that crops had been harvested before the start of the 

experiment and residual roots therefore were inactive, plant root uptake of nitrate (Cui and Caldwell, 1997) was likely not the 725 

cause for the profile-level decrease in nitrate mass. The gradual microbial immobilization of nitrate following severe drought 

within 2 hours of rewetting may have contributed, but cannot account for such large nitrate "losses". Moreover, this would 

occur at a time when the Birch effect indicates a flush of microbial metabolites and enzymes into the soil environment, i.e., 

loss of carbon and nitrogen mass from the microbial community rather than uptake and immobilization (nitrate). Therefore, 

the unaccounted nitrate was most likely transported below the zone investigated in this study (> 50 cm soil depth) via 730 

preferential flow. Directly beneath the upper 2 m clay layer, which comprises the investigated part of the soil profile, a shallow 

tufaceaous aquifer is located (Martin et al., 2020). The tufaceous aquifer is subject to moderately to strongly reducing 

conditions (Martin et al., 2020), so denitrification would occur, which could result in the formation of N2O, a greenhouse gas, 

or the loss of inorganic nitrogen from the soil in the form of N2 gas. Constant nitrate input in the groundwater would ultimately 

lead to a consumption of the reduction capacity of the tufa aquifer and thus to increasing nitrate concentrations in the aquifer. 735 

Therefore, nitrate leaching along preferential flow pathways during rewetting after drying can substantially threaten 

groundwater quality (Sánchez Pérez et al., 2003). 

Ammonium (Fehler: Verweis nicht gefundena) is subject to cation exchange at negatively charged mineral surfaces including 

clay minerals. Ammonium therefore is less prone to (downward) transport in soils compared to nitrate (Blume et al., 2016). 

This retardation prevented the rapid loss of ammonium from the topsoil due to percolation of the irrigation water. The low 740 

mobility of ammonium in the soil profile was confirmed when comparing the ammonium mass profiles at DT0 (initial state) 
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to WT0 (2 h after the heavy rain event, Fehler: Verweis nicht gefundena) with very similar total ammonium contents and depth 

distributions in both.  

4.2 Nitrogen turnover processes 

Soil nitrate and ammonium contents showed a high variability between the three replicate experimental plots; thus, the trends 745 

observed in space and time were often not statistically significant (Fehler: Verweis nicht gefunden). This reflects the high 

spatial heterogeneity of the distribution of inorganic nitrogen compounds in soils that was also observed by Hergert et al. 

(1995). At our field site, the heterogeneous distribution (quantified in terms of coefficients of variation) of the simulated heavy 

rainfall event water was governed by the presence of shrinkage cracks (Schlögl et al., 2022). In the beginning of the experiment, 

pronounced cracks (up to 1 cm width) were visible at the soil surface and the coefficients of variation of deuterium enrichment 750 

of soil water were high. These cracks closed in later states of the experiment while the coefficients of variation of isotope 

signatures decreased. The coefficients of variation of nitrate and ammonium, however, showed different patterns (Appendix 

G). For nitrate, the coefficients of variation on the W plots in the top 10 cm were much lower on day 0 than on day 6 and day 

14 (Appendix G), reflecting the opposite trend in variance as for the deuterium-enrichment of soil water. For ammonium, no 

clear trends of the coefficients of variation existed in space and time. The spatial and temporal heterogeneity of the distribution 755 

of ammonium and nitrate was therefore not governed by the presence of shrinkage cracks. 

The irrigation of dry soil stimulated the mineralization of organic nitrogen (Norg) which is reflected by the doubling of 

ammonium concentration in the topsoil (0–5 cm depth) from DT0 to WT0 (Fehler: Verweis nicht gefundena). This increase is 

in line with the observations made by H. Birch, who described intense nitrogen release upon rewetting of dry soils (Birch, 

1958, 1960). The Birch effect is induced by the mineralization of dead microbial biomass and of osmoregulatory substances 760 

that are released by microorganisms upon rewetting (Fierer and Schimel, 2002; Jarvis et al., 2007; Saetre and Stark, 2005; 

Unger et al., 2010). This is supported by the significant and immediate increase of two extracellular enzymes (β-glucosidase 

and exochitinase) in soils of W plots compared to D plots within two hours of heavy rainfall simulation (Fehler: Verweis nicht 

gefunden), which indicates the release of intracellular compounds (including enzymes) by lysis of a fraction of the microbial 

cells due to irrigation (Khan et al., 2019). The prolonged increase of ammonium in the topsoil at T6 and T14 (0.05 mg 765 

ammonium-N and 0.10 mg ammonium-N, respectively) can be explained by continued net mineralization of organic matter in 

cropland soils (Booth et al., 2005), by bulk atmospheric deposition of ammonium (average of 0.011 mg ammonium-N per 

week on the cross sectional area of a sample core (Beyn et al., 2014), for calculation see Appendix H) and by further nitrogen 

release due to daily drying and rewetting (Birch, 1958; Fierer and Schimel, 2002). Nitrogen fixation as a potential ammonium 

source was likely negligible, as no legumes were grown at this field site prior to the experiment. At a soil depth of 10 cm and 770 

below, ammonium contents, however, did not respond much to irrigation. The reasons can be that (i) there is less labile organic 

matter at soil depths below 10 cm (Appendix B) and thus less ammonium can be released from mineralization of organic 

compounds or (ii) that most ammonium present is strongly sorbed to clay minerals and thus is not accessible for nitrification 

or other microbial-driven processes (Buss et al., 2004; Cavalli et al., 2015). Ammonium can either be bound as exchangeable 

cation on clay minerals (Blume et al., 2016; Buss et al., 2004) or it can enter the 2:1 clay mineral interlayer (Buss et al., 2004), 775 

rendering interlayer ammonium largely recalcitrant to microbial utilization. The high clay and silt content of the studied soils 

(Appendix C) highlights the high cation-exchange capacity triggered by high surface area and high negative charge density of 

the clays for ammonium sorption. Alternatively, (iii) ammonium contents can remain relatively constant if the ammonium that 

is produced per time step is consumed by microbial uptake or oxidized to nitrate under oxic conditions during the same period. 

On the W plots, the increase of nitrate mass in the topsoil (0–5 cm) from T0 to T6 and to T14 (by 0.061 mg nitrate-N and 780 

0.05 mg nitrate-N, respectively) (Fehler: Verweis nicht gefundenb) cannot fully be explained by bulk atmospheric nitrate 

deposition (0.007 mg nitrate-N per week on the cross sectional area of a sample core (Beyn et al., 2014) for calculation see 

Appendix I). The increase of nitrate mass at 0–20 cm soil depth at T6 and below 20 cm depth at T14 (Fehler: Verweis nicht 
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gefundenb) can thus be explained by nitrification (oxidation) of ammonium under oxic conditions (Fehler: Verweis nicht 

gefunden) (Cui and Caldwell, 1997). The redox potentials in W plots showed great variations at 10 and 20 cm depth (Fehler: 785 

Verweis nicht gefundena and b), which occurred between sensors (spatial variations) and between times in single sensors 

(temporal variations) (Fehler: Verweis nicht gefundenb). The spatial variations can be explained by oxic and anoxic microsites 

in otherwise anoxic and oxic environments, respectively (Dorau et al., 2023; Kuzyakov and Blagodatskaya, 2015). Moderate 

daily fluctuations (e.g., at all sensors at 5 cm), were potentially induced by temperature changes (Dorau et al., 2021). The 

stronger temporal variations (e.g., sensor 1 at 10 cm (Fehler: Verweis nicht gefundena)) followed the daily irrigation and were 790 

thus most likely the result of rapid changes between air- and water-filled pore space. Following these changes in oxygen 

availability, the nitrification rates likely fluctuated. For most of the experimental time, the redox conditions remained above 

+100 mV, a threshold above which nitrification is active (Hansen et al., 1981), and during these periods we observed an 

increase in nitrate mass at 5–10 cm and 10–20 cm soil depth at T6 (Figure 5b). Below 20 cm depth at T6, nitrification did not 

substantially occur because redox potentials (Fehler: Verweis nicht gefunden) were below +100 mV, disfavouring the process. 795 

At T14, however, due to the pause in daily light irrigation from the T10 to T14, redox potentials below 20 cm depth rose above 

the threshold for nitrification related to increasing nitrate contents at T14. Nitrate and ammonium mass changes were therefore 

partially coupled and nitrate accumulation under oxic conditions was related to ammonium draw down and/or continued 

mineralization of Norg across the whole soil profile. 

In summary, the observed nitrogen turnover processes were initially governed by the rewetting of the dry soil and the so-called 800 

“Birch effect”, which is known to be a short-term effect (Birch, 1958; Cui and Caldwell, 1997; Unger et al., 2010). After 

approximately one week of the experiment, the nitrogen turnover processes switched from the pulse-driven regime after 

rewetting to the “usual” redox-driven nitrogen cycling regime governed by oxygen availability as reflected by the drop of in 

situ redox potentials at greater depth. 

 805 

The 1.5-fold and 2.5-fold increase of ammonium and nitrate, respectively, on D plots between T0 and T14 is remarkable. 

Temperatures below the plastic foil may have increased, activating microbial turnover processes, although we did not observe 

a shift in microbial community composition in the D plots on T14. Prolonging the experimental drought period prior to 

irrigation of the dry plots by another two weeks, such as happened on the D plots, might have critically amplified the drying 

effects on microbial functioning, and therefore have induced a stronger cellular water deficit and soil microbial turnover and 810 

death, with concomitant releases of organic and inorganic nitrogen (Fehler: Verweis nicht gefunden). Alternatively, constant 

evaporation on the D plots during the experimental period might have induced the rise of soil water transporting dissolved 

species such as nitrate upwards. On the W plots, this effect was interrupted by the recurring irrigation. 

4.3 Microbial communities and activities 

Environmental conditions such as temperature, pH, oxygen availability and moisture directly influence soil microbes and 815 

thereby affect biogeochemical processes such as nitrogen turnover. The use of stable isotope labelled substrates has shown 

that soil microbial communities consist of a dynamic fraction that can be activated by rewetting (Aanderud et al., 2015). 

Revealing these processes and changes in community structure remains challenging. Nucleic acids can persist in the soil 

environment for long time spans (Carini et al., 2016) hampering diversity estimations. This "inactive" DNA in environmental 

samples has been linked to either dormant cells (Aanderud et al., 2015) resembling a seed bank or to extracellular nucleic acids 820 

that may play a role in other processes (Lennon et al., 2018). In this study, the more short-lived RNA has been used as a proxy 

of the "active" microbial community fraction. However, we did not find any significant differences between sampling 

treatments, depth or the length of the experiment (Fehler: Verweis nicht gefunden). Populations of soil bacteria vary over 

space, time and in response to environmental changes. Their spatial variation can occur at the micro-scale (Vos et al., 2013), 

in relation to soil microstructure and organic matter distribution and thus it can be difficult to depict differences between 825 
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samples. The increase in activities of the extracellular enzymes β-glucosidase and exochitinase (Fehler: Verweis nicht 

gefunden) and of ammonium (Fehler: Verweis nicht gefunden) on W plots nevertheless indicated an activation of microbial 

cells by the rewetting. 

In dry soils, microbial communities display reduced metabolic activity due to a combination of desiccation stress and reduced 

substrate diffusion (Schimel et al., 2007). Our data indicate a higher microbial diversity in the dry soils (RNA) than in the 830 

irrigated plots (Fehler: Verweis nicht gefunden), although the differences in diversity were not significant. While rainfall and 

rewetting of soils have been shown to increase microbial metabolism (Blazewicz et al., 2014; Fierer and Schimel, 2002) they 

can also exert stress to the microbial communities (Barnard et al., 2013; Schimel, 2018), resulting in the elimination of 

microbial taxa not adapted to dry-wet cycles (Armstrong et al., 2016; Fierer et al., 2003; Veach and Zeglin, 2020). The 

microbial communities in our tested soils were not particularly pre-adapted to drought and rewetting – so such a functional 835 

selection process within the different taxa present during soil rewetting seems implausible. The reasons for this selection 

process – from microbial death to soil chemistry as a driver – are still under debate (Schimel, 2018). In our experiment, the 

induced osmotic stress most likely drove the microbial community shift. 

5 Conclusions 

Due to climate change, the frequency of droughts and heavy precipitation events is increasing in temperate climates. In our 840 

study, we investigated the effects of a heavy rainfall event after a summer drought in a loamy floodplain soil on (i) water flow 

and solute transport of inorganic nitrogen species, (ii) the occurrence of the Birch effect and the transition towards redox-

driven nitrogen turnover processes, and (iii) soil microbial community structure. 

Our study showed, that (a) during the heavy rainfall event, water including dissolved nitrate infiltrated into the subsoil along 

preferential flow paths. This carries the risk of nitrate leaching into the underlying aquifer. (b) Upon rewetting, an increase in 845 

inorganic nitrogen (ammonium) occurred as described by the Birch effect. The study confirms that this effect is a short-term 

effect, lasting a few days at the most until the normal redox-driven nitrogen cycling becomes dominant again. (c) Soil microbial 

community composition did not respond much to irrigation at both DNA and RNA levels. However, lower diversity indices 

on irrigated vs. dry plots indicate that stress induced by rewetting lead to some shift in the microbial community towards better 

adapted taxa. The leaching of nitrate into shallow aquifers upon heavy rainfall events and the shift of the microbial community 850 

in cropland soils of Central Europe should be investigated in more detail in follow-up studies. 

The combined water and isotope mass balances showed that the simulated heavy rainfall event caused rapid infiltration 

throughout the sampled 0–50 cm profile. Two hours after irrigation, only about half of the recovered water was retained in the 

upper 20 cm, whereas a substantial fraction had already reached deeper soil layers (Fig. 3a). The δ²H isotope mass balance 

confirmed that D₂O-labelledlabeled heavy-rainfall water was distributed across the entire sampled profile shortly after 855 

irrigation (Fig. 3b). This rapid deep infiltration is consistent with preferential flow through the pronounced shrinkage-crack 

network that formed in the fine-textured soil during the preceding drought period (Schlögl et al., 2022). 

The hydrological response changed markedly after the initial wetting. During the subsequent phase of recurrent 

moderate irrigation, the apparent recovery of total water input within the sampled profile decreased from 96 % at T0 to 50 % 

at T6 and 32 % at T14 (Fig. 3a). At the same time, newly added water was retained mainly in the upper soil layers. This pattern 860 

indicates that the initial heavy rainfall event used open shrinkage cracks as preferential flow paths, whereas later moderate 

irrigation occurred after crack closure and therefore infiltrated more slowly into the soil matrix. Because the plots had been 

harvested before the experiment, water losses were likely driven mainly by evaporation and drainage below the sampled profile 

rather than by plant transpiration. The calculated ET₀ of 4.2 mm day⁻¹ therefore represents atmospheric evaporative demand 

rather than plot-scale evapotranspiration. The stronger decline in labelledlabeled-water recovery from the uppermost 10 cm 865 

compared with deeper layers further supports strong near-surface water loss after the initial event. 
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Nitrate and ammonium responded differently to this hydrological redistribution. Nitrate mass decreased strongly in 

the upper soil layers within two hours after the simulated heavy rainfall event, whereas ammonium mass did not show 

comparable profile-level losses (Fig. 5). This contrast is consistent with the different mobility of the two inorganic nitrogen 

species. Nitrate is weakly sorbed and can be transported rapidly with percolating and infiltrating water, whereas ammonium is 870 

retained more strongly by cation exchange at negatively charged mineral surfaces, particularly clay minerals (Blume et al., 

2016). Thus, preferential flow after drought likely caused rapid vertical nitrate displacement, while ammonium remained 

largely retained in the sampled soil profile. 

The decrease in nitrate mass in the upper soil profile was not accompanied by a corresponding nitrate accumulation 

at 30–50 cm depth. This suggests that at least part of the displaced nitrate may have moved below the sampled 50 cm profile. 875 

Alternative explanations, such as denitrification or plant uptake, are less likely to fully explain the immediate nitrate decrease. 

Redox potentials were still oxidizing shortly after the simulated heavy rainfall event, and crops had been harvested before the 

experiment. Microbial immobilization may have contributed, but the rapid timing and magnitude of the nitrate decrease are 

more consistent with hydrological export along preferential flow paths. Nevertheless, because nitrate was not measured below 

50 cm depth, nitrate transfer beyond the sampled profile should be interpreted as a likely but indirect inference. 880 

The potential transfer of nitrate below the biologically active topsoil is relevant for groundwater quality, particularly 

in fine-textured floodplain soils, where shrinkage cracks can bypass the soil matrix. The study site is underlain by a shallow 

tufa aquifer below the upper clay-rich layer (Martin et al., 2020). If nitrate reaches such deeper zones repeatedly, its fate will 

depend on the local redox status and denitrification capacity of the subsurface. Therefore, heavy rainfall following drought 

may represent a short but important hydrological window during which nitrate can bypass retention and transformation in the 885 

upper soil profile. 

  

4.2 Inorganic nitrogen pools after rewetting: evidence for a short-term rewetting pulse and redox-associated nitrate 

dynamics  

The increase in ammonium mass in the uppermost soil layer shortly after irrigation is consistent with a rewetting-induced 890 

mineralization pulse, commonly referred to as the Birch effect. Ammonium mass nearly doubled in the 0–5 cm layer within 

two hours after the simulated heavy rainfall event (Fig. 5a). This response agrees with earlier observations that rewetting of 

dry soils can cause a transient release of inorganic nitrogen through microbial cell lysis, mineralization of dead microbial 

biomass, and decomposition of osmoregulatory compounds released during drought and rewetting (Birch, 1958, 1960; Fierer 

and Schimel, 2002; Jarvis et al., 2007; Saetre and Stark, 2005; Unger et al., 2010). The simultaneous increase in β-glucosidase 895 

and exochitinase activities supports the interpretation that rewetting rapidly stimulated microbial and enzymatic activity in the 

topsoil. The increase in ammonium mass cannot solely be caused by atmospheric deposition (Appendix I). 

Below 5 cm depth, ammonium masses changed only weakly in irrigated plots. Three, non-exclusive mechanisms may 

explain this limited response. First, labile organic matter decreased with depth (Appendix B), reducing the potential for 

rewetting-induced ammonium release. Second, ammonium may have been retained by sorption to clay minerals and partly 900 

fixed in 2 : 1 clay interlayers, reducing its mobility and microbial accessibility (Buss et al., 2004; Cavalli et al., 2015). Third, 

newly produced ammonium may have been balanced by microbial uptake or oxidation under locally oxic conditions. Because 

gross nitrogen transformation rates were not measured, these mechanisms cannot be separated quantitatively. 

Nitrate dynamics after the initial rainfall event were more complex. After the immediate decline in nitrate mass at T0, 

total nitrate mass in irrigated plots increased again by T14 (Fig. 5b). This increase cannot be fully explained by atmospheric 905 

nitrate deposition, which was small relative to the observed nitrate changes (Appendix J). Periods with higher redox potentials 

may have favoured nitrification, whereas lower redox potentials may have favoured nitrate reduction. The redox records 
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support this interpretation qualitatively: redox potentials declined after irrigation but showed strong temporal variation, 

particularly at 10–30 cm depth, and increased again during the interruption of daily irrigation between T10 and T14 (Fig. 4). 

However, these data do not allow direct quantification of nitrification, denitrification, immobilization, or 910 

mineralization rates. Therefore, we interpret the observed nitrate patterns as redox-associated changes in inorganic nitrogen 

pools, not as direct evidence for a process-level switch in nitrogen cycling. This distinction is important because nitrate and 

ammonium pool sizes integrate multiple simultaneous processes, including production, consumption, immobilization, and 

transport. In addition, redox potentials were measured with high temporal resolution but only in one irrigated and one dry 

control plot. The sometimes very marked differences in the sensors' responses can be caused, for example, by the highly uneven 915 

distribution of dry cracks or remaining root fragments from the harvested plants. The redox data therefore provide valuable 

mechanistic context, but spatial extrapolation to all replicate plots must remain cautious. 

The strong spatial and temporal variability in nitrate and ammonium masses further highlights the difficulty of 

inferring nitrogen process rates from pool-size data alone. Coefficients of variation (Appendix H) showed that inorganic 

nitrogen distributions did not simply mirror the spatial pattern of the D2Oδ²H-labelledlabeled water. While preferential flow 920 

clearly governed rapid water redistribution during the initial event, nitrate and ammonium masses were also shaped by sorption, 

biological transformations, and local soil heterogeneity. Thus, drought-induced cracks were important for rapid water and 

nitrate displacement, but they were not the only control on inorganic nitrogen pool distributions during the subsequent 14 days. 

The increase in ammonium and nitrate masses in dry control plots between T0 and T14 also illustrates this interpretive 

complexity. Because these plots remained dry for longer, continued drought may have intensified microbial stress and 925 

contributed to organic matter and microbial biomass turnover, with subsequent accumulation of inorganic nitrogen. In addition, 

evaporation may have promoted upward redistribution and concentration of dissolved nitrate in the upper soil layers. The 

temporary plastic cover used to exclude natural rainfall may also have altered temperature and moisture conditions near the 

soil surface. These explanations remain tentative, but they emphasize that inorganic nitrogen pools can change substantially 

even without experimental irrigation. 930 

Overall, the nitrogen data support two main conclusions. First, rewetting caused a rapid but spatially restricted 

ammonium increase in the topsoil, consistent with a short-term Birch-effect response. Second, nitrate pools after the initial 

event were associated with changing hydrological and redox conditions, but the underlying process rates cannot be resolved 

without direct measurements of gross mineralization, nitrification, immobilization, and denitrification. 

 4.3 Microbial community composition and extracellular enzyme activities  935 

Microbial responses to drought and rewetting differed between community composition and extracellular enzyme activity. 

Bacterial community composition showed no consistent treatment-related separation at either the DNA or RNA level during 

the 14-day experiment (Fig. 7). Alpha diversity of the active community also did not differ significantly between dry control 

and irrigated plots (Fig. 6). These results indicate that the short-term rewetting event did not cause a detectable restructuring 

of bacterial community composition at the taxonomic resolution captured by 16S rRNA amplicon sequencing. 940 

The absence of a clear compositional response does not imply that microorganisms were inactive. In contrast, β-

glucosidase and exochitinase activities increased significantly in irrigated plots, especially in the upper soil layer (Fig. 8). This 

indicates that rewetting rapidly affected microbial activity or extracellular enzyme availability, even though community 

composition remained comparatively stable. Such a decoupling between microbial activity and community composition is 

plausible because enzyme activities can respond within hours to changes in water availability, substrate diffusion, cell lysis, 945 

and microbial metabolic activation, whereas detectable shifts in community composition may require longer time scales or 

stronger selective pressure. 

Several factors may explain why microbial community composition remained stable. First, floodplain and arable soils 

are highly heterogeneous at small spatial scales, and such micro-scale variability can mask treatment effects in community 
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ordinations (Vos et al., 2013). Second, DNA can persist in soils as relic DNA or in dormant cells, which may obscure short-950 

term changes in the living community (Carini et al., 2016; Lennon et al., 2018). Although RNA was analysedanalyzed as a 

proxy for the active community, rRNA-based community profiles may still reflect both activity and standing ribosome pools 

rather than instantaneous growth or process rates. Third, the 14-day observation period may have been too short to detect 

consistent taxonomic restructuring, particularly if the community response was mainly physiological. 

The slightly higher RNA-based diversity indices in dry control plots than in irrigated plots were not statistically 955 

significant and should therefore not be interpreted as evidence for selection of better-adapted taxa. Rewetting can impose 

osmotic stress and can eliminate sensitive cells, while also stimulating dormant or rare taxa (Aanderud et al., 2015; Barnard et 

al., 2013; Blazewicz et al., 2014; Schimel, 2018). However, our data provide stronger evidence for an activity response than 

for compositional selection. Therefore, the microbial results are best interpreted as showing rapid functional activation after 

rewetting without detectable community restructuring over the short experimental period. 960 

This interpretation is consistent with the enzyme and nitrogen results. Increased β-glucosidase and exochitinase 

activities after irrigation indicate enhanced potential for C and N acquisition from organic substrates and support the observed 

short-term ammonium increase in the topsoil. In contrast, the lack of a clear microbial community shift suggests that the 

immediate biogeochemical response was driven primarily by altered microbial activity, substrate accessibility, and physical–

chemical conditions rather than by major changes in bacterial community composition. 965 

 5 Conclusions 

Heavy rainfall after summer drought caused rapid preferential infiltration through drought-induced shrinkage cracks in this 

fine-textured floodplain soil. Within two hours, D₂O-labelledlabeled water reached at least 50 cm depth, and nitrate mass 

declined in the upper soil profile without accumulating in the sampled subsoil, suggesting possible nitrate transport below 50 

cm. In contrast, ammonium was largely retained within the soil profile and increased only in the uppermost layer, consistent 970 

with a short-term rewetting-induced mineralization pulse. Subsequent moderate irrigation was retained mainly in the topsoil, 

most likely because shrinkage cracks had closed after initial wetting. Redox potentials declined strongly after irrigation and 

were associated with later changes in nitrate pools, but these patterns cannot be interpreted as direct estimates of nitrogen 

transformation rates. Microbial community composition remained stable at both DNA and RNA levels, whereas β-glucosidase 

and exochitinase activities increased after irrigation, indicating rapid functional activation rather than detectable community 975 

restructuring. These findings show that heavy rainfall after drought can create a brief but important window for nitrate 

displacement through preferential flow pathways, potentially bypassing nitrogen retention in the biologically active topsoil 

and increasing nitrate transfer to deeper soil layers or shallow groundwater. The study, conducted under realistic field 

conditions, demonstrated that the interaction of the processes under investigation is complex and that, for example, the exact 

mechanisms of nitrogen cycling could not be adequately explained using the chosen approach. Future work should combine 980 

tracer-based hydrology with direct measurements of gross nitrogen transformation rates to disentangle transport from microbial 

nitrogen cycling during drought–rewetting events.  
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Appendices 

Appendix A: Soil profile in a soil core from the Ammer valley 

 1175 
Figure A1: (a) Photo of the upper 90 cm soil profile from a location 100 m NW’ of the study site. A 1.20 m deep core was retrieved 
with a direct push probe (6610 DT, Geoprobe, Salina, Kansas, US), the core was cut in two parts lengthwise for better visibility of 
the sediments and crosswise at 0.6 m for taking the photo. The missing 30 cm are due to core loss at the bottom of the core. Depth in 
cm below ground level is depicted besides the core. The upper 70 cm of the core are of uniform red-brown color until at 71 cm the 
color abruptly changes to grey marking the transition from the Go to the Gr horizon in this Gleysol. Maximum sampling depth of 1180 
the presented study was 50 cm, which was well within the Go horizon. (The photo is courtesy of S. Klingler and S. Martin.) (b) Photo 
of a 50 cm soil core from the presented study (plot D1). The uniform red-brown color is visible through the plastic liner. (Figure 
reproduced from Schlögl et al. (2022) with permission from the Royal Society of Chemistry.) 

 

Appendix B: Soil organic matter 1185 

Determination of total organic carbon (TOC) 

For the analysis of soil organic matter as total organic carbon (TOC), cores from plots D1–3 (Day 10) and from W1–3 (Day 

14) were cut into the following segments: 0–5 cm depth, 5–15 cm, 15–25 cm, 25–35 cm, 35–45 cm, 45–50 cm. The 

corresponding depth segments from all D plots and from all W plots, respectively, were combined and aliquots of 10 g of soil 

were freeze-dried (CHRIST ALPHA 1-4, CHRIST, Germany) and were ground to a grain size of < 63 µm with a planetary 1190 

ball mill. One 1 g aliquot of each sample was decalcified with 16 % aqueous HCl and subsequently washed with ultrapure 
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water until reaching at minimum a pH of 5. The sample was again dried and then weighed to determine the amount of inorganic 

carbon. Inorganic carbon was independently determined by acid titration of a second subsample to ascertain the decalcification. 

The dried and decalcified subsample was analyzed for TOC in an elemental analyzer (Elementar vario EL, Elementar, Hanau, 

Germany) with four replicate measurements per sample. TOC was then normalized to the initial dry weight of the sample and 1195 

expressed as weight%. 

 
Figure B1: Distribution of soil organic carbon (as TOC) in weight% in a 50 cm depth profile of the studied Gleysol on irrigated plots 
after 14 days of irrigation (W plots, blue dots) and dry control plots (D plots, orange triangles). (Figure reproduced from Schlögl et 
al. (2022) with permission from the Royal Society of Chemistry.) 1200 

 

Appendix C: Soil texture 

Determination of soil texture 

For the analysis of grain size distribution, cores from plots D1–3 (Day 10) and from W1–3 (Day 14) were cut into the following 

segments: 0–5 cm depth, 5–15 cm, 15–25 cm, 25–35 cm, 35–45 cm, 45–50 cm. The corresponding depth segments from all D 1205 

plots and from all W plots, respectively, were combined. For each depth segment, grain size analysis was conducted following 

the German Standard (Din deutsches institut für normung e. v., 2017). Aliquots of 50 g per sample were sieved wet through 

sieves of 2 mm, 1 mm and 125 µm mesh size to separate the fraction smaller than 125 µm. The fraction bigger than 125 µm 

was dried and sieved dry through sieves of 500 µm, 250 µm, and 125 µm. The fraction smaller than 125 µm was further 

analyzed by sedimentation analysis using the integral suspension pressure method (ISP) (Durner et al., 2017) using a PARIO 1210 

device (Meter Group, Munich, Germany). 
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Figure C1: Grain size distribution in weight% of clay (light grey), silt (dark grey), and sand (black). (a) and (b). Grain size 
distribution in 50 cm soil profiles of the studied Gleysol on dry control plots (a) and irrigated plots (b). (c). Mean values and standard 1215 
deviations (yellow bars) of the grain size distribution calculated from all samples and depths from dry and irrigated plots (n = 12). 
The soil is a silty clay loam. (Figure reproduced from Schlögl et al. (2022) with permission from the Royal Society of Chemistry.) 
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Appendix D: Weather data 1220 

 
Figure D1: Hourly data of temperature (T) in °C (light red line), natural precipitation (black bars) and irrigation (grey bars) in mm 
and a 24 h floating mean of the temperature in °C for the period from 1 January 2019 until 31 July 2019 from the weather station 
in Tübingen-Unterjesingen. The experiment took place from 16 July 2019 until 30 July 2019. (Figure reproduced from Schlögl et al. 
(2022) with permission from the Royal Society of Chemistry) 1225 

 

Appendix E: Calculation of reference evapotranspiration ETo  

The reference evaporation ETo was calculated according to FAO Irrigation and Drainage Paper No. 56 (Allen et al., 1998). 

 
Table E1: Data on temperature (T), relative humidity (RH) and global radiation (Rs) from the weather station in Tübingen-1230 
Unterjesingen used for the calculation of the reference evapotranspiration ETo for the period 1 to 31 July 2019 

Parameter Measured value 

Tmax in °C 36.3 

Tmean in °C 20.4 

Tmin in °C 6.9 

RHmax in % 100.0 

RHmean in % 68.7 

RHmin in % 26.0 

Rs in W m-2 236.0 

ETo in mm day-1 4.2 
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Appendix F: Gravimetric soil water content 

The methodology is described in the main text. 

Figure F1: Gravimetric oil water content in g g-1 on Dry (D) and irrigated (W) plots on Days 0, 6 and 14 (T0, T, T14). Mean values 1235 
and standard deviations of replicates from three experimental plots are shown. (Figure reproduced from Schlögl et al. (2022) with 
permission from the Royal Society of Chemistry) 
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Appendix G: Microbial community analysis 

Relative sequence abundance 1240 

The methodology is described in the main text. 

 

 
Figure F1: Relative sequence abundance of bacteria phyla in the studied soil sorted by depth (a) and treatment (b). 
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 1245 

Appendix H: Coefficients of variation of nitrate and ammonium masses on W plots 

Coefficients of variation were calculated from mean values and standard deviations (n = 3) of nitrate and ammonium masses 

along the soil profile. 

 

 1250 

Figure G1: Coefficients of variation of ammonium (a) and nitrate (b) masses on W plots at Days T0, T6 and T14. 
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Appendix I: Calculation atmospheric ammonium-N deposition 

The atmospheric ammonium-N deposition on the cross-sectional area of an experimental soil core was calculated to evaluate 1255 

potential sources of ammonium increase observed in the topsoil. Weekly atmospheric ammonium fluxes averaged over one 

year were taken from Beyn et al. (2014). 

 
Table H1: Calculation of the atmospheric ammonium-N deposition on the cross-sectional area of a soil core with a diameter of 3.5 
cm within one week.  1260 

Atmospheric ammonium-flux average over one year Source: Beyn et al. 2014 

in µM ammonium m-2 per week  

wet deposition 752 

dry deposition 66.7 

total 818.7 

  

Molar mass  

M(ammonium) in g mol-1 18.0386 

M(N) in g mol-1 14.007 

  

cross sectional area sample core in m² 0.000962 

  

total ammonium-flux average over one year  

in µg ammonium m-2 per week 14768.20 

in mg ammonium m-2 per week 14.77 

in µg ammonium-N m-2 per week 11467.53 

in mg ammonium-N m-2 per week 11.47 

  

on cross-sectional area of a sample core  

in mg ammonium-N per week 0.01103 
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Appendix J: Calculation atmospheric nitrate-N deposition 

The atmospheric nitrate-N deposition on the cross-sectional area of an experimental soil core was calculated to evaluate 

potential sources of nitrate increase observed in the topsoil. Weekly atmospheric nitrate fluxes averaged over one year were 1265 

taken from Beyn et al. (2014). 

 
Table I1: Calculation of the atmospheric nitrate-N deposition on the cross-sectional area of a soil core with a diameter of 3.5 cm 
within one week. 

Atmospheric nitrate-flux average over one year Source: Beyn et al. 2014 

in µM nitrate m-2 per week  

wet deposition 468.9 

dry deposition 60.6 

total 529.5 

  

Molar mass  

M(nitrate) in g mol-1 61.977 

M(N) in g mol-1 14.007 

  

cross sectional area sample core in m² (radius = 3.5 cm) 0.000962 

  

total nitrate-flux average over one year  

in µg nitrate m-2 per week 32816.82 

in mg nitrate m-2 per week 32.82 

in µg nitrate-N m-2 per week 7416.71 

in mg nitrate-N m-2 per week 7.42 

  

on the cross-sectional area of a sample core  

in mg nitrate-N per week 0.0071 

 1270 

 


