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Abstract 
[bookmark: _Hlk99533823]Canopies shape net precipitation patterns, which are spatially heterogeneous and control soil moisture response to rainfall. The vast majority of studies on canopy water fluxes were conducted in forests, whereas grassland canopies are often assumed to be spatially homogeneous, therefore likely not inducing patches of heterogeneity at and below the soil surface. Yet, some studies on short-structured vegetation, such as grasslands, proposed the importance of canopy-induced heterogeneity for net precipitation, but systematic investigations on the effects on soil wetting patterns are missing. Therefore, in this study, we investigated soil moisture response to rainfall in a managed temperate grassland by exploring the individual impacts of spatially varying throughfall, vegetation height and antecedent soil moisture status on the soil wetting patterns. We applied linear mixed effects models to disentangle the role of grassland canopy versus abiotic drivers. The spatial average soil water response showed that less and less water was stored in the upper parts of the soil as the growing season progressed and the soils dried, indicating bypass flow. Spatial variation of grass height was a significant driver of soil wetting patterns along with precipitation and antecedent soil moisture status. Soil wetting was suppressed in locations with tall canopy, although surprisingly this was not directly related to throughfall patterns. Instead, our results suggest that seasonally drier conditions and grassland stemflow kick off preferential flow. Ultimately, our results confirm that spatial variation of the canopy affects soil moisture wetting patterns not only in forests and indicate a strong influence of preferential flow on soil water patterns.
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1. INTRODUCTION
Vegetation regulates how precipitation arrives at the soil surface as it intercepts and redistributes precipitation. While the intercepted portion evaporates back into the atmosphere, net precipitation enters soil in forms of throughfall and stemflow. Net precipitation components are shaped by vegetation features such as canopy storage capacity, leaf area index, crown size, leaf shape and orientation, branch angle, canopy gaps, and stem surface structure (Levia and Frost, 2006; Pypker et al., 2011; Levia and Germer, 2015). While throughfall may or may not touch the canopy and drips to the ground, stemflow reaches the ground as concentrated flow along the stems (Crockford and Richardson, 2000). Throughfall is the typically higher fraction of gross precipitation and, depending on climate and vegetation type, amounts to roughly 75% of rainfall (Sadeghi et al., 2020). Stemflow, on the other hand, is a much smaller proportion, and rarely accounts for >10% of the incident rain (Sadeghi et al., 2020). Nevertheless, stemflow can play an enormous role since it modifies soil moisture dynamics, can trigger preferential flow (Meza-Martinez and Whitford, 1996; Johnson and Lehmann, 2006; Li et al., 2009; Liang et al., 2015; Spencer and Meerveld, 2016; Jian et al., 2018) and affect groundwater recharge (Tanaka et al., 1996; Taniguchi et al., 1996).
Precipitation is the main source of soil wetting, particularly for topsoil layers (Salve et al., 2011; Zhu et al., 2014; Lozano-Parra et al., 2015; Zhang et al., 2020). However, soil wetting and net precipitation do not always exhibit a similarly strong relation as observed for other variables, e.g. the relation between soil properties and soil water content (Jarecke et al., 2021). For example, Molina et al., (2019) observed a strong relation between soil moisture response and throughfall in two oak and pine dominated forest sites in Mediterranean climate. However, they also found decoupling between soil wetting dynamics and throughfall amount during stronger rain events. They argued that drier antecedent soil moisture conditions induced alternative flow paths, suppressing soil water recharge. Also, Metzger et al. (2017) found in a mixed forest that spatial patterns of net precipitation only reflected in soil water patterns in a small subset (one third) of the observed events. Indeed, next to soil properties, soil moisture patterns were controlled by antecedent soil wetness and preferential flow (Vereecken et al., 2007, 2014; Lozano-Parra et al., 2015; Tian et al., 2019; Zhang et al., 2020). Especially dry soils can cause water repellency or lead to shrinking, thus enhancing preferential flow (Jarvis, 2007; Beven and Germann, 2013; Nimmo, 2021). Compared to the spatial variation of net precipitation, research on the role of canopy processes on soil hydrology is much rarer and has mostly been performed in forests and shrublands (Bouten et al., 1992; Li et al., 2009; Metzger et al., 2017; Jian et al., 2018; Molina et al., 2019), while small structured vegetation communities are underrepresented (Dunkerley, 2000; Llorens and Domingo, 2007; Sadeghi et al., 2020). In forest ecosystems, it was investigated partly using models, but also with observations on how canopy-modified net precipitation patterns influence soil water content or soil water fluxes (Guswa, 2012; Coenders-Gerrits et al., 2013; Klos et al., 2014; Metzger et al., 2017). For instance, at the forest site adjacent to this grassland study site with intensive observations, Metzger et al., (2017)showed that soil moisture patterns responded to throughfall patterns, yet the correlation between soil wetting and throughfall was weak and momentary.
It has been shown that, short vegetation communities, such as grassland, cropland, also influence soil water dynamics at both plot scale (Teuling et al., 2007; Baroni, 2013) and catchment scale (Gómez-Plaza et al., 2000; Teuling and Troch, 2005).In a maize field, for instance, Baroni (2013) observed that soil moisture variability in the topsoil was governed by features of the maize vegetation, namely leaf area index and vegetation height, when soil conditions were dry or moderate due to shading effects of the vegetation. Further, Teuling and Troch, (2005) demonstrated through model simulations for three different sites featuring small structured vegetation (cropland, grassland, perennial pasture) that vegetation activity becomes the major driver affecting soil water spatial variability, particularly at dry and medium soil wetness. These studies indicate that next to forests and shrubs, canopy-related structural heterogeneity can modify soil water dynamics also in short vegetation communities. However, these investigations focussed on the evapotranspiration between precipitation events at large scales, not small-scale net precipitation patterns. Investigations on the impact of net precipitation patterns on soil hydrology is to the best of our knowledge absent. Therefore, here we explore canopy and soil wetting patterns together with the impact of soil moisture conditions on the plot scale and different biotic and abiotic factors. Demir et al. (in review), recently showed that grass canopies systematically affect net precipitation patterns and generate heterogeneity in water input at the ground level. Here, we take it one step further to understand how net precipitation components influence soil moistening patterns in grasslands, and we pose the following research questions: 
1)	Does grassland canopy-induced variation in water input influence soil wetting patterns?
2)	How does the antecedent soil moisture status affect the soil moisture response to rainfall?
We address these questions using a statistical model based on field measurements in a grassland in a temperate climate.

2. MATERIALS AND METHODS
 2.1 Research Site and Field Measurements
Our research site is a managed temperate grassland (0.045 ha) that is mown 2-3 times per year, and it is a part of Hainich critical zone exploratory (CZE), located in central Germany (Thuringia) (Küsel et al., 2016). Grassland plant community at the site is similar to the neighbouring plot where the plant community was characterized by different functional groups such as graminoides (e.g., Dactylis glomerata), legumes (e.g., Trifolium repens), and herbs (e.g., Taraxacum spec.) (Potthast et al., 2017). The annual average precipitation in the region is around 600 mm, and the annual mean temperature varies around 9.0 °C (Küsel et al., 2016). The main soil type in the Hainich CZE and a nearby pasture is Calcaric Cambisol (Siltic) developed from carbonate rocks (German Triassic Muschelkalk formations) and aeolian deposits (Kohlhepp et al., 2017; Potthast et al., 2017). The soil depth to the weathered bedrock in the research site varies between 17 cm and 51 cm, yet the median soil depth is 30 cm. 
The grassland research site was equipped with a soil moisture measurement network (SoilNet; Bogena et al., 2010) composed of  SMT100 frequency domain sensors (Truebner GmbH, Neustadt, Germany). The sensors were installed based on a nested triangular schema at 30 locations for two depths (7.5 cm and 27.5 cm). At the research site, the soil moisture setup installation was completed in 2016, and it provides high temporal resolution data (every six minutes). Unfortunately, sensors started failing within two years of the installation.
We installed 25 interception tubes in early spring 2019 to measure net precipitation (Figure 1). The interception tubes are an in-situ device to measure net precipitation in herbaceous vegetation in a temperate climate. The design is described in Demir et al. (in review). Shortly, it consists of four thin partly opened plexiglass pipes (20 mm in diameter and 360 mm in length, the opening is 12 mm wide and 262 mm) which are connected to a below ground plastic sampling bottle. The method does not strictly separate stemflow and throughfall by its construction. Depending on canopy development and density, the partly opened pipes collect net precipitation, and collected water flows by gravity into the sampling bottle. The tubes have been shown to represent spatial patterns in grass canopy net precipitation (Demir et al., in review). Based on the same nested triangular design, 22 of the tubes were paired with nearby soil moisture sensors and installed down-slope to ensure that net precipitation measurements did not interfere the soil moisture sensors. The distance between the tubes and the sensor was less than 1.5 m at 18 sampling locations. Some soil sensors could not be paired with interception tubes due to the clustering of some sensors. In order to increase net precipitation sampling points, we installed three additional interception tubes away from the soil moisture sensors. 
Furthermore, we installed five gross precipitation collectors mounted ca. 1.5 m height above the ground. The collectors were composed of plastic circular funnel (12 cm in diameter) and sampling bottle which is connected at neck (Zimmermann et al., 2010; Metzger et al., 2017) , and evaporation loss from the orifice surface was prevented by placed tennis ball into the orifice. We conducted weekly sampling of interception tubes, gross precipitation collectors and grass height from March to August 2019. The vegetation canopy was tall enough (hgrass > 0.15 m) to cover the tubes for 14 weeks (covered period). In the first weeks of the sampling period, and in the weeks following the summer cut the vegetation was too short and sparse to induce interception or canopy redistribution (uncovered period).
[Insert Figure 1]
2.2 Data analysis
2.2.1 Soil water content data quality control
The high-resolution soil moisture data were characterized by multiple failures such as long breaks, jumps to extreme low and high values, and lack to temporal variation despite rain events. Hence, we applied a systematic quality control. Each soil moisture sensor time series was visually checked for plausibility. We removed both extremely low (water content < 5 vol-%) values and long plateaus of repeated values. Additionally, we excluded the data in case of long interval data breaks, which prevented us from estimating soil moisture response to rainfall events. Nine to 24 (out of 30) topsoil sensors and eight to 23 subsoil sensors met the quality criteria. All quality-controlled data were used to obtain daily and spatially average volumetric soil water content (SWC [vol, %]) throughout the sampling period to examine soil wetness status in the research site. Also, we used the quality-controlled soil water content data from both top and subsoil sensors to estimate the weekly increase of the spatial average in the soil water storage to calculate the water balance for the monitored soil profile. For the investigation of the interaction between grass canopy and soil moisture response, we used the paired topsoil quality-checked data (ten locations). 

2.2.2 Defining rainfall event and corresponding soil water content increase

We acquired weekly average wind speed and precipitation time series (resolution 10 min) from the nearby Reckenbühl weather station run by DFG (Deutsche Forschungsgemeinschaft), CRC 1076 “AquaDiva,” subproject D03 (“Site management and synopsis,” Principal Investigators K. Küsel, K.U. Totsche, and S. Trumbore) at the Friedrich Schiller University Jena, Germany. The station is located about 1.4 km distance to the Northeast of the grassland site. Based on the precipitation time series, we separated individual rainfall events, by applying a threshold time interval of eight hours between the end of the last and beginning of the next rain event. The threshold was chosen to reflect the time lag between the end of the gross precipitation event and canopy drip. 
Although not specifically indicated, the following equation were applied for individual sensors, e.g. for top and bottom sensors separately. We calculated the increase in soil water content, , for all defined rain events (n) in the week (w) at each soil moisture sensor location (i) in the topsoil and subsoil. An increase in soil water content was determined as difference between maximum soil water content during or after the rainfall event () and the pre-event condition (). For the latter we used the minimum soil water content within two hours before the beginning of rainfall. 
									(1)
If multiple events occurred within the weekly net precipitation sampling interval, we calculated the sum of the individual increases in soil water content corresponding to each event. 
									(2)
In this way we obtained a weekly cumulative increase in the soil water storage () due to rain events (n) for each location (i) for all observed weeks (w).
Similarly, we calculated the weekly pre-event soil water content at each location as the average of all pre-event conditions over all events within the sampling week. This information was used to characterize the weekly soil moisture conditions in the following analyses. 
									(3)

2.2.3 Descriptive Statistics
Next to the weekly spatial mean of pre-event soil water content, increase in the soil water content, grass height, and the weekly average of wind speed, we used quantile-based metrics to assess spatial variation of the soil moisture status and increase in the volumetric soil moisture data. The coefficient of quartile (CQV) was calculated as stated below:

 										(4)
We also calculated the spatial deviation of soil water content () from the spatial mean of pre-event soil water content () per location per week in order to characterize the spatial pattern (Vachaud et al., 1985). 
									(5)
We similarly determined spatial deviation of grass height from the mean () and spatial deviation of net precipitation () per location per week..

2.2 Water Balance
We used a simple soil water balance to estimate how much water was stored in the soil layers over a rain event by exploring the increase in soil water content. For this, we attributed depth 0-17.5 cm to the top sensor, and 17.5-37.5cm to the deeper one. We used the event-based increase in volumetric soil water content calculated in Equation 1 for both top and sub soil, and calculated a weighted sum based on the represented soil layer thickness to estimate the event-based increase in stored water volume  (Equation 7). 
							(6)
Here  is the depth of soil column monitored by top sensor (17.5 cm) and  is the depth of soil represented by the bottom sensor (20 cm), while and indicate the storage increase in the top and bottom soil moisture sensor at location i at event n in week w.
											(7)
As we calculated immediate response to rainfall, we assumed evapotranspiration was negligible. Therefore, we assumed that water entering soil is stored in the monitored soil layers or transmitted to a deeper layer. 

2.3 Linear mixed effects model
We applied linear mixed effects models to investigate, which variables relate to the increase in soil water content in the topsoil and included potential controlling factors (Table 1). Since the interception tubes have been shown to underestimate the amount of stemflow and because this contribution changes with time (Demir et al., in review), we used gross precipitation (Pg,fun) to characterize the cumulated events size. Yet, we included the spatial deviation of tubes’ measurements (δPnet) to represent the effect of vegetation-altered precipitation patterns on soil moisture response as the interception tubes’ measurements were capable of catching net precipitation patterns (Demir et al., in review).We accounted for canopy development and heterogeneity directly by including spatial average and spatial pattern in grass height (, δhgrass,w). Also, we included antecedent soil moisture status with spatial average ()and the spatial deviation of pre-event soil water content () each calculated per week. Furthermore, we included other abiotic factors, potentially affecting how water enters the soil or soil water dynamics. For this, we considered topography by adding the elevation of net precipitation measurement locations and included weekly average wind speed (). Due to the nature of repetitive sampling over fixed measurement locations, we selected measurement dates and soil moisture sensor locations as random effects. 
We used Z-transformed variables to apply the linear mixed effects model by using the ‘scale’ function, which is provided in the R base package (R Core Team, 2021). We did all linear mixed effects model analyses with the ‘lme4’ package (Bates et al., 2015) and we calculated both conditional and marginal R2 of the model with the ‘MuMIn’ package (Bartoń, 2020). While conditional R2 includes the variance of the entire model, marginal R2  subsumes only fixed effects (Bartoń, 2020).
The best model fit was found using a systematic model selection based on the Akaike’s Information Criterion (AIC). We initially included all potential variables together with their interactions (Table 1, “beyond optimal model”) to evaluate them based on their level of significance. Only fixed effects were evaluated, and we used the maximum likelihood (ML) to compare the models (Zuur et al., 2009). Model selection was done stepwise starting with the beyond optimal model. In each evaluation step we detected the least significant effect (carrying the lowest p value) and built the next candidate model without it. We decided whether the removal had a significant effect on the AIC, by on comparing the AIC of the model before and after removing. Only if the AIC was unaffected or increased, the effect was ultimately removed or otherwise retained. The procedure was repeated with the next least significant effect, until all fixed effects were evaluated and the model with the lowest AIC was obtained. Afterwards we refitted the best model with restricted maximum likelihood (REML) (Zuur et al., 2009). 
[Insert Table 1]
3. RESULTS 
3.1 Seasonal grass height development and precipitation
We conducted weekly precipitation sampling along with continuous measurements of volumetric soil water content in the growing season of 2019 (April - August). On dates between April 30th and June 26th, July 24th and August 21st, the average grass height was taller than 0.15 m and allowed for sampling of net precipitation with the interception tubes for 14 weekly samplings (Demir et al., in review). The canopy height exceeded 0.9 m (spatial average) by the end of June. Due to the summer cut (June 26th) the weekly average grass height remained below 0.3 m for the rest of observation period (July -August, Table 2).
In our sampling period, the larger rainfall events mostly occurred from May to July. However, in June and July, time intervals between rain events were longer compared to early spring. Later in the sampling period, larger events were less frequent (Figure 2a). 
[Insert Table 2]
[Insert Figure 2]
3.2 Soil moisture status and water balance
Throughout the growing season, soil water content in the topsoil was lower than in the subsoil regardless of canopy cover status (Fig. 2a). Early in the growing season, when interception loss was low due to the reduced canopy (  < 0.15 m) the topsoil was wetter than later in the season. While the topsoil exhibited a strong drying response on non-rainy days and small events, the subsoil water status only varied marginally. In the presence of a more developed canopy, however, both soil layers showed a more dynamic wetting-drying response to larger rain events and non-rainy days until the summer grass cut (June 26th). In late June, the soil water content considerably decreased, and soil wetting signals became weaker in both soil layers. These drier soil moisture conditions persisted throughout the end of the observation period, and the difference in soil moisture status between the two soil layers increased despite several rain events.
Based on the simple water balance, we calculated how much rainfall was stored in the monitored soil layers. Figure 2b shows the increase in soil water storage together with weekly net precipitation and gross precipitation measurements. Note that in periods with tall canopy ( > 0.6 m), the below canopy precipitation was clearly underestimated by the interception tubes, as the net precipitation was smaller than the increase in soil water content. Therefore, we consider the gross precipitation measurements rather than the tubes measurements as a reference for event size. The increase in soil water storage was always lower than gross precipitation and independent of foliage cover status. While early in the sampling period, until July, still approximately two-thirds of gross precipitation was stored in the monitored soil column (0-37.5 cm), later in the summer, soil layers stored much less than one-third of gross precipitation. This indicates occurrence of bypass flow later in the season. Also, the amount of stored water in soil layers after rainfall varied throughout the sampling period. In the presence of a developed canopy, the topsoil retained more rain than the deeper layer, especially in late spring and early summer (Figure 2). However, this switched to the subsoil storing more rain later in the growing season, even after mowing, and despite the drier topsoil conditions. This also indicates preferential flow in the topsoil. Under the presence of a developed canopy, the weekly mean of pre-event volumetric soil water content in the topsoil ranged from more than 30 % to around 10 % (Table 2). The coefficient of quartile variation (CQV) of pre-event soil water content varied between 0.08 and 0.37 whereas the CQV for increase in soil water content was much higher and ranged from 0.19 to 0.76. CQV of pre-event soil moisture increased in drier soil conditions. Yet, the CQV of increase in soil water storage was mostly unrelated to the pre-event soil moisture status and increase in soil water content itself. In other words, the spatial variation of soil wetting could be explained by neither the antecedent soil moisture status nor the amount of water entering in soil. 
3.3 Drivers of spatial patterns of soil water content increase
We used a linear mixed effects model to understand the controlling factors of soil moisture response to rainfall in space. All included effects are listed in Table 1 (see above). We checked the normality of residuals with Q-Q plots and visually controlled homogeneity of residuals at each fixed effect with box plots. Table 3 shows all fixed effects that govern soil wetting patterns. The fixed effects contributed to the models more than random effects. We calculated the full model R2 as 0.88, while the fixed effects contribution to R2 was 0.72 (Table 4). Weekly average wind speed, the spatial deviation of pre-event soil water content, and its interaction between seasonal and locational differences of grass height improved the model, yet they were not significant. 
[Insert Table 3]
[Insert Table 4]
Gross precipitation had a positive significant relation with the increase in soil water content at all locations, which means higher water input resulted in higher soil water content in the topsoil (Figure 3, Table 3). The spatial deviation of net precipitation from the mean (e.g. the spatial net precipitation pattern) had no effect on soil water content increase in the final model. Elevation of net precipitation measurement locations were significant with an interaction with precipitation (Figure 3). The locations at higher elevation stored more water compared to lower places on the slope when relatively less weekly rainfall occurred whereas this was reversed for more water input (Figure 4 b). 
Average pre-event soil water content affected the increase in soil water content (Table 3, Figure 3). Soil water content increase was enhanced in times of wetter antecedent soil moisture status and suppressed during drier conditions (Fig. 4c). 
Spatial variation of the vegetation height directly affected the soil moisture response to rainfall. The spatial deviation of grass height from the mean (e.g. the spatial deviation pattern) was a significant driver of the increase in soil water content. Specifically, at the locations with the taller size grass, the increase in soil water content was relatively less (Fig. 4d). However, the temporal change in average grass height was not a controlling factor for the increase in the soil water content. Also, the interaction between the spatial deviation of grass height and the antecedent soil moisture was significant, such that the dampening effect of grass height on soil water storage was mainly important in moderate and dry antecedent soil moisture conditions (Fig. 4e). Overall, the dependence of the local grass height effect on the soil moisture status indicates that the canopy also affects other processes besides interception loss.
[Insert Figure 3]
[Insert Figure 4]
4. DISCUSSION 
4.1 No systematic effect of seasonal canopy growth on soil water content increase after rainfall
We demonstrated that gross precipitation was a significant driver for the increase in soil water content, as precipitation is the main source of soil moistening, particularly for topsoil layers (Salve et al., 2011; Lozano-Parra et al., 2015; Zhang et al., 2020). Also, we found that topography significantly influenced the soil moisture response depending on the size of weekly cumulated precipitation events. The latter maybe caused by lateral flow, as topographically lower elevations received more water in larger rainfall events. Inclusion of this interaction term () in the model allowed us to control for the impact of lateral flow on soil wetting patterns and evaluate the remaining controlling factors independently of topography-driven dynamics.
Canopy development regulates how vegetation intercepts and redistributes rainfall as net precipitation components and interception loss are controlled by leaf, branch, and stem features (Pypker et al., 2011). Seasonal growth of grass typically relates to leaf and stem production and increased leaf area index (LAI) (Gusmão Filho et al., 2020; Macedo et al., 2021). Vegetation height is proportional to water storage in herbaceous vegetation canopies (Xiong et al., 2019). Thus, we expected that the seasonal change of canopy height in a grassland governs interception storage and the amount of water reaching soil thereby soil water storage (Crouse et al., 1966; Gilliam et al., 1987; Zou et al., 2015). Moreover, Demir et al. (in review) showed that net precipitation in the same grassland site was governed by temporal and spatial variation of canopy height. However, in contrast to our expectations, neither spatial variation in net precipitation nor average grass height directly affected soil wetting patterns. We attributed this to two potential causes: (1) incomplete representation of all net precipitation components and/or (2) soil water dynamics obscuring the rainfall signal (see next section). Regarding (1), the water balance showed that interception tube measurements of net precipitation were lower than the water entering the soil, particularly for the weeks with peak grass height. This indicates that not all components of net precipitation were properly captured. Indeed, Demir et al. (in review) also found that the interception grids mainly captured throughfall and underestimated stemflow. Taller canopies are more prone to produce stemflow in herbaceous vegetation. De Ploey, (1982) conducted indoor rainfall experiments with a purple moor-grass and a liliaceous plant, and it was found that stemflow production is a function of length, width, number, and basal area of stems together with rainfall characteristics. Taller grass has typically more elongated stems and flower tillers that allow gathering rain drops and propagating flow to the stem and into the ground rather than retaining it on the plant surfaces (Xiong et al., 2019). Hence, the stemflow proportion probably increased as the grassland grew taller. So far, there is no consensus about the amount and the significance of stemflow in herbaceous plants (Clark, 1940; Butler and Huband, 1985; Seastedt, 1985; van Dam et al., 1991). For instance Seastedt, (1985) measured average throughfall as 49 % of gross precipitation for tallgrass prairie, and this portion increased to 75% with stemflow while others neglected the generated stemflow by the same grass type (Clark, 1940; Zou et al., 2015). In our study, the under-catch of net precipitation was revealed by the water balance and showed the importance of stemflow, particularly for peak grass height. In other words, the seasonal increase in canopy interception loss was less massive than expected. 
On the other hand, stemflow probably contributed an increasingly larger proportion to net precipitation due to the seasonal canopy development and this may additionally have obscured the soil water response. Taller grass stems funnel rainfall rather than retaining it on the plant surface, while the thicker and longer stem generates more stemflow (de Ploey, 1982; Xiong et al., 2019). More stemflow might drain quickly from topsoil layers as it is channelled into deeper layers via the root network, which is known as double-funnelling process (Johnson and Lehmann, 2006). As the role of stemflow in grassland has not been resolved so far (Seastedt, 1985; Zou et al., 2015), its influence on water transport into soil layers has not been investigated. However, generally, researchers have observed that stemflow e.g. produced by trees and shrubs, can prompt preferential flow (hence dampening the soil water storage after rainfall) and modify soil moisture dynamics in the deeper layers (Meza-Martinez and Whitford, 1996; Li et al., 2009; Liang et al., 2015; Spencer and Meerveld, 2016; Jian et al., 2018). So far, there is little research on the effect of stemflow in grasslands and the below ground effects of it, while our data indicate that it could offset the effects of enhanced canopy storage in tall grass. This would also explain why the average canopy height itself was not retained in the model as a driving factor. Additionally, soil water dynamics may have contributed to obscuring the signal of throughfall and interception loss, as discussed in more detail in the next section.
4.2 Antecedent soil moisture regulates soil water storage after rainfall
We found that temporal variation of antecedent soil water content governs soil moisture response to rainfall. Similarly, other studies showed that soil moisture changes are strongly affected by antecedent wetness status (Merdun et al., 2008; Zehe et al., 2010; Hardie et al., 2011; Zhu et al., 2014; Demand et al., 2019). Antecedent soil moisture conditions are known to regulate the infiltration process, thereby the wetness status influences soil moisture response to rainfall (Zhang et al., 2020). Nevertheless, antecedent soil wetness status can affect soil moisture response in different ways. Zhu et al. (2014), for instance, found that the soil water content increased more notably under drier initial conditions compared to wetter conditions, especially after larger rain events. They attributed this observation to drier soil conditions freeing up water holding capacity in the soil matrix. Likewise, other researchers argued that drier soil can store more water, whereas the wetter soil conditions kick off preferential flow mechanisms (Beven and Germann, 1982; Kung et al., 2000; Jaynes et al., 2001). However, there is a growing consensus on dry soil moisture status increases the occurrence of preferential flow, even more than moist ones (Ritsema and Dekker, 2000; Täumer et al., 2006; Graham and Lin, 2011; Hardie et al., 2011; Yao et al., 2017; Nimmo, 2021), as we found with the statistical analysis.
The statistical model outcome revealed that soil moistening was enhanced in elevated pre-event soil water content, whereas drier pre-event conditions led to less storage and probably provoked rapid water drainage. Enhanced preferential flow paths by drier initial soil moisture status were also observed in other studies (Merdun et al., 2008; Hardie et al., 2011; Wiekenkamp et al., 2016; Demand et al., 2019). Dryness of antecedent soil moisture can result in water repellency (Doerr et al., 2000; Doerr and Thomas, 2003; Täumer et al., 2006; Gimbel et al., 2016) that reshapes preferential flow dynamics (Bauters et al., 2000; Jarvis et al., 2008). For instance, Demand et al., (2019) surmised that  soil dryness resulted in the occurrence of preferential flow in their research site due to water repellency.
Grassland soils are prone to become water repellent because plant roots, fungi and soil fauna release and distribute hydrophobic chemical compounds particularly when soils dry out in summer, which amplifies preferential flow (Hallett et al., 2001; Lichner et al., 2011; Mao et al., 2016; Smettem et al., 2021) . In fact soil under perennial grass can develop stronger water repellency than forest and other investigated crops (de Jonge et al., 2007). During our observation period, the topsoil volumetric water content decreased below 10% at the end of June and remained similarly low until the end of the observation period. Thus, the duration and level of dryness might have enhanced repellency and strengthened preferential flow paths later in the growing season.  
Furthermore, we observed deep soil cracks which became especially visible after the summer grass cut. Due to the summer cut, the soil surface was exposed to higher radiation and evaporation that widens and deepens soil cracks as evaporation has an impact on soil cracking (Cordero et al., 2021). Drought and root water uptake can influence soil cracking and the formed crack can remain through a series of wetting and drying cycle (Beven and Germann, 1982). Cracks are also known to enhance preferential flow or accelerate the rapid water flow (Beven and Germann, 1982; Hardie et al., 2011). Independently, the vegetation development and need for root growth as the soil dried might further have enhanced macropores (Beven and Germann, 1982). This additional macropore formation could intensify preferential flow paths along with the cracks. Overall, our results strongly indicate that preferential flow dominated soil water dynamics on the research site particularly later in the season, and this may have masked the other signals in the soil moistening such as interception and throughfall patterns.
4.3 Spatial variation of grass height affects soil wetting patterns
[bookmark: _Hlk90541119]Although seasonal evolution of grass height had no clear effect on the soil water response to rainfall, we found that spatial patterns of grass height had a significant effect. The mixed effects model revealed that locations with taller grass stored less water after rainfall. This is most likely attributed to interception loss. Interception loss is not uniform over space and time because of the spatio-temporal variation in canopy and rain event features (Crockford and Richardson, 2000; Gerrits et al., 2010). Relatively taller grass typically has a higher leaf area index, which can increase intercepted rainfall by the leaf surface and reduce throughfall formation. Additionally, tall vegetation could also have promoted preferential flow, which would also lead to dampening the soil moisture response to rainfall. Firstly, the elongated tillers of tall grasses may enhance stemflow (see above), and the double-funnelling mechanism (Johnson and Lehmann, 2006) may have been more active in locations with taller grass, therefore enhancing bypass flow and decreasing the proportion of rainwater entering the soil storage. Secondly, below ground growth also progresses during the growing season and is probably more pronounced in locations where the grass is locally more productive(Li et al., 2008; Liu et al., 2021). Plant root systems are important for soil water dynamics as they shape soil particle orientation, form macropores due to root shrinkage or root decay also root penetration and extension (Lu et al., 2020). In dye experiments Li et al., (2009) observed that occurrence of preferential flow is related to presence of roots in shrubs in sandy soil. Higher biological activity and dense root networks in natural grasslands similar to forests and shrubs amplifies the existence of macropores (Gonzalez-Sosa et al., 2010). Therefore, we surmise that percolation may be enhanced at locations with taller grass due to higher stemflow and higher macroporosity.
Moreover, the statistical model result indicated an interactive influence of spatial variation of grass height and antecedent soil wetness on soil moistening. The drier antecedent soil moisture the less water was stored in the soil in locations with taller grass, which suggests that the taller grass strengthened bypass flow under drier antecedent soil moisture conditions. 
5. CONCLUSIONS
In this study, we conducted field measurements to investigate the individual effect of antecedent soil moisture and canopy height along with throughfall patterns, gross precipitation, and weekly average wind speed in soil moisture response to rainfall. The results show the spatial variation in canopy height governs soil wetting patterns, while the seasonal development of grass height does not. Also, our results revealed a strong effect of the antecedent soil moisture conditions. Despite the potentially important role of interception loss for the water balance, its effect on soil wetting patterns was probably weakened due to non-equilibrium flows. In our research site, average drier antecedent soil moisture conditions appear to cause preferential flow paths. Spatially varied canopy height introduced heterogeneity in net precipitation components. At locations with taller grass, while throughfall was slightly reduced due to higher interception capacity of leaves, relatively taller stems generated higher stemflow. Root development along with heterogeneous stemflow probably intensify preferential pathways particularly under drier and moderate pre-event soil wetness conditions. 
We surmise that heterogenous grassland canopy layer influenced the soil wetting patterns as it created spatial contrasts in water input. Notwithstanding that the antecedent soil moisture conditions shaped how water was transported to the deeper subsurface, and non-equilibrium flow probably dominated soil water dynamics obscuring the direct effect of throughfall patterns in the soil moistening. We demonstrated a strong role of stemflow, which may have further exacerbated preferential flow. Ultimately, these results confirm that canopy heterogeneity shape soil moistening and can create hotspots of water flow not only in forests but even in grasslands.
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TABLES
Table 1 All fixed and random effects included in the linear mixed effects models for estimating increase in volumetric soil water content () in the top soil
	Model variables

	Single Fixed Effects

	 (Spatial mean of gross precipitation)

	(Spatial deviation of net precipitation from the mean)

	(Elevation of net precipitation measurement locations)

	 (Spatial mean of grass height)

	 (Spatial deviation of grass height from the mean)

	(Spatial mean of pre-event soil water content)

	 (Spatial deviation of pre-event soil water content from the mean)

	 (Weekly average wind speed)

	

	Interaction Fixed Effects

	

	

	

	

	

	

	

	Random Effects

	Sampling date

	Soil moisture sensor location
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Table 2 Spatial mean of grass height, cumulative weekly increased soil moisture and quartile of coefficient of variation (CQV) for top and sub soil. The time interval is based on net precipitation and grass height sampling dates.
	Sampling Date
	 (cm)
	 [vol - %]
	CQV 
	 [vol - %]
	CQV 

	30 April
	20
	14.38
	0.24
	7.37
	0.76

	07 May
	n.a.
	15.91
	0.27
	5.37
	0.57

	15 May
	35
	22.6
	0.21
	16.11
	0.28

	22 May
	46
	31.32
	0.05
	13.95
	0.38

	29 May
	65
	23.76
	0.14
	0.98
	0.24

	04 June
	83
	11.27
	0.19
	0.18
	0.52

	13 June
	92
	16.55
	0.14
	21.57
	0.32

	18 June
	n.a.
	32.10
	0.08
	1.7
	0.19

	26 June
	93
	20.55
	0.08
	0.52
	0.19

	24 July
	n.a.
	12.31
	0.21
	1.5
	0.42

	30 July
	21
	9.48
	0.37
	0.99
	0.46

	08 August
	22
	9.93
	0.37
	2.44
	0.39

	14 August
	26
	11.63
	0.25
	1.98
	0.26

	21 August
	n.a.
	11.44
	0.25
	0.45
	0.34



















Table 3 Summary of the linear mixed effects model for drivers of soil water content increase in the topsoil. The shaded variables are significant fixed effects. All variables were measured and scaled with Z transformation before analysis. Satterthwaite's method was used for t-tests. Significance codes are, ‘***’ is 0, ‘**’ is 0.001,  ‘*’ is 0.01,  ‘.’ is 0.05  
	
	t- value
	p-value

	Single Fixed Effects
	
	

	
 (Spatial mean of gross precipitation)
	4.1
	<0.001***

	 (Spatial deviation of grass height)
	-2.5
	<0.05*

	(Spatial mean of pre-event soil water content)
	3.0
	<0.01**

	 (Spatial deviation of pre-event soil water content)
	1.8
	0.077.

	 (weekly mean wind speed)

	1.5
	0.19

	Interaction Fixed Effects
	
	

	
	-3.5
	<0.001***

	
	-1.6
	0.11

	
	4.5
	<0.001***

	
	1.5
	0.13

	Random Effects (Intercept)
	-0.44
	0.67













Table 4 Overview of statistics for the linear mixed effects models shown in Figure 4 (top and right). Variables shown are: adjusted R2 and Akaike Information Criterion (AIC)
	Topsoil

	AIC
	162.27

	R2 full model
	0.88

	R2 fixed
	0.72

	R2 random
	0.16



























FIGURE LEGENDS 
Figure 1 Field setup of the interception tubes and soil moisture sensors
Figure 2 (a) Daily volumetric soil water content of top and sub soil and precipitation values from March13th to August 21st. The solid and dashed lines are; spatial mean of soil water content estimated based on top (7.5 cm) and bottom (27.5 cm) sensors, and grey shaded areas show first and third quartiles. Precipitation was measured at the nearby Reckenbühl station (1.4 km to the Northeast). (b) Mean of weekly cumulative net precipitation measured with the interception tubes, the difference between funnel measured gross precipitation and the net precipitation, and the increase in soil water content (SWC) in the top and sub soil. The light and dark grey shaded columns show the increase in the stored water in topsoil (0 – 17.5 cm) and sub soil (17.5-37.5cm) respectively. (c) Weekly spatial average of grass height. Only values of hgrass > 15 cm are shown, the interruption in the grass height time series is due to the annual mowing. 
Figure 3 Fixed effect estimates of weekly cumulative increase in soil water content (SWC) in the top soil (0-17.5 cm) in the presence of the developed grass canopy (result of the model shown in Table 3). Values on the x-axis indicate the slope of the relations. The shown predictors are weekly measured spatial mean gross precipitation (), weekly spatial average pre-event soil moisture status (  ), spatial deviation of pre-event soil moisture status(), weekly spatial average grass height (), spatial deviation of grass height (), elevation of net precipitation measurement locations). Only significant effects are shown. All variables were scaled with Z transformation. Interaction is shown with ‘x’. Significance codes: ‘***’ is 0, ‘**’ is 0.001, ‘*’ is 0.01,  ‘.’ is 0.05.
Figure 4 Significant relations of the linear mixed effects model estimation showed in Fig. 3, representing the significant drivers of increase in soil water content (SWC) in the top soil. Relation to (a) average gross precipitation (  and (b) the interactive relation of average gross precipitation(  and elevation of interception tubes (). Relation to (c) average pre-event soil moisture status (  ),(d) spatial deviation of grass height (). (e) Interactive relation of spatial deviation of grass height  and pre-event soil moisture status ( .
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