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1 | INTRODUCTION

Vegetation regulates how precipitation arrives at the soil surface as it
intercepts and redistributes precipitation. While the intercepted
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Abstract

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. In contrast, grassland canopies are often
assumed to be spatially homogeneous, therefore likely not inducing patches of het-
erogeneity at and below the soil surface. However, some studies on short-structured
vegetation, such as grasslands, proposed the importance of canopy-induced hetero-
geneity for net precipitation. Still, 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 mois-
ture 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 diminishing water amounts 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 canopies, although surprisingly, this was not directly related to
throughfall patterns. Instead, our results suggest that seasonally drier conditions and
the spatial difference in grass development amplify fast flow processes. Ultimately,
our results confirm that spatial variation of the canopy affects soil moisture wetting
patterns not only in forests but indicate a strong influence of preferential flow on soil

water patterns in managed grassland as well.

KEYWORDS
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portion evaporates back into the atmosphere, net precipitation enters
the soil in the forms of throughfall and stemflow. Net precipitation
components are shaped by vegetation features such as canopy stor-

age capacity, leaf area index, crown size, leaf shape and orientation,
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branch angle, canopy gaps, stem surface structure (Levia &
Frost, 2006; Levia & Germer, 2015; Pypker et al., 2011), and canopy
height particularly in short vegetation (Crouse et al., 1966; Demir
et al., 2022). 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 & Richardson, 2000). Throughfall is
typically the higher fraction of gross precipitation and, depending on
climate and vegetation type, amounts to roughly 75% of rainfall
(Sadeghi et al., 2020).

Precipitation is the primary source of soil wetting, particularly for
topsoil layers (Lozano-Parra et al., 2015; Salve et al., 2011; Zhang
et al., 2020; Zhu et al., 2014). However, soil wetting and net precipita-
tion do not always exhibit a similarly strong relationship as observed
for other variables, e.g., the relationship between soil properties and
soil water content (Jarecke et al., 2021). For example, Molina et al.
(2019) observed a strong relationship between soil moisture response
and throughfall in two oak and pine-dominated forest sites in a Medi-
terranean 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. In addition,
Metzger et al. (2017) found in a mixed forest that spatial patterns of
net precipitation were only reflected in soil water patterns of a small
subset (one-third) of the observed events. Indeed, next to soil proper-
ties, soil moisture patterns were controlled by antecedent soil wet-
ness and preferential flow (Lozano-Parra et al., 2015; Tian et al., 2019;
Vereecken et al., 2007, 2014; Zhang et al., 2020). Especially dry soils
can cause water repellence or lead to shrinking, thus enhancing pref-
erential flow (Beven & Germann, 2013; Jarvis, 2007; 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 (e.g., Bouten
et al., 1992; Jian et al., 2018; Li et al., 2009; Metzger et al., 2017;
Molina et al., 2019), while small structured vegetation communities
are underrepresented (Dunkerley, 2000; Llorens & Domingo, 2007;
Sadeghi et al., 2020). In forest ecosystems, it was investigated partly
by using model-based approaches and field observations on how
canopy-modified net precipitation patterns influence soil water con-
tent or soil water fluxes (Coenders-Gerrits et al., 2013; Guswa, 2012;
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 patterns was weak and momentary.

It has been shown that short vegetation communities, such as
grassland and cropland, also influence soil water dynamics at both plot
scales (Baroni, 2013; Teuling et al., 2007) and catchment scales
(Gémez-Plaza et al., 2000; Teuling & 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 the shading effects of the vegetation. Further, Teul-
ing 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 precipita-
tion events at large scales, not small-scale net precipitation patterns.
To the best of our knowledge, investigations on the impact of net pre-
cipitation patterns on soil hydrology in grasslands are absent. There-
fore, we here explore canopy and soil wetting patterns together with
the impact of soil moisture conditions on the plot scale in concert with
different biotic and abiotic factors. Demir et al. (2022) recently
showed that grass canopies systematically affect throughfall patterns
and generate heterogeneity in water input at the ground level. Here,
we take it one step further to understand how net precipitation com-
ponents 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 mois-

ture response to rainfall?

We address these questions by using a statistical model based on

field measurements in grassland in a temperate climate.

2 | MATERIALS AND METHODS

21 | 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 part of the Hainich critical zone
exploratory (CZE), located in central Germany (Thuringia) (Kusel
et al.,, 2016). The 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 glo-
merata), 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 (Kusel 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 and
51 cm, yet the median soil depth is 30 cm.

The grassland site was equipped with a soil moisture measure-
ment 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 loca-
tions for two depths (7.5 and 27.5 cm). At the research site, the soil
moisture setup installation was completed in 2016, and it provides
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high temporal resolution data (every 6 min). 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. (2022). Shortly, it con-
sists 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 net pre-
cipitation patterns in the grass canopy (Demir et al., 2022). Based on
the same nested design, 22 interception tubes were paired with nearby
soil moisture sensors and installed down-slope to ensure that net pre-
cipitation measurements did not interfere with the soil moisture sen-
sors. 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 addi-
tional 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 com-
posed of a plastic circular funnel (12 cm in diameter) and sampling
bottle, which is connected at the neck (Metzger et al, 2017,
Zimmermann et al., 2010), and evaporation loss from the orifice sur-
face was prevented by placed tennis ball into the orifice. We con-
ducted weekly sampling of interception tubes, gross precipitation
collectors, and grass height from March to August 2019. The vegeta-
tion canopy was tall enough (hg.ss > 0.15 m) to cover the tubes for
14 weeks (covered period). In the first weeks of the sampling period
and the weeks following the summer cut, the vegetation was too
short and sparse to induce interception or canopy redistribution

(uncovered period).

The high-resolution soil moisture data were characterized by multi-
ple failures such as long breaks, jumps to extremely low and high
values, and lack of temporal variation despite rain events. Hence,
we applied 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 at the research
site. In addition, 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 investiga-
tion of the interaction between grass canopy and soil moisture
response, we used the paired topsoil quality-checked data
(10 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 Reckenbiihl weather station,
which is located about 1.4 km distance to the Northeast of the grass-
land site. Based on the precipitation time series, we separated individ-
ual rainfall events by applying a threshold time interval of 8 h
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 the canopy drip.

Although not specifically indicated, the following equations
were applied for individual sensors, for example, for top and bot-
tom sensors separately. We calculated the increase in soil water
content, Ad;,, 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 the difference between maxi-
mum soil water content during or immediately after the rainfall event
(O max in) and the pre-event condition (Gpre—evin)- For the latter, we used
the minimum soil water content within 2h before the beginning of

rainfall.
A9i,n,w = emax in— €pre—ev in- (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.
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n
AF):',w = Z A9:’,:4,vv» (2)
n=1

In this way, we obtained a weekly cumulative increase in the soil
water storage (A#d;,) due to rain events (n) for each location (i) for all
observed weeks (w).

Similarly, we calculated the weekly pre-event soil water con-
tent 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 fol-

lowing analyses.

n
Z gpre—ev,i,n,w
n=1

epre—ev,i,w = T (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 aver-
age 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 variation (CQV) was calcu-
lated as stated below:

(4)

cQv= (Qa — Q1>‘

Q3 +Q

We also calculated the spatial deviation of soil water content
(66pre—eviw) from the spatial mean of pre-event soil water content
(Opre—evw) per location per week in order to characterize the spatial
pattern (Vachaud et al., 1985).

Opre—eviw — Opre—

pre—ev,,w pre—ev,w

59pre—ev A (5)
epre—ev,w

We similarly determined the spatial deviation of grass height from the
mean (hgrass ) and spatial deviation of net precipitation (6Pnetw,) per

location per week.

2.3 | 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 17.5-37.5 cm to the deeper one.
We used the event-based increase in volumetric soil water content
calculated in Equation (1) for both top and subsoil and calculated a
weighted sum based on the represented soil layer thickness to esti-
mate the event-based increase in stored water volume (ASy)

(Equation 7).

n

n
ASiw=2ty AOL,,+25 Y AG,,. (6)
n=1 n=1

Here z, is the thickness of the soil column monitored by a top sensor
(17.5cm) and z, is the thickness of soil represented by a bottom sen-
sor (20cm), while AG  and A@?

Ln,w i,n,w

indicate the storage increase in
the top and bottom soil moisture sensor at location i at event n in

week w.

AS, =21 . 7)

As we calculated immediate response to rainfall, we assumed that
evapotranspiration was negligible. Therefore, we assumed that water
entering the soil is stored in the monitored soil layers or transmitted

to a deeper layer.

24 | 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 precipitation

TABLE 1 All fixed and random effects included in the linear mixed
effects models for estimating the increase in volumetric soil water
content (A;,) in the topsoil
Model variables
Single fixed effects
Pgw (spatial mean of gross precipitation)
SPnet (spatial deviation of net precipitation from the mean)
Ziube (elevation of net precipitation measurement locations)
hgrassw (spatial mean of grass height)
Shgrass (spatial deviation of grass height from the mean)
Hpreva (spatial mean of pre-event soil water content)
50pre—ev (spatial deviation of pre-event soil water content from the mean)
U (weekly average wind speed)
Interaction fixed effects

Pg,w X Ztube

hgrass,w X 80pre —ev,top—soil

[ — U

Shgrass X U

Shgrass X Opre—evw

6hgrass X 68pre—ev
Random effects

Sampling date

Soil moisture sensor location
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entering the soil (Demir et al., 2022), we used gross precipitation
(Pg) to characterize the size of the weekly cumulated events. Yet,
we included the spatial deviation of tubes' measurements (5P, ct)
to represent the effect of vegetation-altered precipitation pat-
terns on soil moisture response, as the interception tubes' mea-
surements were capable of catching throughfall patterns (Demir
et al., 2022). We accounted for canopy development and hetero-
geneity directly by including spatial average and spatial pattern
in grass height (Bgrassw, hgrassw,)- In addition, we included anteced-
ent soil moisture status with spatial average (GpreTW) and the spatial
deviation of pre-event soil water content (0pre—evw,) €ach 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 precipita-
tion measurement locations (Ze) and included weekly average wind
speed (7). Due to the nature of repetitive sampling over fixed mea-
surement 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 ‘Ime4’ package (Bates et al., 2015) and we
calculated both conditional and marginal R? of the model with the
‘MuMIn’ package (Barton, 2020). While conditional R? includes the
variance of the entire model, marginal R? subsumes only fixed effects
(Barton, 2020).

The best model fit was found using a systematic model selec-
tion 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

TABLE 2 Spatial mean of grass

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 signifi-
cant effect, until all fixed effects were evaluated and the model
with the lowest AIC was obtained. Afterward, we refitted the best
model with restricted maximum likelihood (REML) (Zuur
et al., 2009).

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 inter-
ception tubes for 14 weekly samplings (Demir et al., 2022). The can-
opy 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 the 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 inter-
vals between rain events were longer compared to early spring.
Later in the sampling period, larger events were less frequent

(Figure 2a).

height, cumulative weekly increased soil SR el

moisture and quartile of coefficient of 30 April 20

variation (CQV) for topsoil 07 May 8L
15 May 35
22 May 46
29 May 65
04 June 83
13 June 92
18 June n.a.
26 June 93
24 July n.a.
30 July 21
08 August 22
14 August 26
21 August n.a.

hgrass,w (cm)

Opre—ovw (VOI-%)  CQV Oy e  AGy (vol-%)  CQVAG,
14.38 0.24 7.37 0.76
15.91 0.27 5.37 0.57
22.6 0.21 16.11 0.28
31.32 0.05 13.95 0.38
23.76 0.14 0.98 0.24
11.27 0.19 0.18 0.52
16.55 0.14 21.57 0.32
32.10 0.08 1.7 0.19
20.55 0.08 0.52 0.19
12.31 0.21 1.5 0.42
9.48 0.37 0.99 0.46
9.93 0.37 244 0.39
11.63 0.25 1.98 0.26
11.44 0.25 0.45 0.34

Note: The time interval is based on net precipitation and grass height sampling dates.
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3.2 | Soil moisture status and water balance

Throughout the growing season, the soil water content in the topsoil
was lower than in the subsoil regardless of canopy cover status
(Figure 2a). Early in the growing season, when interception loss was
low due to the reduced canopy (@ <0.15m) 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

(a) . precipitation

w
o

N
o

-
o

soil water content [SWC,vol-%]

grass cut (June 26™). 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 precipi-

tation measurements. Note that in periods with tall canopy (hgrass > 0.6 m),
the below canopy precipitation was clearly underestimated by the
interception tubes, as the net precipitation was smaller than the

= = sub-soil (27.5cm) == top-soil (7.5cm)
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volumetric soil water content of
top and subsoil and precipitation
values from March 13% to
August 21°¢, The solid and
dashed lines are; the spatial
mean of soil water content
estimated based on top (7.5 cm)
and bottom (27.5 cm) sensors,
and grey shaded areas show the
first and third quartiles.
Precipitation was measured at
the nearby Reckenbiihl 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
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—
O
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increase in soil water content in
the top and subsoil. The light
and dark grey shaded columns
show the increase in the stored
water in topsoil (0-17.5 cm) and
subsoil (17.5-37.5 cm),
respectively. (c) Weekly spatial
average of grass height. Only
values of hgrass > 15 cm are

Apr May

months in 2019

Jun Jul

shown; the interruption in the
grass height time series is due to
the annual mowing.
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increase in soil water content. Therefore, we considered the gross pre-
cipitation measurements rather than the tubes' measurements as a refer-
ence 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 the occurrence of bypass flow later in the
season. In addition, 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 the 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 the 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 the soil.

3.3 | Dirivers 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 the homogeneity of
residuals at each fixed effect with box plots. Table 3 shows all fixed
effects that govern soil-wetting patterns. The fixed effects contrib-
uted to the models more than the random effects. We calculated the
full model R? as 0.88, while the contribution of the fixed effects to R?
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 in grass height improved the model, yet
they were not significant.

Gross precipitation had a significant positive relationship 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 precipita-
tion measurement locations was significant with interaction with pre-
cipitation (Figure 3). The locations at higher elevations 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 4b).

TABLE 3 Summary of the linear mixed effects model for drivers
of soil water content increase in the topsoil.

t value p value

Single fixed effects

P, (spatial mean of gross precipitation) 4.1 <0.001***
Shgrass (Spatial deviation of grass height) -25 <0.05*
Opre—evw (spatial mean of pre-event soil 3.0 <0.01**
water content)
56pre—ev (spatial deviation of pre-event soil 1.8 0.077.
water content)
U (weekly mean wind speed) 1.5 0.19
Interaction fixed effects
Py X Ziube -35 <0.001***
Pgrassw X 5pre evtop—soi -1.6 0.11
Shgrass X Opre—evw 4.5 <0.001***
Shgrass X 88pre—ev 1.5 0.13
Random effects (intercept) -0.44 0.67

Note: 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, and ¢.” is 0.05.

TABLE 4 Overview of statistics for the linear mixed effects
models shown in Figure 3

Topsoil

AIC 162.27
R? full model 0.88
R? fixed 0.72
R? random 0.16

Note: Variables shown are: Adjusted R? and Akaike information
criterion (AIC).

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 sup-
pressed during drier conditions (Figure 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 canopy height pattern) was a
significant driver of the increase in soil water content. Specifically,
at the locations with taller size grass, the increase in soil water con-
tent was relatively less (Figure 4d). However, the temporal change
in average grass height was not a controlling factor for the increase
in the local soil water content. Furthermore, 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 moder-
ate and dry antecedent soil moisture conditions (Figure 4e). Over-

all, the dependence of the local grass height effect on the soil
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= 0.44 **
Shgmsa _020 *
Pg X Zupe | -0.30 ***
8N grass X Bpro-e 0292*
-1 -05 0 05 y

fixed effects estimates
(increase in SWC)

FIGURE 3 Fixed effect estimates of the weekly cumulative
increase in soil water content (SWC) in the topsoil (0-17.5 cm) in the
presence of the developed grass canopy (the 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 (P,), weekly spatial average pre-event soil moisture
status (Gpre_ev), Spatial deviation of pre-event soil moisture status
(66pre—event), Weekly spatial average grass height (hgrass), spatial
deviation of grass height (Shgrss), elevation of net precipitation
measurement locations (Zype). 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

moisture status indicates that the canopy also affects other pro-

cesses besides interception loss.

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 of
the increase in soil water content, as precipitation is the primary
source of soil moistening, particularly for topsoil layers (Lozano-Parra
et al,, 2015; Salve et al., 2011; Zhang et al., 2020). In addition, we
found that topography significantly influenced the soil moisture
response depending on the size of weekly cumulated precipitation
events. The latter may be caused by lateral flow, as topographically,
lower elevations receive more water in larger rainfall events. Inclusion
of this interaction term (E x Zwbe) 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 intercep-
tion 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) (Gusméao 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 can-
opy height in a grassland governs interception storage as well as
the amount of water reaching the soil and, thereby, the increase in
soil water storage (Crouse et al., 1966; Gilliam et al., 1987; Zou
et al,, 2015). Moreover, Demir et al. (2022) showed that local 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 aver-
age grass height affected soil wetting patterns. We attributed this
to two potential causes: (1) incomplete quantitative representation
of net precipitation and/or (2) soil water dynamics obscuring the
rainfall signal (see next section). Regarding (1), the water balance
revealed that the collected net precipitation was lower than the
water entering the soil, and this concerned all weeks with peak
grass height, which indicates an under-catch of net precipitation.
With the tubes being very reliable in terms of capturing dripping
precipitation, the under-catch can most likely be attributed to
missing stemflow (Demir et al., 2022).

Unfortunately, stemflow measurements in managed dense grass-
lands are not possible, but data from selected ecosystems and species
show that stemflow in grass and crop species can be substantial (Lin
et al., 2020). For instance, Seastedt (1985) measured average through-
fall 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). Also,
studies conducted in croplands confirm that, herbaceous vegetation
can produce a substantial amount of stemflow (up to 23% of gross
precipitation), which has been repetitively shown for varied crop types
such as sorghum (e.g., Bui & Box, 1992), sugar cane (e.g., Fernandes
et al., 2021), soybean (e.g., Timlin et al., 2001), maize (e.g., Bui &
Box, 1992; Liu et al, 2015; Nazari et al, 2020; Paltineanu &
Starr, 2000), rapeseed (Drastig et al, 2019) and potato cultivars
(Deblonde et al, 1999; Jefferies & MacKerron, 1985; Saffigna
et al., 1976).

Furthermore, from the little research that is available on grass-
lands, e.g., from the lab, it is known that stemflow production also in
grasses is a function of length, width, number, and basal area of stems
together with rainfall characteristics (De Ploey, 1982). Taller grass-
lands typically contain 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 production probably increased as
the grassland grew taller similar to croplands (Lin et al., 2020), which
aligns with the mismatch of the water balance appearing at peak can-
opy development. We, therefore, conclude that the water balance
mismatch is due to the under-catch of net precipitation potentially
related to stemflow in this managed grassland; and hints that stem-
flow can alter the soil water balance even in grasslands. Therefore,
quantifying stemflow in low-structured vegetation and understanding
its role in below-ground water fluxes merits future investigations.

Additionally, soil water dynamics may have contributed to obscur-
ing the signal of throughfall and interception loss, as discussed in more

detail in the next section.
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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 anteced-
ent wetness status (Demand et al., 2019; Hardie et al., 2011; Merdun
et al., 2008; Zehe et al., 2010; Zhu et al., 2014). Antecedent soil mois-
ture 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 the water holding capacity in the soil matrix.
Likewise, other researchers argued that drier soil could store more
water, whereas wetter soil conditions kick off preferential flow mech-
anisms (Beven & Germann, 1982; Jaynes et al, 2001; Kung
et al, 2000). However, there is a growing consensus that dry soil
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moisture status increases the occurrence of preferential flow even
more than moist ones (Graham & Lin, 2011; Hardie et al., 2011;
Nimmo, 2021; Ritsema & Dekker, 2000; Taumer et al., 2006; Yao
et al., 2017), 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 (Demand
et al,, 2019; Hardie et al., 2011; Merdun et al., 2008; Wiekenkamp
et al,, 2016). Dryness of antecedent soil moisture can result in water
repellency (Doerr et al., 2000; Doerr & Thomas, 2003; Gimbel
et al, 2016; Taumer et al., 2006) 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 occur-
rence 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, the soil under peren-
nial 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 obser-
vation 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 espe-
cially 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 cycles (Beven & Germann, 1982). Cracks
are also known to enhance preferential flow or accelerate the rapid
water flow (Beven & Germann, 1982; Hardie et al., 2011). Indepen-
dently, the vegetation development and need for root growth as the
soil dried might further have enhanced macropores (Beven &
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

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 soil water after rainfall. This is
most likely attributed to interception loss. Interception loss is not uni-
form over space and time because of the spatio-temporal variation in
canopy and rain event features (Crockford & Richardson, 2000;
Gerrits et al., 2010). Canopy height is a controlling factor for intercep-
tion loss in grasses (Breuer et al., 2003; Crouse et al., 1966). Relatively
taller grass typically has a higher leaf area index, which can increase
intercepted rainfall by the leaf surface and reduce throughfall forma-
tion. Our results manifested that variation in canopy height directly
modulates soil wetting patterns by inducing spatial heterogeneity in
water entering the soil. Secondly, below-ground growth progresses
during the growing season and is probably more pronounced in loca-
tions 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, and also by root penetration and extension
(Lu et al., 2020). In dye experiments, Li et al. (2009) observed that the
occurrence of preferential flow is related to the presence of roots in
shrubs in sandy soil. Higher biological activity and dense root net-
works in natural grasslands, similar to forests and shrubs, amplify the
existence of macropores (Gonzalez-Sosa et al., 2010). Therefore, it is
possible that non-uniform flow may be enhanced at locations with tal-
ler grass due to higher local macroporosity.

The statistical model result further indicated an interactive influ-
ence 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 that
the spatial variation in canopy height governs soil wetting patterns,
while the seasonal development of grass height does not. In addition,
our results reveal a strong effect of the antecedent soil moisture con-
ditions. Despite the potentially important role of average 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 het-
erogeneity in water arriving at the soil surface and how it is stored.
Uneven vegetation development intensifies preferential path-
ways, particularly under drier and moderate pre-event soil wetness
conditions. We surmise that the heterogeneous grassland canopy
influenced the soil wetting patterns as it created spatial contrasts in
water input. Notwithstanding the antecedent soil moisture conditions

shaped how water was transported to the deeper subsurface, and
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non-equilibrium flow probably dominated soil water dynamics obscur-
ing the direct effect of throughfall patterns in soil moistening. Ulti-
mately, these results confirm that spatial heterogeneity in canopy

shapes soil moistening not only in forests but also even in grasslands.
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