Response to comments of Referee #1 Heye Bogena

We thank Heye Bogena for reviewing our manuscript and for the helpful suggestions for
improving the study. We answer below to each comment in a point-by-point reply. For clarity,
the comments of the referee were copied in black and our response is in blue.

General Comments

Despite the novelty and interesting approach to studying preferential flow, | think this
manuscript is not yet ready for publication and would benefit from a more clear description of
methods (e.g. using flow charts) and from focusing its content to the most interesting parts.

The number of statistical analyses is rather excessive without providing much additional
insights. For instance, the generalized linear regression model analysis is difficult to
comprehend (especially for readers who are not familiar with this method) and does not provide

clear results.

We have added a flow chart in the method section for a clear description of the analysis. Instead
of analyzing small scale spatial patterns, we now focus on the temporal dynamics of soil
moisture or rainfall characteristics of large scale spatial units (landscape units). We have

removed information and statistical analysis in the text that is not supporting the main findings.

We have removed the generalized linear model (GLM) since it did not provide clear results and
showed problems regarding the sample size and pseudo-replicates. As suggested by referee #2
and 3 we tested a generalized linear mixed effect model (GLMM) as an alternative (see response
RC3). However, the results of the GLMM provide no new insights and since most variance is
explained by the random spatial factors, the fitted GLMM results cannot be used for predictions

in other areas. Hence, we did not include the GLMM into the revised manuscript.

Also the discussion section is too excessive should be focused on the most important results
found in this study.

The result, discussion and conclusion section was reorganized and shortened to focus on the

main findings.



A new aspect of this study is usage of calculated of water flow velocities on basis of 1D steady
state flow assumptions to identify preferential flow events. However, although the velocity-
based preferential flow assessment of events with a sequential order of sensor response times
is appropriate, the derived matrix flow velocities may be prone to large errors. First, the steady
state assumption is violated during infiltration events and second, the hydraulic parameters

derived from field data which are influenced by preferential flow.

(1) Steady state assumption: During infiltration events a steady state is indeed not what we
observe in nature. However, instead of a computationally intensive Richards based numerical
1D solution of all events, which also suffers from the uncertainty of parameters, the boundary
conditions or discretization, we decided to use a steady state assumption of unsaturated flow.
We tried to account for error that is based on the steady state assumption by using the maximum
gradient during the event and are thus overestimating the driving forces. The hydraulic
conductivity was previously calculated based on the median water content between the event
begin and peak soil moisture. To be on the safe side, we have changed the calculation of the
hydraulic conductivity to the maximum (peak) water content of the both sensors during the
event. Hence, we overestimate matrix flow velocity rather than underestimating it, leading to a
conservative estimate of preferential flow occurrence. Even though the absolute value is
overestimated, it provides a maximum matrix flow velocity that can be used for the comparison

to the magnitudes of measured flow velocities.

(2) Parameters: The parameters will not be completely unaffected by PF. However, as we wrote
in the manuscript the parameters are derived on a daily timestep over many years (including
dry phases) and thus do not include soil moisture dynamics on event base (e.g. hours). This
prevents optimization of the parameters to be able to account for fast flow in the range of
1000 cm/hour. Therefore, the parameters were seen as a valuable alternative to pedotransfer
functions for estimating matrix flow. Additionally, the potential influence of fast flow in the
estimated retention parameters of Sprenger et al. (2016) will lead again rather to an overestimate
of matrix flow velocities and thus underestimate the frequency of occurrence of preferential

flow.



These circumstances may also explain why the measured NSR is lower for Marl grassland sites

than predicted by the 1D steady state flow model.

For the hypothesis testing of NSR (Pint > Kmat) in the Marl grassland the hood infiltrometer Kmat
values were used (not the predicted values by the 1D steady state flow). We apologize for the
unclear description and have clarified the methodology in the revised manuscript. Furthermore,
we shortened the analysis and moved it to a different section of the results (section 3.1) to

improve the structure of the revised manuscript.

Previous sensor based preferential studies (e.g. Wiekenkamp et al., 2016) used infiltrometer
measurements to assign a meaningful threshold for the matrix flow velocity. Given that fact
that hood infiltrometer measurements are available for the study area | suggest to use this data

to define maximum matrix flow velocities for the different landscape units.

We changed the analysis and used both, modelled and measured matrix flow to differentiate

between “slow” matrix and “fast” preferential flow.

Specific comments:

P3L5: Change to ““. . . PF was more frequent during higher rainfall intensities.
We shortened the section and removed the sentence.

”P4L7: Change to “. . .and that therefore infiltration. . .

We rewrote the research questions and removed the sentence.

”P4L16: Add number of sites.

We added the number of sites to the section.

“To test our research question we analyzed a dataset of 405 soil moisture sensors at 45 sites
distributed across a complex landscape (varying geology and land cover) but under similar

climatic conditions.”
P5SL5: Change to “. . . mostly exhibit loamy texture.”

We changed the sentence as suggested.



P5L5-6: Sentence reads awkward. Please reformulate and add landuse percentages.
We reformulated the sentence and land use percentage was added.

“The land cover in the Luxembourgian part of the marl region is mainly characterized by

agricultural sites (30 %) and grasslands (41 %, mainly pasture) with gentle slopes (~3°).”
P5L6: How was the macroporosity defined/determined?
We specified this in the text.

“The soils show high macroporosity documented by the excavation of horizontal soil profiles

and counting of pores>2mm @.”
P5SL15: Change to “METER Group Inc., USA”
We changed the sentence as suggested.

P6L8-9: You are actually calculating a “difference” and not a “macropore portion” of saturated

hydraulic conductivity.

We agree that this term is misleading. Since this “macropore portion” of saturated hydraulic

conductivity was only used for the GLM (which was removed) we removed the sentence.
P7L6: Why 6.7 mm?

The threshold was based on an intensity measurement of 80 mm/h =~ 6.7 mm/5 min. Was

changed to 80 mm ht.

P7L10-11: This should be reformulated in a less unconditional way, e.g. “The manufacturer

gives an accuracy of...”

We changed the sentence as suggested.

P7L20: You should change “diel” into “diurnal” as this term is more common.
We changed the sentence as suggested.

P7L24-25: But later you decide to use 12 hour rainfall breaks, which is somewhat confusing.
In order to make this more comprehensive | suggest to present the rainfall event delineation
methodology completely in the method section (thus moving P11L5-15 to the method chapter).

Rainfall events were divided by 12-hour breaks, but soil moisture was tracked for additional 48

hours after the end of a rainfall event. However, we do agree that the different time steps for



event definitions are confusing and moved the mentioned section (P11 L5-15 and Table 2) to

the methods and clarified some parts.
P8L6-8: This is not clear to me (e.g. what is the meaning of “0.4 %”?). Please be more specific.
We clarified the unit (0.4 Vol.%).

POL08-15: There exists a vast literature on showing that preferential flow cannot be described
with classical capillary theory. Why do you still pursue this analysis although this approach is
obviously prone to fail?

Good question, however, models based on classical capillary theory are still very common.
Anyhow, many people still have the misconception that preferential flow occurs only at
saturation or at rainfall intensities exceeding infiltration capacity. We wanted to reiterate that
this is not the case while at the same time the motivation was to see the how often classical
theory fails, how strong the deviation is and if there are differences between different landscape

units (probably some regions could be described by matrix flow).

However, to keep our main focus we have simplified and restructured the comparison of values

predicted by capillary theory with measured values (see section 2.2.2 and 3.1).

POL11: The term “pore water pressure” only applies to subsurface water. Ponded water on the

soil surface shows even positive pressures.

We agree that the sentence was unprecise. The section was shortened and the sentence was

removed.

P9L13: better: “during a rainfall event infiltration capacity decreases as the soil approaches

saturation”

We acknowledge the suggestion for an improved formulation. However, the analysis was

simplified and the sentence was removed.
PIOL27: Why should the aspect has an effect on the frequency of NSR occurrence?

Some studies found an effect of the slope aspect on the soil water properties (e.g Geroy et al.
2011, doi: 10.1002/hyp.8281). However, to focus on the main findings of our study this section

was removed.
P10L4-5: better: ...as the velocity determined from the first responses of two sensors”

We changed the sentence as suggested.



P10L9-11: During infiltration events soil water flow should be governed by non-stationary

conditions. Why do you believe that your stationarity assumption can be applied?
Please see our explanation under “General Comments”.

P10L19-20: What does “in combination with parameter sets of Sprenger et al. (2016)” exactly

means?

The formulation is confusing and was changed. van Genuchten equation was used and

parametrized with the parameters from Sprenger et al. (2016).

“For obtaining the matric potential the van Genuchten retention curves (van Genuchten, 1980)

were parameterized using the parameter sets of Sprenger et al. (2016) (supplement Table S2).

P10L23-26: Nevertheless, as the inversely derived Ks-parameter of Sprenger et al.(2016) are
derived from field data, they will still be affected by preferential flow and thus will be higher

compared to a Ks derived from pure matrix flow.
Please see our explanation under “General Comments”.
P11L22: Either use proportion or percentage

We acknowledge the suggestion for an improved formulation. However, we removed the

sentence since it did not add important information.
P12L.13: Add explanations of the abbreviations
We added an explanation of the abbreviations.

P13L.18-26: This section comes somewhat out of the blue as it is not well related to the previous
analysis. | suggest separating both sections and adding a short introduction to new one

concerning soil water content changes.

We separated both sections and added a short introduction as suggested.

P13L20-21: This is difficult to understand. Please try to rephrase in a more comprehensive way.
We rephrased the sentence.

P15L2-3: This is an interesting finding. Does this correspond with seasonally varying

precipitation properties?



The NSR pattern corresponds to the seasonal pattern in maximum precipitation intensity
(highest from June — September) and soil moisture (lowest from July — October). We have

added a graph to Figure 4 showing this.
P15L5-6: What are the possible reasons?

This result is discussed on P22L.21-29. Higher macroporosity, stemflow or hydrophobicity are

possible reasons. We restructured the discussion and pointed out possible mechanisms.
P16L6: The formulation “of up to~25 % of events” can be misinterpreted.

We changed the phrasing.

“...(up to ~25 % of events)...”

P16L.10-11: Does this finding indicate that the inversely derived Ks-parameter of Sprenger et

al. (2016) overestimate pure matrix flow?
Please see the explanation under “General Comments”.

P17L1-17: | find this section not very meaningful as it cannot be well reproduced and the results
are not very much enlightening. Therefore, for the sake of comprehensibility I suggest removing
it.

Please see the explanation under “General Comments”.

P18L11: It should “increasing” instead of “decreasing”

We apologized for this unclear phrasing. We meant “velocity is decreasing with decreasing

water content.” We shortened the section and changed the sentence.

“There is no clear relationship of vmax With Oini or Pmaxand high maximum pore water velocities

can be found over the full range of iniand Pmax.”
P18L15: I guess it should be again “increasing” instead of “decreasing”
Again we apologize for this phrasing and changed it accordingly.

P19L10: It would be interesting to see how choosing other rain gaps would influence the results
(e.g. the proportion of NSR to SR events).

This was included in an earlier version of the manuscript but was removed since it made the
results rather complicated and it did not add any additional information. The changes in the

proportions (NSR/SR) of the reactions are relatively small (8% for Marl forest, = 3-5% for all



other landscape units), increasing with longer rain gaps for most landscape units (comparing
for example 6h, 12h, and 24h rain gaps). However, there is not a clear trend of increasing
proportions with longer rain gaps for all landscape units. In general the number of rain events
is decreasing with longer rain gaps and events last longer (see Table 2). This leads to a decrease
of soil moisture events without a reaction (NR), while SR and NSR are increasing. However,

the patterns between the landscape units stay similar.

P21L26: Did you compare pre-response analysis with entire event analysis? This would be
interesting with respect to the comparison with the other studies.

Similar patterns are observed using total event rainfall amount or maximum rainfall intensity
of the entire event. We added a sentence to give this information for comparison. However,
since the response classification is not affected by the rainfall amount or intensity after the first

soil moisture sensor response we keep the pre-response in our analysis and figures.
P21L.28-29: | cannot follow this argument. Please explain in more detail.

In the sandstone grassland PF seems to be more often initialized at higher initial saturation,
simply because infiltration capacity is lower and saturation is achieved faster compared to dry
conditions. This is in contrast to the other landscape units with higher clay content, where more
NSR is found under dry conditions with soil structure formation or hydrophobicity being the

driving mechanism. The section in the discussion was restructured.

P23L7-11: In my view, the results of this study rather suggest that the occurrence of preferential
flow is governed by unresolved small-scale structures and processes. The study of Wiekenkamp
et al. (2016) used an even denser soil moisture sensor network and still could not find landscape

properties to explain their results.

We totally agree. However, these small-scale structures and processes can probably be
attributed to landscape properties. Different combinations of the landscape properties could
lead to similar flow reactions making it hard to distinguish. We hypothesize that due to the high
heterogeneity of soils it would need much more sensors (even more than in Wiekenkamp et al.
(2016)) to identify them. Since we removed the analysis of landscape features, such as

topography, the section was also removed.



P23L.17-18: Why should the lower k_mat values of the Marl site lead to more NSR events and
how do you know that the matrix infiltration capacity was underestimated?

See P9L13-15. The saturated matrix hydraulic conductivity (Kmat) was estimated using the hood
infiltrometer that corresponds to the infiltration capacity at full saturation. We did not measure
infiltration capacity at various moisture contents. Since the infiltration capacity is increasing
with lower initial soil water content we rather underestimate the infiltration capacity under field

conditions using Kmat (because soils are rarely saturated in our catchment).

Our capillary-based estimation of NSR is again a conservative approach using this minimum
infiltration capacity (Kmat). NSR is overestimated, because the infiltration capacity is

underestimated (the threshold is more often exceeded then with a higher infiltration capacity).

However, to have a clearer structure of the study (especially results) and focus on the main
analysis we will remove the comparison of the observed NSR responses with the estimated
preferential flow reaction based on matrix hydraulic conductivity. Instead a short comparison

of expected PF occurrence based on Pmax and Kmat Was added to section 3.1.

P23L.18-19: Why should the overestimation of NSR by capillary theory in the Marl grassland

be an indication of more vertical macropore flow?

We estimated more events with infiltration capacities (in our case Kma) lower than maximum
rainfall intensities in the Marl grassland and hence we should observe PF. Since we measured
NSR less frequently than estimated by this approach, we hypothesized that these events have
probably not resulted in PF with a NSR (non-homogenous flow), but rather in fast SR, which
is supported by the high wetting front velocities. As correctly stated by the referee it has not to

be vertical, but we do not observe a break in the sensor reaction sequence.

We clarified the possible mechanisms in the discussion (section 4.5) and supported the analysis
with the seasonal vimax patterns showing increased fast flow (high vmax) on grasslands during

summer.
P241.23-28: These arguments are rather dubious.
We agree that these arguments are rather vague and speculative, hence the section was removed.

P241.23-P25L11: This section is a rather excessive discussion that does not provide much
additional insights.



We partly removed this section and some sentences were moved to a different section. In

general, the discussion will be restructured and will focus on the main findings.
P241.29: I guess it should be “increase” instead of “decrease”.

We apologize again for causing confusion by our repeated erroneous phrasing.
P25L2-4: Remove repetition.

We removed the repetition.

P25L16: . . .showed. ..”

The conclusion was partly rewritten.

P25L17: <. . .indeeper...”

The conclusion was partly rewritten.

P25L20: “showed” instead of “had”

The conclusion was partly rewritten.

P25L21: You did not prove the occurrence of “non-homogeneous wetter fronts”. There are

other mechanisms that can lead to preferential flow (e.g. by-pass flow).

We used NSR only as a proxy for preferential flow. However, we think that NSR in the first
place only proved that there was a non-homogeneous wetting front that could be generated by
preferential flow (see P8L22-23). This non-homogeneous wetting front can be generated by

various preferential flow process (including by-pass flow). We have clarified that.

P25L.23-P26L7: Please focus on presenting the main results in the conclusion section and avoid

vague speculations.

We have rewritten the conclusion section and will focus on the main findings.
Figures

Figure 9: Dots are difficult to discern.

The figure was removed.



Response to comments of anonymous Referee #2

We thank the anonymous referee #2 for reviewing our manuscript and the comments
concerning mainly statistical issues. We answer below to each comment in a point-by-point
reply. For clarity, the comments of the referee were copied in black and our comments are in

blue.

General Comments

The results are very difficult to follow and it is not always clear why certain analyses were done
and how they link back to the main objectives of the study. It is often not clear how and why
soil profiles were grouped for certain analyses. | encourage the authors to provide more clarity

on the analyses and highlight how the analyses address the research objectives.

We added a flow chart in the method section for a clear description of the analysis and clarified
the grouping of the soil moisture profiles for each analysis step. We have also better connected

the different sections to the objectives and therefore improved structure and readability.

a) Statistical issues

Some of the key conclusions made in this study rely on frequentist statistical testing (e.g. p-
values), which, as the authors acknowledge (p23,15-11), can be highly sensitive to sample size
issues. There has also been considerable discussion recently about the major limitations to this
approach (see Amrhein et al. 2019. Nature 567:305-307 for a very recent example, also
Wasserstein and Lazar 2016. The American Statistician 70:129-133). It might be valuable if the

authors discuss some of the inferential uncertainties and limitations of their approach.

It is true that different sample sizes can lead to problems in the interpretation of test statistics
(as shown in e.g. Amrhein et al. 2019. Nature 567:305-307) and that the p-value should not be
used as a rigorous yes/no criterion. However, test statistics can give additional insights,
especially while comparing large samples. None of our analysis and interpretations is purely
based on p-value statistics and they were just added to give additional information (such as
error bars, distributions etc.). Since sample size is a critical issue we added the sample size

where it was missing in the manuscript (or supplement) to support interpretation.



1) pseudo-replication: It seems to me that the statistical models should be fit to the 45 sites, not
the 135 soil profiles, since the grouping of three profiles within each site cannot be treated as
independent. Focusing on the 135 soil profiles could be done within the GLMs if within-site

variability were accounted for, but it’s not clear to me that this was done.

The linear model (LM) was fitted to the mean NSR percentage of the 45 sites. The generalized
linear model (GLM) was fitted to the infiltration events of the 135 profiles since it covers the
temporal domain. Indeed pseudo-replications are an issue for the GLM. We tested a generalized
linear mixed effect model (GLMM) as an alternative (see response RC3). By using a GLMM
for the 45 sites with the individual sites as the random effect of the model we avoided pseudo-
replications and treated the individual spatial landscape effects (geology, land-cover, slope,

aspect etc.) together as one random landscape effect.

However, the results of the GLMM provide no new insights and since most variance is
explained by the random spatial factors, the fitted GLMM results cannot be used for predictions

in other areas. Hence, we did not include the GLMM into the manuscript.

2) sample size vs number of predictor variables used in the models: Although there is an
impressive amount of data collected for this study, I’'m concerned that some of the results (e.g.,
identification of statistically significant predictors) are simply the product of small sample sizes
and noise in the model fits. For example, the GLM for Grassland- Sandstone was fit to 9 soil
moisture profiles (so really, just three sites), but 13 predictor variables were used in the model
fitting, which will result in an underdetermined solution. If the authors decide to keep the
statistical analyses, | would suggest some sort of cross-validation exercise be done to assess the

rigor of the models.

The GLM was fitted to all events of the 9 profiles of the Sandstone grassland sites, which are
698 data points. Furthermore, some predictors were removed by stepwise AlIC, so that only four
predictors were used (not 13). Hence, the model does not result in an underdetermined solution.

However, as already mentioned above, the GLM was removed from the analysis.

3) data exclusion. It was suggested in the methods that there is some incompleteness to the time
series for each soil profile (due to logger failures and criteria for including data in the analysis).
How many sites and profiles were excluded and for what time periods? This is important to
know as it relates to the sample size issue outlined above.



We added a diagram to the supplement that shows how many profiles in which landscape units

were “active” (met the quality criteria) over the entire time period (~2012-2017).

b) Within-site and temporal variability

Instead of focusing on statistical significance, | think the authors could make an excellent
contribution by focusing more on the within-site and temporal variability of their field
measurements. My understanding is that the grouping of the sampling approach can be
organized as: geology - land cover - site - profile. Most of the analysis focuses at the geological
and land cover levels; however, throughout the manuscript | found myself constantly wanting
to know more about the within-site variability in terms of both infiltration event characteristics
and soil properties. Also, at the profile level, | wanted to know more about the temporal
variability. Did profiles that exhibit NSR only exhibit NSR or did they shift between NR, SR
and NSR? If so, why? Instead of generalizing the results using p-values, | suggest focusing on

graphical approaches to show evidence to support the research objectives.

The within-site/profile variability is indeed an interesting topic. We will add a sentence about
the within-site variability to the results. Table 3 already gives some information about the

within-profile variability.

“The NSR variability between the single profiles within a landscape unit was found to be high
(Table 3). The site-intern variability of NSR (profiles within the same sites) measured as the
median standard deviation was highest in marl (forest: 7.5 %, grassland 6.4 %) followed by
slate (forest: 4.2 %, grassland 6.1 %) and sandstone (forest: 1.9 %, grassland 3.0 %).”

However, the site or profile-level variability was not the main aim of this study. Other studies
have already focused on that topic (see e.g. Wiekenkamp et al. (2016) or Liu and Lin (2015) in
the reference list of the manuscript). The aim was to show the effect and variation of larger-
scale landscape units with different properties. Furthermore, we wanted to identify potential
temporal differences and similarities among their reactions. We clarified the aim of the study

in the revised manuscript.

Many results in the manuscript include graphical approaches (see Fig. 3, 4, 6, 7, 8 and new
diagrams were added to the revised manuscript). We do not think that adding the test statistics

weakens our findings (see response to General Comments).



Specific Comments

p1,127-28: Consider incorporating the parenthetical into the sentence - as is, this makes for a

weak opening.
The parenthetical was removed.

p2,117: Consider removing this last sentence or expand on it to clarify to the reader what is

meant by hotspots and hot moments of PF.
We removed the sentence.

p2,129-p3,118: Consider revising these paragraphs. Right now these feel like simply a list of
results from other studies. | suggest trying to better synthesize these results and identify key

findings and knowledge gaps.
We have revise the paragraph and summarized the studies.

p4,19-11: | think the research questions could be improved. What is meant by ’underlying
controls’? Has this actually been done in this study? It seems like the PF proxies are linked to
precipitation, landscape, and soil characteristics through statistical modeling. ’Underlying
controls’ suggests to me a more process-based approach (e.g., soil physics modelling), which
isn’t done in this study - outside of the predicted matrix flow velocities. What is meant by

temporally stable?

Indeed we did not clearly identify processes. The research question will be rephrased. By
“underlying controls” we meant spatial and temporal influences or drivers of preferential flow

occurrence on a larger scale (e.g. landscape units).

“Temporally stable” refers to the preferential flow occurrence (if it is changing over time or

not).

“Therefore, the main aim of this study is to identify and compare the temporal dynamic of PF
occurrence by using profiles of soil moisture sensors in different large-scale spatial units that
could potentially be used as representative units for catchment modelling. Since it can be
expected that rainfall intensity and soil moisture have a strong influence on the initialization of
PF (Beven and Germann, 1982) we will mainly focus on the temporal controls of initial soil
moisture and rainfall. More specifically, we attempt to answer the following question: Does PF
occurrence increase with rainfall intensity since higher intensity leads more frequently to an

exceedance of matrix infiltration capacity? Does PF occur more often under wet conditions



since the infiltration capacity is lower? How is the temporal PF dynamic influenced by spatial

factors like geology/soil type and land cover?”

p5,125-26: What is the orifice diameter of the rainfall gauges? How was the placement of the

forest gauges determined? Was variability in canopy cover and throughfall a concern?

The orifice diameter of the rain gauges is 16.5 cm (collection area 214 cm?2). The rain gauges
were randomly placed on the 29 forest sites. The information was added to the sentence. The
experimental design of placing the five throughfall gauges aimed at covering the variability in
canopy cover at each site, and variability in measured throughfall between the gauges was

expected.
p6.13: Why weren’t infiltrometer measurements available for the grassland/Sandstone sites?

Hood infiltrometer measurements are often time consuming and we were not able to measure

all sites during the same field campaigns.

p7,15: Why would the sensors log these kinds of ’implausible’ events? How many events were

rejected because of these criteria?

During the reconnecting of the loggers following a logger error (no power etc.), the rain gauges
sometimes produced this kind of implausible events. Furthermore, clogging and release of the
clogged water could be a reason of the unrealistic rainfall events. The number of rejected events

was added (text and flow chart).

“These implausible events were observed 10 happen during the reconnecting of the loggers

following a logger error (no power etc.) or clogging and release of the clogged water.”

“By applying the quality criteria for rainfall events using te =12 h, 1392 of 32025 rain events
(sum of profile rainfall events) were excluded because of the threshold criteria and 426 because

the mean temperature was below 0°C during the event.”
p7,129-31: How many times were data from a profile rejected because of these criteria?

We included the number of rejected soil moisture event and the explanation into the section and

the flow chart.

“From the total of 30207 rainfall events, 15645 could be used for the analysis of the soil
moisture, since they allowed for a clear separation of soil water flow by more than 24h without
a new rainfall input. 7395 of these events did not meet the quality criteria of completeness and

consistency of the soil moisture time series, hence 8250 infiltration events (sum of soil moisture



event observations at all 135 profiles) could be used for the analysis. Changing the
completeness criterion from 99% usable soil moisture data points during an event to e.g. 95%
is only slightly affecting the number of infiltration events (e.g. 8353 events usable in the
analysis). This is due to the fact that most exclusions result from long term failure of one sensor

of a profile that leads to a complete exclusion of the entire profile.

Table 1: The first row highlights to me the potential issue of pseudo-replication in this study. It
seems more appropriate to report the number of sites, not profiles. Also, for the soil texture and
mean clay content, how variable were these values within geological and cover class

combinations?

Table 1 is just an overview of the study sites. The different sensor responses (SR, NSR) were
calculated for every single soil moisture profile. We think it is appropriate to give the number
of profiles, since they determine the number of observations. We added the full textural

information and the standard deviation to the supplement materials.

p9,118-26: This paragraph is unclear. Why were some GLMs fit for individual landscape units
and one GLM fit to all profiles? What was the sample size used in each of these models? If |
understand this correctly, the GLM model for Sandstone-Grassland was fit to just 3 sites (9
profiles)? This seems like much too small sample size to fit models with up to 13 predictor

variables.

Please see our response under General Comments. The GLM was fitted to the individual
landscape units to test for differences in the predictors on this scale. Furthermore, we compared

it with one GLM for the whole catchment to see the potential for such an approach.
However, as already mentioned above, the GLM was removed from the analysis.
p9,127: Why restrict to slopes > 10%?

A slope < 10% is relatively flat and the orientation is not strongly pronounced. To focus on the
main findings of this study (temporal variability of PF occurrence between landscape units),

the analysis of the aspect was removed.

Fig 2a: I’'m not sure what conclusions to draw from this graph? The text suggests that it shows
no clear difference between landscape units; however, there appear to be considerable
differences in cumulative precipitation (e.g., for event numbers ~ 150, we see a range of P[sum]
of almost 750 mm). Also, I don’t think the various landscape units share the same event records

(i.e., the x-axis is not sequential for each landscape unit), so are they comparable?



It is correct that the events are not identical and necessarily sequential due to the rainfall
heterogeneity, quality criteria, and the length of the time series. Therefore, single sites can show
high deviation even within the same landscape unit. The motivation was to show that there is
no systematic difference between the landscape units. We think that Fig. 2b) provides enough

information and we will remove Fig. 2a).
pl11,124: Why only 2014 and 2015?

These were the first two years with all sites installed. Since the calculated proportions of these
two years (and also the other years) do not add additional relevant information for

interpretation, we removed the section to focus on the main findings.

pl15,11: Would a relationship between NSR and distance to stream be expected? Perhaps a

provide a rationale.

Some authors found a relationship on hillslope position (see references P22L.32-P23L4). We
agree that an explanation should be mentioned earlier in the manuscript and is currently
missing. However, the analysis of the small scale spatial patterns will be removed to focus on

the main findings (temporal patterns of soil moisture and rainfall).

Fig 4: Where do these data come from? Are these averages across all years in the study? How
much did this vary between years? Does this figure account for differing number of events each

year or exclusion of profiles due to logger failure or selection criteria?

Fig. 4 is based on the same data as all other diagrams. It shows the mean NSR of all events that
were measured in the twelve individual months independent of the landscape unit. Hence, the
diagram averages across different years. We have modified this diagram and separate between
forest and grassland sites and added additional shaded areas to show the variability among
years. The number of events used for this analysis (number of events per month for all years

and the min. and max. of individual years) was added to a table in the supplement.

Fig 8: The fit is statistically significant (but see general comment (a) above), but is this
relationship practically meaningful? If you were to remove the line of best fit, I’'m not sure

someone would identify a relationship in these data.

We totally agree, the fit is statistically significant, but explains only little variation (we wrote
this on P18L11-12). Furthermore, on P24L.28-30 we note: “The 8-vmax relationship shows that
even though the decrease of vmax With [decreasing] 6 is significant, it has little explanatory

power and fast flow (>1000 cm day™) can occur at any 0.” The fit was included to highlight the



strong variation that not simply follows the trend. However, we removed the fit in the new

version of the manuscript.

p22,132: How much range in hillslope position was sampled? Was this the distance to stream

metric?

The range of hillslope position was determined by the distance to stream with a range between
4 and 251 m from the different sites to the stream. Please see the table in Appendix A. However,

this analysis was removed to focus on the main findings.
p24,110: Speculations on why this is?

Texture seems not to be the main driver of water flow velocity during infiltration in the classical
manner that fine grained texture corresponds to slow flow. Infiltration seems to be strongly
controlled by PF phenomena, which are dependent on soil structure (influenced by a high clay
content), biotic macropores (roots channels, earthworm borrows) and initiation processes
(hydrophobicity, rain intensity). The high heterogeneity of the landscape and its temporal
variation leads to PF that is caused by different drivers that are partly independent of texture
(e.g. organic carbon content, number and species of soil organisms, vegetation type, rainfall

characteristics). We clarified this in the conclusion of the revised manuscript.



Response to comments of anonymous Referee #3

We thank the anonymous referee #3 for reviewing our manuscript and his suggestion for
improving the temporal occurrence model of preferential flow (PF). We answer below to each
comment in a point-by-point reply. For clarity, the comments of the referee were copied in

black and our comments are in blue.

General Comments

Primarily the structure and selection of results should be reconsidered, but also a more defined
storyline could assist the reader to extract the main novelties of this study. In general, the
manuscript could benefit from reconsidering what information is necessary to broadcast the
main message. | recommend to consider a few key figures that conveniently show the reader
the approach and main interesting findings, instead of a long sequence of tables and graphs.
Lastly, the readability would greatly increase if the authors consider a key phrase in each
paragraph that, perhaps almost trivially, highlights what should be learned from the given

information.

For the structure of the paper, | would recommend to consider separation of the hypothesis and
throughout the paper clearly indicate which sections address information for which hypothesis.
I miss this in the paper. The hypothesis could possibly be broken up in two sections. For
example: 1) PF is the dominant process during infiltration, and 2) capillary theory does not
suffice to explain infiltration. These can be tested for the given explanatory factors, such as land

cover, geology etc. Which also gives more structure in the result and discussion section.

In the revised manuscript we have restructured the methods and results and focused on the main
findings, the temporal dynamics of PF in different large scale spatial units (landscape units).
By removing most of the small-scale spatial analysis we highlighted the main storyline.
Additionally, we added introduction phrases for the single sections. A flow chart further helps
to follow the analysis that were performed. The comparison with the capillary theory, as one of

the aims of the study, was removed.

We think that these changes help to improve the readability and to follow the storyline of the

manuscript.



The generalized linear model (GLM) provided insight in the explanatory power of a large set
of variables. However, as anonymous referee #2 addressed, there are some limitations to this
approach. | will not re-evaluate these points, but I instead would recommend the authors to
consider the use of mixed effect models. This approach allows to include random factors that
potentially explain variability but are not directly incorporated in the study design. Seen the
authors use R, the packages ‘lme4’, ‘ImerTest’, and ‘nlme’ could relatively easily allow to
explore the use of mixed effect models.

We thank you for the suggestion and removed the GLM and tested a generalized linear mixed

effect model (GLMM) that incorporates the spatial site information as a random effect.

We fitted a binomial GLMM (using the R package Ime4) to the response classification of all
our 8250 infiltration events with a logit link function due to the binary nature of our data (NSR
yes/no). The spatial domain was taken as the random effect (random intercept and slope) on the
scale of the 45 sites. For evaluating the model, the R? (delta method) for GLMMs introduced
by of Nakagawa et al. 2017 (http://dx.doi.org/10.1098/rsif.2017.0213) was calculated using its
implementation into the “R” package “MuMIn” (https://cran.r-
project.org/web/packages/MuMIn/index.html). The R2 of a GLMM can be divided into a
marginal R? (R2y), which gives the proportion of explained total variance by the fixed effects
and a conditional R? (R2) that gives the explained variance of both fixed and random effects.
We found a R%.0f 0.17 and a R?m of 0.03 showing that most variance is explained by the random

effects.

The results of the GLMM provide no new insights and since most variance is explained by the
random spatial factors, the fitted GLMM results cannot be used for predictions in other areas.

Hence, we did not include the GLMM into the manuscript.

On a final note, 1 wonder if there is any indication that the contributing area of each site is
independent of the occurrence of NSR? A correlation could guide towards rising groundwater
tables and associated capillary rise, or horizontal flow. Especially with high antecedent soil
moisture groundwater response could be relatively fast when contributing area is large.

We have calculated the upslope contributing area for each site and compared it against NSR
occurrence. The Spearman R is 0.1 and hence, influence of groundwater in the upper 0.5 m of
soil seems to be small for our sites. This is supported by the fact that % NSR and distance to

stream does not show a correlation (P15L1).


http://dx.doi.org/10.1098/rsif.2017.0213

Specific Comments

P2L17 Seems out of context to mention hotspots or hot moments, especially as a final statement

of the section. The statement needs further elaboration and references.
We agree that the sentence is out of context at the end of this section and removed it.

P21.26 ’...scale (~ km2) and’ Is this referring to 1 km2 to be considered large scale, or is a

number missing?

It means “on a kilometer scale”, and is considered to be large scale for PF, since spatial and
temporal information on PF occurrence is usually only known on a plot scale (centimeters to

meters).

P3L11 This section seems out of place, considering reorganizing with earlier paragraphs
covering methods.

The section was reorganized and shortened.

P6L1 Appendix A: consider presenting standard errors of the K measurements
We have added the standard error.

P8L15 How can observations at a single depth be considered sequential?

We changed the classification and combined the 10 cm only reaction together with the NR

events (no response) to the new class of “not classifiable” infiltration events (NC).

P11L5 I would start with the most interesting finding of this study, although it could be strictly
seen as a result, | could see this information to be more suited in the methods section.

We moved the analysis of the rainfall event separation to the methods.

P24L10 The range of reported flow velocities both in this study and other reported studies
generally seems extremely large. If the range is large to begin with, how is it remarkable that

they fall in the same range? Perhaps | miss a part of the reasoning.
We have clarified the section.

“In summary, it is remarkable that no clear differences in flow velocities between different soil
types could be identified (neither in our study nor across all previous studies). Instead, all soil

types showed a similarly large range of velocities (10°— 10° cm day*). Furthermore, one can



see orders of magnitude difference in vmax between different events but not among the landscape

units.”
P25L15 Awkward sentence structure.
The conclusion was partly rewritten.

P25L.29 Although this seems like an insightful comment, are there any examples how this could

be implemented, or is it readily tested on small scale? A reference would be useful here.

The conclusion was partly rewritten and the sentence was changed.



Response to comments of Referee #4 Nicholas Jarvis

We thank Nicholas Jarvis for reviewing our manuscript and his comments on the preferential
flow phenomena we have observed. We answer below to each comment in a point-by-point
reply. For clarity, the comments of the referee were copied in black and our comments are in

blue.

General Comments

As the fourth person to comment, | hesitate to add too much to what the others have already
written. However, one thing that surprised me was the data on hydraulic conductivity measured
by Hood infiltrometer. Some of the values at matrix saturation are as large as 500 cm/day, which
seems excessively large for infiltration rates measured at a tension of 6 cm, ostensibly
unaffected by soil macropores. Even some of the total saturated hydraulic conductivities seem
extraordinarily large to me, varying up to 1500 to 2000 cm/day. Maybe my surprise is just a
consequence of the fact that | am more familiar with arable soils, not forest soils. No details are
given of the method. I wonder, for example, how the 3D nature of the flow under the
infiltrometer is accounted for? If it isn’t accounted for, you could seriously overestimate K,

especially in strongly layered soils. Could the authors give more details on the method?

Forest topsoils can have extremely high saturated hydraulic conductivities (see e.g. Greenwood
& Buttle 2014, doi: 10.1002/ec0.1320; Gonzalez-Sosa et al. 2010, doi: 10.1002/hyp.7640). Our
soils were very structured and permeable (sometimes infiltration was too high to fill the hood
of the infiltrometer). At some points the values were verified with double ring infiltrometer
measurements being in the same range of conductivities. All measurements include tensions
close to saturation and hence, the saturated hydraulic conductivity values (tension 0 cm) are
more reliable. Matrix saturated hydraulic conductivity (tension 6 cm) was calculated from a
Gardner function that was fitted to the measured tensions. Due to the high macroporosity at
many forest locations pressure in the hood was difficult to adjust and measurements could only
be conducted for maximum tensions of 1-3 cm. Hence, fore some sites matrix saturated
hydraulic conductivity is just an extrapolation of the Gardner fit. However, high matrix
saturated hydraulic conductivities were mainly measured in the sandy topsoils of the Marl and

Luxemburg Sandstone and therefore the values seem to be plausible to us.

The hood infiltrometer is described in greater detail in Schwérzel & Punzel 2007 (doi:

10.2136/sssaj2006.0104). The derivation of matrix saturated hydraulic conductivity from



measured infiltration rates (hood infiltrometer) accounts for the 3D nature of flow using the

solution of Woodings 1968 (steady state infiltration from a circular source).

We have clarified the hood infiltrometer method in the revised manuscript.

The authors attempt to test the hypothesis that preferential flow in macropores in only generated
if the rainfall rate exceeds the matrix infiltration capacity, such that the pore water pressure is
close to atmospheric pressure at the soil surface. But their approach is rather indirect and
therefore prone to errors and uncertainties. The best (only proper?) way to test this hypothesis
would be to install tensiometers to measure soil water pressure potential, as well as the probes
for soil moisture content. | think their conclusions on this point may be a little suspect,
especially considering the unusually large matrix infiltration rates they measured (see above).

We agree that tensiometers would help to validate our preferential flow observation. At each
site we had one profile of the Decagon MPS-2 sensors which measure only water potentials

< -90 hPa. Therefore the sensors were not suited to detect preferential flow.

Our method (max. rainfall rate exceeds the matrix infiltration capacity) is indeed an indirect
estimation of preferential flow occurrence, as mentioned by the referee. In contrast to a direct
method (like tensiometers) the aim of the analysis was not to validate our preferential flow
measurements, but rather to compare the observations with an estimation by a capillary

approach (based on matrix hydraulic conductivities).

To have a clearer structure of the study (especially results) and focus on the main analysis we
have removed this comparison of measured data with a capillary approach (Pmax > Kmat) to a

large extend.

Connected to this, I think the authors could consider re-phrasing the text at lines 739-743: these
non-capillary flow mechanisms certainly contribute to flow close to saturation. However,
studies of the physics of these flow processes suggests that they also require pressures quite
close to atmospheric pressure for them to generate faster flow velocities than those in the matrix
(see discussion and cited papers in Jarvis, 2007, p.528-529). I haven’t seen any later studies that
clearly contradict those findings.

It is correct that also alternative flow processes (e.g. film flow) require a relatively low soil

water potential (high saturation). On P23L13-15 we wrote: “Higher occurrence of measured



NSR compared to capillary theory prediction could indicate other initiation and flow
mechanisms [...]”. The sentence is vaguely phrased and we apologize for that. The meaning
was, that unknown initiation processes (local depressions, channeling of water by vegetation,
hydrophobicity, etc.) can locally lead to higher water contents and alternative flow processes.

We have clarified this sentence.

“[...] Furthermore, the mismatch of measured PF occurrence (NSR, fast vmax) compared to the
prediction based on Pmax exceeding Kma indicates that initiation processes such as
hydrophobicity/water repellency, local microtopographic depressions or channeling of water
by vegetation could be the reason of the frequent occurrence of PF (Blume et al., 2008; Doerr
et al., 2000; Schwarzel et al., 2012; Weiler and Naef, 2003). Locally, these processes can lead
to higher water contents and thereby pressures at the soil surface close to atmospheric pressure

which in turn trigger PF.”

The fact that preferential flow is strongest when the soil is dry suggests that the likeliest
explanation of your results is the occurrence of water repellency, which is known to be a
common feature of forest soils. Water repellency causes water potentials to quickly reach very
close to zero, even during quite light rainfall, so that water can flow into surface-vented
macropores even when the soil is dry. The authors do briefly mention hydrophobicity as a
possible reason for their results (lines 694-697), but then seem to dismiss it, which I think is a
pity. Preferential flow through macropores generated by the occurrence of (sub-critical) water
repellency has been reported in several studies in recent years (see those cited in the review by
Jarvis et al., 2016. Vadose Zone Journal, doi:10.2136/vzj2016). | think this topic should be
discussed more fully in the paper and some of these recent studies cited.

We agree. We have restructured and partly rewritten the discussion and have stronger

considered hydrophobicity as an initiation mechanism of PF.

I didn’t get a clear idea of whether the hypothesis on Line 145 was accepted or rejected? The
first question is what is meant by “dominate”? Is it the frequency of rain events that generate
preferential flow or the amount of water recharging through the unsaturated zone (or something
else)? Looking at the text on lines 426 and 432-433, it would seem that preferential flow was

not a dominant process (which would also tally with the very high matrix saturated hydraulic



conductivities). But | got a different impression from the conclusions, at lines 828-832. Could
this be clarified?

The word “dominates” might be too strong and we have rephrased the research question and
the conclusion. We mainly focus on the frequency of preferential flow occurrence. To draw a
conclusion on the amount of water that is transported or that contributes to groundwater
recharge it would require a physically based model (out of the scope of this study). Therefore,

we only used the observed water content change as an estimate.

To answer the question if preferential flow is “dominant”: We found preferential flow in all our
landscape units, but being temporally highly variable. We were able to find hotspot landscapes
(clayey soils, forests) and hot moments (dry, high rainfall intensity) of preferential flow
occurrence. This verifies that preferential flow is a common and important, spatially and
temporally variable process, but maybe not a dominating process.

New research question and aim:

“Therefore, the main aim of this study is to identify and compare the temporal dynamic of PF
occurrence by using profiles of soil moisture sensors in different large-scale spatial units that
could potentially be used as representative units for catchment modelling. Since it can be
expected that rainfall intensity and soil moisture have a strong influence on the initialization of
PF (Beven and Germann, 1982) we will mainly focus on the temporal controls of initial soil
moisture and rainfall. More specifically, we attempt to answer the following question: Does PF
occurrence increase with rainfall intensity since higher intensity leads more frequently to an
exceedance of matrix infiltration capacity? Does PF occur more often under wet conditions
since the infiltration capacity is lower? How is the temporal PF dynamic influenced by spatial

factors like geology/soil type and land cover?

Finally, one general comment on terminology: | think it would good if the authors avoided the
use of the term “wetting front” and “wetting front velocity”. If you have strong preferential
flow, there should not be a well-defined wetting front. Maybe you can write “maximum pore

water velocity” instead of “wetting front velocity”?

We agree that the term is not precise. We used this term since it is relatively often used in the
literature (see e.g. Hardie et al. 2013, doi: 10.1016/j.jconhyd.2012.10.008; Germann & Hensel
2006, doi: 10.2136/vzj2005.0080). However, the term “maximum pore water velocity” is more

appropriate and we have changed it according to your suggestion.



Specific Comments
1.) Line 41: Jarvis (2016) is not in the reference list. | think you mean Jarvis et al. 2016?

We apologize for giving a citation that is not in the reference list. The citation was changed to
the intended reference: Larsbo et al. 2014 (doi:10.5194/hess-18-5255-2014).

2.) Lines 64-68: you neglected one very important method and that is the analysis of
breakthrough curves for non-reactive solutes (tracers). Perhaps this could be added here with

one or two appropriate references?

We have added the analysis of breakthrough curves as a potential method with Koestel et al.
2013 (doi:10.1002/wrcr.20079) as a reference.

3.) Lines 70-72: These are not really direct measurements (see line 69). In this respect, X-ray
tomography of flow/transport is the only method that gives direct measurements (see
Sammartino, S., etal. 2015. Identifying the functional macropore network related to preferential
flow in structured soils. Vadose Zone J., doi:10.2136/vzj2015.05.0070; Koestel, J., Larsbo, M.
2014. Imaging and quantification of preferential solute transport in soil macropores. Water
Resources Research, 50, 4357-4378).

We agree that the mentioned methods are no direct measurements. We will change the sentence
to: “Another way to identify the potential for PF are measurements that can be related to the

number and volume of macropores or cracks. ”

4.) Line 202: robur

We corrected the latin name.

5.) Line 311: “non-uniform flow” is simpler and better than “non-homogeneous wetting front”
We changed it as suggested to the term “non-uniform flow”,

6.) Lines 324-328: This is confusing. I think it could be written more clearly and much simpler:
“In addition, the hypothesis is tested that preferential flow in macropores is only generated if
the rainfall rate exceeds the matrix infiltration capacity, such that the pore water pressure

reaches values close to atmospheric pressure at the soil surface”

We thank you for this suggestion of an alternative and simpler phrasing. However, the sentence

was removed due to the restructuring of the methods section.

7.) Line 368: “matric” not “matrix”



We corrected the word as suggested.
8.) Line 377: Delete “Mualem”

We removed the word “Mualem”.
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Abstract

The spatial and temporal controls of preferential flow (PF) during infiltration are still not fully understood. Se#As soil moisture
sensor networks give-the-pessibitityallow us to measurecapture infiltration respenseresponses in high temporal and spatial
resolution—Therefore,we-used our study is based on a large-scale sensor network with 135 soil moisture profiles distributed
across a complex catchment. The experimental design covers three major geological regions (Slate-Mark-Sandstoneslate, marl
sandstone) and two land covers (forest, grassland) in Luxembourg. We analyzed the responses of up to 353 rainfall events for
everyeach of the 135 soil moisture profiles. Non-sequential responses (NSR) within the soil moisture depth-profiles were taken
as anone indication of PFbypass flow. For sequential responses wetting—front-maximum pore water velocities (Vmax) were
determined from the observations and compared with predictions-by-velocity estimates of capillary flow. A measured wetting

front-veloeity-vmax higher than the capillary prediction was alse-taken as a prexy-forPFfurther indication for PF. While PF

was identified as a common process during infiltration it was also temporally and spatially highly variable. We found a strong

dependence of PF on the initial soil water content and the maximum rainfall intensity. Whereas a high rainfall intensity

increased PF (NSR, Vmax as expected, most geologies and land covers showed highest PF under dry initial conditions. Hence

we identified a strong seasonality of both NSR and higher vma dependent on land cover, revealing a lower occurrence of PF

during spring and increased occurrence during summer and early autumn, probably due to water repellency. We observed the

highest fraction of non-sequential response (NSR) in forests on clay-rich soils (Slate;- Marh—Furthermore-these-two-landseape

marl). Maximum pore water velocities ranged from 6 cm day™ to 80640 cm day™ with a median of 443120 cm day™ across all
events and landseape—units:soil_moisture profiles. The soils in the Marimarl geology had the highest flow velocities,

independent of land cover, especially between 30 and 50 cm depth where the clay content increased. FerMarl-the-median
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observed-patterns—This demonstrates the danger of treating especially clay soils in the vadose zone as a low-cenductivity
tayerconductive substrate, as the development of soil structure can dominate over the effectmatrix property of few-eonduetive

the texture_alone. This confirms that clay content and land cover strongly influence infiltration and reinforce PF, but also

seasonal dynamics and flow initiation have an important impact on PF,,

1. Introduction
Preferential flow (PF) in soils describes different flow processes with higher flow velocities than soil matrix flow {when-seit

water-content-and-soil-water-petential-is-at-equitibrivm)and heterogeneous flow patterns (Hendrickx and Flury, 2001). Many

studies have shown that PF is ubiquitous (Jarvis, 2007) and that “PF is the norm and not the exception” (Weiler 2017). PF can

affect water distribution in soil (Ritsema et al., 1996), groundwater recharge (Ireson and Butler, 2011), root water uptake
(Schwarzel et al., 2009) and solute transport (Jarvis-2016).(Larsbo et al., 2014). Since the early work of Beven and Germann

(1982), the importance of PF pathways such as macropores (created by roots, earthworms), fissures or cracks is widely

recognized. Most studies focusing on different PF processes A

such as

fingered flow (Selker et al., 1992), macropore flow (Weier-and-Naef,2003b)(Weiler and Naef, 2003) or funnel flow (Kung,
1990), were carried out at the point or plot scale (spatial scale smaller than a few meters). Since PF increases the range of flow
velocities in the vadose zone by orders of magnitudes (Nimmo, 2007), it is essential to include this process when deseribing
and-modeling water and solute transport in soil. Given its importance, many models now account for PF processes (see Gerke,

2006; Kdéhne et al., 2009; Steinbrich et al., 2016)-—Hewev

ets, but defining meaningful

parameter sets for these models is challenging (Abbaspour et al., 2004; Arora et al., 2011; Cheng et al., 2017). Furthermore,

Reck et al. (2018) showed that macropore networks and related parameters such as macropore distance and diameter are not
constant over time. The problem of spatial and temporal variability of PF is also reflected in the updated paper about PF
research by Beven and Germann (2013). They stated that some fundamental questions are still not solved. One-6f the-central

#2-0ne of the central questions raised

by Beven and Germann (2013) is: “When does water flow through macropores in the soil?”. We know about the importance

of PF, but knowledge about the spatial and temporal properties affecting the distribution of PF across the landscape is still

lacking (Lin et al., 2006; Wiekenkamp et al., 2016).-Fhis-rrakes-itdiffieuttto-identify-hotspets-or-hot-mementsof PF

Many methods have been developed in the last decades to study and quantify PF in soils (see e.g., Allaire et al., 2009). These
methods include using X-ray tomography at the pore_to soil core scale (Larsbo et al., 2014; Naveed et al., 2016), _the analysis

of (dye) tracers_and breakthrough curves at the soil core to hillslope scale {Anderson-et-al—2008;:Flury-etal1994; Zehe-and

{ Formatiert: Nicht Hervorheben
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Flihler,2001a)-or-geophysical-methods-at the-plot-er(Anderson et al., 2008; Flury et al., 1994; Koestel et al., 2013; Zehe and

Flihler, 2001) or using geophysical methods at the plot to hillslope scale (Angermann et al., 2017; Oberddrster et al., 2010).

Another way to identify the potential for PF are direct-measurements efthat can be related to the number and volume of
macropores or cracks. Watson and Luxmoore (1986) used a tension infiltrometer to calculate the amount of infiltration that is
caused by pores of a specific equivalent pore size, a method that has been frequently used (e.g. Buttle and McDonald, 2000).
Stewart et al. (2016) measured soil crack structure and volume and used this information to model soil water infiltration.

Nevertheless, most methods lack either spatial or temporal resolution to quantify the ameunt-frequency and properties of PF,

to-derive-flow-velocities-or-water-ameunts-at-asimultaneously for larger seale(~areas (~ km?) and the-oppertunity-to-relate

—longer timescales (~ years).

_An alternative approach to study PF during infiltration are soil moisture measurements at high temporal resolution
(~-_minutes). While soil moisture sensors only measure at the point or profile scale, they can be deployed widely throughout
the landscape (Zehe et al., 2014). Soil moisture sensors can be installed at different depths and are minimally invasive (Hardie

etal., 2013). Kim

oceurredin-thelrcatehments:So far, soil moisture sensors were used to detect PF by either using the measured response

velocities after a rainfall event (Blume et al., 2009; Equchi and Hasegawa, 2008; Germann and Hensel, 2006; Hardie et al.,

2013; Kim et al., 2007) or for analyzing the sequence of their response with depth Lin-and-Zheu+{2008)-used-sei-moisture

i—(Graham and Lin, 2011; Lin and Zhou, 2008; Liu

and Lin, 2015; Wiekenkamp et al., 2016). Using these methods most studies found a relationship with precipitation

characteristics (Liu and Lin, 2015; Wiekenkamp et al., 2016) or initial soil moisture (Blume et al., 2009; Hardie et al., 2013;

Liu and Lin, 2015; Wiekenkamp et al., 2016).
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Even though some of the studies described above show differences in PF occurrence between soils or landscape properties,

most of them do not rigorously compare contrasting landscape units at the larger scale. Zhao et al. (2012) tested out-of-

sequence responses of the soil moisture sensors as an indication of PF for two contrasting land covers and found much higher
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occurrence of PF in the forest sites compared to a cropland. However, since both sites also had different soils it could not

clearly be attributed to land cover. Most field experiments studying the effect of soil texture and land cover on soil water flow

measured infiltration characteristics or hydraulic conductivities of soil cores (Bormann and Klaassen, 2008; Gonzalez-Sosa et

al., 2010; Jarvis et al., 2013; Zimmermann et al., 2006). In general, higher infiltration rates and hydraulic conductivities were

observed at sites with natural vegetation or forests. These higher infiltration rates were often attributed to the presence of

macropores, but not connected to the dynamics of PF occurrence under natural field conditions. Studies linking the spatial and

temporal PF occurrence in high resolution and comparing contrasting landscapes under natural initial and boundary conditions

are still scarce.

A correct estimation of PF occurrence is important for hydrological predictions (e.g. modeling) and can improve water resource

management. Therefore, the main aim of this study is to identify and compare the temporal dynamic of PF occurrence by using

profiles of soil moisture sensors in different large-scale spatial units that could potentially be used as representative units for

catchment modelling. Since it can be expected that rainfall intensity and soil moisture have a strong influence on the

initialization of PF (Beven and Germann, 1982) we will mainly focus on the temporal controls of initial soil moisture and

rainfall. More specifically, we attempt to answer the following question: Does PF occurrence increase with rainfall intensity

since higher intensity leads more frequently to an exceedance of matrix infiltration capacity? Does PF occur more often under

wet conditions since the infiltration capacity is lower? How is the temporal PF dynamic influenced by spatial factors like

geology/soil type and land cover?

2. Material and Methods

2.1 Study Sites

WeTo test our research question we analyzed a dataset of 405 soil moisture sensors at 45 sites distributed across a complex

landscape to-test-the-hypothesis-that PF-dominatesinfiltration-(varying geology and land cover) but under similar climatic

conditions. The senser-sites-aremonitoring network is located in the Attert catchment in the Grand Duchy of Luxembourg. The

climate is temperate semi-oceanic with a mean annual rainfall of 845 mm (Pfister et al., 2006) and mean monthly temperatures
between 0°C (January) and 17°C (July) and only very few days per year with snow coverage (Wrede et al., 2015). Elevation
ranges between 265 and 480 m a.s.l. and the catchment covers three major geologies (Colbach and Maquil, 2003). The

northwestern part of the catchment is located at the southern edge of the Ardennes withand the geology here is dominated by

Devonian Slate bedrock covered by periglacial slope deposits mixed with eolian loess (Juilleret et al., 2011; Moragues-Quiroga

et al., 2017). The southern part of the catchment is dominated by sedimentary rocks of the Paris Basin (Wrede et al., 2015)

with Jurassic Luxembourg Sandstone at the southern catchment border and Triassic sandy-Marls-in-the-central-part-of-the
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typesSandy Marls in the central part of the catchment (Fig.1). The slate region has agriculturally used plateaus between steep

forested slopes (~15-25°).

Collingie A lc d

r=The sandstone hillslopes are mostly forested with grasslands only present on the footslopes (Juilleret

et al., 2012; Martinez-Carreras et al., 2012). The land cover in the Luxembourgian part of the marl region is mainly

characterized by agricultural sites (30 %) and grasslands (41 %, mainly pasture) with gentle slopes (~3°).

Soil types in the slate geology are Haplic Cambisols (Ruptic, Endosketelic, Siltic) (IUSS Working Group WRB, 2006) with a
main texture of silty clay loam (Table 1). Texture was determined by sedimentation analysis following ISO 11277 (2002) from

randomly distributed samples taken mostly in the upper 30 cm. Coarse particle fraction (> 2 mm) was much higher than in the

other geologies and is estimated between 10 % and up to 50 % volume fraction in the Bw horizon and increases with depth.
Layers of weathered rock (C horizon) are found usually below 50 cm. Weathered slate rocks are mostly embedded slope
parallel due to solifluction of the soil layers during the last ice age (Juilleret et al., 2011). In the Luxembourg Sandstone

Colluvic Arenosols dominate in the valley bottom and Podzols (IUSS Working Group WRB, 2006) with a sandy loam texture

on the slopes and plateaus. The depth to the unweathered bedrock is more than 2 m (Sprenger et al., 2015) with banded Bt
horizons deeper than 1 m. Fhe-seils-of-the-MarThe soils of the marl geology have a more diverse texture (Wrede et al., 2015)
but are often showing a clay rich layer (>50 % clay) starting between 20 and 50 cm depth. Therefore, Stagnosols (IUSS
Working Group WRB, 2006) are very common in this region. Sandy horizons are-presentcan be found as well, whereas topsoils
mostly eensist-efexhibit a loamy texture. Agri

{=3%)-The soils show high macroporosity due-to-a-high-number-of-bioperes-anddocumented by the excavation of horizontal

soil erackingprofiles and counting of pores > 2 mm @.

In-this-study,-theThe instrumentation at each site includes rainfall measurements and three soil moisture profiles separated by
5-20 meters. A soil moisture profile consists of three soil moisture sensors at 10, 30 and 50 cm depth below the surface. In
total 135 soil moisture profiles at 45 different sites were distributed across the catchment (Fig. 1). The time series used in this
study start between March 2012 (first installed profiles) and October 2013 (last installed profiles) and end in February 2017
(Table-_1). At each of the 45 sites basic meteorological variables (temperature, humidity, radiation, wind), groundwater table

6
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elevation, sapflow, volumetric soil water content (6) and soil matrix potential were measured. The selected sites are distributed
along different hillslope transects capturing different hillslope positions, slopes and aspects. The soil moisture sensors (5TE
capacitance sensors, Becagon-DevicesstMETER Envirenment,Group Inc., USA) measured at 5-minute temporal resolution.
These sensors measure with a 70- MHz frequency and have a sample volume of around 300-715 ml (Cobos, 2015; Vaz et al.,

2013), although other studies found decreasirgsmaller sampling volumes in wetter soils for other sensors of similar type

(Blonquist et al., 2005). Due to sensor defects, 43 sensors were replaced with SMT100 (TRUEBNER GmbH, Neustadt,
Germany) and 9 sensors with GS3 sensors (Decagon DevicessMETER Environment, USA) in 2016. Sensors were installed
horizontally with minimum disturbance from a 30 cm diameter hole drilled with an-earth-drith.a power auger. Each sensor was
installed slightly shifted in the horizontal direction to the one above, to be unaffected by potential flow path changes by the
sensor above. Furthermore, sensor cables were laid downwards in the hole first and led up on the opposite wall to prevent
artificial PF along the cables leading to the sensors. In each of the three main geologies, the sensor sites were situated in two
different land cover classes, forest and grassland. The selected forest sites were dominated by European beech (Fagus

sylvatica) with eceasional-occurrence of oak (Quercus rebu)maple(Acerpseudoplatanusrobur, Quercus petraea) and spruee

{Picea—abiescommon hornbeam (Carpinus betulus). Furthermore, rainfall was measured with one tipping bucket (Davis

Instruments, USA, 0.2 mm resolution}, collection area 214 cm?) at each grassland site and five randomly placed tipping buckets

at each forest site to account, to at least some degree, for eapturing-the spatial patternvariability of throughfall-at-each-forest

site. We defined six different landscape units distinguishing the three main geological formations and the two land covers

(forest, grassland) to test our research guestions. The number of soil moisture profiles for the different land cover and

geological classes are summarized in Table 1. Additional information and specific site properties are shown in Appendix A.
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Figure 1: Map of the Attert catchment in Luxembourg with the three main geologies and the locations of the 45 soil<— [ Formatiert: Zeilenabstand: 1.5 Zeilen

moisture monitoring sites.
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Table 1: Site information of the six defined landscape units. Additional textural information can be found in the
supplement (Table S1). Texture denoted with * was estimated with a field test by feel.
Slate Marl Sandstone “n [Formatierte Tabelle
Forest Grassland Forest Grassland Forest Grassland
# of soil mmst}:re 5 21 15 18 27 9
profiles
. " . clay loam
%_‘m silty clay loam  silty clay loam ICT:m* zzbzzlill (topsoil sandy loam sandy loam
(USDA classification) )
clay (subsoil)
23 / >50* 30/48
Mean clay content [%] 38 40 16 19
Mean clay content [% 38 40 (</> 30cm) (</> 30cm) 16 19
. . 03/2012- 04/2012- 03/2013- 09/2013- 03/2013- 07/2013-
Observation period
Observation period ")/, ; 02/2017 02/2017 02/2017 02/2017 02/2017
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2.2- Data analysis

2.2.1 Event classification-& seil-moisture-respense

Rainfall events

A full workflow of the data analysis is depicted in Fig. 2 showing the number of excluded events due to different quality

criteria. Rainfall (P) events were defined using the rainfall data with 5-minute temperal-resolution ef-the—rainfal-data
individually for each site. For the forest sites the mean of all five tipping buckets for every 5-minute time step was calculated
to obtain average throughfall-_for each site. Forest tipping buckets that measured no rainfall over one hour were excluded
(assuming they were clogged), when at least three other buckets observed rainfall during the same timeframe._If the rainfall

data contained more than one missing value in a 2-hour period it was excluded from further analysis. Following the approach

of Graham and Lin (2011) and Wiekenkamp et al. (2016), a rainfall event was defined as rainfall with a minimum amount of

1 mm. The end was defined as the last monitored response of a rain gauge followed by a specific time period without rain (te).

{>-100-mm)—average-event-intensity{(>15-mm-h*)-and-P-amount—in-a-5-mindte-time-step—(>-6-7-mm)-The procedure of

determining this time period is described below.

Dividing soil water dynamics into single events based on P input is always a trade-off: On the one hand, short rainfall events

do not allow for a clear separation of the infiltration signals from different input pulses. On the other hand, long rainfall that

is grouped into one event can result in too much information from several consecutive rain input pulses that are merged into

one rainfall event. Hence, different rainfall regimes require different threshold values, i.e. hours without rainfall (t.) for the

identification of event endings. The sensitivity of t. on the number of rainfall events and their characteristics in our case was

investigated by testing different values of t.: 3, 6, 12 and 24 consecutive hours without rain.

For each P event total rainfall amount (Psm), the maximum P intensity in a 5-min time step (Pmax) and the event average

rainfall intensity of the entire event (Pin) was determined. Events that were not plausible were excluded by using a threshold

method for event P amount (Psym > 100 mm), average event intensity (Pi > 15 mm h™) and maximum P intensity in a 5-

minute time step (Pmax > 80 mm h%). These implausible events were observed to happen during the reconnecting of the loggers

following a logger error (no power etc.) or clogging and release of the clogged water. To exclude snowfall or frozen soil

conditions, events with a mean air temperature below 0°C during the event were not included in the analysis. By applying the

quality criteria for rainfall events using t.= 12 h, 1392 of 32025 rain events (sum of profile rainfall events) were excluded

because of the threshold criteria and 426 because the mean temperature was below 0°C during the event.

10
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Rainfall event definition

SP=1mm 32025 events classified

/ -1392 events (threshold)
z12h -426 event (T < 0°C)

545 TS 1015 1250 1525 1800 2035

time.

| 30207 P events I

Soil moisture criteria

-14562 events (24h buffer time without rain)
-226 events (consistency criterion)
-7169 events (completeness criterion, 99% data)

8250 infiltration events

Infiltration event classification

A8 < 1% : N B
OR comparison with  pon-uniform flow
10 cm only matrix flow
—» fast PF
. Spatial: grouping profiles to landscape units ‘
Analysis:

Temporal:6 and P

Figure 2: Workflow for the estimation of spatial and temporal PF occurrence from soil moisture data with the number

of in- and excluded events. Event numbers refer to the sum of events on a profile base (since this number is the resulting

number of data points used for each analysis).

The rainfall event separation method is sensitive to the required number of consecutive hours without rain (t.) between the

events. Table 2 shows t. values with the resulting number of events, mean event duration, rainfall amount (Psym) and event

average rainfall intensity (Pin). Shorter te results in more events and decreasing mean event duration. Mean Piy is gradually
decreasing with longer te due to longer event durations while mean Py is increasing. We considered t. = 12 h to be sufficient

to ensure event separation yielding an appropriate event length and to avoid possible superimposition of soil water flow signals

from different input pulses. Therefore, the following analyses are performed with the event definition based on te= 12 h. This

11
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results in total rainfall event numbers between 144 and 353 per profile. 54.2 % of all analyzed rainfall events had sums lower

than 5 mm and 77.7 % lower than 10 mm. The distribution of rainfall intensities (Pin) shows that 69.2 % of all events had a

Pint < 0.4 mm h-L. The density distributions show slightly higher Pmax for grassland sites but no difference among the geologies

Fig. 3).

Table 2: Rainfall event characteristics over all 135 profiles depending on minimum hours without rain (te) required

between consecutive rainfall events.

hours without rain (te)

3 6 12 24
Sum of profile rainfall events 45681 39018 30207 18546
Mean Duration [h] 11.3 18.7 33.8 76.0
Mean Psum [mm 5.4 6.4 8.1 11.9
Mean Pint [mm h'] 0.88 .65 0.48 0.33
N -
=
™~
o Forest Grassland
—— slate slate
w — marl ---- marl
= ~—— sandstone sandstone
=]
2
2 o
2 <
s o
=]
w
S 4
=1
o
Q -
o T T T T T T T
0 5 10 15 20 25 30
P__ [mm h7]

max

Figure 3: Density distribution of maximum rainfall intensity for the six landscape units.

Soil moisture & infiltration events

Signal spikes (strong increase of soil moisture within a 5 minute time step and a decrease to the initial value) in the measured
soil moisture time series were removed by-using-a-thresheld-methed-and data was visually checked for plausibility and long-

term consistency. In addition, sensor readings were validated against those of the other sensors in the same depth for each site.

No site specific calibration of the soil moisture sensors was conducted and soil moisture values were obtained by the sensor
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internal @-permittivity relationship following Topp et al. (1980). AbseluteFor the 5TE sensors the manufacturer gives an

absolute sensor accuracy of volumetric water content isof +3 Vol% (DecagonDevices, 2015). For a relative change of 1 Vol%
a maximum sensor-to-sensor difference of + 0.25 Vol% can be found in the very dry range (6 ~ 10 Vol%) (Rosenbaum et al.
2010). Since Rosenbaum et al. (2011, 2012) showed that temperature effects on the sensors and on soil dielectric properties
can cancel each other out, permittivity was not corrected for soil temperature. Furthermore, electrical conductivity effects of
soil water on permittivity were neglected as bulk electrical conductivity was low (< 0.1 dS--m™) for most profiles. Although
some Martmarl profiles show higher bulk electrical conductivities, results of soil water content change should not be affected

since these profiles do not reveal fast bulk electrical conductivity fluctuations on the event scale.

For each defined rainfall event the soil moisture time series of all sensors in a profile was checked for their response. Infiltration
events were defined as a 6 increase of >1 Vol% of at least one sensor in the soil profile. This threshold was chosen to avoid

dhieldiurnal fluctuation, caused by e.qg. soil temperature, being classified as_infiltration events (Graham and Lin, 2011;

Wiekenkamp et al., 2016). If a soil moisture event was identified, the timing of first response of every sensor was determined.
The first response is defined as the point in time when the 6 change is higher than the instrument noise (Lin and Zhou, 2008)
that was found to be 0.4 VVol% for the 5TE sensors (Rosenbaum et al., 2010; Wiekenkamp et al., 2016). Linear interpolation

was used to calculate the time between two 5 min readings to increase the temporal resolution.

The soil moisture response was tracked for up to 48 hours after the end of a rainfall event or until the time a new rainfall event

starts. Fo

The chosen rainfall event separation based on te= 12 h already avoids superimposition of consecutive rainfall input signals on

the soil water content. However, to have clearly separated soil water flow events that are uninfluenced by a new rainfall event

for at least 24 hours, both consecutive infiltration events were excluded if a-rewthe second rainfall event occurred within 24
hours after the previousfirst rainfall event end. In the case of a response later than 24 hours we assumed that the following

infiltration event is likely to be triggered by the new rainfall event (Hardie et al., 2013). Only if more than 99 % of the data

points for all profile sensors during an infiltration event were usable, they were considered for further analysis—Fe-exelude

completeness criterion). Furthermore, infiltration events that showed an increase in soil moisture, but were caused by an

oscillating signal (not more than four different 6 values during one event) were excluded (termed consistency criterion).

From the total of 30207 rainfall events, 15645 could be used for the analysis of the soil moisture, since they allowed for a clear

separation of soil water flow by more than 24h without a new rainfall input. 7395 of these events did not meet the quality

criteria of completeness and consistency of the soil moisture time series, hence 8250 infiltration events (sum of soil moisture

event observations at all 135 profiles) could be used for the analysis. Changing the completeness criterion from 99% usable

soil moisture data points during an event to e.g. 95% is only slightly affecting the number of infiltration events (e.g. 8353

13



events usable in the analysis). This is due to the fact that most exclusions result from long term failure of one sensor of a profile

that leads to a complete exclusion of the entire profile. A diagram showing the portion of active (all quality criteria met)

profiles on a daily basis can be found in the supplement (Figure S1).

Various soil moisture and rainfall characteristics were determined for each event. Initial volumetric water content (85xi0ini) Was

5 defined as the water content before the rainfall event starts. Furthermore, change of £.x0ini to the peak water content (ABmax) {Formatiert: Schriftart: Nicht Kursiv

of every event and sensor response was calculated. We grouped soil moisture into dry and wet initial conditions using 6

quartiles of each profile. The-totalrainfat-amount-{Psum)the-maximum-P-intensity-in-a-5-min-time-step-{Pmad-and-the-event

averagerainfal-intensity-of the—entire—event{Pi.)-were—determined—Additionally, rainfall amounts and intensities were
calculated untitfor the time before the first soil moisture sensor response (A9 = 0.4 VVol%) of any profile (pre-respense)rPsum,

10  rPin, rPmax). This was done since seimeisture-our infiltration event classification described in the next section is partly based

on the first sensor response-(6-=6-4-%} and later rainfall input is not further influencing the classification.

Siate Masl sendstene <« | Formatierte Tabelle
E 'y =l 1 & Ew G 1 & E Y C 1 a
. Lo
£il 45 2% 15 18 27 9
. . clay-loam
Dominantsoil texture loarm-{tepsoil}
P siityclayloam  siltyclaydoam * (subsoil) {topseil sandyloam sandy-loam
¢ ) elay-{subseil}
23 />50% 30148
Mean-clay-content[%] /> 30 />30
38 48 17 19
y 03/2012- 04/2012- 03/2013- 09/2013- 03/2013- 07/2013-

2.2.2 SenserSoil moisture sensor response seguence-and-How-velecityby infiltration events

15 For all soil moisture profiles and rainfall events which met the described quality criteria, the sequence of the first sensor

response was classified similar to Liu and Lin (2015) into:

{i——mnoe-respense-{NRnot classifiable (NC): none of the sensors in the profile showed a response (=1 Vol%)
{i)(i)  segquentialresponse{SR):th in-the-profile showed-aresp in-sequence-from-the-upp "

-or only a 10 cm sensor response were

20 alse-ineluded-in-this-greupwas observed

{iy(ii) _non-sequential response (NSR): events where the first response did not progress in a sequence starting from the

surface (e.g., the 30 cm sensor showed a response before the 10 cm sensor)

14
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sequential response (SR): the sensors in the profile showed a response in sequence from the uppermost sensor downwards

(e.g., 10 cm to 30 cm to 50 cm or 10 cm to 30 cm

(iii) )

The potential for using these different infiltration responses (SR, NSR) and related parameters as a proxy for PF are described

in the following sections. All statistical analysis were performed using Dunn’s rank sum test (Dinno, 2017).

Additionally, we estimated how often PF should have be observed based on the classical assumption that rainfall intensity

exceeded matrix infiltration capacity (Beven and Germann, 1982). We used matrix saturated hydraulic conductivity (Kmat) as

the minimum infiltration capacity and tested how often maximum 5-min rainfall intensity exceeded this threshold (Pmax > Kmat;

for the measurements of Kma: See section 2.2.2.2). Furthermore, comparison of maximum water content change during an event

(ABmax) between the infiltration response types can give information on PF processes by showing differing water content depth

distributions and can help to estimate the relevance of the different flow processes in terms of transported water quantity.

2.2.2.1 Non-sequential response (NSR) «

The NSR classification indicates a

{ Formatiert: Uberschrift 2

‘ { Formatiert: Schriftart: Nicht Kursiv

flow that can be a result of various PF processes (e.g. bypass flow), hence it is taken as a proxy for PF. NSR could also be a

result of subsurface lateral flow or groundwater rise before the vertically downward progressing wetting front reaches that
depth (Lin and Zhou, 2008). But even in these cases, such responses describe water flow that shows either a-non-hemegeneous
wetting-frontuniform flow or surroundings that infiltrate water faster than the profile. Both can be seen as an indication of PF.
None of the profiles showed a permanent water table iasmaller than 50 cm below ground level, nevertheless some profiles are
influenced by groundwater fluctuations and are temporary waterloggingwaterlogged in 50 cm especially during winter. The

length of the time series is adequate for detecting patterns of NSR as Liu and Lin (2015) showed in their analysis that overall

sensor response patterns show stable results using >3 years of soil moisture data. The occurrence frequency of NSR was

analyzed with respect to initial soil moisture and rainfall characteristics for the landscape units. All NSR analyses were done

with pre-response rainfall characteristics (rPsum, IPint, 'Pmax). Calculated portions of NSR for the landscape units, geologies or

land covers for different rPmax, Oini Or month are always calculated as the sum of NSR responses of the indicated class divided

by total number of infiltration events in the same class.
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2.2.2.2 Sequential response (SR)

25 A sequential response of the sensors in the profile does not necessarily mean that no PF occurred. To get an estimate for the

frequency of SR events showing PF, one method is comparing soil matrix (capillary) flow velocities to measured in-situ flow

velocities (Germann and Hensel, 2006; Wiekenkamp et al., 2016). A measured flow velocity that is faster than the soil matrix

flow velocity can be expected to be influenced by PF. Matrix flow velocity can either be obtained by modeling or with

measurements. To determine the in-situ flow velocities we used the approach of Germann and Hensel (2006) where the

30 maximum pore water velocity ef-the-wetting-frort-(Vmax) is defined-as-the-velocity-betweendetermined from the first responses

16



10

15

20

25

30

of two sensors:_(often called wetting front velocity). The upper sensor allows for the definition of a clear starting time of the

water flow. Hence, vertical wetting-froertmaximum pore water velocities were calculated from the SR for two distinct flow
depths: 10 to 30 cm and 30 to 50 cm. It is important to note that vmax represents only the fastest flow components in the sphere

of influence around the soil moisture sensor (Hardie et al., 2011).

To ealeutatemodel matrix flow velocity (vma), the 1D steady state flow equation according to Darcy’s law for unsaturated

conditions was used (Hillel, 1998):
q= —KQ@y,) 0H/dz & @

With q being the vertical volume flux [cm day™], K the hydraulic conductivity [cm day™], ymthe matrixmatric potential [cm],

H {-}the hydraulic potential including-matrixpotential-and-gravitation[-] and z the depth [cm]. For the vertical 1D case, wetting

frontmatrix flow velocity (or piston flow velocity) can be calculated by dividing the volume flux by the volumetric water

content 6 [-] (Gerke, 2006): @ @

Vmat = q/9
The hydraulic gradient was calculated between two sensors using the site-specific-soil-waterretention-eurvesmatric and-the
gravitation potential (/7 = wm + yg). The maximum gradient between the 6 peak of the upper sensor and 6y; of the lower sensor

is calculated to obtain maximum vima. This assumesis a-ere conservative approach since steady state assumptions are used to

calculate flow velocity. Retention-eurves-were—parameterized-usingFor obtaining the matric potential the van Genuchten-
Mualem-eguation retention curves (van Genuchten, 1980) in-combination-withwere parameterized using the parameter sets of

Sprenger et al. (2016)-_(supplement Table S2). The van Genuchten-Mualerm parameters of Sprenger et al. (2016) do not need
further corrections for matching 6 with absolute values of e.g., soil core data since these parameters were calibrated for a
shorter period of the same dataset. For those ten-senser sites where no parameters were determined by Sprenger et al. (2016),
we simply used the mean fit-for the respective geology. Although these retention parameters were inversely fitted and should
therefore account for fast flow components, they rathermore closely represent matrix flow due to the single domain Richards
equation and the unimodal nature of the van Genuchten-Mualem retention function that was used (Durner et al. 1994). In
addition, the fit on a daily basis does not allow for fast processes other than matrix flow. A geometric mean hydraulic

conductivity was calculated between two sensors located in different depths (Zhu 2008) to obtain the effective unsaturated

hydraulic conductivity of the vertical layered soil profile. Fhe-To again provide a conservative estimation of PF and rather
overestimate Vma the moisture content used to determinecalculate this unsaturated hydraulic conductivity was the

rediarmaximum event water content-{Bevend)cateulated-from-first respense-te-the-peak-water-centent-at, determined for both

sensor depths:_individually. The mean of these two maximum event water contents was also used to calculate the matrix flow

velocity (Vma) from the volume flux (q). Events that showed an upward hydraulic gradient based on this calculation were
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excluded from further comparisons.

volumethi{g):

For directly measuring matrix flow velocity we assumed that saturated matrix hydraulic conductivity at the surface is an

appropriate threshold

3-Results

for dividing flow into matrix flow and PF (Wiekenkamp et al., 2016). Tension infiltrometer measurements were used

to obtain saturated matrix hydraulic conductivity in the field. The tension infiltrometer used in this study is a special

type called “hood infiltrometer”. The advantage of the hood infiltrometer is that it can be placed directly on the soil

surface without need of any contact material (Schwarzel and Punzel, 2007). The derivation of matrix saturated

hydraulic conductivity (Kmat) from measured infiltration rates accounts for the three-dimensional nature of flow using

the solution of Wooding (1968) (steady state infiltration from a circular source). Measurements were carried out either

matrix surface hydraulic conductivity consists of at least three measurement locations (median), except for two sites

where the infiltration rate was too high and the hood could not be filled. Hood infiltrometer measurements were not

available for grassland sites in the sandstone and hence observed flow velocities of this landscape unit were not

compared with measured matrix flow velocities. In total measurements from 66 locations were used to determine Kmat

for the different landscape units. For every m rement location infiltration rates with at least three tensions between

hPa were r | fit an exponential fun

tension of 6 hPa (Gardner, 1958). At this tension, por: ith a diameter > 0.5 mm are excl from flow and mea

hydraulic conductivities represent matrix infiltration capacities (Jarvis, 2007; Schwarzel and Punzel, 2007). 3-%

“3 { Formatierte Tabelle
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Fhe-infiltration-eventresponseDue to the high macroporosity at many forest locations pressure in the hood was difficult to

adjust and measurements could only be conducted for maximum tensions of 1-3 hPa. Hence, for some sites matrix saturated

hydraulic conductivity is just an extrapolation of the Gardner fit to a tension of 6 hPa.
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3. Results

3.1 Infiltration events

The number and proportions of classified infiltration event responses (NC, SR, NSR) of the six defined landscape units are

shown in Table 3. The absolute number of events in a certain landscape unit and response class, which were included in the

different analysis, can be found in the supplement (Table S3). Between 3663.2 % and 56-379.5 % of the rainfaHinfiltration

events shew-neper landscape units were not classifiable (NC) in their infiltration response-(NR)-r-sei-meisture, with the

Markmarl grassland sites having the lowest amount of NR—64NC. 49.6 % of all NRNC events resulted from events with a Psun

of 3-mm or less. Approximately a third of all infiltration events showed a change in soil moisture deeper than 10 cm. Most

detectedclassifiable infiltration events were of type SR. Under Sandstenesandstone forest sites they accounted for 55-7-24.6 %,
whereas under Marlmarl grassland sites they accounted for only 36-813.6 % of all events. Within the group of SR, 54-647.4 %

were observed enby-at a depth of 2630 cm, whereas sequential flow to deeper-sensors at 50 cm depth was found for 52.6 % of

the SR. NSR events occurred fe

% to 16.1 % of all events depending on the landscape unit. The Slateslate and Marlmarl forest regions showed the highest
proportion (13.3 % and 16.1 %, respectively). In total 67-148.7 % of the NSR events showed a response in 30 cm first and

32.9-%-in-50-em-23.9 % in 50 cm. 27.4 % of the NSR events reacted in 10 cm first and then in 50 cm without a 30 cm reaction

in-between. The NSR variability between the single profiles within a landscape unit was found to be high (Table 3). The site-

intern variability of NSR (profiles within the same sites) measured as the median standard deviation was highest in marl (forest:

7.5 %, grassland 6.4 %) followed by slate (forest: 4.2 %, grassland 6.1 %) and sandstone (forest: 1.9 %, grassland 3.0 %).

20

25

TFhe-effect-ofTo estimate how often PF should have be observed based on the classical assumption that rainfall intensity

exceeded matrix infiltration capacity in the different landscape units we calculated the portion of rainfall events with a Ppmax

exceeding Kmat. With the exception of marl grassland (13.8 % Pmax> Kmat), all other landscape units only showed an exceedance

rate lower than 2 % (Table 3).
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Table 3: Number of events, infiltration responses and standard diviation (sd) of the six landscape units, showing a not

classifiable response (NC), sequential response (SR) and non-sequential response (NSR).

Slate Marl Sandstone
Forest Grassland Forest Grassland Forest Grassland
# of infiltration events 2975 1121 733 852 1871 698
NC [%] 65.0 75.0 63.2 79.5 70.1 72.
SR [% 21. 18.3 20.7 13.6 24.6 21.9
NSR [%] 13.3 6.7 16.1 6.9 5.3 5.3
i ] .
Min.-Max. NSR of single sto‘;":'sn ‘;e 0-46.2 0-227 0-376 0-17.4 0-31.8 0-156
E Gl
sd NSR (va_rlabllltv b_etween 94 75 11.8 54 86 48
single profiles) [%
Prnax> Kmat [% 0.9 18 0.0 13.8 0.2 00 Krat
measurement

To test how much P characteristics and O, on-the-infiltration-types-were-examined-by—caleulatinginfluence the different

5 response behaviors, we calculated the median of each parameter for all infiltration events of a certain response type and their

corresponding depth (Table 4). We included pre-response P characteristics (rP) to show their differences between NSR and

SR events.

charaeteristies-High Psun mainly affect the depth of the sequentially-progressing-soil moisture front—Respense-at-50-em-depth
shows-a-median-eventPsm-thatismueh-higher than-at 10-em-depth-(Table-4). during SR. In addition, the Pmax is also increasing
10 with depth of response, which could partly be due to a correlation of Pmax and Psum (Spearman R = 0.54). Fhe-SR events show
similar median 6in is-simitarvalues for aH-SRboth infiltration depths, which suggests no effect of 6, on the flow depth.

ComparedThe rPsum is similar for SR and NSR 30 and 50 cm events, while rPmay is higher for NSR events. NSR10-50, with a

response in 10 cm first followed by a 50 cm reaction, shows a different pattern than the other NSR reactions with the lowest

rP_intensities, but the highest iniand rPsum. In contrast to the-SR-events; the median i, of the NSR events is lower and also

15 decreases with increasing depth of first response—Fhe-pre-response-Psunis-simiarfor SR-and-NSR-events-while-Pracis-higher

forNSR-events— (30, 50 cm), which indicates that these infiltration response type is sensitive to dry soil moisture conditions.
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Table 4: Rainfall characteristics of the different infiltration types and their corresponding depths (median values of all«
profiles and events). Sequential response (SR) with maximum response depth (cm) and non-sequential response (NSR)
with depth {em)-of first out-of-sequence response—Each-variable-was_(cm). Rainfall variables were calculated for the
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Furthermore, for all geologies ABmax at NSR 50 cm {NSR)-was similar or highereven stronger than the-least-dampened-respense

at-for NC/SR 10 cm feror SR events30 cm responses.
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Figure 34: Violin plots of maximum volumetric soil moisture change (A@max) of SR-and-NSR-eventsper depth for the<—

three geologies and differentiated by infiltration responsedepth&. ABmax at 10 cm could result from a NC response (10

Same letters symbolize no significant difference between the response classes of the same geology (p-<-98-65Dunn test

two sided, Benjamini-Hochberg correction, p > 0.025).

3.2:- Non-sequential response_(NSR)
Spatial-and-seasenal-patterns

The fraction of NSR events in dependence of 8ini and P characteristics was analyzed to reveal the spatial and temporal patterns

and possible controls of PF.
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of each profile are only weakly correlated (median profile Spearman R: -0.19). An increase of NSR with increasing PeaxIPmax

5 was observed (Fig. 5). Especially forested sites in the Slateslate and Marimarl region showed a high-and-significantstrong

increase of NSR above a threshold of PyaxPmax = 10 mm h. No-comparableThis pattern was foundonly weakly pronounced

for the grassland sites. More NSR with higher rPpmay in the forests was also found when using maximum rainfall intensity for

the whole event (P) instead of the pre-response characteristics (rP).
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Figure 5: NSR vs Pmax-
deviation-rPmax. The numbers above the bars (n) indicate the tetaknumber of events:
differences-of NSR-between-Puax-and-land-coverfor-each-geology-(p->0.05). per class.

iniFigure 6 shows the portion of

NSR response, for the six different landscape units-(Fig—6)-depending on individual 6i, quartiles for every profile to account

for the differences in absolute O values among landscape units. We observed that the drier the forested sites were, the higher

the measured NSR occurrence was. Especially Stateslate and Martmarl sites showed a strong increase in NSR occurrence (ef
up to ~25 % of events) for the driest Oini quartile. At Slateslate grassland sites observed NSR occurrence was not
relatedresponding to drier conditions in the same way as for the forested sites. The fraction of NSR events at the Marimarl
grassland sites did not change with initial conditions and at Sandsteresandstone grassland sites NSR occurrence increased only

under wetter conditions.
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5 Figure 6: Relationship of NSR with 8ini for measured-values-and-caleulated-theoretical-capitlary-NSR-eeccurrence-for<

each-geologyHand-covergroup—Eacheach landscape unit. Every point represents % NSR for all events which fall in the
four different quartiles of initial soil moisture (the plottedplotting position of @ini value represents a quartile median).

Number of events observed in the different classes can be found in the supplement (Table S4).
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To test for a seasonal effect on the NSR occurrence we also analyzed the frequency of NSR on a monthly basis. Since land

cover seems to play an important role for NSR occurrence (Fig. 5 and 6) the NSR portion for all infiltration events of the two

land covers was calculated separately. Forests show a distinct seasonal dynamics (Fig. 7): From March to June NSR showed a

20 constant value slightly higher than 5 % which increases to 13-20 % from July until October and decreases again towards

winter. In the same time period 6ini dropped to its lowest annual values and also rPma had its maximum in the summer month.

For grasslands this dynamic was less pronounced with the highest value in September.
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Figure 7: Monthly mean rPmax_and 8ini (upper diagram) and fraction of NSR events for the two land covers (lower

diagram). The solid lines represent the forest and the dotted lines the grassland response. The shaded areas in the lower

diagram show the standard deviation between the single years for each month. For number of events observed in the

individual month over the total time period and for individual years see the supplement (Table S5).

3.3 Sequential responses (SR) and flow velocities

Observations

measured matrix flow

To identify PF from SR we further compared measured maximum pore water velocities are—higher—than—expected—for

eapitary(Vmax) against measured (hood infiltrometer, Kma) and modeled matrix flow in-the-seil-matrixvelocities (Vma). Table

5 indicates the percentage of observed vmax that exceed either the measured infiltrometer or modeled values. Both comparisons

indicate that observed water flow is in most of the cases faster than water that is flowing in the soil matrix only. Between 72.9

and 89.0 % of the observed SR responses are faster than the modeled matrix flow velocities. The median difference in flow

velocity for the events with Vmax > Vmar is 114 cm day™. The model matches with the exceedance obtained by the hood

infiltrometer, except for marl and sandstone forest sites with an exceedance rate of the infiltrometer being only 48.7 and 44.0 %,

respectively. This is due to the high surface Kma values that were measured with the hood infiltrometer for these two landscape

units. The high conductive parameters of these two landscape units were not distinct higher in the set of hydraulic parameters

used for modeling.

Table 5: Percentage of event with measured vmax exceeding the infiltrometer (Kmat) or modeled matrix flow velocities

(Vmat).
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Infiltrometer  Modeled

- Slate 80.0 78.0
7]
5 Marl 48.7 88.1
['H
Sandstone 44.0 77.2
2 Slate 74.1 72.9
(T
v Marl 79.2 87.7
(O
Gl sandstone - 89.0
Observed maximum pore water velocities
Since the vmax 0bserved from soil moisture responses (SR) exceeded the modeled or measured matrix values most of the time< { Formatiert: Abstand Nach: 0 Pt.

we examined Vmax in more detail. The measured Vmax ranged from 6 to 80640 cm day™ with a median of 413120 cm day™. Only

a weak correlation was found between vimax Of the shallow versus the largerdeeper depths (10-30 cm to 30-50 cm; Spearman-
R: 0.2236). Median observed vmax values per group ranged between 7472 cm day™ for forested Sandstenesandstone sites (for
the shallow depth 10-30 cm) and 297274 cm day* for forested Marimarl sites (for the depth 30-50 cm) (Fig. #8). Comparing
Vmax for all landscape units the Marlmarl soils showed more variable flow velocities and higher median values, especially
between 30 and 50 cm soil depth. Slate soils do not show a significant difference between the two depths andor the land covers.
Sandstone exhibited highest flow velocities under grassland sites. Forested Sandsteresandstone soils had a significant lower

SR flow velocity than all other soils.
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Figure-8To further evaluate the variability of Vi in respect to Oini_and Pmax for all observed events, 2D kernel density

estimations (KDE) (Venables and Ripley, 2002) are shown in Figure 9 with higher KDE values indicating more events. There

is no clear relationship of Vmax With 6ini or Pmax and high maximum pore water velocities can be found over the full range of

Oiniand Pmax.

32

= [Formatiert: Schriftart: Fett




10

[=] o
g8
g g
., g 20 KDE 8 2D KOE
L E = 0.06
£ o 3 o 0.04
O 8- % 2 0.02
E 0 0.00
=8 2
011 02 03 04 05 0 20 40 60 80
-1
6|‘ni [_] Pmax [mm h ]

Figure 9: Measured wetting-frert-SR_ maximum pore water velocities (Vmax) in relation to Bevens—Fhe-event-water

moisturefiniand Pmax. Color contours indicate 2D kernel density estimation (2D KDE). The points show single event

values. The line shows the semi-log linear fit.
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Analyzing the median response of Vmax t0 6iniand Pmax for the different landscape units we can see an increase of median Vmax

for high Pmax for most landscape units (Fig. 10). Furthermore, the median Vmax is increasing under dry conditions for marl

independent of land cover and for slate grassland (Fig. 11). The other landscape units do not show a clear pattern between Vimax

5 and Oini.
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Figure 9:Secatterplots-of-measured-wettingfront-veloeity{10: Median Vmax)}-agaiist vs Pmax. The numbers above the
bars indicate the number of events included into the eapiltary-predicted-flowvelocity(vma)—Fhe-tineanalysis (n) and
the standard deviation (sd).
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5 Figure 11: Relationship of median vmax with @ini for each landscape unit. Each point represents the-1:1-relationship-
Eventsmedian vmax for all events which fall in the four different quartiles of initial soil moisture (the plotting position

of Bini_value represents a quartile median). Number of events observed in the different classes can be found in the

supplement (Table S6).

10 Although, the relationship of Vmax With Pmax and ini is not as clear as with NSR, the seasonal dynamics of median Vimax shows

an increase during the summer months with vmax-higherthan-1000the highest flow velocities during times with low i, and [Formatiert: Schriftart: Nicht Fett

high Pmax. In contrast to NSR grasslands showed a stronger increase than forests with a maximum between June and August

and a median Vins between 225-325 cm day™-are-net-shewn. For forests a weaker increase in the time between July and [Formatiert: Schriftart: Nicht Fett

August and a stable median Ve of around 200 cm day™* was seen. The number of observed events furthermore indicates that

15 most SR events are not observed during the times of high vmax but rather during the wet winter month.
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Figure 12: Monthly mean Pmaxand 8ini (upper diagram), monthly median vmax for the two land covers (middle diagram)«———— { Formatiert: Zeilenabstand: 1.5 Zeilen

and number of observed vmax values (SR that reached either 30 or 50 cm) for each land cover and month (lower

diagram). The solid lines represent the forest and the dotted lines the grassland response.

4. Discussion

4.1 EventelassificationGeneral relevance of PF

PF as either non-uniform flow (NSR) or as fast sequential flow was observed in all landscape units and senserunder all event+— { Formatiert: Standard

conditions (Pmax, Oini). The importance of PF during infiltration was highlighted by the fact that observed SR flow velocity

(Vmax) Was most of the time faster than pure soil matrix flow and depended on the landscape unit NSR accounted for 18-44 %

of the responses deeper than 10 cm. The variability of response_types within the landscape units and even within some sites

was high, which highlights soil heterogeneity on such larger scales and shows the importance of small scale soil properties

and soil water flow. However, we found a strong variability in PF occurrence that was dependent on spatial and temporal

factors which are discussed in section 4.4 and 4.5.
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Oeceurrence-of preferential-flow

PF is not only important in terms of its occurrence frequency, but also relevant for the guantity of transported water as indicated

15 by the observed water content changes (Afmax). Especially during NSR the Afmax is higher than Afmax for SR at the same depth,

which implies fast flow of large amounts of water into deeper zones. Furthermore, the marl sites with their high velocities in

50 cm depth also showed the strongest AGmax increase in this depth, unlike the other geologies. Similar observations were made

by Hardie et al. (2013), who found higher Afmay in greater depth during NSR or events with high vmax,_and Eguchi & Hasegawa

(2008) calculated that high amounts (16 to 27 %) of the total annual drainage was produced by PF.

20

4.2 Observed non-uniform flow (NSR)

In our study, occurrence of NSR for single soil moisture profiles was-in-the-same-magnitude-(0-46.2 %) as-these-efwas similar
to other studies. Liu and Lin (2015) found profile NSR occurrence varying between <1 and 72.4 % for single years, Graham
and Lin (2011) found 18 to 54 % for a three-year period and Wiekenkamp et al. (2016) found 7-51 % also using a three-year

25 time series. However, we found a lower average NSR occurrence (mean of the profiles within one landscape unit) of 5.9-

14.6 % for the landscape units in our study (data not shown) compared to_26% in the Shale Hills catchment of Graham and

Lin (2011)+26-%)-. Until now, most studies on NSR events from soil moisture time series focused on a relatively similar
substrate (shale), land cover (forest) and a temperate climate (Graham and Lin, 2011; Lin and Zhou, 2008; Liu and Lin, 2015;
Wiekenkamp et al., 2016). The Slateslate forest of our study is the landscape unit most comparable to the studies cited above.

30 It shows a comparable range of NSR occurrence (max—0-46.2 % for a single profile). However—wefound-large-differences

between-the-As our experimental design targeted not one but 6 different landscape units, we were able to compare responses
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observed in eur-study-the shale forest to other environments. Sandstone grassland showed a maximum NSR at a single profile

of only 15.6- % of the events-at-a-single profile—Forested. Soil profiles under forest on clayey soils (State-&Marlslate & marl)

within these landscape units compared to Sandstenesandstone or grassland sites. Zhao et al. (2012) also found difference in

land cover (forest vs. cropland) and soil characteristics to affect NSR occurrence. They found lower values with 5.8 - 32.4 %

NSR in the croplands compared to the nearby Shale Hills forest, but alse-having-centrasting-geologies—Our—study-highlights

between the sites the lower NSR cannot be unequivocally attributed to land cover.

2016\ faund olavy tont +n h ni
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Wetting-frent velocities (Vmax) in this study (6-80640 cm day™) are in the same range as observed in other studies, however we
measured slightly lower median vmax (413120 cm day*) than other studies (e.g. Germann and Hensel, 2006; Hardie et al., 2013;
Nimma, 2007). s—eherbionbodi b e ee b mpnidine s pspe e Db s e e n e Lol
catchment ohserved higher velocities than the median v found in our study: Angermann et al. (2017) measuredin addition

studies that measured vmax in single sprinkling experiments in the slate forest region of the Attert catchment observed a Viax 0f

864-19000 cm day™ using GPR and TDR during a hillslope irrigation experiment with an intensity of 30.8 mm h%: (Angermann
et al. 2017). Jackisch et al. (2017) observed vertical transport velocities of bromide in the range of 2732 cm day™ with
sprinkling intensities of 30 and 50 mm h=!. However—theThe highest wetting—frontmaximum pore water velocity of the

Slateslate forest landscape unit measured in our study was with 14662 cm day™ in a similar range.

Most of the studies mentioned above are sprinkling experiments which apply high P intensities (>10 mm h™) and high Psum
and thus do not provide information on the response to low intensity events that make up a large portion of the annual rainfall
events (see Fig. 23). In his review, Jarvis (2007) found that solute transport studies were either carried out at (near-) saturated
conditions or with high irrigation rates (> 10 mm h*). Langhans et al. (2011) found an increase of infiltration capacity with
higher rainfall intensity, probably due to the initiation of more macropore flow. This could be an explanation for the higher
velocities found by high intensity sprinkling experiments. Therefore, a reason of partly lower vmax 0bserved in this study might

be that we are also accounting for low P intensity events- due to our focus on natural rainfall events. This assumption is
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supported by the fact that Hardie et al. (2013) measured a Vmax of 24 — 960 cm day™ under natural rainfall conditions which is

more in the range of most velocities observed in our study. In summary, it is remarkable that no clear differences in flow

velocities between different soil types could be identified (neither in our study nor across all previous studies). Instead, all soil

types showed a similarly large range of velocities (10°— 10° cm day*). Furthermore, one can see orders of magnitude difference

in vmax between different events but not among the landscape units. A clear reduction of maximum pore water velocity with

decreasing @ (dry soils) as predicted by conventional unsaturated hydraulic conductivity relationships (e.g. van Genuchten,

1980) was not observed

4.4 Temporal controls of PF

We found that both, a low initial soil moisture (6ini) and a high maximum rainfall intensity (Pmax) affect the occurrence of PF.

This results in a higher occurrence of PF during summer time. Increased PF (NSR, Vmax) during low 8 is in contrast to the

classical assumption of PF, which should be initiated more often under wet initial conditions with a lower infiltrability.

Furthermore, the mismatch of measured PF occurrence (NSR, fast vmax) compared to the prediction based on Pmax exceeding

Kmat_indicates that initiation processes such as hydrophobicity/water repellency, local microtopographic depressions or

channeling of water by vegetation could be the reason of the frequent occurrence of PF (Blume et al., 2008; Doerr et al., 2000;

Schwarzel et al., 2012; Weiler and Naef, 2003). Locally, these processes can lead to higher water contents and thereby

pressures at the soil surface close to atmospheric pressure which in turn trigger PF. The higher probability of NSR under dryer

conditions and with higher P_intensities was also found by Wiekenkamp et al. (2016), Hardie et al. (2013) and Liu and Lin

(2015). Also Hardie et al. (2011) found faster flow velocities under dry conditions, which they concluded, was due to

hydrophobicity and resulting finger flow and Blume et al. (2009) found response time of soil moisture and thereby flow

velocity to be much faster during summer time. However, Buttle and Turcotte (1999) did not find a relationship of PF and

initial soil water content, but on throughfall intensity.

Due to the strong seasonal variation with a maximum in summer and early autumn (Fig. 7 and 12), the most probable

explanation is the influence of water repellency that has frequently been observed on natural surfaces in summer (Doerr et al.,

2006; Tdumer et al., 2006). Water repellency hinders infiltration and ensures a pressure buildup at the soil surface until pressure

reaches a positive water entry potential (Bauters et al., 2000). Gimbel et al. (2016) observed that their clayey and loamy plots

developed strong water repellency during a simulated drought field experiment with a 40-year return period and that infiltration
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patterns changed from homogeneous to preferential flow. Also sandy soils were found to be strongly affected by water

repellency (e.g. Ritsema et al., 1997). Wessolek et al. (2008) found from a one year TDR measurements on a pine stand that

PF is minor from February to April since the soil was not water repellent. They found a maximum of PF from May to September

which matches in general with our observations, just that our observed maximum starts and ends approximately one month

later. Furthermore, Tdumer et al. (2006) observed a similar seasonal pattern over a 3-year period with a maximum of PF in

summer and early autumn and also Rye and Smettem (2015) observed a similar seasonality in Australia. That during these dry

and water repellent conditions the P intensity is highest further supports the initialization of PF. In general higher P intensities

can lead to water pressures at the soil surface close to the water entry potential (Gjettermann et al., 1997; Jarvis, 2007; Weiler

and Naef, 2003).

4.5 Spatial controls of PF

Clay content

Examining the temporal effects of Oini and Pmax between the landscape units in detail, PF dynamics were not the same

throughout all landscape units in our study. Especially clayey soils seems to be strongly influenced by low i, and clay content

enhance NSR occurrence and Vmax. Many studies showed that the clay content increases macroporosity under dry conditions

through shrinkage and the subsequent cracking of the soil (e.g. Li and Zhang, 2011; Novak, 1999; Stewart et al., 2016a). Das

Gupta et al. (2006) measured high infiltration capacity for the macropore domain of clay soils using a tension infiltrometer.

The higher macroporosity of the clay soil can then further enhance the occurrence of PF, initialized by higher Pmax and

hydrophobic condition in summer as observed by (dye) tracers, infiltration and soil moisture measurements (Dekker and

Ritsema, 1996; Hardie et al., 2011; Jarvis et al., 2008), Liu and Lin (2015) found clay content to be an important predictor of

NSR in the Shale Hills catchment and we also measured higher NSR in clayey landscape units (slate, marl). Furthermore, we

found high maximum pore water velocities in the clay rich subsoil of the marl sites. High vmax in the marl topsoil (lower clay

content) is probably more attributed to the high abundance of biopores observed in the topsoil of this region. The high flow

velocities in the subsoil are in accordance to other studies that showed fastest velocities due to structure development in

unsaturated clay soils (Baram et al., 2012; Hardie et al., 2011; Tiktak et al., 2012). Probably ponding of water on top of the

clay layer and subsurface initiation of macropore flow could be a reason of higher flow velocities in the subsoil (Weiler and

Naef, 2003). Such a process was observed in the field by Hardie et al. (2011). This demonstrates that in the unsaturated zone

close to the surface, clay should not be treated as a low conductivity but rather as a high conductivity material.

Land cover

The question arises why NSR is much more often observed in forests during summer compared to grassland and why Vmax is

higher in grassland. In general, forests tend to have highly connected macroporosity caused by roots (Alaoui et al., 2011;
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Gonzalez-Sosa et al., 2010; Lange et al., 2009). Furthermore, higher soil organic carbon content in forest can enhance aggregate

stability and hence interaggregate porosity in clayey soil (Lado et al., 2004; Six et al., 2002). However, the sole presence of a

higher macroporosity in forests does not explain the higher NSR occurrence. That higher macroporosity results in more NSR

could also be caused by more laterally directed pathways in forests created by roots as observed by Bachmair et al. (2009).

5  Funneling of rainfall by stemflow (not measured in this study) may support this mechanism (Schwarzel et al., 2012). Hewever;

summer could be an indication of a seasonally changing macroporosity due to high temporal variation of biopores created by

the soil fauna (e.g. earthworms), as observed in our study region (Schneider et al., 2016). Since-the-amount-of-bioperes-was
10 found-to-decrease-with-depthBiopores such as earthworm burrows were frequently found to enhance vertical PF {Reck-etak;
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ean-onty-parthy-capture-the-variability-of complex-landseapes-Our results demonstrate that infiltration is strongly controlled by

PF phenomena. As expected a higher maximum rainfall intensity increases the occurrence of PF, but different from common

theory a higher soil moisture decreases the PF occurrence. However, the here studied landscape units show a high spatial

heterogeneity and high temporal variation with different PF processes involved, such as more fast PF in grasslands and more

30 non-uniform flow (NSR) in forest. Clay-rich soils showed to increase both, non-uniform PF (NSR) and fast PF (high Vimax). By

systematically comparing the dynamics of different landscape units we were able to identify that beside the amount of
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connected macropores such as cracks (influenced by a high clay content and low soil moisture) or biotic macropores (roots

channels, earthworm borrows), PF strongly depends on initiation processes (water repellency, rain intensity). This leads to a

strong seasonal dynamics with more non-uniform flow and highest flow velocities in summer and early autumn due to dry

soils, high rainfall intensities and hydrophobic soil surfaces. Furthermore, the amounts of transported water are higher during

non-uniform flow. This can have a potential impact solute transport during summer months and should be considered in water

management.

We could show that soil texture is not the main driver of water flow velocity during infiltration in the vadose zone as we

typically assume. We suggest to include dynamic flow, dynamic initialization processes and varying macroporosity into

physically based hydrological models rather than static hydraulic conductivities derived from soil cores or soil maps. Therefore

it need

I, £ Ly d Harina DE in Ahvaor
§-8h )

§-apP
landseapes—That-includes easily transferable relationships or pedotransfer functions, which can help to find structure-related

PF parameters similar to retention parameters. _More effort is necessary to find or adapt already existing approaches of

measuring and monitoring PF in diverse landscapes. We further suggest implementing large-scale sensor networks under

different climatic settings, substrates, topographies, and land covers worldwide and to create standardized approaches for

analyzing soil moisture datasets. P

—Our approach can be

expanded by combining it with groundwater response time series and stable isotope methods to identify and understand flow

patterns in the vadose zone at the landscape scale.
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