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A B S T R A C T

Macropore flow is a ubiquitous hydrologic process that has not been well explained using traditional hydrologic
theories. In particular, macropore flow velocity (MFV) is poorly understood with respect to its typical ranges and
controlling factors. Here we conducted a meta-analysis based on an MFV dataset compiled from 243 measure-
ments documented in 76 journal articles. The dataset includes MFV values measured using different approaches
across the soil-core, field-profile, and trench scales. Our analyses show that MFV has a geometric mean of

× − −m s1.08 10 3 1, which is about 2~3 orders of magnitude larger than the corresponding values of saturated
hydraulic conductivity in the soil matrix. Using machine learning methods including classification and regres-
sion tree and random forests algorithms, we identified observation scale, travel distance, rainfall intensity and
macropore diameter as the most important factors that control MFV. MFV is much larger at the trench scale than
at the other two scales mainly due to abundant large macropores. Correlation analysis and multivariate re-
gression revealed that (1) MFV and rainfall intensity have significant positive correlation, which indicates that
MFV is a dynamic variable; and (2) MFV and macropore diameter also have strong positive correlation at the
trench scale, which indicates macropore size as a key controlling factor. Using macropore diameter and rainfall
intensity as explanatory factors, MFV can be well predicted (R2= 0.76) by a multivariate regression equation at
trench-scale, implying that rainfall intensity can be considered a proxy for the filling degree of macropores.
Furthermore, both the Poiseuille and Manning equations were found to overestimate the MFV values, suggesting
a parameter representing the connectivity of the macropore network is needed for providing reasonable esti-
mates of MFV using physically-based equations.

1. Introduction

Macropores are large soil voids with features that are distinct from
the soil matrix (Cey and Rudolph, 2009). They are ubiquitous in soils
and function as fast channels, bypassing the soil matrix and expediting
the movement of water and solutes below ground both vertically and
horizontally. Macropore flow (MF) has been identified as a significant
contributor to streamflow across diverse climate regions, from semi-
arid to humid and from tropical to cold regions (Koch et al., 2013; dos
Santos et al., 2016; Van Schaik et al., 2008; Zhu, 1997; Negishi et al.,

2007; Uchida et al., 2005; Jones, 2010). MF also has great influences on
infiltration, soil moisture distribution (Hardie et al., 2011; Hardie et al.,
2013) and groundwater table dynamics (Mirus and Nimmo, 2013).
Hence effectively representing MF in hydrologic models is important for
improving soil moisture and streamflow prediction and water man-
agement (Zehe et al., 2007; 2010; Beven and Germann, 2013; Weiler,
2017; Alaoui et al., 2018).

The most important variable to represent MF is the average velocity
of water traveling through the macropores, denoted as macropore flow
velocity (MFV), which is the rate of the macropore flux in macropores.
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MFV determines the strength and significance of MF in simulations of
subsurface flow and solute transport (Jarvis, 2007; Anderson et al.,
2009b). It is usually much larger than the travel velocity of water
through soil matrix, which is mostly estimated using saturated hy-
draulic conductivity (Ks) and hydraulic head gradient. MFV is primarily
a function of water storage in the macropores and the structure of
macropores (density of macropores in the soil, diameter of macropores,
macropore networks etc.). However, the structure of macropore co-
evolves with the soil structure (e.g., cracks and fissures), soil fauna and
plant roots, and other surface and subsurface properties (Beven and
Germann, 1982) so measuring or precisely describing the structure of
macropores has been challenging.

The MFV values have also been directly set in several studies instead
of deriving them with macropore structure or other information. The
simplest way to estimate MFV is to relate it to Ks by a ratio. For ex-
ample, Yu et al. (2014) suggested using MFV that is 100 times the value
of Ks to represent the MF process. Since MFV is always much larger than
Ks, Dusek et al. (2012) assumed MFV at a fixed value of 5000 cm d−1 for
measured Ks ranging from 1.3 to 567 cm d−1 at different soil horizons.
The Poiseuille equation and Manning equation have also been adopted
(Chen and Wagenet, 1992; Köhne et al., 2009) to provide a reference
value of MFV.

Although the aforementioned approaches have been shown to pro-
vide reasonable estimates of MFV, there is no general guidance on
appropriate values to be used across basins of different characteristics.
Hence estimating MFV through experiments is often preferred. Artificial
tracer is the most popular approach applied to empirically quantify
MFV. At soil-core scale, Luo et al. (2008) measured MFV by applying
tracer and computed the velocity as a function of travel time and ver-
tical distance. At field-profile scale, Cey and Rudolph (2009) used dye
tracer to track the occurrence of film and rivulet flow along vertical
macropores and obtained flow velocity. Soil-core scale measurements
often ignore the effect of large-scale heterogeneities because the
structure and the connectivity of macropore network cannot be re-
presented at such a scale. Experiments at the hillslope scale, on the
other hand, can better represent the large-scale heterogeneity and
produce more reasonable MFV estimates. Anderson et al. (2009a and
2009b) quantified hillslope-scale MFV by excavating a trench and ap-
plying steady artificial rainfall with NaCl added at the upper hillslope as
a tracer. Cheng et al. (2009) estimated MFV by using hydrographs from
individual macropores at an excavated trench profile. However, such
experiments are time-consuming and labor-intensive. A feasible alter-
native is to establish relationships between MFV and its controlling
factors (e.g., soil properties, land use, water supply conditions) to en-
able estimation of MFV a priori from existing information.

Several studies have been conducted to explore the main controlling
factors of MFV. Anderson et al. (2009b) found that MFV is most closely
related to the 1-h rainfall intensity and slope length. Mosley (1982)
indicated that MFV varies as a function of antecedent moisture condi-
tions and the relative importance of various pathways at a given site,
which are in turn functions of macropore network and soil properties.
Uchida et al. (2001) concluded that MFV depends on macropore dia-
meter and its value is generally larger in peaty soil than in forest soil.
These studies have been conducted at single or multiple hillslopes;
there are also studies that considered a wider range of sites and con-
trols. For example, Jarvis et al. (2009) suggested that soil susceptibility
to MF could be predicted from easily available soil properties and site
factors. Koestel et al. (2012) collected 733 breakthrough curves from
the literature and found that moderate-to-strong MF occurs only for
undisturbed soils that contain more than 8% clay. Similarly, Koestel
and Jorda (2014) demonstrated that soil susceptibility to MF under
steady state conditions is predictable from proxy variables to a large
extent, such as the clay content, ratio between clay content and organic
carbon, and lateral observation scale. Jarvis et al. (2013) defined the
largest macropore hydraulic conductivity (Ks(ma)) for large soil pores
(diameter > 0.3mm) and found that its value is related to soil texture

and soil bulk density. Although the magnitudes of both MF and Ks(ma)

are related to MFV, they cannot reflect the true flow velocity along the
macropore network. Despite these studies, there is no consensus on the
most appropriate physical or empirical equations to be used for the
estimate MFV values, and comprehensive studies on the identification
of the general controls on MFV across diverse hillslopes and scales are
still in need. Weiler (2017) called for community efforts to combine
existing datasets to allow inter-comparison studies as it has been suc-
cessfully performed in many other scientific fields. A meta-analysis
approach (e.g., Mutema et al., 2015) may be an effective way to address
this need.

This study presents a meta-analysis conducted to compile a dataset
from the published literature that reported measured MFVs from em-
pirical experiments and a series of relevant controlling factors. The
dataset was then analyzed with multiple methods. Machine learning
algorithms including classification and regression tree and random
forests were employed to identify the main controlling factors of MFV.
Correlation analysis and multivariate regression were used to determine
empirical relationships between MFV and its main controlling factors.
Our objective is three-fold: (1) to establish general ranges and typical
values of MFV at different scales, (2) to identify the dominant factors
controlling MFV, and (3) to provide guidance for estimating MFV in the
field, especially at hillslope scale.

2. Data and methods

2.1. Compiling the dataset

In this study, MFV is defined as the velocity of water traveling
through macropores. Measurements of MFV values were collected from
the published literature through Google Scholar search. The criteria for
including a publication are: (1) the MFV values are obtained from ex-
periments, (2) the experiments are conducted in undisturbed soils, (3)
the occurrence of macropore flow is obvious, (4) sufficient information
about the experiments and sites is provided, (5) the MFV values are
either directly presented in the work or can be indirectly estimated by
using the provided information, and (6) the approaches used to esti-
mate MFV belongs to a screened group in order to ensure a common
ground where a comparison among MFV values differently derived can
be made. On the basis of these criteria, a dataset consisting of 243 in-
dividual data points compiled from 76 published studies was realized.
Among the various experimental approaches for MF, only five explicitly
provide the MFV values, which are briefly described below.

2.1.1. Artificial tracer
Artificial tracer is the most common and effective approach to de-

termine MFV at different scales. The velocity of macropore flow (V) can
be obtained by fitting the measured breakthrough curves using the
convection-dispersion equation or by dividing the travel distance by
travel time. There are two kinds of travel time (T) usually used to
calculate MFV, i.e., peak travel time and first arrival travel time.
According to the analytical solution of the convection-dispersion
equation for solute transport (Jury et al., 1991), the peak travel time is
more suitable for calculating the mean MFV and is preferred in our
analysis. If the peak travel time is absent, MFV derived from the first
arrival travel time is selected. Most MFV values adopted here are ob-
tained using peak travel time and breakthrough curve fitting.

2.1.2. Non-sequential soil moisture response
Generally, during a rainfall period a wetting front moves gradually

from the top to the bottom in a homogeneous soil profile. The soil
moisture content in the upper part of the soil responds faster than that
in the lower part. Thus, the soil moisture content increases sequentially
from the upper part to the lower part. With macropore flow, the se-
quential response of soil moisture content with depth can be violated.
Lin and Zhou (2008) defined preferential flow operationally as an
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increase in soil water content out of sequence with respect to soil depth.
With this consideration, we collected velocity values calculated under
the no-sequence soil water moisture response condition. In this ap-
proach, MFV values are also calculated by dividing the travel distance
by the response time.

2.1.3. Hydraulic conductivity and macroporosity
Macropores are usually identified as pores of equivalent cylindrical

diameter larger than 0.3∼ 1mm (Luxmoore, 1981; Jarvis, 2007),
which is corresponding to capillary potential (φ) of hPa3~10 . Flow
velocity in macropores can be estimated by combining the information
of macroporosity (ε) and amount of water flowing through them. Once
the flow flux (qs) under saturated condition and near saturation hy-
draulic conductivity (K φ( )) with capillary potential ( =φ hPa3~10 ) are
obtained, the contribution of macropore to qs can be calculated as

−q K φ( )s . Considering the portion of water moving through macro-
pores, the mean velocity of flow through the macropore can be given as

= −V q K φ ε[ ( )]/s (1)

ε can be estimated by the difference between water content at =φ 0
and =φ hPa3~10 or directly measured by X-ray Computed
Tomography.

2.1.4. Individual macropore discharge
Macropore flow rate can be directly measured at an excavated

trench or road-cut cross-section. The corresponding MFV can be esti-
mated by dividing the macropore discharge (Qmac) by macropore cross-
sectional area (Amac). A series of observed Qmac can be obtained under
different conditions. We used the largest value of Qmac when calculating
MFV.

2.1.5. Rainfall-Runoff lag
When macropore flow is the dominant component in discharge in a

storm event, the lag time between hyetograph and hydrograph centroid
represents the mean transport time of macropore flow under wet con-
dition (Mosley, 1982). At small scales, the mean MFV value during a
storm event can be estimated by dividing the mean travel distance by
the centroid lag time of hyetograph and hydrograph.

Table 1 lists the number of publications and data points corre-
sponding to each approach described above. Furthermore, all the field
and laboratory experimental data are also classified according to the
experiment scales, i.e., trench (hillslope) scale, field-profile scale and
soil-core (soil-column) scale. The trench scale experiments were con-
ducted at hillslopes with travel distances ranging from several meters to
100m (17.8 m on average). At field-profile scale, the vertical infiltra-
tion process dominates, and the travel distance is around 0.82m. At the
soil-core scale, the experiments were undertaken either in the field or
the laboratory with travel distances less than 0.5m (0.18 m on
average). All publications used to compile the dataset are listed in the
appendix.

2.2. Methods of identifying controlling factors

We begin with ten local factors that are considered to potentially
control MFV, including boundary condition factors, experimental fac-
tors, and physical factors of the experiment sites. The boundary con-
dition factor is mainly represented by the artificial or natural rainfall
intensity during the experiments (here no distinction is made between
the two kinds of rainfall conditions). Experimental factors include the
observation scales (i.e., soil-core, field-profile, or trench), travel dis-
tance and experimental conditions (artificial rainfall, natural rainfall,
injection, or ponding). Regarding the experimental conditions, injection
means water is injected to a specific depth below the soil surface by
trench or drilled hole, and ponding means that the experiments are
conducted with water pressure greater than zero at the soil surface.
Physical factors include soil types (clayey, loamy, sandy, and silty soil),
land use (forest, grassland, and farmland), macropore diameter, mean
annual precipitation, Ks, and slope gradient. Soil types were reclassified
following Jarvis et al. (2009): (1) clay, sandy clay, silty clay, sandy clay
loam, clay loam, and silty clay loam were grouped as clayey soil, (2)
sand, loamy sand, and sandy loam were grouped as sandy soil, (3) silt
and silty loam were grouped as silty soil, and 4) loam was separately
listed as loamy soil. More detailed descriptions of each factor are pro-
vided in Table 2.

2.3. Methods of analysis

Three steps were used to analyze the relationships between MFV
and its controlling factors. In the first step, two machine learning
methods, classification and regression tree and random forests, were
used to identify the most dominant controlling factors of MFV. In the
second step, correlation analysis and multivariate linear regression
methods were used to reveal the correlations of the identified control-
ling factors and MFV. Lastly, empirical equations were derived to es-
timate MFV as a function of the identified controlling factors. These
steps are described in more detail below.

2.3.1. Classification and regression tree
Classification and regression tree (CART) is a non-parametric tech-

nique for sequential partitioning of a dataset composed of a response
variable and any number of potential predictor variables using di-
chotomous criteria (Breiman et al., 1984). Following Breiman (2001),
three steps were undertaken to build a regression tree. First, recursive
binary splitting was used to grow a large tree on the training data until
each terminal node has fewer than a given minimum number of ob-
servations. Then, a complexity parameter was used to prune the large
tree in order to obtain the sequence of the best subtrees. Finally, k-fold
cross-validation was used to test the accuracy of the generated regres-
sion tree and optimize the nodes or splitters of the tree. At each split,
the technique searches for the predictor variable that provides the most
effective binary separation of the range in the response variable
(Rothwell et al., 2008). In each group, values of the response variable
have to be as homogeneous as possible, aiming at minimizing the

Table 1
Statistics of the dataset established by data points and publication numbers from literature.

Measurement approach Soil-core scale Field-profile scale Trench scale Total

Data points Publications Data points Publications Data points Publications Data points Publications

Artificial tracer 24 5 28 15 92 26 144 46
No-sequence soil moisture response 10 1 10 4 0 0 20 5
Hydraulic conductivity and macroporosity 60 19 0 0 0 0 60 19
Macropore discharge 0 0 0 0 13 4 14 4
Rainfall-Runoff lag 0 0 1 1 5 2 6 3
Total 94 25 39 20 110 32 243 76*

* Comment: there is one publication containing both scale soil-core and trench scale data points.
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overall deviance.
The importance of the variables selected in CART was assessed by

the total reduction in the residual sum of squares (RSS) achieved by all
splitting nodes on that predictor variable after the regression tree is
generated (Prasad et al., 2006). They were also scaled to sum to 100%
and any variable with contribution less than 1% was considered in-
significant.

2.3.2. Random forests
Random forests (RF) is an ensemble of un-pruned regression trees

that are grown on bootstrap samples (Koestel and Jorda, 2014). When a
bootstrap resample is drawn, 1/3 of the data were excluded from the
sample, while the remaining data were replicated to bring the sample
back to the full size. The portion of the data drawn into the sample in a
replication is known as the ‘‘in-bag’’ data (2/3 of the data), whereas the
portion not drawn is the ‘‘out-of-bag’’ data (1/3 of the data). The latter
were not used to build or prune any tree but provide better estimates of
node error and other generalization errors for bagged predictors. When
building each tree, the number of predictors (np) used to find the best
split at each node was a randomly chosen subset of the total number of
predictors (m). ≈n mp was used as recommended by James et al.
(2013).

We used two measures of variable importance. The first one is the
increase in mean squared error (MSE) if one predictor variable is re-
moved, which is the increase of prediction accuracy for the out-of-bag
data as a result of the predictor variable being permuted. The MSEs
were then averaged over all the trees and normalized by the standard
error. The second measure, increase node purity (the reduction in after
split), is similar to that for CART and was computed based on the data
used to grow the trees. The difference from the measure for CART is
that the value of increase in node purity for RF is averaged from all the
trees and the value is not scaled to 100%.

As ensemble learning methods, CART and RF allow us to analyze

both categorical data and continuous data simultaneously and have
alternative ways to deal with missing data. In contrast to RF, CART is
not so sensitive to missing data. It can produce reasonable results with
high explained variance even without padding missing data. However,
CART is less robust, since a small change in the data can cause a large
change in the estimated final tree (James et al., 2013). The performance
can be substantially improved by RF aggregating of thousands of de-
cision trees. Thus, CART and RF are complementary in their unique
strengths and weaknesses, and the results generated from the two
models can be used for cross-validation.

2.3.3. Correlation and regression analysis
CART and RF were used to identify the main controlling factors for

MFV. However, the exact relationships between MFV and the control-
ling factors are not determined by the methods because CART and RF
are non-parametric methods. The correlation analysis method was used
to analyze the individual relationships between MFV and each of the
controlling factors. Once the controlling factors were narrowed down to
those with statistically significant relationships with MFV, stepwise
regression was applied to further select the controlling factors as the
predictive variables of MFV in the format of empirical formula. Adding
or removing predictive variables was based on a statistical test (t-test)
at significance levels of 0.05 and 0.1, respectively. For the t-test, the
values of MFV were assumed to follow a normal distribution after a
logarithmic transformation.

3. Results

3.1. Statistics of MFV

Across all measurements at three spatial scales, MFV is found in the
range of × ×− − −m s2.22 10 ~1.83 105 1 1. Considering the range of MFV
over four orders of magnitude, the geometric mean is used to express

Table 2
Overview of the considered predictors of MFV.

Predictor type Abbreviation Unit Numbers Description

Observation scale Scale – 243 Soil-core; Field-profile; Trench
Experimental condition Condition – 243 Artificial rainfall; Nature rainfall; injection; Ponding
Soil type Soil – 204 Sandy (Sd); Silty (St); Loamy (Lm); Clayey (Cl)
Land use Land – 242 Forest; Grassland; Farmland
Travel distance L cm 243
Macropore diameter D mm 74
Rainfall intensity I mmh−1 95
Mean annual precipitation P mma−1 140
Saturated hydraulic conductivity Ks m s−1 221
Slope gradient S – 110 Only available at trench scale

Fig. 1. Typical values and ranges of measured macropore flow velocity (MFV) (a) for all data points and (b) data points at different observation scales.
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the mean value of MFV (Nimmo, 2007), which is × − −m s1.08 10 3 1

(Fig. 1). On average, the largest MFV values occur at the trench scale
and the smallest at the field-profile scale. In terms of geometric mean,
the MFV value at the trench scale is 6.0 and 2.1 times larger than those
at the field-profile scale and soil-core scale respectively. Note that the
difference among the MFV values at the three scales is statistically
significant (p < 0.01, t-test).

The MFV differences across scales can be mostly attributed to the
differences in the structures of the macropores. First of all, the trench-
scale experiments were conducted on hillslopes where abundant mac-
ropores exist with large diameter generated by decayed or alive roots,
earth worms, and even subsurface erosion (Beven and Germann, 1982).
In the soil-core scale experiments, the probability of incorporating large
macropores into a core decreases with core sampling scale (Allaire
et al., 2009), which is around 20 cm in the studies examined, so there is
a low probability that the core contains obvious large macropores.
Secondly, geometric mean of MFV at soil-core scale is larger than that at
field-profile scale. This can be attributed to the connectivity of mac-
ropore network. In fact, as individual macropore length is small
(usually less than 25 cm (Sidle et al., 2001)), soil-core scale with smaller
travel distance (18 cm on average) corresponds to a better connected
macropore network and thus larger MFV compared to field-profile scale
with longer travel distance (82 cm on average). Thirdly, the measured
MFV values at the trench scale are largely dominated by lateral mac-
ropore flow, while those measured at the field-profile and soil-core
scales are dominated by vertical macropore flow. Cheng et al. (2017)
suggested that macropore diameters in the lateral direction are gen-
erally larger than those in the vertical direction.

Moreover, the MFV values derived from the MF measured from
single macropores are the largest across all data points, i.e., no less than

× −7 10 3 m/s (see the upper whisker of boxplot in Fig. 1(a)). This is
because measuring individual macropore discharge is only possible
when the macropore diameter is large enough to be measurable.

MFV values are not easy to be obtained and not extensively avail-
able. On the other hand, Ks values can be approximated based on soil
property data (such as sand, clay and silt fractions) which are ex-
tensively available. Therefore, if a ratio can be identified between MFV
and Ks, it will be convenient to estimate MFV a priori before calibrating
a catchment hydrologic model. Although the ratio of MFV and Ks varies
over 7 orders of magnitude for all data points, its 25th and 75th per-
centiles are within 2 orders of magnitude ranging from 29 to 2450
(Fig. 2). The geometric mean of the ratios for all data points is 339, and
for the three scales (trench, field-profile, soil-core), it is 3099, 132, and
49, respectively. This means MFV is about 2∼ 3 orders larger than the
corresponding values of saturated hydraulic conductivity. At the trench
scale, the ratio is much larger than those at the field-profile and soil-

core scales; this is reasonable since here Ks is assumed to be isotropic
whilst the trench-scale MFV values are more dominated by lateral MF
which tends to be faster than the vertical MF due to a more efficient
macropore network (Zehe et al., 2010).

3.2. Dominant controlling factors of MFV

3.2.1. Controlling factors identified by CART and RF
The regression tree for MFV generated from CART is shown in

Fig. 3. Here the complexity parameter is set as 0.025, i.e., each splitting
step must increase R2 by at least 0.025. The tree starts with whether the
observation scale is the trench scale or not. At the trench scale, mac-
ropore diameter is the first control on MFV. Larger macropore dia-
meters (D > 100mm) are associated with larger MFV. For the soil-core
and field-profile scales, these data points are split according to whether
the travel distance is greater than 19 cm. Short travel distance corre-
sponds to large MFV. The overall variance explained by the regression
tree is 57.1%.

According to the regression tree, the three most important variables
for explaining MFV are Scale, L, and D (Fig. 4(a)). The R2 value for the
training data increases with the numbers of splits. However, the max-
imum R2 (0.53) occurs at the third split for cross-validation with 10-fold
cross-validation used (Fig. 4(b)). This means that the first three splits
are sufficient to explain the variance of observed MFV by Scale, L, and
D. Generally, Scale is the first-order controlling factor for all data points.
L is the main controlling factor at soil-core and field-profile scales and D
is the dominant factor for MFV at trench scale.

For the RF model without padding the missing data, the explained
variance of random forests is very low and the increase in MSE can be
negative if missing data are not dealt with. Thus, it is necessary to re-
place missing data first. For continuous predictors, one option is the
weighted average of the non-missing observations, where the weights
are the proximities. There are alternatives. For many observations
conducted under ponding conditions with sufficient water supply at the
soil-core scale, the rate of water infiltration into the soil is equal to or
greater than Ks. Hence, it is reasonable to replace the missing values of
rainfall intensity by the value of Ks. The macropore diameter is usually
small at the soil-core and field-profile scales. If the replaced values of D
are larger than 5mm, they are set as the mean observed values at the
two scales (about 2.8 mm). After these replacements, the explained
variance is 63.4%.

Considering the measures of variable importance, increase in MSE
and increase in node purity, D, I and L are ranked as the top three most
important variables (Fig. 5). Compared to the results from CART, D and
L are both identified as important variables, while now I becomes im-
portant instead of Scale. The reason for this may be that, after padding,

Fig. 2. Ranges of the ratio of macropore flow velocity (MFV) and saturated hydraulic conductivity (Ks) (a) for all data points and (b) data points at different
observation scales.
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D at the trench scale is much larger than that at the field-profile and
soil-core scales while, after padding, I at the soil-core scale is also larger
than that at the trench and field-profile scales. Hence the large differ-
ence of D and I among the scales may dominate over the influence of
Scale as an important controlling factor.

3.2.2. Correlation analysis for controlling factors and MFV
Based on the results from CART and RF, Scale, L, D, and I are

identified as the dominant controlling factors on MFV. The effect of
Scale on MFV has been discussed in Section 3.1. Observed values of D
are mainly available at the trench scale but less so at the other two
scales. In this subsection we conduct a correlation analysis across all
scales to elucidate the explicit relationships between MFV and the other
two identified controlling factors (L and I). The effects of other factors
like soil texture and land use are also examined.

MFV and travel distance have significantly positive correlation
considering all data points (Fig. 6). However, this positive correlation
only holds at the field-profile scale. At the trench scale, MFV and L are
uncorrelated, whereas a significant negative correlation is detected at
the soil-core scale. Recall the regression tree analysis shown in Fig. 3,

there is a splitter with L=19 cm for the soil-core and field-profile
scales, where smaller L corresponds to larger MFV. This suggests a non-
linear relationship between L and MFV. If the data of the soil-core and
field-profile scales are pooled, MFV decreases with L when L is smaller
than 19 cm, but it tends to increase with L for larger values of L.

The non-linear relationship between L and MFV at soil-core and
field-profile scales may be attributed to the connectivity of the mac-
ropore network. At the soil-core scale, the length of individual macro-
pores is usually less than 25 cm (Sidle et al., 2001). The inverse re-
lationship between MFV and L (Fig. 6b) suggests that macropore
networks may be better connected at short travel distances, leading to
faster MFV. For example, the mean value of MFV calculated from
Bodhinayake and Si (2004) was × −1.26 10 5 m/s with relatively longer
travel distance (L=20 cm), while the MFV value calculated from Rawls
et al. (1993) was much larger ( = × −V 9.30 10 3 m/s) with shorter travel
distance (L=5∼ 6 cm). Considering the macroporosities from the
former experiments were about 27 times larger than the latter ones, it
indicates the macropore network with shorter travel distance has much
better connectivity. The inverse relationship between MFV and L is also
consistent with the findings of Koestel et al. (2012), who performed a

Fig. 3. Decision tree for MFV generated from CART. The ellipses are the leaves of the tree and contain the geometric mean values (unit: m/s) and the number of MFV
collected in each leaf. The rectangles contain the identified predictors. All branches leaving the rectangles from the left (right) correspond to outcomes when the
statement in the rectangle is TRUE (FALSE). For symbols see text.

Fig. 4. (a) Predictor variable importance determined from CART and (b) the coefficient of determination, R2, versus the number of splits for training and cross-
validation data. For symbols see text.
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meta-analysis using the normalized first 5% arrival-time of the break-
through curve as a proxy of macropore flow at the soil-core scale. At the
field-profile scale, much larger macropores can be present as travel
distance increases, which offset the negative effect of macropore net-
work connectivity. At the trench scale, field measurement results seem
to be more site-dependent, so the correlation between L and MFV is
weak (Anderson et al., 2009b; McGuire et al., 2007; Megahan and
Clayton, 1983; Wienhöfer et al., 2009). That is, the observed MFV may
be more dependent on whether the experimental site features any
highly connected preferential flow network (Anderson et al. 2009b), so
the travel distance may not reflect the connectivity of the macropore
network or macropore diameter at trench scale. The positive correlation
found when all data points are analyzed may result from the larger MFV
values at the trench scale as water travels longer distances compared to
the field-profile and soil-core scales.

Rainfall intensity I represents the boundary condition of the ex-
periments. MFV has a significantly positive correlation with I for all
data points and at all three scales (Fig. 7), indicating that MFV is a
dynamic variable instead of a static property of specific sites. As I in-
creases, more water enters into and flows through the macropores and
this tends to increase the hydraulic connectivity within the macropore

network (Sidle et al., 2000). As a result, it reduces the impacts of fric-
tion from the macropore surface on the flow, leading to increased MFV.
The positive correlation is also confirmed by site-based experiments
(Anderson et al., 2009b; Hincapié and Germann, 2009) and other meta-
analyses of preferential flow velocity at the soil-core scale (Koestel
et al., 2012).

Regarding the influence of land use, three major types of landuse
are considered: forested sites, grasslands and farmlands. The geometric
mean value of MFV from forested sites is slightly larger than that from
grasslands, and obviously larger than that from farmlands (Fig. 8(a)).
The difference of MFV among land use types is statistically significant
(p<0.01, t-test). This observation is consistent with previous studies
according to which (1) the diameters of macropores are generally larger
in forested areas than grasslands due to more active root dynamics and
earthworm activities (Alaoui et al., 2011); (2) agriculture cultivation in
farmlands tends to destroy the macropore and reduce the connectivity
of macropore in the top soils (Lindahl et al., 2009). Regarding the im-
pacts of soil texture, no significant difference was identified in general
(p>0.05, t-test). Although the median MFV values are somewhat dif-
ferent among different soil textures, the ranges of MFV are similar for
different soil textures (Fig. 8(b)).

Fig. 5. (a) Mean increase in MSE (Mean Square Error) and (b) mean increase in node purity of predictor variables from the random forests model. For symbols see
text.

Fig. 6. Relationships between MFV and travel distance (L) for (a) all data points, and data points at (b) soil-core scale, (c) field-profile scale, and (d) trench scale.
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3.3. Estimating MFV with multi-variate regression

Since trench-scale MFV measurements are more relevant to pro-
cesses at hillslope-to-catchment scales, we further analyze the trench-
scale results to develop empirical relationships that may be useful for
hydrologic modeling of hillslopes and catchments.

3.3.1. New empirical formula to estimate MFV
In CART and RF, D, as an indicator of macropore morphology, has

been identified as a dominant control at the trench scale (Fig. 3). D is
used as a criterion to divide the data into two groups, to which corre-
lation and regression analyses are applied to analyze the relationship
between site factors and MFV.

The splitting value of D derived from CART is only helpful for
analysis of data with measured D, because the partition at trench scale
(Fig. 3) does not account for missing data that make up 46% of the data
points at the trench scale. Thus, the splitting value generated from
CART is not adopted here. Instead, data points with >D mm10 are
classified as large macropore group (55 data points), and data with

<D mm10 or data with no information on the size of macropore
diameter are classified as small macropore group (55 data points). The
MFV values of larger macropore are 6 times larger than those of small
macropore (Fig. 9), and this difference is statistically significant (p-
value<0.01, t-test).

For the large macropore group, MFV shows significantly positive
correlations with I and D (Fig. 10). Larger I and D correspond to faster
MFV. The significantly negative correlation between slope gradient (S)
and MFV, however, seems counterintuitive. The negative correlation

results from a significantly negative correlation between S and D. The
partial correlation between MFV and S is positive ( = =r p0.32, 0.23)
after removing D. Other factors like the travel distance L or mean an-
nual precipitation P are not significantly correlated with MFV. Based on
the above discussion, the MFV values in the large macropore group can
be well predicted by a multivariate regression formula (Fig. 11(a)), with
rainfall intensity and macropore diameter as the major explanatory

Fig. 7. Relationships between MFV and rainfall intensity (I) for (a) all data points, data points at (b) soil-core scale, (c) field-profile scale, and (d) trench scale.

Fig. 8. The effects of (a) land use and (b) soil texture on MFV.

Fig. 9. The effect of macropore diameter for the large macropore group (dia-
meter < 10mm) and small macropore group (diameter < 10mm or without
information on macropore size) on MFV at the trench scale.
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factors. Rainfall intensity can be regarded as a proxy of the filling de-
gree of macropore. Larger rainfall intensity indicates a greater filling
degree of macropores. This regression formula indicates that MFV is
mostly determined (R2= 0.76) by the rainfall property (rainfall in-
tensity, I), and the intrinsic macropore morphology (macropore dia-
meter, D):

= ⎛
⎝

⎞
⎠

V D I0.0184
4

1.02
1.27

(2)

One may notice there are indeed more data points in Fig. 11b than
those in Fig. 11a. It is because the multiple regression in Fig. 11a re-
quires the experiments contain information of both rainfall intensity
and macropore diameter, while data points in Fig. 11b only need in-
formation on macropore diameter.

3.3.2. Comparison with existing equations of MFV estimation
In literature, there are theoretical equations, i.e. Poiseuille equation

and Manning equation, usually used to estimate MFV primarily.
Comparing the regression formula derived from field measurements
with these existing equations could provide some insight into the pos-
sible limitations of these theoretical equations and the implications of
other potential controlling factors.

The Poiseuille equation, with the hypothesis that the MF flow re-
gime is dominated by laminar flow (Šimůnek et al., 2003), is one of the
most popular equations. It can be expressed as

=V D g
ν

S
32 f

2

(3)

where ν is the kinematic viscosity that is equal to × − m s1.0 10 ( / )6 2 at
20 °C, g is gravity acceleration and Sf is hydraulic gradient. Based on
the Poiseuille equation, the estimated MFV values can be several orders
of magnitude larger than those presented in Section 3.1. For example,
when the macropore diameter equals to 2mm, the estimated MFV for a
vertical profile can be as large as m s1 / , which is 3 orders of magnitude
larger than the geometric mean value of the measured MFV. This order
of magnitude difference between the Poiseuille equation and MFV
measurements suggest that laminar flow may not be a good assumption
for MF in the experiment sites.

The Manning equation, assuming that the MF flow regime is
dominated by turbulent flow, is another frequently used equation. The
equation is expressed as:

=V
n

R S1
f

H f
2/3 1/2

(4)

where nf is roughness coefficient ranging from 0.016 to 0.14 for soil
material surface (Chow, 1959). According to the Manning equation,
MFV decreases with nf . The Manning equation also tends to over-
estimate MFV even by setting nf as upper limit 0.14. As the inner wall
surface of macropores may exert more friction force to water than the
upper soil surface (Chen and Wagenet, 1992), we calibrated the nf
value here to achieve the best predicting power. The resulted nf value is
7.0 (Fig. 11(b)), much higher than the typically recommended range for
soil surfaces. Even so, the coefficient of determination (R2) is only 0.16
(Fig. 11(b)), much lower than that from our regression formula.

Both theoretical equations for laminar flow (Poiseuille equation)

Fig. 10. The relationships of MFV with (a) macropore diameter (D), (b) rainfall intensity (I), (c) slope gradient (S), (d) transport distance (L) and (e) mean annual
precipitation (P) at the trench scale for the large macropore group.

Fig. 11. Measured vs. predicted macropore flow velocity values (a) from multiple regression equation and (b) by Manning’s equation at the trench scale for the large
macropore group.
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and turbulent flow (Manning equation) could not provide a reasonable
estimation of MFV. There are two main reasons that may explain the
overestimation of MFV. The first reason is related to the filling degree of
macropores. Since macropores are buried beneath ground, the filling
degree of macropores is mostly unknown during the experimental
period. Fig. 7 shows that MFV is a dynamic variable depending on the
rainfall intensity, which controls the water content in macropores. It is
very likely that the macropores are only partially filled with water. In
the Manning equation (Eq. (4)) RH is estimated as D/4 which only holds
when the macropores are fully filled by water, which may rarely occur
in reality. In other words, RH is likely overestimated in the first place.
The calibrated value of nf is much higher than the typical range, im-
plying that the value is adjusted to compensate for the effects from
overestimation of RH . On the other hand, the effective roughness of the
macropore inner wall is generally much larger when the macropores are
partially filled than when they are fully filled.

Secondly, the connectivity of the macropore network is not reflected
in the Poiseuille and Manning equations, which are originally derived
for individual pipes or macropores. Individual macropores are small
and their length is usually under 25 cm (Sidle et al., 2001). A macropore
network is composed of a number of individual macropore pipes which
themselves are disconnected most of the time. The flow from one
macropore may have to penetrate the soil matrix before getting into
another adjacent macropore. In overcoming the obstruction of the soil
matrix, much energy is dissipated, and the flow velocity is reduced.
Wienhöfer et al. (2009) noted that the spatial arrangement and internal
connectivity of the preferential network constitute the first-order con-
trols on the hydrological response of hillslopes. Besides, the con-
nectivity of the macropore network is dynamic (Guo et al., 2014). As
the soil is wetted, more macropores are activated and the connectivity
of the macropore network increases. As water tends to follow the least
resistant flow path (Sidle et al., 2001; Weiler and McDonnell, 2007), the
resistance of the macropore network is also a function of soil moisture
content and water supply.

These analyses suggest that including the effects of the filling degree
of macropore and the roughness of macropore network is of great im-
portance in estimating MFV. Here we suggest that rainfall intensity can
act as a proxy for the filling degree of macropore (Fig. 11(a)). A para-
meter reflecting the connectivity of the macropore network is also ne-
cessary to be introduced to equations for estimate MFV in soils.

4. Discussion and conclusion

4.1. Discussion

4.1.1. Comparison to MFV statistics from other studies
The statistics of MFV have been summarized in a few studies.

Nimmo (2007) collected 64 field tests of preferential flow at the field-
profile scale and found that the maximum transport velocity has a
geometric mean of × −1.5 10 4 m s/ , which is much smaller than the
geometric mean value for all data points found in this study, and twice
as small as the geometric value at the field-profile scale in this study
(see Section 3.1). One possible reason is that Nimmo (2007) considered
both MFV in soils and rocks and generally MF is slower in rocks. What’s
more, Nimmo (2007) focused on preferential flow, which includes both
macropore flow and other flow types, i.e. finger flow and funnel flow.
Uchida et al. (2001) summarized the observed velocities in soil pipes
from nine studies which were on the order of × ×− −5.4 10 ~8 103 1 m s/ ,
i.e., at the upper end of the MFV values at the trench scale, which is
reasonable since the macropore diameters involved in the studies cited
by Uchida et al. (2001) are relatively large. In our study, we used a
much larger dataset that contains 243 experimental data points, so the
typical values and general range of MFV provided here are more re-
presentative for soils.

4.1.2. Comparison to controlling factors of MFV identified in other studies
In our study, observation scale, travel distance, rainfall intensity,

and macropore diameter are identified as the most important factors
that control MFV. Compared to other studies using data from experi-
ments at the soil-core scale or field-profile scale only, our study covers
three scales, which allows observation scale and travel distance to be
identified as major controls.

As a macropore morphological factor, macropore diameter is in-
cluded and has been identified as a key factor in determining MFV,
especially at the trench scale. Several studies have emphasized the
importance of macropore diameter in determining MFV. Smettem and
Collisgeorge (1985) showed that MFV has a power-law relationship
with pore diameter in the range of 2~6mm at soil-core scale. Uchida
et al. (2001) also showed a power-law relationship using observations
at the trench scale. The Poiseuille and Manning equations for pipeflow
have been applied to represent flow velocity in macropores (Chen and
Wagenet, 1992) and macropore diameter is a key factor in both equa-
tions. Thus, it is reasonable that macropore diameter has been identi-
fied as a dominant control.

Rainfall intensity has also been recognized as a proxy of the filling
degree of macropores. For example, Anderson et al. (2009b) found that
MFV is dependent on the 1-h rainfall intensity and Germann and Beven
(1985) modelled MFV as a function of water content in macropore.
Further, Germann et al. (2007) derived an equation to calculate MFV
based on the Stokes flow theory by treating MFV as a function of film
thickness, which is mainly determined by rainfall intensity.

As to the connectivity of the macropore network, several studies
have mentioned its importance to determine MFV (Sidle et al., 2001;
Weiler and McDonnell, 2007; Wienhöfer et al., 2009), but no equations
describing MFV have accounted for such effect to our knowledge. In
order to do this, the connectivity of the macropore network and its
influence on MFV must be well represented. Despite difficulties, some
efforts have been undertaken to address this problem. At the soil-core
scale, a macropore network can be visualized by X-ray computed to-
mography and the properties of connectivity can be estimated (Naveed
et al., 2016). At the field-profile scale, Weiler and Naef (2003) used dye
tracer to examine the interaction between the soil matrix and the
macropore network, which reflects the connectivity of macropore net-
work. At the trench scale, some studies were also conducted to quantify
the macropore network accompanying hillslope excavation (Anderson
et al., 2009a). This approach is rather expensive, but more importantly,
it cannot directly measure the continuity of the macropore network.
Recently, Guo et al. (2014) proposed a new practical and non-
destructive approach to map the subsurface lateral preferential flow
network by ground-penetrating radar. Although the spatial distribution
of the macropore network is complex and its activation depends on
water moisture conditions, the activated macropore network becomes
self-organized as soil moisture increases (Sidle et al., 2000) and it de-
velops based on the path of lowest resistance (Weiler and McDonnell,
2007). Thus, the skeletal macropore network derived from ground-pe-
netrating radar may plausibly capture the connectivity and resistance of
the macropore network, and ultimately inform parameterizations of MF
in hydrological models.

4.1.3. Controlling factors of other MF attributes
MFV is a key attribute of MF but it is only meaningful when MF does

occur. Several studies have looked at other attributes of MF, such as the
strength of MF (quantified by different indicators, the relative 5%-ar-
rival time of inert tracer (Koestel and Jorda, 2014)) and the occurrence
of MF. These attributes need to be considered simultaneously when
modeling MF process. It is meaningful to synthetically compare the
similarity and dissimilarity of controlling factors between MFV and
other MF attributions.

Overall, the strength of MF is mainly related to soil texture and the
occurrence of MF is largely controlled by the boundary conditions, i.e.
rainfall properties. Considering the strength of MF, several studies
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showed that clay content is a key controlling factor, i.e., larger clay
content tends to produce larger degree of MF (Jarvis et al., 2009;
Koestel et al., 2012; Koestel and Jorda, 2014). Other controlling factors
were also investigated previously. For example, Koestel et al. (2012)
found that the degree of preferential flow decreases with travel dis-
tance; Koestel and Jorda (2014) suggested that information on the
water saturation state is important for better prediction of MF.

As to the occurrence of MF, rainfall properties are usually con-
sidered as essential controlling factors. Liu and Lin (2015) found that
MF tends to occur more frequently in response to intense rainfall
events. Peng et al. (2016) showed that rainfall amount is the prominent
control on the occurrence of MF. Wiekenkamp et al. (2016) indicated
that MF is triggered by both amount and intensity of rainfall. Heppell
et al. (2002) categorized rainfall-induced MF into intensity-driven and
duration-driven types. Lastly, antecedent soil moisture and topography
also have noticeable impacts on the occurrence of MF.

4.1.4. Implications for further research
Generally, the factors affecting MF can be grouped into macroscopic

and microscopic factors. Land use, soil texture, observation scale, travel
length, climate (precipitation), and rainfall intensity are macroscopic
factors, while macropore diameter, macroporosity, macropore con-
tinuity, and macropore network connectivity are microscopic factors.
Theoretically, MFV could be directly determined by the microscopic
factors when the water supply conditions are known. The macroscopic
factors reflect or control the microscopic characteristics in an indirect
way. This statement also applies to the strength of MF, which is mainly
determined by the density and macroporosity of MF (Jarvis et al.,
2009). The clay content related to the generation of cracks and fissures
reflects some of the microscopic factors. Thus, finding appropriate
macroscopic factors reflecting microscopic properties controlling MFV
is a potential way of estimating MFV.

Other factors such as antecedent soil moisture (Nimmo, 2012) may
also be necessary for inclusion in future studies. Higher soil moisture
will facilitate the movement of water from the soil matrix to the mac-
ropore and lessen the resistance of the macropore network (Sidle et al.,
2000), which will trigger rapid macropore flow response and fast ve-
locity at a certain rainfall intensity.

4.2. Conclusions

According to our meta-analysis, the observed MFV values range
between × ×− − −m s2.22 10 ~1.83 105 1 1. The geometric mean is

× − −m s1.08 10 3 1, which is about 2~3 orders of magnitude larger than
the corresponding value of saturated hydraulic conductivity of the soil
matrix. MFV values and the ratios of MFV to Ks are significantly dif-
ferent across scales. MFV at the trench scale is 3∼ 10 times larger than

that MFV at the soil-core and field-profile scales. The ratio of MFV to Ks

at the trench scale is 23 and 62 times that at the soil-core and field-
profile scales, respectively.

Observation scale, travel distance, macropore diameter and rainfall
intensity are identified as major controlling factors for MFV by the
CART and RF analyses, with the total variance explained reaching
around 60%. However, neither soil texture nor land use shows sig-
nificant influence. Generally, MFV increases with travel distance con-
sidering all data points. A non-linear relationship exists between MFV
and travel distance because MFV decreases with travel distance at the
soil-core scale but correlation at the trench scale is nonsignificant. MFV
depends on rainfall intensity at all scales. At the same time, macropore
diameter is regarded as the first-order control at the trench scale, and
larger macropores tend to be associated with larger MFV values.
Combining information of macropore diameter and rainfall intensity,
MFV can be predicted by a multivariate regression equation with ac-
curacy (R2= 0.76) at the trench scale. In contrast, the Poiseuille or the
Manning equations do not predict MFV well, which suggests that it is
important to consider the degree of macropore saturation by a proxy
such as rainfall intensity. The results also point to the need of in-
troducing a parameter to represent the effect of macropore network
connectivity on MFV.

Although our findings are still preliminary, they suggest a potential
for better estimating MFV using local site factors. More experiments
combining measurements of saturated and unsaturated hydraulic con-
ductivity, MFV, and potential controlling factors at diverse scales are
needed to explore their relationships within and across scales.
Investigating the relationships between macroscopic factors and mi-
croscopic factors (e.g., macropore morphology and macropore network
connectivity) on MFV is also of great value to infer MFV by using
readily accessible site factors.
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Appendix

Table A. Sources and conditions of the dataset used in this study.

Study Data points Scale Method Land cover Location

Anderson et al. (2009a) 9 Trench Macropore discharge Forest Canada (British Columbia)
Anderson et al. (2009b) 16 Trench Tracer Forest Canada (British Columbia)
Beasley (1976) 1 Trench Rainfall-Runoff lag Forest USA (Mississippi)
Buttle et al. (2002) 2 Trench Tracer Forest Canada (Ontario)
Cheng et al. (2009) 1 Trench Macropore discharge Forest China (Hubei)
Feyen et al. (1999) 4 Trench Tracer Forest Switzerland
Graham et al. (2010) 18 Trench Tracer Forest New Zealand
Jackson et al. (2016) 2 Trench Tracer Forest USA (South Carolina)
Joerin et al. (2005) 2 Trench Tracer Forest Switzerland
Kienzler and Naef (2008) 4 Trench Tracer Grassland Switzerland
Kitahara (1993) 2 Trench Tracer Forest Japan (Hokkaido)
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Laine-Kaulio et al. (2014) 1 Trench Tracer Forest Finland
Lange et al. (2015) 1 Trench Tracer Forest Mongolia
McCaig (1983) 1 Trench Tracer Grassland UK (Yorks)
McDaniel et al. (2008) 1 Trench Tracer Grassland USA (Idaho)
McGuire et al. (2007) 2 Trench Tracer Forest USA (Oregon)
Megahan and Clayton (1983) 4 Trench Tracer Forest USA (Idaho)
Mehlhorn et al. (1998) 1 Trench Tracer Forest Germany
Mikovari et al. (1995) 4 Trench Tracer Forest Germany
Mosley (1979) 3 Trench Tracer Forest New Zealand
Mosley (1982) 4 Trench Rainfall-Runoff lag Forest New Zealand
Noguchi et al. (1999) 1 Trench Tracer Forest Japan
Nyberg et al. (1999) 3 Trench Tracer Forest Sweden
Retter et al. (2006) 2 Trench Tracer Grassland Switzerland
Schneider et al. (2014) 2 Trench Tracer Forest Switzerland
Tanaka et al. (1988) 1 Trench Tracer Forest Japan
Tromp-van Meerveld and McDonnell (2006) 2 Trench Tracer Forest USA (Georgia)
Tsuboyama et al. (1994) 2 Trench Macropore discharge Forest Janpan
Uchida et al. (1999) 1 Trench Macropore discharge Forest Japan
Weiler et al. (1998) 4 Trench Tracer Forest Switzerland
Weiler and McDonnell (2007) 1 Trench Tracer Forest New Zealand
Wienhöfer et al. (2009) 8 Trench Tracer Forest Austria
Angermann et al. (2017) 1 Field-profile No-sequence response Forest Luxembourg
Aubertin (1971) 4 Field-profile Tracer Forest USA (Ohio)
Cey and Rudolph (2009) 2 Field-profile Tracer Agriculture Canada (Ontario)
Cullum (2009) 1 Field-profile Tracer Agriculture USA (Mississippi)
Everts and Kanwar (1990) 2 Field-profile Tracer Agriculture USA (Iowa)
Frey et al. (2012) 1 Field-profile Tracer Agriculture Canada (Ontario)
Hallard and Armstrong (1992) 1 Field-profile Tracer Grassland UK
Hardie et al. (2011) 5 Field-profile No-sequence response Agriculture Australia
Hardie et al. (2013) 3 Field-profile No-sequence response Agriculture Australia
Jaynes et al. (2001) 1 Field-profile Tracer Agriculture USA (Iowa)
Klaus et al. (2014) 2 Field-profile Tracer Agriculture Germany
Kung et al. (2000a) 1 Field-profile Tracer Agriculture USA (Indiana)
Kung et al. (2000b) 4 Field-profile Tracer Agriculture USA (NY)
Laubel et al. (1999) 1 Field-profile Tracer Agriculture Denmark
Pilgrim et al. (1978) 1 Field-profile Rainfall-Runoff lag Grassland USA (California)
Peng et al. (2016) 1 Field-profile No-sequence response Forest China (Beijing)
Richards and Steenhuis (1988) 2 Field-profile Tracer Agriculture USA (New York)
Scaini et al. (2017) 3 Field-profile Tracer Forest Luxembourg
Villholth et al. (1998) 2 Field-profile Tracer Agriculture Denmark
Zehe and Flühler (2001) 1 Field-profile Tracer Agriculture Germany
Bodhinayake and Si (2004) 3 Soil-core HCM Grassland Canada (Saskatchewan)
Buczko et al. (2006) 2 Soil-core HCM Agriculture Germany
Casey et al. (1998) 1 Soil-core HCM Agriculture USA (Iowa)
Clothier and Smettem (1990) 2 Soil-core HCM Forest New zealand
Edwards et al. (1979) 1 Soil-core HCM Agriculture Germany
Frey and Rudolph (2011) 6 Soil-core HCM Agriculture Canada (Ontario)
Germann and Beven (1981) 2 Soil-core HCM Agriculture UK (Oxfordshire)
Hincapié and Germann (2009) 10 Soil-core No-sequence response Unknow Unknow
Jacobsen et al. (1997) 4 Soil-core Tracer Agriculture Denmark
Kim et al. (2010) 2 Soil-core HCM Agriculture USA (Missouri)
Kim et al. (2005) 1 Soil-core Tracer Forest USA
Li et al. (2013) 2 Soil-core HCM Grassland China (Inner Mongolia)
Luo et al. (2008) 2 Soil-core Tracer Agriculture USA (Pennsylvania)
Luo et al. (2010) 8 Soil-core HCM Agriculture USA (Pennsylvania)
Messing and Jarvis (1993) 1 Soil-core HCM Agriculture Sweden
Mohanty et al. (1997) 1 Soil-core HCM Agriculture USA (New Mexico)
Paradelo et al. (2016) 1 Soil-core HCM Agriculture Denmark
Rachman et al. (2004) 3 Soil-core HCM Grassland USA (Iowa)
Rawls et al. (1993) 14 Soil-core HCM Agriculture USA (Minnesota and Wisconsin)
Seyfried and Rao (1987) 5 Soil-core HCM Agriculture Costa Rica
Shaw et al. (2000) 13 Soil-core Tracer Agriculture USA (Geogia)
Smettem and Kirkby (1990) 1 Soil-core HCM Grassland Unknown
Udawatta and Anderson (2008) 3 Soil-core HCM Agriculture USA (Missouri)
Wienhöfer et al. (2009) 4 Soil-core Tracer Forest Austria (Vorarlberg Alps)
Zhang et al. (2014) 2 Soil-core HCM Agricultural China (Jiangxi)
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Comments: Tracer represents the approach of artificial tracer; HCM is the abbreviation for approach of hydraulic conductivity and macroporosity;
no-sequence response represents the approach of non-sequential soil moisture response.
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