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Abstract: Estimating canopy interception of water by plants during rainfall or sprinkler irrigation is
a critical step for evaluating water-use efficiency. Most existing experimental studies and mathematic
models of canopy interception have paid little attention to the interception losses of water by
herbaceous plants. To better understand the canopy interception processes of herbaceous plants and
to estimate the interception losses, a process-based dynamic interception model for alfalfa canopy
was developed and validated by an experiment under conditions of simulated sprinkler irrigation.
The parameters of the model included the maximum interception, the rate of interception of the
alfalfa canopy, and the duration of sprinkler irrigation. The model demonstrated that the amount
of interception increased rapidly with duration in the early stage of sprinkler irrigation, and then
gradually leveled off until the maximum retention capacity of the canopy was reached. The maximum
interception by the alfalfa canopy, ranging from 0.29 to 1.26 mm, increased nonlinearly with the
increase of leaf area index (LAI) and sprinkling intensity. The rate of interception increased with the
decrease of LAI and the increase of sprinkling intensities. Meanwhile, a nonlinear equation based
on sprinkling intensity and plant height was proposed in order to more practically estimate the
maximum interception by alfalfa canopy.
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1. Introduction

The area of planted alfalfa in China has increased rapidly since 2012 [1]. Currently, there are over
4 million hectares of alfalfa, mainly distributed in northwestern and northern parts of the country [2].
These regions dominate alfalfa production in China because of the availability of large-sized lands
with appropriate climatic and soil conditions. However, the major constraint to alfalfa growth in these
arid and semiarid regions is the shortage of natural rainfall. Irrigation is essential for the production
of alfalfa, and the center pivot is the most popular irrigation system [3,4]. A major concern about
overhead sprinkler irrigation (like center-pivot systems) is the loss of water. While some water is lost
due to wind drift and evaporation before reaching the plants and the soil [5,6], a significant amount of
water can be intercepted by the canopy and then lost through evaporation [7,8].

Hydrological processes that occur during overhead sprinkler irrigation are similar to those
during natural precipitation [9]. A portion of water reaches the ground directly through canopy gaps
without hitting the canopy surfaces as free throughfall, and another portion of water drips from leaves,
branches, and stems as released throughfall [10]. Some of the other water flowing down along branches
and stems is the stemflow [11]. The rest of the water is intercepted by leaves. Although a fraction of
the intercepted water can be absorbed by leaf tissues [12], the majority returns to the atmosphere by
evaporation [13] and becomes the interception loss, which cannot be used by plants [14,15]. Therefore,
estimating the loss of water by canopy interception under the conditions of sprinkler irrigation is crucial
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to guide the proper selection of a center-pivot irrigation system in order to increase the water-use
efficiency in arid and semiarid areas.

Most research on canopy interception has focused on trees, shrubs, and tall crops [14,16].
Interception losses of water by shrubs accounted for 16.7%-22.3% of total annual precipitation in
arid deserts [7] and 27.2% in semiarid areas [17]. The interception loss in forests accounted for
3%—24.2% of total annual precipitation [8,18]. A canopy mixed with shrubs and trees intercepted
15% of total precipitation in a year [19]. The aims of these studies were to understand the effects of
canopy interception on hydrological processes of forest ecosystems [20-22]. However, studies on crop
systems were more concerned with the decreases of water-use efficiency due to evaporation loss [5,23].
Lamm and Manges [24] measured the interception of water by maize canopy under the sprinkling of
a center-pivot irrigation system and found the amount of intercepted water ranged from 1.85 to 2.06 mm,
which was 1.13 mm higher than the values under natural rainfall conditions. Wang et al. [25] observed
a maize interception of 3.6 mm under solid-set sprinkler irrigation, and concluded that leaf area and
plant height were the most influencing factors on water interception. Mauch et al. [26] reported that
the interception of water by maize canopy was between 1.0 and 2.3 mm at different vegetative stages
under indoor sprinkler irrigation, and the increase in leaf area led to the increase in water interception.
Under conditions of natural rainfalls, van Dijk and Bruijnzeel [27] studied the interception of water by
a mixed canopy of cassava, maize, and rice. The percentage of total annual rainfall being intercepted
was 8% and 18% in two different experimental seasons. Research on winter wheat reported that the
minimum and maximum amounts of canopy intercepted water were 0.3 and 1.0 mm, respectively,
during the growing season, and the maximum interception occurred during the blossoming stage [28].

The widely adopted methodologies for measuring canopy interception of water have been water
balance methods [7,17,24,29,30], micrometeorological methods [31,32], wiping method [28], and direct
weighing method [26]. However, the applications of these methods are practically challenging [13], and
under some circumstances could cause significant errors [13,24]. Therefore, developing interception
models based on individual experimental observations to more accurately estimate canopy interception
of water has become an important research direction. In 1919, Horton [33] published the first empirical
interception function based on evaporation discharges during precipitation and water-holding
capacity of a canopy. In 1971, an interception model based on physical processes was proposed
by Rutter et al. [31], which was relatively easy to construct using water throughfall measurements and
basic meteorological data. Anzhi et al. [34] developed an interception model for Picea koraiensis canopy,
in which the predictive variables were leaf area index (LAI) and rainfall intensity. Research on pear
and oak suggested LAI and meteorological factors could be used to model canopy interception of these
plants [35]. The interception models of winter wheat were different for before and after blooming
stages, but the LAI and plant height were suitable variables for both models [28].

While a great deal of effort has been made on modeling the canopy interception of trees and crops,
few studies have targeted alfalfa. Fields of alfalfa are often characterized by high plant density, large
leaf biomass, and high aboveground biomass. Furthermore, alfalfa is usually irrigated by center-pivot
sprinkler irrigation systems in arid climates, so the water intercepted by alfalfa canopy could be
substantial, and thus could have a significant influence on the water-use efficiency. In this study,
our objectives are to: (1) construct a dynamic interception model for alfalfa canopy and validate it
experimentally with a simulated sprinkler irrigation system during different vegetative stages and
under different sprinkling intensities; and (2) estimate the maximum interception of water by alfalfa
canopy based on the variables of morphological indices and sprinkling intensity.

2. Theoretical Considerations

Interception starts at the time when water reaches the canopy, and ends at the time when the
water-holding capacity of the canopy is reached. In fact, the interception processes reflect the canopy
water retention processes. These complex and dynamic mechanical equilibrium processes include
dynamic equilibrium among adhesion, surface tension, deformation force, and gravity. Despite the
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complex nature of mechanical processes, the rate of interception should be higher in the initial period
when the plant surfaces are relatively dry. With the increase of intercepted water, plant surfaces
would reach the state of dynamic water equilibrium. Then, the rate of interception decreases gradually.
Eventually, the interception will reach its maximum value. Physically, the dynamic interception should
vary between zero (no interception) and maximum interception. Thus, a function can be assumed to
indicate that at any time, the rate of interception is proportional to the difference between maximum

interception and current interception:
dl

dt

where t is the interception time duration (h), I is the dynamic interception at a given time (mm), I;, is

=k(Ly —1I) 1

the maximum interception (mm), and k is the exponential coefficient of the canopy interception.
Noting that when ¢ = 0, the dynamic interception is considered to be 0 (i.e., I = 0), and the solution
of Equation (1) is:
I
oczl—zl—e_kt,0<oc< 1,0 <I<Iy, )
m
or
[=1,1—e™),0 <I<I, (3)

where « is the interception ratio of canopy. Equation (2) or Equation (3) is the dynamic interception
model, in which the parameters I, and k can be determined experimentally.

Figure 1 shows the dynamics of interception ratios with different exponential coefficients
corresponding to the model (Equation (2)). It demonstrates that the rate of interception (or the
slope of the interception curves) is high at the initial low amounts of interception, and then gradually
decreases toward the maximum interception.

1.0

Interception ratio a (, £)

Time ¢

Figure 1. Dynamics of interception ratios with different exponential coefficients. k is the exponential
coefficient; « is the interception ratio; t is the time duration of interception.

3. Materials and Methods

3.1. Experimental Site

The experiment was conducted in the grass experimental station of the Beijing Clover Grass
Technology Development Center (116°61’ E, 39°88' N, and 50 m above sea level (a.s.l.)) in 2015.
The mean annual rainfall was about 600 mm. The alfalfa used for observing rainfall interception was
planted at the site in 2014 with a row spacing of 15 cm and planting density of 1.5 g/m?.
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3.2. Measurement System

The interception measurement was carried out in a laboratory adjacent to the experimental field.
The measuring system was as shown Figure 2. It was composed of four parts, including a set of
simulated sprinklers and a water holding tank, an interception water collecting device, an electronic
balance for weighing the water (Quintix5102-1CN, Sartorius AG, Gottingen, Niedersachsen, Germany,
with an accuracy of 10 mg), and a computer for data recording. The simulated sprinkler was placed 1 m
above the water-retention foam. The size of the water drops sprayed from the sprinkler varied between
1.15 and 4.12 mm in diameter and the velocity varied between 2.93 and 4.87 m/s. Both parameters were
within the normal ranges of size and velocity of water drops generated by a commonly used fixed spray
plate sprinkler (FSPS; model: Nelson D3000) for center pivots [36]. The water-collecting device was
designed to hold the alfalfa plants, and collect and drain the water not being intercepted by the plant
leaves when spraying. In order to keep the plants upright and fresh during experimentation, a leaking
disc (25 cm in diameter) filled with water-retention foam was placed on top of the water-collecting
device, and the water-retention foam was saturated with water prior to the experiment.

Alfalfa
sample

Water-retention
g’a‘.\ foam

Leaking <'
disc

Funnel Computer

(«

Interception water
collecting device

Electronic
balance

Figure 2. Schematic of the experimental system for measuring canopy interception during
simulated spraying.

3.3. Experimental Procedures

As a perennial forage, alfalfa is normally harvested multiple times a year from the field.
It regenerates after each harvest and completes a growth cycle before the next harvest. In this
experiment, we chose to use alfalfa between the second and third harvests to represent a full cycle
of its vegetative growth. A total of four interception tests were performed at different times in order
to examine the variation in the amount of canopy-intercepted water at different vegetative stages of
alfalfa. Alfalfa plants used for the first, second, third, and fourth tests were collected from the field
after they had grown for 5, 15, 30, and 45 days since the harvest, respectively.

Plants used for each test were randomly sampled from the field. To take alfalfa plants, a sampling
ring with a diameter of 25 cm was placed firmly on the ground. All stems and leaves of the plant inside
the ring were removed from the ground surface and transported to the laboratory, where temperature
and relative humidity were maintained at 26 °C and 60%, respectively. After plants were inserted into
the presaturated water-retention foam, sprinkling for interception measurement started immediately.

In each test, a total of five sprinkling intensities (2.5, 5.0, 10, 20, and 40 mm/h) were simulated
to measure the amount of interception water. Each sprinkling intensity was repeated three times as
replicates, and the plant samples for each repetition were always re-collected from the field. For each
intensity, the total amount of sprayed water was kept at 0.49 L, equivalent to a water depth of



Water 2016, 8, 585 50f 13

10 mm over the leaking disc. To achieve this fixed amount of water for different sprinkling intensities,
experimental duration, spray intervals, spray times, and water volume for one spray were manipulated,
as listed in Table 1.

Table 1. Detailed designs of sprinkling interception experiment.

Sprinkling Intensity (mm/h)

Experimental Parameters

2.5 5.0 10 20 40
Total spray volume (mm) 10 10 10 10 10
Experimental duration (min) 240 120 60 30 15
Spray intervals (min) 15 10 6 5 3
Spray times 16 12 10 6 5

Water volume for one spray (mm) 0.63 0.83 1.00 1.67 2.00

During spraying, a portion of the water was intercepted by plant leaves and the rest not being
intercepted would drain through the leaking disc and flow into the container (Figure 2). Since the
container was placed outside of the balance, the added weight measured by the balance was the
amount of intercepted water. The amount of intercepted water was recorded in the computer as water
depth over the area of the leaking disk.

3.4. Leaf Area Index

Immediately following each interception measurement, the alfalfa samples on the leaking disc
were removed from the water-retention foam and the total number of plants (A) was counted.
Ten plants were selected randomly from each sample and the number of leaves for each plant was
counted in order to calculate the average leaf number (N) for an individual plant. Then, 50 leaves (1)
were chosen randomly from the 10 selected plants and the average leaf area (LA;) was determined
after digitally scanning the 50 leaves. Specifically, the pixel number of 50 leaves in the picture was
calculated using image-processing software Photoshop 14.0 (Adobe System Inc., San Jose, CA, USA).
Grid lines were inserted in the picture, and the number of pixels over a unit area (1 cm?) was calculated
using the software. The average leaf area was calculated as:

L4 =-F ()

where LA; is the average area (cm?) for a single leaf, n = 50 is the number of scanned leaves, p is the
total number of pixels for 1 leaves; and p; is the pixel number per unit of leaf area (1 cm?).
Therefore, the LAI can be calculated as:

LA;N-A

LAI =
S

©)
where the LA; is the average area (cm?) for a single leaf, N is the average leaf number for an individual
plant, A is the total number of plants in the sample, and S is the area of the leaking disc.

Besides the LA, the fresh weight of plants was measured as soon as the plant samples were cut.
Plant height, the number of internodes, stem diameter, and leaf-stem ratio were determined after the
simulated sprinkler irrigation was completed.

3.5. Statistical Analyses

Nonlinear regression was used to fit the model and experimental results to obtain the fitting
coefficients I, and k of the model, as well as the adjusted coefficient of determination (R,?) and
fitting significance (p). In addition, stepwise multiple linear regression was used to evaluate relative
contribution of each variables (i.e., morphological indices and sprinkling intensities) to the estimation
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of maximum interception. The statistical analysis software used for these analyses was SPSS 22.0
(SPSS Inc., Chicago, IL, USA).

4. Results and Discussion

4.1. Dynamic Canopy Interception

As shown in Figure 3, at each sprinkling intensity, the interception increased rapidly during
the initial phase and then leveled off gradually until it became relatively stabilized at the maximum
value. This indicated that a large part of water in the initial period of irrigation was captured by the
canopy, which is consistent with observations under natural rainfall events [7,37,38]. Across different
vegetative stages of alfalfa under the same sprinkling intensity, the rate of interception and the
maximum interception tended to increase as the vegetative stage at cutting increased. When the
irrigation volume and vegetative stage were kept the same, it took less time for interception to reach
maximum value at the higher sprinkling intensities.

As for Equation (3), the model coefficients I,; and k represent the maximum interception and the
rate of interception, respectively. The fitting curves of dynamic interception are shown in Figure 3, and
the values of L, k, and R,? of the model are listed in Table 2.

Table 2. Coefficients of the dynamic interception model of alfalfa canopy.

L . . Model: I = I;, (1 — e~ *)
Sprinkling Intensity (mm/h) Vegetative Stage (Days)

L, k R,2

5 0.292 2.793 0.997

”s 15 0.444 1.490 0.992
’ 30 0.616 1.600 0.999
45 0.666 1.712 0.993

5 0.336 3.632 0.981

50 15 0.600 2438 0.987
: 30 0.801 2.738 0.988
45 0.787 2.934 0.999

5 0.453 6.824 0.996

10.0 15 0.624 5.498 0.992
: 30 0.881 5.171 0.991
45 0.941 5.905 0.997

5 0.506 13.306 0.977

0.0 15 0.707 10.519 0.993
: 30 1.041 9.317 0.993
45 1.106 10.380 0.995

5 0.578 23.929 0.995

40,0 15 0.774 21.034 0.996
: 30 0.990 19.703 0.998
45 1.256 18.455 0.998

Notes: I, the dynamic interception at a given time; I;;;, the maximum interception; k, the exponential coefficient
of the canopy interception; f, the interception time duration; R.2, adjusted coefficients of determination.
The vegetative stages indicate the days after the most recent harvest of alfalfa.

The results showed that the values of [, and k varied significantly with the changes of the
vegetative stages and sprinkling intensities. Overall, values of R, ranged from 0.977 to 0.999, and p
values were below 0.001. These results indicated that the derived model and observed results fit well.
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Figure 3. Canopy dynamic interception of alfalfa at different sprinkling intensities (2.5 (a), 5.0 (b),
10 (c), 20 (d), and 40 mm/h (e)) during different vegetative stages. The dots indicate the observed
values, and the curves are the fitting results. The legend (5, 15, 30, and 45 days) indicates the number of

days after the most recent harvest of alfalfa.
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4.2. Model Coefficients

The model coefficients listed in Table 2 show that I, and k were controlled by vegetative stages
and sprinkling intensities.

I, ranged from 0.29 to 1.26 mm, tending to increase with the growth of alfalfa and increasing
sprinkling intensity (Figure 4a). When alfalfa was at the earlier vegetative stages and the sprinkling
intensity was lower, the changes of the vegetative stages and sprinkling intensity influenced the value
of I,; more significantly. However, the changes of the vegetative stages and sprinkling intensity had

little influence on the value of I, when alfalfa had developed towards the later vegetative stages and
when sprinkling intensity was higher.
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Figure 4. Variation tendencies of model coefficients I, (a) and k (b) with the variations of sprinkling

intensities and vegetative stages (days after the most recent harvest of alfalfa). I, is the maximum
interception, and k is the exponential coefficient of the canopy interception.

The value of k ranged from 1.49 to 23.93, tending to increase with the increase in sprinkling

intensity and to decrease with the development of vegetative stages (Figure 4b). Previous results also
demonstrated that under higher rainfall intensities it took less time to reach maximum interception by
the canopy of forests [39,40] and shrubs [7]. The difference between the highest and lowest values of k
was greater than that of I;;, demonstrating that the rate of interception changed more drastically than
did the maximum interception across different vegetative stages and sprinkling intensities. Variation of
k showed no clear trend along the vegetative stages of alfalfa when the sprinkling intensity was low,
but k values tended to decrease with the growth of plants when the sprinkling intensity was at higher
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levels (Figure 4b). This suggests that how the rate of interception changes from one vegetative stage to
another is dependent on the levels of sprinkling intensity.

It has been reported that maximum interception increased from earlier to later vegetative
stages [28] and with increasing rainfall intensities [7]. The maximum interception by alfalfa
canopy (reflected by I,; (0.29-1.26 mm)) was lower than that of maize (1.85-3.9 mm) [24,25], shrubs
(0.36-5.29 mm) [7], and forests (0.3-5 mm) [8]. The higher interception rates observed in other studies
was likely due to a higher canopy surface area of those plants, since the surface area of the plant is often
considered as a significant factor influencing the amounts of interception [8,9,28]. The interception
we measured for alfalfa was slightly higher than that of winter wheat canopy (0.3-1.0 mm) [28].
The reason might be that our tests were performed in laboratory without wind, and wind could
potentially decrease the canopy interception [28,30]. Besides, alfalfa leaves have relatively high
hydrophobicity [6], and this would decrease the amount of water intercepted by canopy [41].

In this study, we observed a positive relationship between maximum interception and sprinkling
intensities for alfalfa canopy under sprinkler irrigation. This pattern is consistent with the findings of
some previous studies under natural rainfall conditions. These studies reported that maximum
interception by shrub canopy was positively correlated with rainfall intensity [7,42]. However,
some other studies showed that the maximum interception decreased with the increase in rainfall
intensities [43,44]. In addition, a study conducted in spruce forest reported no clear relationship
between maximum interception and intensities [45]. Thus, the role of rainfall intensity in determining
the maximum interception is still uncertain [46]. We argue that the relationship between maximum
interception and sprinkling intensity depends on the range of intensity values, as suggested by a few
other researchers [39,46,47]. Further study with a broader range of sprinkling intensities is needed in
order to fully understand the mechanism of how rainfall intensity affects the maximum interception.

4.3. Maximum Interception Estimation

Since the maximum interception of alfalfa canopy was influenced by sprinkling intensity and
vegetative stages, we obtained the two following equations based on the output of linear stepwise
regression analysis:

Ly = 0.261 + 0.078LAI, R,? = 0.701, p < 0.001 (6)

I, = 0.157 + 0.075LAI + 0.008R, R,2 = 0.890, p < 0.001 )

where [;;; is the maximum interception (mm), LAI is leaf area index, R is sprinkling intensity (mm/h),
R,? is the adjusted coefficient of determination, and p is regression significance. The results indicated
that the LAI and the sprinkling intensity were the most influential variables. Furthermore, based on
Equations (6) and (7), the combination of LAI and sprinkling intensity predicted I, better than LAI
did alone.

We also estimated I, by a nonlinear regression relationship:

Iy = 0.284 + 0.092LAI(1 — e %21R) R,2 = 0.969, p < 0.001 8)

The plant height of alfalfa is an indicator more readily available than LAI, so an equation based
on plant height for estimating I, could be more practical. As shown in Figure 5, there was a significant
linear relationship between LAI and plant height.
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Figure 5. Relationship between plant height (H) and leaf area index (LAI).

After the variable LAI was replaced with plant height (H) in Equation (8), the nonlinear regression
result became:

Ly = 0.194 4 0.019H (1 — e *%R) R,2 = 0.932, p < 0.001 )

Comparison of four estimation equations of I, are shown in Figure 6.
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Figure 6. Observed and estimated maximum interception for four equations. I; is the maximum
interception, LAI is leaf area index, R is sprinkling intensity, and H is plant height. The diagonal line
indicates the ratio of 1:1.

In previous studies, LAI, sprinkling intensity, and plant height were preferred variables for
estimating maximum interception. Other research based on winter wheat canopy [28] and olive
canopy [9] also proposed that LAl was an important explanatory variable for predicting canopy
interception capacity. Zhang et al. [7] and Wang et al. [42] reported that rainfall intensity was
another predictive variable for interception to some extent. The provided nonlinear equations in
our experiments had higher values of adjusted coefficient of determination than reported linear
equations [7,28,42]. Therefore, the nonlinear Equation (8) combined with sprinkling intensity and LAI
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could better estimate the maximum interception. In addition, the nonlinear Equation (9) incorporating
plant height and sprinkling intensity was also recommended. Since Equation (9) was more practical
than Equation (8), using Equation (9) can achieve convenient and accurate estimation for interception
capacity of the alfalfa canopy.

5. Conclusions

The dynamic model of rainfall interception for the plant of alfalfa derived in this paper was
validated by experimental data, and the adjusted coefficients of determination of this model ranged
from 0.977 to 0.999. Based on the model, the water intercepted by the canopy increased rapidly with
time during the early phase of sprinkler irrigation, and then the increase of interception leveled off
until the maximum retention capacity of the canopy was reached.

The experimental results showed that the maximum interception of the alfalfa canopy ranged
from 0.29 to 1.26 mm. During early vegetative stages of alfalfa, the maximum interception was low
and the rate of interception was high. Conversely, the maximum interception was high and the rate
of interception was low during late vegetative stages. When the intensity of sprinkler irrigation was
greater, both the maximum interception and the rate of interception of the alfalfa canopy tended
to increase.

There were three main factors influencing the maximum interception of the canopy of alfalfa,
including the leaf area index, the intensity of sprinkler irrigation, and plant height. In this paper, two
linear and two nonlinear estimation equations for the maximum interception of alfalfa canopy were
developed. The linear equations indicated that the LAl and the sprinkling intensity were the most
influential variables. With a more ideal goodness of fit, a nonlinear equation also based on LAI and
sprinkling intensity was then provided. Finally, a more practical nonlinear equation with plant height
and sprinkling intensity as key variables was recommended, because the plant height variable is more
conveniently available in practice.
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