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ARTICLE INFO ABSTRACT

Handling Editor - Xiying Zhang When fertigation is applied, fertilizer is often injected into drip irrigation systems according to a single-pulse
application method (SPAM) where a single dose is given either in the early, middle, or late stage of an irriga-
tion event. To improve the consistency of distributions between nutrients and roots and thus promote root
nutrient uptake, a root distribution-based multistage application method (RMAM) was proposed, where fertilizer
was injected in stages during each irrigation event and proportionally according to the distribution of normalized
root length density. A case study to verify the potential of RMAM and to test it against other fertigation
scheduling strategies was conducted in a two-year field experiment with drip-irrigated cotton under film mulch
in Xinjiang, China. Results indicated fertilizer application strategies significantly impacted soil nutrient dy-
namics. Generally, SPAM caused nutrient accumulation in certain soil layers, while uniform multistage appli-
cation method (UMAM) resulted in a more even nutrient profile. Optimal nutrient profile for root uptake was
obtained by RMAM, where more nutrients were located in the upper soil layers containing more roots. Compared
to late-stage SPAM, the best among all the schemes of UMAM and SPAM, RMAM did not influence deep leaching
of mineral N and available P, but did reduce leachate of available K by an average of 3.5% during the fertigation
periods over the two seasons. Furthermore, at the late boll-opening stage, due to 25.8%, 35.7% and 35.3% in-
creases of average aboveground accumulation (representing root nutrient uptake) for N, P and K, average soil
residual respectively decreased 23.8%, 6.2% and 3.1%, and average cotton yield enhanced 5.5%. Besides root
length density, crop nutrient uptake is also affected by many other complicated factors such as soil water/
nutrient dynamics and root uptake activity, and thus RMAM should be further investigated to consider these
factors comprehensively.
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application area. Due to its contribution to saving water and fertilizer,
mitigating salinization impact, and enhancing crop yield, film-mulched
drip irrigation has gained popularity. Furthermore, when it is utilized
for nutrient management (fertigation), its contribution to sustainable

1. Introduction

In arid and semi-arid regions with unavoidable water and salinity
stresses, crops are often subject to limited soil nutrient availability (Chen

et al., 2010; Wang et al., 2018). Sustainable agricultural production in
these areas therefore pursues how to improve root zone soil environ-
mental conditions and thus to increase water and fertilizer use effi-
ciencies. In the last decades, water-saving irrigation, especially drip
irrigation, has been developed worldwide with a rapidly increasing

agricultural development accentuated (Ning et al., 2021; Zong et al.,
2021).

Nutrient distribution and root uptake are expected to be functions of
the interaction between soil water flow and solute transport in a system,
in which nutrients are injected into irrigation pipe network and
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delivered as fertigation products. During the fertigating process, nutri-
ents are carried by infiltrating water flow and transported downwards
rapidly, with the downward transport subsequently declining and ulti-
mately ceasing (Hanson et al., 2006; Azad et al., 2018). Consequently,
the earlier fertilizer is applied during an irrigation event, the deeper
nutrients are transported. Formulation of a fertigation protocol
including rate and timing of injection and delivery of nutrients is critical
for efficient fertilizer use, but is closely related to nutrient types, soil
water flow conditions, root distribution and initial soil nutrient status
(Russo, 2016; Kim et al., 2018; Chen et al., 2019). There has been quite
some speculation regarding design of such protocols but there is little
data- and/or mechanism-based evidence regarding optimal fertilizer
application schemes in fertigation systems (Silber et al., 2003; Bar-Tal
et al., 2020).

Due to the simplicity of its operation, the single-pulse application
method (SPAM), in which fertilizer is injected and delivered in a single
dose, alternatively in the early, middle or late stage of an irrigation
event, has been widely adopted (Cote et al., 2003; Hou et al., 2007,
2009). Generally, SPAM tends to create zones of nutrient accumulation.
With the backward adjustment of fertilizer application timing from early
to middle and even to late stage, nutrient accumulation zone gradually
moves up from deeper to upper soil layers (Azad et al., 2018; Ma et al.,
2021). Experimental studies indicated that late-stage SPAM was more
efficient in enhancing crop yield and fertilizer use efficiency (Hou et al.,
2007). However, inconsistent experimental results were subsequently
found by the same research team, with similar or even decreased yield
driven by late-SPAM (Hou et al., 2009). Contradictory results simulated
with the HYDRUS-2D model (Simunek et al., 1999) were also provided
by Cote et al. (2003) and Gardenas et al. (2005), according to different
assumptions and parameters regarding root distribution and uptake, as
well as other simulation conditions. Therefore, we suggest that optimal
and efficient fertigation schemes should be based on the processes and
mechanisms affecting nutrient transport and uptake.

Besides the amount of nutrients in root zone, root nutrient uptake is
also undoubtedly influenced by nutrient distribution relative to roots. In
cases with constant soil nutrient amount and identical water and salinity
conditions, consistent distribution patterns, implying more nutrients in
soil layers with more roots, should be beneficial for nutrient uptake due
to shorter distance and lower resistance for nutrient transport from soil
to roots. Otherwise, if the majority of nutrients are located in soil layers
with few roots, the longer distance and higher resistance of nutrient
transport to roots will complicate uptake (Goins and Russelle, 1996;
Schwab et al., 2000). Crop roots are typically distributed in shallow soil
layers and gradually lessen with soil depth (Zuo et al., 2013; Ning et al.,
2015, 2019). This likely explains why late-stage SPAM has been found
more favorable to crop nutrient uptake than early- or middle-stage
SPAM, representing a higher coincidence degree between nutrients
and roots.

Hence, we hypothesized that enhancing the coincidence degree be-
tween nutrients and roots would be an effective way to promote nutrient
uptake and thus increase fertilizer use efficiency. Subsequently, the
objective of this study was to improve fertigation scheduling by injecting
and delivering fertilizer according to root distribution and comparing its
performance with the traditional approaches. Xinjiang is a typical arid
region in China with an important agriculturally based economy. We
took the most popular crop in this region, drip-irrigated cotton under
film mulch, as a case study to evaluate and optimize fertigation pro-
tocols. A two-year field experiment was conducted to explore the effects
of various fertilizer application scenarios on nutrient (soil mineral N,
available P and K) transport and uptake.

2. Materials and methods
2.1. Improving fertigation protocols based on root distribution

Crop root density typically demonstrate a decreasing trend from soil
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surface to rooting depth. Although root distributions are strongly
dependent on the interactive effects of crop species, growth stages, soil
and climate conditions, irrigation and fertilization, the distributions of
normalized root length density (NRLD) can often be described by a
generalized function as follows (Zuo et al., 2013):

Lua(z,) = p(1 - Zr)pil @

where 2, is the normalized soil depth ranging from 0 at soil surface to 1
at rooting depth, z, = z/L,, 2 is the vertical coordinate originating from
soil surface and positive downward (cm), and L, is rooting depth (cm);
Lprq(2) is NRLD, representing the ratio of root length density at 2, to the
average over root zone; p is a fitting parameter, representing the NRLD
at the soil surface, mainly dominated by crop’s genetic characteristics
and independent of other environmental factors, and recommended as
1.96 for cotton (Fig. 1) by Ning et al. (2015). Therefore, the generalized
function, established and tested by a large amount of measured NRLD
data (Zuo et al., 2013; Ning et al., 2015), was adopted to propose a root
distribution-based multistage application method (RMAM) for sched-
uling fertilizer injection and delivery during the fertigating process.

To match root distribution, different percentages of fertilizer were
applied at different relative times during each irrigation event. The
following steps were universally proposed to optimize fertilizer appli-
cation according to root distribution:

(1) Divide an irrigation event into n stages evenly from beginning to
end, and additionally divide the root zone into n layers from
rooting depth to soil surface, with the ith stage corresponding to
the i layer (i=1, 2, ..., n);

(2) Calculate the proportion of roots in each soil layer to those in the
whole root zone according to the function of NRLD;

(3) Set the proportion of roots in the ith layer calculated in step (2) as
the proportion of fertilizer applied in the ith stage(i=1,2,...,n),
and then calculate the amount of fertilizer delivered within each
stage.

Theoretically, larger n means higher coincidence degree between soil
nutrients and roots, and infinite n leads to continuous injection. From a
practical point of view, each irrigation process was evenly divided into
early, middle and late stages (n = 3) as an example in this study, and
correspondingly, deep, intermediate and shallow layers were set in the
root zone. The NRLD profile of cotton (Fig. 1) indicated that the pro-
portions of roots were 11%, 32% and 57%, respectively, for the deep,
intermediate and shallow layers, which were then reflected in the

Lnrd

0.0 0.5 1.0 15 2.0

0.0 L 1 N 1 . 1 .
0,
02 57%
L 04
N

. 32%
0.6 -

e La(z,)=19601—2,)™
084 11% (Ning et al., 2015)
1.0

Fig. 1. The generlized profile of normalized root length density for cotton (Lpq)
along the normalized soil depth (z,) in Ning et al. (2015). The percentages
(11%, 32% and 57%) represent the proportions of roots in the deep (1 > z, >
0.67), intermediate (0.67 > 2, > 0.33) and shallow layers (0.33 > z, > 0) of
root zone, respectively.
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relative rates of fertilizer application in the early, middle and late stages
of each irrigation event.

2.2. Field experiment

The experimental site was located in the cotton breeding base of
Xinjiang Agricultural University (85° 40’ 33" E, 44° 26’ 20" N, altitude
490 m), Shawan county, Xinjiang, China (Liu et al., 2022). The station is
in a continental temperate arid region with annual values of 6.3-6.9 °C
mean temperature, 170-190 d frost-free period, 140-350 mm precipi-
tation, and 1500-2000 mm evaporation. The soil from 0 to 100 cm can
be divided into three layers with an average salt content of 4.19 g kg~!
(Table 1). Soil water retention was measured with a pressure membrane
plate (Soil Moisture Equipment Co., USA) and described with the closed
form of van Genuchten (1980). Field water capacity was determined as
the soil water content corresponding to — 300 cm soil matric potential
for silty loam (Romano and Santini, 2002). In order to maintain normal
cotton growth in this region, supplementary irrigation is essential, and
irrigation water was therefore taken from a nearby well with a salt
content of 0.49 g L™, a pH value of 7.85 and an electrical conductivity
of 932.65 pS cm™!. An automatic agro-meteorological station (Weath-
erHawk 500, Campbell Scientific, USA) was installed to monitor climate
data including air temperature, relative humidity, rainfall, solar radia-
tion, and wind speed.

A field experiment was carried out over two years. With initial water
storages of 214.58 and 196.26 mm in 0-100 cm soil layer, cotton
(Gossypium hirsutum L., Xinnongda 4) was sowed in 12 and 20 inde-
pendent plots on 21 and 18 April in 2019 and 2020, and harvested on 28
(160 days after sowing: 160 DAS) and 22 September (157 DAS),
respectively. Each plot (690 cm wide by 750 cm long) contained three
strips with a planting mode of “one film, three tapes and six rows”
(Fig. 2A). The interval between plants was 12 cm in each row, and the
space between emitters (2.4 Lh™') was 30 cm along the drip tape.
During the two growing seasons, irrigation was scheduled according to
the local practice. In 2019, 318.38 mm water was applied over nine
events, and 330.00 mm was applied in 2020 over 10 events (Table 2). In
each growing season, the first irrigation event was designed for germi-
nation within several days after sowing without fertilizer application,
and the remaining irrigation events were synchronized by fertilization.
Irrigation was delayed in case of rain, and the total precipitation during
the growing seasons was 147.90 mm in 2019 and 63.20 mm in 2020
(Table 2). The specific amount of fertilizer was determined according to
the expected nutrient demand at each growth stage of cotton. The fer-
tilizer allocation percentages in seedling, budding, flowering-boll, and
boll-opening stages were set as 3%, 23%, 67%, and 7%, respectively,
according to the nutrient demand along various growth stages and dry
matter accumulation pattern (Makhdum et al., 2007; Liu et al., 2022).
Urea, monoammonium phosphate and potassium sulfate were applied as
N-P,05-K50 at a rate of 187.01-139.65-130.05 kg ha! in 2019 and
187.01-97.77-91.03 kg ha! in 2020. In 2019, P and K were consistent
with the local practice, while N in 2019 and all nutrients in 2020 were
only 70% of the local application. Each irrigation process was evenly
divided into three stages, and four (T1-T4) and five (T1-T5) fertigation
application treatments were evaluated in 2019 and 2020 with three and
four replicates, respectively (Fig. 2B). The treatments of T1, T2 and T3
represented early-, middle- and late-stage SPAM. For T4 treatment,

Table 1
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RMAM was applied with the corresponding percentages of 11%, 32%
and 57%, respectively. A uniform multistage application method
(UMAM) was referenced as T5 treatment in 2020, delivering fertilizer
evenly in the early, middle, and late stages. Field management measures
such as topping, herbicide and insecticide were conducted according to
local commercial practices (Chen et al., 2010; Zong et al., 2021).

To investigate the effects of fertilizer application protocols on soil
water and nutrient dynamics, 3-4 soil sampling events were carried out
within a typical fertigation period in the late flowering-boll stage with
strong demand for water and nutrient. In 2019, periodic soil sampling
started on 109 DAS prior to the fertigation event on 110 DAS and fol-
lowed by two sampling events on 111 and 116 DAS before the next
fertigation event on 118 DAS. Similarly, the periodic soil sampling in
2020 started on 89 DAS before the fertigation event on 90 DAS, and then
three sampling events were conducted on 91, 93, 98 DAS, but the
following fertigation event designed on 99 DAS was actually carried out
on 104 DAS due to rainfall. Around a cotton seedling randomly chosen
from the bilateral strips in each plot, an auger (8 cm inner diameter and
20 cm length) was used to sample soil at a 10 cm vertical interval from 5
to 95 cm (Fig. 2A), and rooting depth was determined when few roots
were found in deeper soil. In order to investigate the effects of fertilizer
application protocols on cotton growth, as well as soil water and
nutrient reserves, three additional crop and soil sampling events were
also implemented in the early and late flowering-boll stages prior to
fertigation and in the late boll-opening stage before defoliant spraying
and harvest (79, 99 and 147 DAS in 2019; 83, 103 and 144 DAS in 2020).
For each sampling, three plants were randomly selected from the
bilateral strips in each plot to obtain the canopies. Around one of the
three plants, soil was sampled as the same way mentioned above, and
rooting depth was also monitored.

Each soil sample was divided into four parts to measure the contents
of water, mineral N (NO3-N and NH}-N), available P and K, respec-
tively, through the methods as follows (Tao et al., 2017; Wang et al.,
2021; Zong et al., 2021). The first part was dried to constant weight at
105°C for soil water content. The second was extracted with
2.0 mol L™ KCl as a ratio of 1:5, and mineral N was analyzed by a flow
auto-analyzer (AA3, SEAL Analytical, Germany). The third was air-dried
and extracted with 0.5 mol L™} NaHCOs as a ratio of 1:20, and available
P was analyzed by a flow auto-analyzer. The fourth was also air-dried
but extracted with 1.0 mol L™! NH4OAc as a ratio of 1:20, and avail-
able K was analyzed by an atomic absorption spectrophotometer
(PinAAcle 900 T, PerkinElmer, USA). The sampled leaves were scanned
and then analyzed by the WinRHIZO Pro software package (Regent In-
struments Inc., Quebec, Canada) for leaf area. Dry weight of canopy was
obtained by drying to constant weight at 75 °C. Mineralized with HySO4
and H203, N and P in aboveground biomass were analyzed by a flow
auto-analyzer, and K was measured by an atomic absorption spectro-
photometer. By excluding 1.5 m at both ends of the middle strip, a
non-sampling zone (4.5 x 2.3 mz) was reserved to measure yield
manually.

2.3. Calculation of indexes

Fertilizer partial productivity (PFP, kg kg™') was estimated as (Yang
et al., 2014; Liang and Shi, 2021):

Soil properties in the experimental field: contents of sand, silt, and clay particles, soil bulk density (pp), saturated water content (6;), residual water content (6,), field
water capacity (6y), saturated hydraulic conductivity (K,), and the fitting parameters in van Genuchten’s (1980) soil water retention curve (@ and n).

Depth Sand Silt Clay Pb K; O 0, [ a n
(cm) (%) (%) (%) (g ecm™3) (emd™) (em® cm™%) (em® em™3) (em® cm™%) (em™)

0-30 22.73 53.45 23.82 1.44 7.76 0.44 0.05 0.22 0.05 1.31
30-60 18.52 60.89 20.59 1.63 1.69 0.39 0.06 0.20 0.06 1.30
60-100 23.11 56.64 20.25 1.46 4.22 0.42 0.03 0.22 0.06 1.24




W. Meng et al.

Agricultural Water Management 275 (2023) 107994

A

) C ) ) Plastic
tt i .
Barc soil oron # Drip tape mulch
I ¥ ¥
Q
[ ] N |
r T 3 T* i
20 14 10 66 10 66 10 14 20
15
Unit: cm 25
35
45
Soil sampling «——— - 55
65
75
85
95
B
100%
T1 o \ 4 | |
100%
T2 L V 1
100%
T3 | v I
33% 33% 34%
T4 | A 4 A 4 ! A 4 |
11% 32% 57%
T5 | v v ! v |
Early Middle Late

[rrigation process

Fig. 2. Schematic diagram of planting-drip irrigation mode and soil sampling for a typical strip (A) and fertilizer application schemes of T1-T5 treatments (B). The
percentages represent the fertilizer injection proportions in the early, middle and late stages of an irrigation event.

Table 2

The rainfall and the schemes of irrigation and fertilization in the growing seasons of 2019 and 2020. The rainfall represents the accumulation during each period. DAS
represents days after sowing.

2019 2020
DAS Rainfall Irrigation (mm) Fertilizer (kg ha 1) DAS Rainfall Irrigation Fertilizer (kg ha™ 1)

(mm) N P50s K>0 (mm) (mm) N P,0s K,O
3 10.10 37.50 - - - 6 0.00 60.00 - -
62 93.50 35.11 38.51 28.76 26.78 55 12.30 30.00 33.92 17.73 16.51
70 0.10 35.11 13.77 10.28 9.57 61 0.40 30.00 9.18 4.80 4.47
80 10.80 35.11 22.95 17.14 15.96 75 17.80 30.00 29.83 15.60 14.52
90 0.00 35.11 22.95 17.14 15.96 84 5.30 30.00 20.66 10.80 10.06
100 13.60 35.11 22.95 17.14 15.96 90 0.20 30.00 13.77 7.20 6.70
110 0.00 35.11 20.66 15.42 14.36 104 12.30 30.00 32.13 16.80 15.64
118 7.70 35.11 18.36 13.71 12.77 110 1.20 30.00 13.77 7.20 6.70
127 2.40 35.11 26.86 20.06 18.68 115 0.00 30.00 11.48 6.00 5.59
160 9.70 - - - - 120 1.00 30.00 22.27 11.64 10.84

160 12.70 - - -

Sum 143.90 318.38 187.01 139.65 130.05 Sum 63.20 330.00 187.01 97.77 91.03
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PFP = Y/F (2)

where Y was cotton yield (kg ha™'); F was the corresponding appli-
cation rate of N, PoOs or K30 during growth season, respectively (kg
ha’l).

During the typical fertigation period, soil water flux through the
lower boundary of root zone (g, mm d™1) was calculated according to
Darcy’s law (Chen and Liu, 2002; Wang et al., 2006):

. = 10k (% 1) )

where h was the soil matric potential at the lower boundary of root zone
(cm), determined according to the measured soil water content and the
soil water retention curve; K(h) was the soil hydraulic conductivity (cm
d™1). Subsequently, soil nutrient flux (gn, kg ha~! d~!) was estimated as:

4, =0.014,C, @

where C;s was the concentration of nutrient in soil solution (mg L.

To compare the distribution patterns between soil nutrients and
roots under each treatment, soil nutrient contents, measured at a 10 cm
interval in root zone during the typical fertigation period, were
normalized as the function initially proposed for root length density (Wu
et al., 1999):

C(z,)

_ 5
ﬁ)l C(z,)dz, ©

Cu(z,) =

where Cp(z,) was the normalized soil nutrient content, representing the
ratio of nutrient content at 2, to the average in root zone; C(z,) was soil
nutrient content (mg kg™ 1). To quantitatively evaluate the coincidence
degree between the normalized profiles of soil nutrient content and root
length density, three indicators such as correlation coefficient (R), co-
efficient of determination (R?) and residual sum of squares (Rgg) were
adopted.

2.4. Statistical Analysis

All experimental data were shown as the averages of replicates and
analyzed by Microsoft Excel 2019 (Microsoft Corporation, USA). Origin
software (Origin Lab , USA) was used to plot figures. SPSS 20.0 software
package (International Business Machines Corporation, USA) was
applied to conduct the analysis of variance (ANOVA). A Duncan multiple

Soil water content (cm3 cm™)
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range test at P < 0.05 was carried out to determine if significant dif-
ference occurred among treatments.

3. Results

3.1. The effects of fertigation protocols on soil water and nutrient
dynamics

The field experimental data in 2019 and 2020 indicated that fertil-
izer application schemes did not significantly affect soil water dynamics.
For any soil sampling event, no significant difference was found among
the treatments for the average soil water contents in 0-100 cm
(P < 0.05), and the standard error of soil water contents at each depth
was generally less than 0.05 cm® em™3. Therefore, for each sampling
event, the soil water contents measured at same depth were averaged
under all the treatments with 12 replicates in 2019 and 20 replicates in
2020 (Fig. 3). Within the typical fertigation periods (2019: 109-118
DAS; 2020: 89-104 DAS), soil water contents in the bottom zone from 60
to 100 cm were hardly impacted by irrigation and root water uptake,
and tended to be constant at 0.20 + 0.05 cm® cm ™3, corresponding to
about 90% of field water capacity (Fig. 3). Nevertheless, in the middle
(30-60 cm) and especially top (0-30 cm) zones, soil water contents
changed drastically, rapidly increasing after irrigation (111 DAS 2019
and 91 DAS in 2020) and then gradually decreasing until the next irri-
gation event. Rooting depth reached 80 cm at the early flowering-boll
stage (about 80 DAS) and remained unchanged until harvest. Mainly
driven by the gravitational potential gradient, the relatively stable soil
water contents at 60-100 cm led to deep leaching through the lower
boundary of root zone. The total leachates during the typical sampling
periods of 109-116 DAS in 2019 and 89-98 DAS in 2020 were 0.94 and
1.30 mm, respectively. Daily leaching beyond the root zone increased to
a maximum on the 3rd day after fertigation (e.g., 0.18 mm d~! on 93
DAS in 2020), and subsequently decreased until the next irrigation event
(Fig. 4A).

Compared to soil water, soil nutrient dynamics was more compli-
cated, influenced by fertilizer application schemes and nutrient type
(Figs. 4B and 5). The effects in the two growing seasons were fairly
consistent, and thus only the soil nutrient dynamics during the typical
fertigation period in 2020 is presented (Fig. 5), including all the
designed fertigation protocols (T1-T5) and the considered nutrients (soil
mineral N, available P and K). Due to the slow decomposition process of

Soil water content (cm> cm™)
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100 4— 116 DAS —A— 98 DAS

Fig. 3. The soil water dynamics from soil surface to 100 cm depth for various treatments during 109-116 DAS in 2019 (A) and during 89-98 DAS in 2020 (B). Error

bars indicate standard errors, and DAS represents days after sowing.
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Fig. 4. The daily soil water flux (A) and the accumulative flux of soil mineral N,
available P and K (B) through the lower boundary of root zone under various
fertilizer application treatments (T1-T5) in 2020 (89-98 DAS). Error bars
indicate standard errors, and DAS represents days after sowing.

urea, on the 1st day after fertigation (91 DAS), soil mineral N (NO;-N
and NH; -N) content at any depth was only a little higher than that prior
to fertigation on 89 DAS, while N significantly increased to a maximum
content on the 3rd day (93 DAS). Thereafter on the 8th day (98 DAS),
soil mineral N content in each soil layer fell back to close to initial level
before fertigation (Fig. 5A). The profiles on 93 DAS fully demonstrated
the differences among treatments, especially N accumulation due to
SPAM. Postponing fertilizer application time from the early stage of an
irrigation event (T1) to middle (T2) or even late stage (T3), N accu-
mulation shifted from the bottom to middle or even to top zone. Whether
for the early-, middle- or late-stage SPAM, the average soil mineral N
content in the accumulation zone (about 30 cm in depth) reached nearly
twice that found in the other soil layers. Different from T1 and T2, soil
mineral N contents under T3 generally decreased with soil depth, like
the generalized distribution of NRLD (Fig. 1). Under the T4 treatment
(RMAM), soil mineral N contents also gradually decreased with soil
depth in a pattern similar to NRLD. Compared to late-stage SPAM,
RMAM led to lower soil mineral N content in the top zone and higher
content in the bottom zone (Fig. 5A). In comparison to SPAM and
RMAM, uniform application in the early, middle and late stages (UMAM,
T5) caused a more homogeneous profile of soil mineral N content with
no observed accumulation. Under T2 and especially T1 treatments, soil
mineral N content was negatively related to NRLD (Table 3). Compared
to T1, T2 and T5 treatments, between the normalized profiles of root
length density and soil mineral N content on 93 DAS, higher correlation
coefficient (R) and determination coefficient (R?) and lower residual
sum of squares (Rgs) were found under T3 and especially T4 treatments
(Table 3).

Different from soil mineral N, available P and K at almost every depth
reached the maximal content on the 1st day after fertigation (91 DAS),
and then gradually fell back to the similar level prior to fertigation until
the next fertigation event (Fig. 5B and C). In general, fertilizer
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application protocols influenced soil available P and K dynamics in
similar patterns as soil mineral N, but the effects on available K were
weaker and even less on available P. Between the normalized profiles of
root length density and soil available P and K contents on 91 DAS, the
highest R and R? were also observed under T4, and the lowest Rgg
occurred under T3 or T4. Relative to soil mineral N and available K, most
available P tended to accumulate in the upper soil layers in a similar
manner, and thus the difference of R, R? and Rgg among the five treat-
ments was smaller (Fig. 5B, Table 3). However, compared to the early-,
middle- or late-stage SPAM, the multistage application methods (RMAM
and UMAM) resulted in available P distributions more similar to NRLD
with higher R and R?, as well as lower Rgg.

With deep leaching of soil water (Fig. 4A), nutrient leaching through
the lower boundary of the root zone occurred regardless of fertigation
protocols (Fig. 4B). Although the loss of soil available P by leaching was
small and nearly negligible, it was significant for mineral N and espe-
cially available K. During the typical fertigation periods for all the
treatments, the average leachates of mineral N and available P and K
were 1.13, 0.58 and 42.98 kg ha™! in 2019, and 1.89, 0.34 and
44.96 kg ha™! in 2020, respectively. The leaching loss of available P was
not significantly affected by fertilizer application schemes. For mineral
N or available K, leachate loss was always the highest when fertilizer
was applied in the early stage (T1) and decreased gradually when
application was postponed to middle (T2) and to late (T3) stages.
Compared to late-stage SPAM, the deep losses under UMAM were higher
and similar under RMAM for mineral N, but both lower for available K
(Fig. 4B). The data in both years, measured before fertigation and har-
vest, indicated that the temporary effects of fertilizer application
schemes on soil nutrient dynamics (Fig. 5) led to cumulative effects on
soil nutrient reserves (Fig. 6). Compared to early-, middle-stage SPAM or
UMAM, late-stage SPAM and especially RMAM resulted in lower soil
nutrient (especially mineral N) reserves in 0-100 cm (especially
60-100 cm).

3.2. The effects of fertigation protocols on cotton growth and nutrient
uptake

Compared to 2019, even with identical fertilizer application
schemes, growth indicators and yield in 2020 were lower with less
rainfall and application of P and K fertilizers (Table 2). Cotton under the
different fertilizer application treatments maintained a relatively uni-
form growth pattern in the two growth seasons. Leaf area decreased
slowly after reaching a maximum at the late flowering-boll stage (about
100 DAS), while aboveground dry weight increased continuously
(Fig. 7). However, plant growth dynamics were affected following three
fertilizer application events with different schemes (e.g., on 83 DAS in
2020). Significant differences in leaf area index and aboveground dry
weight were maintained until harvest (Fig. 7) and were finally reflected
in cotton yield (Fig. 8A).

When other conditions were the same for the three treatments of
SPAM, changing fertilizer application timing from early stage of an
irrigation event (T1) to middle (T2) and further to later stage (T3) led to
a general increasing trend for cotton growth indexes such as leaf area
index and aboveground dry weight (Fig. 7), as well as yield and nutrient
use efficiency (Fig. 8). However, the effects were not always obvious,
and almost all significant increases occurred after the late flowering-boll
stage. Compared to T1 and T2, for example, significant enhancement in
cotton growth under T3 was found after 100 DAS in both 2019 and
2020, while yield was only significantly affected in 2020 with an in-
crease of 5.7-6.8%. Resulting from the backward adjustment of fertilizer
injection timing, the positive effects on cotton growth and production
under T3 were supported by more root nutrient uptake (Fig. 9). The
experimental results in 2020 showed that, compared to UMAM (T5),
although late-stage SPAM (T3) failed to enhance yield and nutrient use
efficiency (Fig. 8), while cotton growth and nutrient uptake (Figs. 7 and
9) were significantly promoted. Additionally, compared to T3, RMAM
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Table 3
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The correlation coefficient (R), coefficient of determination (R?) and residual sum of squares (Rgs) between the normalized profiles of soil nutrient content and root
length density during the fertigation period (89-98 DAS) in 2020 for the five fertilizer application treatments (T1-T5). DAS represents days after sowing.

DAS Soil nutrients R R? Rys
T1 T2 T3 T4 TS T1 T2 T3 T4 TS5 T1 T2 T3 T4 TS
93 Mineral N -0.90 -0.36 0.95 0.96 0.56 0.80 0.13 0.89 0.92 0.32 5.13 3.77 0.94 1.07 2.39
91 Available P 0.87 0.85 0.85 0.90 0.90 0.75 0.72 0.71 0.81 0.81 0.80 0.97 1.28 0.65 0.72
91 Available K 0.89 0.18 0.90 0.93 0.77 0.79 0.03 0.80 0.86 0.59 2.44 2.58 1.88 211 2.24
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Fig. 6. The dynamic reserves of soil mineral N (A), available P (B) and avail-
able K (C) in 0-30, 30-60 and 60-100 cm under various fertilizer application
treatments (T1-T5) in 2019 and 2020. Different lowercase letters indicate sig-
nificant difference in 0-100 cm soil nutrient reserves among treatments
(p < 0.05). Error bars indicate standard errors, and DAS represents days
after sowing.

(T4) significantly facilitated nutrient uptake and plant growth with an
increased range higher than 10% for the corresponding indexes in the
late boll-opening stage (Figs. 7 and 9). Driven by RMAM, the increase in
cotton yield reached 4.9% in 2020 and 6.2% in 2019, leading to an
average increase of 5.5% in fertilizer partial productivity (Fig. 8).
Obviously, among the five fertilizer application schemes, RMAM was the
optimal leading to the highest yield and fertilizer use efficiency.

4. Discussion
Fertigation scheduling during drip irrigation events did not signifi-

cantly affect soil water dynamics during both experimental seasons.
Based on the local irrigation experience, the profile averaged soil water

nutrient types, nutrient leaching loss was also strongly dependent on
fertilizer application schemes (Fig. 4B). Under the optimal soil water
conditions (Fig. 3), fertilizer application schemes significantly influ-
enced soil nutrient dynamics (Fig. 5) by dominating the duration and
distance of convection transport of solutes carried by downward soil
water flow. Even for nearly stable soil water contents below 60 cm
depth, the existing gravitational potential gradient drove soil nutrients
to the depth of 60-80 cm or even beyond the rooting depth of 80 cm.
Theoretically, the earlier fertilizer is applied during an irrigation event,
the deeper nutrients will be transported (Azad et al., 2018 and 2020),
but this effect is also dependent on solute mobility (Donagemma et al.,
2008; Brown et al., 2017). For mobile ions such as mineral N and
available K, early-, middle- and late-SPAM readily caused nutrient
accumulation in the bottom (60-100 cm), middle (30-60 cm) and top
zone (0-30 cm), respectively (Fig. 5), agreeing well with the previous
studies (Ma et al., 2021). Therefore, relative to late-SPAM with identical
water leaching (Fig. 4A), middle- especially early-SPAM resulted in
more nutrient leaching loss (Fig. 4B), which was proportional to the
nutrient concentration in soil solution advected across the lower
boundary of the root zone as Eq. (4). Different from mineral N and
available K, available P is more difficult to mobilize and transport, and



W. Meng et al.

;
a A
i . T .
2 o] b b I ==
o0 ——]
-4 c c :2&
S i —
2 —
7 o —
= —
. —]
90
[t B
JC ™ .
13 a bzb
=~ 50_ET4 2%; Cc*%%
LI LYY AL
£ g £
[ = H
) —I—‘% ﬂ—%"c H g
04 — . =
NPFP  PPFP NPFP  PPFP  KPFP
2019 2020

Fig. 8. Cotton yield (A) and fertilizer partial productivity (PFP) for N, P and K
(NPFP, PPFP and KPFP) (B) under various fertilizer application treatments (T1-
T5) in 2019 and 2020. Different lowercase letters indicate significant difference
among treatments (p < 0.05). Error bars represent standard errors.

thus most of the P was concentrated in the upper soil layers for all the
three SPAM treatments. However, middle- and especially early-SPAM
relieved the accumulation effect and transported more available P to
deeper soil layers (Fig. 5B). Adjusting pulse application from one
(SPAM) to three times (RMAM and UMAM), nutrient accumulation was
avoided to some extent for mineral N and available K, and for available
P, it was also significantly mitigated as a result of higher fertilizer
application frequency (Clothier and Green, 1994; Ben-Gal and Dudley,
2003; Mohammad et al., 2004). Among the five schemes, RMAM mini-
mized deep nutrient leaching due to the lowest soil nutrient content at
the lower boundary of root zone. A smoother and more favorable soil
nutrient profile might be expected by increasing fertilizer application
frequency or even carrying out a continuous application scheme based
on RMAM.

For early-stage SPAM, the lowest coincidence degree between the
normalized profiles of soil nutrient content and root length density
(Table 3) was related to inconsistent or even opposite distributions
(Figs. 1 and 5), which would cause the greatest resistance for root uptake
(Goins and Russelle, 1996; Schwab et al., 2000). Taking the situation on
93 DAS (the 3rd day after fertigation) in 2020 as an example, the roots in
the shallow layer (0-27 cm) of root zone (0-80 cm) accounted for 57%
(Fig. 1) but were surrounded by only 28% of the total root zone mineral
N under the T1 treatment. Relative to root uptake demand, insufficient N
supply in this soil layer led to the lowest average soil mineral N content
on 98 DAS (12.5mg kg’l) among the five treatments (Fig. 5A). In
contrary, for the deep layer (53-80 cm) of root zone, 11% of roots were
supplied by 41% of the total mineral N, and thus surplus N exceeding
root uptake demand was readily percolated downward (Fig. 4B).
Therefore, among the five schemes, early-stage SPAM resulted in the
lowest nutrient uptake (Fig. 9) and highest leaking loss (Fig. 4B) and soil
reserve (Fig. 6), as well as the minimum growth indices (Fig. 7), yield
and fertilizer use efficiency (Fig. 8). Since more nutrients, especially
available P, were accumulated in the shallow layer and less in the middle
and deep layers of root zone, coinciding better with roots, late-SPAM
obtained better results than middle- and especially early-SPAM in
many aspects such as deep leaking, soil residual, root uptake, crop
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nificant difference among treatments (p < 0.05). Error bars indicate standard
error, and DAS represents days after sowing.

growth and yield (Figs. 4-9, Table 3). This finding was generally
consistent with previous studies, indicating that the widely adopted
late-SPAM is generally reasonable (Hou et al., 2007; Azad et al., 2018;
Ma et al., 2021). In a two-year greenhouse experiment conducted by
Hou et al. (2007), compared to early-SPAM, late-SPAM increased cotton
yield by 12.1%. However, a field experiment (Hou et al., 2009) showed a
slight decrease of cotton yield for late-SPAM under conditions of mod-
erate salinity, but no differences were found under low or high salinity
conditions. The divergence among various researches might be mainly
caused by different soil water flow conditions (Bristow et al., 2000; Cote
et al., 2003; Gardenas et al., 2005). Superior to late-SPAM, RMAM ob-
tained the highest coincidence degree between nutrients and roots
(Figs. 1 and 5, Table 3), indicating the most favorable allocation of
nutrients for root uptake. On 93 DAS in 2020, soil mineral N in the
shallow, intermediate and deep layers of root zone accounted for 42%,
34% and 24% (Fig. S5A), respectively, which agreed well with root dis-
tribution (Fig. 1). Among the five schemes evaluated in the current
study, the greatest nutrient uptake found under RMAM (Fig. 9) resulted
in the most significant enhancement in cotton growth (Fig. 7), yield and
fertilizer use efficiency (Fig. 8), and thus the least deep losses in leachate
(Fig. 4B) and lowest soil residuals (Fig. 6). Compared to RMAM,
although UMAM also applied fertilizer through three times, its worse
performance might be resulted from insufficient nutrient supply to roots
in the top zone, similar to that under early-SPAM.
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Obviously, fertigation scheduling affects soil nutrient transport and
distribution and further impacts nutrient uptake, as well as crop growth
and yields ( Haynes, 1985; Cote et al., 2003; Li et al., 2004; Hou et al.,
2007). To enhance the coincidence degree between soil nutrients and
roots, timing and rate were optimized for fertilizer injection based on
root profile (RMAM). Compared to SPAM (T1-T3) or UMAM (T5),
RMAM (T4) achieved the expected target to increase yield and fertilizer
use efficiency by creating more advantageous soil nutrient conditions for
root uptake, validating the feasibility for optimization. However, sig-
nificant losses of mineral N and especially available K to deep soils with
leachate still occurred. In addition, relative to soil mineral N and
available K, available P still showed much lower coincidence degree
with roots under RMAM (Table 3). Further improvement may be
possible through:

1) Fully considering the effects of soil water and nutrient dynamics

Root-zone soil water and nutrient dynamics are purpose- and
environment-dependent and change with crop growth, as well as
increasing rooting depth. Thereupon, designed wetting depth and
thus fertilizer application scheme should be correspondingly and
timely adjusted. For example, following three designed soil wetting
depths of 40 (for saving water), 60 and 80 cm (for leaching salt)
combined with a definite rooting depth of 60 cm would require
different fertigation schedules (e.g., application times, timing and
rate). Unfortunately, the current RMAM has not yet considered the
challenges posed by the dynamic relationship between rooting depth
and designed soil wetting depth. Additionally, soil nutrient dynamics
during fertigating process is affected inevitably by the factors
impacting soil water flow (e.g., irrigation frequency, irrigation in-
tensity, soil properties and initial soil water conditions), as well as
nutrient types and initial soil nutrient conditions (Vanderborght and
Vereecken, 2007; Sadeghi and Jones, 2012; Wang et al., 2017; Azad
et al., 2020), which have also not been considered.

For example, frequency of irrigation events and rainfall are ex-
pected to influence not only water and nutrient profiles but also
possibly soil oxygen and root distribution patterns (Wang et al.,
2006; Rank and Vishnu, 2021). These could additionally explain
discrepancies between results from various studies regarding effects
of fertigation timing. In the present study, except the first event for
germination, irrigation was applied about every 5-10 days at rates of
30-35 mm per event. Trends of increasing irrigation frequency with
drip systems designed to increase both water uptake efficiency (Segal
et al., 2006; Shao et al., 2009) and nutrient use efficiency (Ben-Gal
and Dudley, 2003; Assouline et al., 2006), where theoretically the
cotton in this study would receive about 10 mm of water every 2-3
days, would likely concentrate roots in shallow soil layers as well as
lessen the horizontal transport of solutes. We suspect that the com-
bined effects of increased irrigation frequency would not likely
change the results or conclusions of this study, but it is a topic worthy
of further research.

In order to deal with the mentioned challenges, it would be wise to
numerically simulate soil water and nutrient dynamics under
complicated conditions for screening and optimizing rational ferti-
gation protocols (Hanson et al., 2006; Azad et al., 2018). Specific
schemes are also obviously necessary for different nutrient types. For
instance, for available P with poor mobility, a higher application
percentage might be firstly adopted in the early stage of an irrigation
event, in comparison to mobile nutrients such as mineral N and
available K. Secondly, as shown in Fig. 5B and Table 3, increasing
fertilizer application frequencies during a single irrigation event or
implementing a continuous variable application method should be
feasible to alleviate P accumulation in the upper soil layers (Clothier
and Green, 1994; Ben-Gal and Dudley, 2003; Silber et al., 2003;
Mohammad et al., 2004). Ben-Gal and Dudley (2003), in their study
of P dynamics, found advantage of lower dripper flow rates and
continuous fertilizer application throughout irrigation events in
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increasing P availability and use efficiency as sorption was mini-
mized. Thirdly, other technical measures to enhance P mobility such
as applying P activators (Lombi et al., 2005; Carter et al., 2009) can
also be considered.

Exploring an effective index to accurately characterize root uptake
activity

2

—

Essentially, RMAM intends to coordinate the distributions of soil
nutrient supply and root uptake activity. In fact, it is very difficult to
accurately characterize root uptake activity (Pierret et al., 2005; Shi and
Zuo, 2009; Shi et al., 2013). Water uptake coefficient per unit root
length is often assumed as a constant in the root zone, indicating a lin-
early proportional relationship between root water uptake rate and root
length density under optimal water conditions (Feddes et al., 1978; Wu
et al., 1999). Based on this hypothesis and a large number of available
experimental data regarding root length density, the generalized quan-
titative description of NRLD as Eq. (1) (Zuo et al., 2013; Ning et al.,
2015, 2019) was used to represent the distribution of root uptake ac-
tivity in many previous studies (Shi et al., 2015, 2020, 2021), as well as
in this study. However, research has shown that not all roots have up-
take function, and the uptake activities of roots or various parts are
different from each other. Relatively, younger roots are much more
likely to actively absorb water than older roots (Slatyer, 1960; Gao et al.,
1998; Pierret et al., 2005). In view of this, determining a fertilizer
application scheme based on NRLD distribution might lead to a devia-
tion between the profiles of soil nutrients and root uptake activity.
Moreover, relative to root length, some recent studies have demon-
strated more significant linearly proportional relationship between root
uptake activity and root nitrogen mass (Shi and Zuo, 2009; Shi et al.,
2013). Therefore, as an alternative of NRLD distribution, normalized
root nitrogen mass density distribution might be more reasonably to
characterize root nutrient uptake activity and to optimize fertilizer
application scheme. However, corresponding experimental or statistical
data are scarce, and further studies are needed.

5. Conclusions

Under the conditions developed in the current study, the fertilizer
application schemes significantly influenced the transport of soil nutri-
ents, deep leaching, residual contents, as well as the absorption of soil
nutrients, crop growth and yield. Generally, SPAM caused significant
nutrient accumulation in certain soil layers, depending on application
timing and nutrient mobility, and UMAM produced a more uniform
nutrient profile. Nevertheless, RMAM resulted in an optimal nutrient
profile for root uptake, where more nutrients were in the upper soil
layers with more roots. Therefore, RMAM significantly promoted crop
nutrient uptake, growth and production, and reduced leachate loss and
soil residue, beneficial for environmental protection and sustainable
agricultural development. However, in addition to root length density,
crop nutrient uptake is also affected by many other complicated pur-
pose- and environment-dependent factors related with soil water/
nutrient dynamics and root uptake activity. Further improvement is
necessary for RMAM to take soil water/nutrient dynamics under various
conditions into account and explore an effective index to accurately
characterize root uptake activity.
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