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Abstract: High fertilizer application and over-irrigation in sugarcane systems can cause considerable
N2O emissions. Optimized water-fertilization management which reduces N2O emissions, while
maintaining sugarcane biomass, is crucial, but may affect nitrogen fixation by sugarcane. This study
evaluated the combined effect of water-fertilization on sugarcane biomass and nitrogen fixation
in field trials in southern China. Treatments included drip and spray irrigation, with three levels
(0% (low), 50% (medium), 100% (high)) of irrigation and of fertilizer. A rain-fed crop (no irrigation
or fertilizer) was included as the control. The results showed that (1) spray irrigation with medium
water and high fertilization increased biomass. The optimum combination in sugarcane elongation
stage was drip irrigation with medium water and high fertilization, while drip irrigation with high
water and high fertilization was the best choice for maturity stage. (2) For sugarcane nitrogen (δ15N)
content, spray irrigation with medium water and high fertilization was the best combination in
seedling and tillering stages. The optimum combination in the elongation stage was drip irrigation
with medium water and high fertilization, and in maturity stage was drip irrigation with high water
and high fertilization. (3) For soil (δ15N content), drip irrigation with high water and high fertilization
proved optimal for seedling, tillering, and maturity stages. (4) In seedling stage, sugarcane (δ15N
content) was found to be strongly correlated with leaf area index, soil water, soil temperature, and soil
electrical conductivity. Soil (δ15N content) was correlated with photosynthesis and soil temperature.
In conclusion, drip irrigation appears most suitable for field planting, while the best treatment in
seedling and tillering stages is medium water-high fertilization, and that the best in elongation stage
is high water-medium fertilization. The optimum water-fertilizer combinations identified here can
provide a scientific basis for optimization and management of irrigation and fertilization in China
and other regions with similar environments.

Keywords: sugarcane; water-fertilization coupling; drip irrigation; spray irrigation; δ15N content;
isotope technique

1. Introduction

Methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) are important green-
house gases (GHG) emitted in agriculture [1–3]. Well-drained soils in agricultural regions
are usually sinks of CH4 [4–6]. Since CO2 is both emitted and taken up by plants in pho-
tosynthesis, it has little influence on the GHG emissions balance, making N2O the most
important GHG emitted from agricultural soils [7]. Furthermore, N2O emissions from
agrarian soils have actually increased due to its partial denitrification [3]. According to the
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United Nations Intergovernmental Panel on Climate Change, emissions from agriculture
account for 13.5% of total global GHG emissions. These emissions are an important source
of N2O, the global warming potential of which is 298-fold higher than that of CO2 [8,9].
Agricultural soils are the most significant anthropogenic N2O source, with the highest
N2O emissions found in terrestrial landscapes at subtropical latitudes [10]. The N2O flux
from soil generally increases with increased nitrogen fertilization rates and intensive crop-
ping [11,12]. Feng et al. (2021) expect N2O emission to increase by 20–51% by 2030 and
27–74% by 2050 compared with estimated emissions in the year 2000, which underline the
urgency of improvements in catchment-scale nitrogen management strategies [13–15]. The
scientific community is working with the UN to coordinate and accelerate the necessary
actions to achieve the new goal of “halv[ing] nitrogen waste” by 2030, contributing to
post-coronavirus disease 2019 (COVID-19) economic recovery and multiple SDGs [16]. In
general, GHGs differ in anthropogenic structures, which are determined by technical or
functional choices [17]. Research has therefore focused on a range of mitigation options,
including optimized irrigation, fertilizer types, and fertilizer doses to meet actual plant
demands [18,19]. Sugarcane is the main feedstock for global sugar production and has
also emerged as a second major source of biofuel [20]. It is a crop of significant social
and economic value in many countries, given that nearly 75% of global production is
concentrated in Brazil, India, China, Thailand, and Pakistan [21]. China is the world’s
third largest sugar producer, after Brazil and India, and approximately 90% of Chinese
sugar production comes from sugarcane [22]. In some regions, such as Guangxi province
in southern China, sugarcane planting is part of a broad industrial chain, with integration
of local primary, secondary, and tertiary industries [23–25]. Water and fertilization are the
most important factors which determine crop growth, and can significantly affect crop
yield, crop quality, and water and fertilization use efficiency, especially in sugarcane [26,27].

In combination, water and fertilizer levels have a significant impact on crop growth
and water productivity [28]. Water is essential for sugarcane growth, and the important
of suitable irrigation systems for sugarcane cultivation has been widely reported [29,30].
However, excessive irrigation wastes resources and can also seriously affect the soil envi-
ronment [31]. One study on sugarcane growth and sugar production under water stress
and various irrigation regimens found that as water stress increased, biomass and sugar
accumulation declined, primarily in leaves and stems [32]. Water deficit stress can also
result in oxidative damage, due to overproduction of reactive oxygen species [33]. In
central-southern regions of China, sugarcane fertilization begins soon after the previous
ratoon crop and continues from April to November, spanning three seasons (autumn to
spring). Fertilization mainly affects soil respiration by influencing crop growth (increasing
crop root biomass), which in turn increases the soil litter [34]. Delabiglia has pointed out
that sugarcane, in addition to increments in agro-industrial yield which require adequate
water, also requires nutritional supply, and the mineral element nitrogen (N) in particu-
lar. This nutritional supply has a direct effect on sprouting and tillering, influencing the
production capacity of the crop in terms of stalk and sugar [35]. Substantial amounts of
nitrogenous fertilizer are necessary for high sugarcane production, due to the crop’s high
biomass production [36]. However, studies on the effects of fertilization on sugarcane
biomass and sugar accumulation have revealed that high nitrogen fertilization is a strong
source of CH4 and NO2 emissions [37]. More specifically, high nitrogen fertilization and
periodic waterlogging create considerable potential for N2O emissions [38]. In general,
inadequate N management leads to increased N losses, which has both economic and
environmental consequences.

Given the significance of Chinese sugarcane planting and production, determining its
optimum water and fertilization regimen is of vital importance if we are to safeguard the
global sugar supply and rise to the responsibility of reducing GHG emissions. Previous
studies have mainly focused on the effects of single factors, such as irrigation, fertilization,
or combined water-fertilizer application on sugarcane growth, and few studies have
considered the nitrogen-fixing ability of sugarcane while optimizing water and fertilizer
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use. Consequently, water-fertilizer optimization experiments which consider nitrogen
fixation are required in order to ensure appropriate management of water and fertilizer in
sugarcane cropping.

The hypothesis for this study was that water and fertilization application can be
optimized to increase sugarcane biomass while maximizing the nitrogen-fixing effect
of sugarcane on plants and soil. To test this hypothesis, we monitored three indicators
(sugarcane biomass, sugarcane δ15N content, soil δ15N content) at different growth stages
under different water-fertilization management systems, in a typical sugarcane cropping
system in Guangxi. Specific objectives were to determine: (1) the pattern of variation in
sugarcane biomass; (2) sugarcane δ15N and soil δ15N content at different growth stages;
(3) the pattern of variation in photosynthesis, soil respiration, transpiration, soil electrical
conductivity, and leaf area index; and (4) the optimum water-fertilizer regimen for the
sugarcane cropping system.

2. Materials and Methods
2.1. Study Area

The study area was in Jiangzhou county, Guangxi province, a typical sugarcane-
producing area in China (Figure 1). Jiangzhou county is located in the subtropical humid
monsoon climate zone, with mean annual precipitation of 1500 mm and mean annual
temperature of 22 ◦C. Sugarcane in Guangxi plays a crucial role in China’s sugar production
and regional economic development. The province has the largest sugarcane area and is the
largest producer of sugar in China, accounting for around 63.1% of national sugarcane area,
producing 7.29 million tons sugar per annum (67.5% of national sugarcane output), and
contributing about 7 billion USDto the gross domestic product (GDP) of China in 2018. The
area of sugarcane crop increased from 4543 km2 in 1995 to 8864 km2 in 2018, representing
7.9% and 14.8%, respectively, of the total sown area in Guangxi province [39]. Abundant
light and heat resources are of great benefit to the yield of sugarcane. Following adjustment
of the planting system, sucrose production has been strongly increased in Guangxi.
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Figure 1. Location of the study site in Guangxi province, southern China, and the experimental
sugarcane plot.

2.2. Experiment Design

The experiment was carried out at Longze in Jiangzhou county. Each plot was
8 m × 8 m and was equipped with one of two irrigation methods, drip (D) or spray (S)
irrigation, and different fertilizer levels. The drip irrigation zone was surrounded by



Water 2021, 13, 2895 4 of 15

cement and bricks, to form a relatively independent experimental plot. The spray irrigation
zone had a 2 m wide isolation zone. The treatments comprised 0, 50%, and 100% of the
optimal irrigation level, and 0, 50% and 100% of the optimal fertilization level (Table 1).
The experiment was laid out in a completely random design, with eight treatments in
total, and three replicate plots per treatment. Taking the triangles as position references in
each square, three sugars were then selected and their roots pulled out at different growth
stages of sugarcane, for biomass and δ15N content. Taking the extracted sugarcane as the
center point, within a radius of 20 cm, we followed the triangles and take soil samples from
0–20 cm underground. In total, there were nine soil samples from soil drills in each square,
which were mixed thoroughly. 500 g were placed in a ziplock bag as a sample, and the
δ15N value of the soil recorded for laboratory analysis.

Table 1. Experimental design: Drip (D) or spray (S) irrigation, and 0% (Water Low, WL), 50% (WM),
or 100% (WH) of the optimal irrigation level, and 0% (Fertilizer Low, FL), 50% (FM), or 100% (FH) of
the optimal fertilization level, at three different growth stages of sugarcane.

Treatment

Seedling Stage Tillering Stage Elongation Stage

Water
(m3 ha−1)

Fertilizer
(kg ha−1)

Water
(m3 ha−1)

Fertilizer
(kg ha−1)

Water
(m3 ha−1)

Fertilizer
(kg ha−1)

DWMFM 2250 1350 2250 2700 7500 9450
DWMFH 2250 2700 2250 5400 7500 18,900
DWHFM 4500 1350 4500 2700 15,000 9450
DWHFH 4500 2700 4500 5400 15,000 18,900

SWMFM 2250 1350 2250 2700 7500 9450
SWMFH 2250 2700 2250 5400 7500 18,900
SWHFM 4500 1350 4500 2700 15,000 9450
SWHFH 4500 2700 4500 5400 15,000 18,900

Control (WLFL) 0 0 0 0 0 0

2.3. Measured Parameters and Methods
2.3.1. Sugarcane Biomass

Sugarcane selection needed to consider growth status in the square, where three
grades of coarse, medium, and fine were selected as appropriate. Roots, stems, and leaves
were collected and weighed fresh. After measuring leaf area index, leaves, stems, and roots
were placed in a drying oven at 105 ◦C for 0.5 h, dried at 70 ◦C to constant weight, and
weighed separately.

2.3.2. Leaf Area Index

Sugarcane leaf area index (LAI) of each plot was estimated with the help of a canopy
analyzer (LAI-2200 Plant Canopy Analyzer, LI-COR, Lincoln, NE, USA). In each square,
three sugarcanes were randomly selected (the selected sugarcane should be representative,
so the study choose one with good growth, one with normal growth, and one with poor
growth), the length and width of their leaves measured, and LAI-2200 Plant Canopy
Analyzer used to measure the leaf area of each sugarcane leaf. The leaf area index (LAI)
was then calculated as follows:

LAI = the total area of the leaf/the occupied land area

2.3.3. δ15N Content

The stable isotope of nitrogen (15N) occurs in nature at lower concentrations than its
14N counterpart. The use of N isotopes was based on the fact that the ratio 14N/15N occurs
naturally at a nearly constant ratio of 273:1 (0.3663% of 15N atoms). Techniques based on
the measurement of the relative concentrations of these isotopes are useful to evaluate
several phenomena linked to the nitrogenous nutrition of plants. Work with N fertilizers
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labeled with the 15N isotope showed that the fertilizer N utilization by the sugarcane plant
was variable.

The nitrogen isotope (δ15N) concentration in plant and soil samples was determined
by a stable isotope mass spectrometer (Isoprime100, ElementarAnalysensystemeGmbH,
Heraeus, Germany). δ15N is affected by multiple processes and interactions of the nitrogen
cycle, which can comprehensively reflect the characteristics of the nitrogen cycle. Generally
speaking, the higher the δ15N content, the higher the nitrogen cycle efficiency and nitrogen
utilization. The isotope ratio of nitrogen was defined as:

δ15N = [(15N/14N) sample − (15N/14N) standard]/(15N/14N) standard × 1000‰

2.3.4. Photosynthesis and Transpiration

Indicators of photosynthesis were recorded on three cloudless days during the elon-
gation stage of sugarcane using a portable photosynthesis meter (Li-6400; LI-COR Inc.,
Lincoln, NE, USA). The gas flow rate in the system was set to 500 µmol s−1 during measure-
ments, the dedicated built-in red and blue light sources used, and the light intensity set to
1000 µmol m−2 s−1 photons. In each treatment, three representative sugarcane plants with
good growth were selected. Measurements were taken every 2 h from 09:00 to 17:00. The
net rate of photosynthesis (Pn) and transpiration (Tr) in leaves were measured separately
at high, middle, and low points on the plant. Measurements of each leaf were taken three
times, before calculating their average.

2.3.5. Soil Respiration

The LI-6400 portable photosynthesis meter was also used to measure CO2 flux. Before
measurement, an isolation ring was placed in the soil, in the area to be tested on the next
day, with the rim set 2–3 cm above the surface. To measure CO2 concentration at the soil
surface, the soil respiration chamber was fitted onto the soil ring, the measured soil area
and the target CO2 value were entered into the meter, and the measurement cycle was
started. Three rings were set up at each point and treated as separate replicates.

2.3.6. Soil Electrical Conductivity

Representative soils were selected in the three plots of each irrigation mode, that is,
near the pulled sugar cane, and measured with the WET three-parameter meter.

2.4. Statistical Analysis

All statistical analyses were performed using the software R. The mean and standard
error (SE) of each group were calculated, and all pair-wise comparisons of the treatment
means were performed using the least significant difference (LSD) test, with significance
set at p < 0.05. The relationship between fertilizer application, water consumption, and
sugarcane properties was plotted using Matlab.

3. Results
3.1. Combined Effect of Water and Fertilization on Sugarcane Biomass

Fertilization had a significant effect on root biomass (p < 0.05) in the seeding and
tillering stages and had a stronger significant effect on stem biomass (p < 0.01) in the seeding
and elongation stages. Water had a significant effect on root biomass in the elongation
stage and on leaf biomass in the seedling and tillering stages (p < 0.05). Irrigation type
had a significant effect on root biomass (p < 0.05) in the elongation stage, and on stem and
leaf biomass (p < 0.05) in the maturity stage. The interaction between water and fertilizer
was significant for stem biomass in the seeding, tillering, and maturity stages, and highly
significant for root and leaf biomass (p < 0.001) in the elongation stage (Figure 2).
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Figure 2. Biomass in roots (top panels), stems (center), and leaves (bottom) of sugarcane in (left
to right) the seedling, tillering, elongation, and maturity stages under different water-fertilizer
treatments (for treatment abbreviations, see Table 1) (Different letters a, b, c and d in the figure
indicate significant differences between treatments).

For a given type of irrigation (drip, spray), root and stem biomass generally higher
in the high water-medium fertilization (WHFM) treatment. Leaf biomass in the seedling
stage was highest under the medium water-high fertilization (WMFH) treatment. In the
tillering stage, root and stem biomass was highest in the high water-high fertilization drip
irrigation (DWHFH) treatment, but leaf biomass was highest in the medium water-high
fertilization spray irrigation (SWMFH) treatment. In the elongation stage, root and stem
biomass was highest in DWHFM, but leaf biomass was highest in the SWHFM treatment.
In the maturity period, sugarcane biomass was highest in DWMFH (Table 2).

Table 2. Results of multivariate analysis of variance (ANOVA) of biomass at different growth stages of sugarcane under
different water-fertilizer-irrigation method treatments.

Biomass ANOVA(F)

Treatment
Seedling Stage Tillering Stage Elongation Stage Maturity Stage

Root Stem Leaves Root Stem Leaves Root Stem Leaves Root Stem Leaves

Fertilizer 4.62 * 13.55
***

2.40
NS

6.0658
**

1.0568
NS

0.5297
NS

2.187
NS 3.8977 * 1.6136

NS
1.7942

NS
2.4173

NS
2.4818

NS

Water 1.89 NS 0.022
NS 6.45 * 0.3452

NS
1.5247

NS
0.0591

NS 4.1561 * 0.0003
NS 12.56 ** 3.4798

NS
0.0285

NS
0.1204

NS

Irrigation type 0.07 NS 0.73 NS 0.03
NS

0.0101
NS

19.9948
***

1.9567
NS 5.1464 * 0.0322

NS
0.5127

NS
0.5534

NS 5.7069 * 7.4467
*

Fertilizer:
Water 0.02 NS 19.11

***
2.06
NS

0.0006
NS 4.6203 * 0.994

NS
21.917

***
0.6355

NS
16.13

***
0.0051

NS 7.5205 * 0.1745
NS

Fertilizer:
Irrigation type 0.01 NS 0.09 NS 0.05

NS
0.8626

NS
0.0181

NS
0.6036

NS 7.5522 * 10.345
** 5.0004 * 1.8445

NS
1.5065

NS
0.7521

NS

Water:
Irrigation type 0.08 NS 0.85 NS 0.14

NS
0.0163

NS
1.4698

NS
0.0159

NS
0.3192

NS 3.8835 * 12.52 ** 1.7179
NS

0.0022
NS

0.0533
NS

Fertilizer:
Water:

Irrigation type
0.03 NS 0.60 NS 0.03

NS
0.0087

NS
0.6298

NS
1.757
NS 7.7459 * 13.2488

** 6.3025 * 3.6437
NS

4.1081
NS

0.1701
NS

Note: * p < 0.05); ** p < 0.01, *** p < 0.001; NS = not significant (p < 0.05).
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3.2. Combined Effect of Water and Fertilization on Nitrogen Fixation by Sugarcane Plants

3.2.1. Combined Impact of Water and Nitrogen on Sugarcane δ15N Content

Fertilizer had a significant effect on the δ15N content of leaves (p < 0.05) in the seedling,
tillering, and elongation stages, and a significant effect on root δ15N content (p < 0.05) in
the maturity stage. Water had a significant effect on the stem δ15N content of sugarcane in
both the elongation and maturity stages. The effect of irrigation type on the δ15N content
of roots and stems was highly significant (p < 0.001) in the seedling stage, and significant
for stem (p < 0.01) and leaf (p < 0.001) δ15N content in the elongation stage. In the maturity
stage, irrigation type had a significant effect on the δ15N content of sugarcane (Figure 3).
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Figure 3. Nitrogen isotope (δ15N) content in (top panels) roots, (center) stems, and (bottom) leaves
of sugarcane in (left to right) the seedling, tillering, elongation, and maturity stages under different
water-fertilizer treatments (for treatment abbreviations, see Table 1) (Different letters a, b, c and d in
the figure indicate significant differences between treatments).

Fertilizer-water interaction had a significant effect on root δ15N content (p < 0.05)
in the seedling and maturity stages, and on stem δ15N content (p < 0.01) in the tiller-
ing stage. Fertilizer-irrigation type interaction was significant for stem δ15N content
(p < 0.05) in the tillering stage and leaf δ15N content (p < 0.001) in the seedling and tiller-
ing stages. In the elongation stage, water-irrigation type, fertilizer-irrigation type, and
fertilizer-water-irrigation type all had significant interaction effects on stem δ15N content
(p < 0.05) (Figure 3).

The average δ15N content of sugarcane in the seedling stage and tillering stage was
higher under spray irrigation than under drip irrigation. Root δ15N content in the seedling
stage was highest in the SWMFH treatment. Leaf δ15N content in the seedling and elon-
gation stages was highest in the SWHFM treatment. Stem δ15N content was highest in
SWMFM in the seedling stage, in SWHFM in the tillering stage, and in the DWHFM
treatment in the elongation stage. Stem and leaf δ15N content in the maturity stage was
highest in the DWHFH treatment (Table 3).

3.2.2. Combined Impact of Water and Nitrogen on Soil δ15N Content

Fertilizer had a significant effect on soil δ15N content in the seedling, tillering, and
elongation stages. Water had a significant effect only in the tillering stage, while irrigation
type had an effect in the tillering, elongation, and maturity stages. During the tillering stage,
fertilization-water interaction, fertilization-irrigation type interaction, and fertilization-
water-irrigation type interaction all had significant effects on soil δ15N content. Water-
irrigation type interaction had a significant effect on soil δ15N content at the seedling stage
(Table 4).
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Table 3. Results of multivariate analysis of variance (ANOVA) of nitrogen isotope (δ15N) content in sugarcane at different
growth stages under different water-fertilizer-irrigation method treatments.

δ15N Content ANOVA(F)

Treatment
Seedling Stage Tillering Stage Elongation Stage Maturity Stage

Root Stem Leaves Root Stem Leaves Root Stem Leaves Root Stem Leaves

Fertilizer 3.1535
NS

3.193
NS

6.197
**

1.8479
NS

2.442
NS

6.20
**

2.1273
NS

1.4997
NS 8.44 ** 5.78 * 0.1766

NS
0.6603

NS

Water 0.4023
NS

3.0349
NS

0.6727
NS

0.3144
NS

4.2454
NS

0.6727
NS

0.1676
NS

10.3
**

0.2794
NS

2.0286
NS

23.87
***

0.009
NS

Irrigation type 26.02
***

20.55
***

1.5934
NS

3.081
NS 10.11 ** 1.5934

NS
1.5365

NS
9.50
**

44.40
*** 7.87 * 7.7821 * 14.68 **

Fertilizer: Water 7.1714
*

0.7072
NS

0.0224
NS

0.667
NS

4.0186
NS

0.0224
NS

0.0454
NS

8.45
**

0.7439
NS 12.89 ** 0.1057

NS 8.20 *

Fertilizer:
Irrigation type

0.0169
NS

0.5526
NS

15.64
***

0.0856
NS 7.8639 * 15.64

*** 4.74 * 9.50
**

0.1627
NS

0.0663
NS

0.2831
NS

2.1108
NS

Water: Irrigation
type

11.40
**

1.998
NS

0.2123
NS

1.1769
NS

0.0976
NS

0.2123
NS

0.0555
NS 5.86 * 0.0435

NS
0.8021

NS
0.8056

NS
0.9115

NS

Fertilizer: Water:
Irrigation type

3.936
NS

0.0375
NS

1.6263
NS

1.427
NS 9.83 ** 1.6263

NS
1.1962

NS
5.86
**

0.0017
NS

0.0735
NS

0.2695
NS

0.7191
NS

Note: * p < 0.05; ** p < 0.01, *** p < 0.001; NS = not significant (p < 0.05).

Table 4. Nitrogen isotope (δ15N) content in soil at different growth stages of sugarcane under different water-fertilizer
treatments (for abbreviations, see Table 1).

Soil δ15N

Treatment Seedling Stage Tillering Stage Elongation Stage Maturity Stage

Drip irrigation

DWMFM 5.61 ± 2.05 c 7.30 ± 0.17 c 8.31 ± 0.31 ab 7.99 ± 0.18 ab

DWMFH 7.94 ± 0.08 ab 7.31 ± 0.36 c 7.50 ± 0.77 bc 7.95 ± 0.62 ab

DWHFM 7.73 ± 0.02 ab 7.24 ± 0.50 c 7.96 ± 0.38 abc 7.58 ± 0.23 bc

DWHFH 8.11 ± 0.16 a 8.30 ± 0.32 a 7.03 ± 1.08 c 8.18 ± 0.49 a

Spray irrigation

SWMFM 7.12 ± 0.37 abc 7.69 ± 0 bc 8.78 ± 0.06 a 7.64 ± 0.17 bc

SWMFH 6.98 ± 0.47 abc 7.64 ± 0 bc 8.10 ± 0.60 abc 7.72 ± 0.02 abc

SWHFM 5.27 ± 1.50 c 7.90 ± 0.37 ab 8.57 ± 0.23 ab 7.47 ± 0 bc

SWHFH 6.17 ± 2.09 abc 7.91 ± 0.06 ab 8.08 ± 1.15 abc 7.33 ± 0 c

Control WLFL 8.07 ± 0.35 ab 7.99 ± 0.20 ab 9.00 ± 0.15 a 7.59 ± 0.37 bc

ANOVA(F)

Fertilizer 3.3368 * 4.5668 * 6.7433 ** 0.7322

Water 0.0407 9.9021 ** 0.9674 2.0059

Irrigation type 4.4094 4.9108 * 6.7418 * 8.9748 **

Fertilizer: Water 0.2463 6.0143 * 0.0044 0.6871

Fertilizer: Irrigation type 1.1312 6.0869 * 0.2994 1.4266

Water: Irrigation type 7.2302 * 0.9507 0.3205 0.5249

Fertilizer: Water: Irrigation type 2.6952 4.7163 * 0.0757 2.8576

Values within Columns (treatments) followed by different letters (a,b,c) are significantly different (* p < 0.05; ** p < 0.01; NS = not significant).

In the WHFH treatment, soil δ15N content under drip irrigation was highest in the
seedling and tillering stages. The best irrigation treatments for soil δ15N content in the
elongation period were the control and SWMFM, while the best treatment in the maturity
period was DWHFH (Table 4).
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3.3. Combined Effect of Water and Fertilization on Photosynthesis, Transpiration, Leaf Area Index,
and Soil Respiration

The results of nonlinear multivariate regression between the level of irrigation water
or the dose of the fertilizer and the photosynthetic, transpiration, mean leaf area index and
soil respiration at different growth stages of sugarcane are shown in Table 5. Water had a
positive effect on photosynthesis, and fertilizer had a negative effect, in both the seedling
and elongation stages. In the tillering stage, water, and fertilizer both had a negative effect
on photosynthesis. The effect of water on photosynthesis was greater than that of fertilizer
in all growth stages. Water-fertilizer interaction had a negative effect on transpiration in the
seedling and tillering stages, and a positive effect on transpiration in the elongation stage.
The effect of water on transpiration was greater than that of fertilizer in all growth stages.
For leaf area index, fertilizer had a negative effect in both the seedling and tillering stages,
but a positive effect in the elongation stage. Water had a positive effect in both the seedling
and elongation stages, and a negative effect in the tillering stage. The effect of water on
leaf area index was greater than that of fertilizer in all growth stages. For soil respiration,
water had a positive effect in the seedling stage and a negative effect in the tillering and
elongation stages. Fertilizer had a negative effect in the seedling and elongation stages, but
a positive effect in the tillering stage.

Table 5. Regression curves for photosynthesis, transpiration, leaf area index, and soil respiration at
different growth stages of sugarcane under different water (x)-fertilizer (y) treatments.

Response
Variable/Z

Growth
Stages of

Sugarcane
Regression Equation R2

Photosynthetic/Z1
Seedling Z1 = 13.65 − 0.006x + 0.01y + 1.068x2 − 2.77E−7y2 0.252
Tillering Z1 = 26.78 − 9.71E−6x + 4.36yE−4 − 1.40E−7x2 + 3.24E−7y2 0.328

Elongation Z1 = 11.49 − 2.88E−5x − 3.64E−5y − 6.43E−9x2 + 5.52E−9y2 0.206

Transpiration/Z2
Seedling Z2 = 1.33 − 0.003x − 0.005y − 3.83E−7x2 − 1.31E−6y2 0.259
Tillering Z2 = 5.22 − 1.45E−7x − 2.69E−5y − 3.64E−8x2 − 8.17E−7y2 0.241

Elongation Z2 = 2.39 + 4.84E−6x + 6.10E−6y − 3.02E−9x2 − 5.57E−10y2 0.370

Mean leaf area
index/Z3

Seedling Z3 = 0.55 − 1.32E−5x + 9.39E−5y − 3.70E−10x2 + 2.72E−10y2 0.191
Tillering Z3 = 0.87 − 1.19E−5x − 1.04E−4y + 7.26E−9x2 + 3.76E−8y2 0.185

Elongation Z3 = 1.097+2.17E−6x + 2.74E−6y + 1.556E−9x2 − 1.44E−9y2 0.499

Soil respiration/Z4
Seedling Z4 = 3.02 − 0.001x + 0.003y + 1.84E−7x2 − 6.07E−7y2 0.005
Tillering Z4 = 3.98 + 7.75E−5x − 6.38E−4y + 1.26E−9x2 + 1.27E−7y2 0.058

Elongation Z4 = 2066 − 4.37E−5x − 5.51E−5y + 1.77E−9x2 + 2.86E−9y2 0.147

3.4. Correlation Analysis of Nitrogen Fixation with Various Influencing Factors

In the seedling stage, the main factors affecting the δ15N content of sugarcane were
mean leaf area index, soil water, soil temperature, and electrical conductivity, while the
main factors affecting the soil δ15N content were photosynthesis and soil temperature
(Table 6). During the tillering stage, transpiration significantly affected stem δ15N content,
while leaf area index was the main factor affecting leaf δ15N content. In the maturity stage,
the main factors affecting leaf δ15N content were soil δ15N content, temperature, electrical
conductivity, and respiration, the main factor affecting root δ15N content was water, and the
main factors affecting soil δ15N content were leaf area index and soil electrical conductivity
(Table 6).

Table 6. Results of correlation analysis between soil nitrogen isotope (δ15N) content in different growth stages of sugarcane
and different plant and soil parameters.

Seedling Stage Tillering Stage Elongation Stage

Root
δ15N

Stem
δ15N

Leaf
δ15N

Soil
δ15N

Root
δ15N

Stem
δ15N

Leaf
δ15N

Soil
δ15N

Root
δ15N

Stem
δ15N

Leaf
δ15N

Soil
δ15N

Photosynthesis 0.5328 0.2318 0.906 0.008 0.2304 0.631 0.4559 0.1302 0.582 0.7312 0.789 0.2715
Mean transpiration 0.9773 0.6276 0.539 0.52 0.9094 0.0424 0.7124 0.1364 0.474 0.6846 0.2777 0.6968
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Table 6. Cont.

Seedling Stage Tillering Stage Elongation Stage

Root
δ15N

Stem
δ15N

Leaf
δ15N

Soil
δ15N

Root
δ15N

Stem
δ15N

Leaf
δ15N

Soil
δ15N

Root
δ15N

Stem
δ15N

Leaf
δ15N

Soil
δ15N

Total leaf area index 0.5184 0.1731 0.049 0.775 0.6713 0.2921 0.0076 0.6224 0.819 0.9371 0.0607 0.0052
Mean leaf area index 0.1732 0.0385 0.233 0.880 0.6747 0.2826 0.0082 0.6118 0.820 0.9321 0.0606 0.0051
Soil water 0.0007 0.0002 0.503 0.145 0.9862 0.7678 0.8841 0.5547 0.011 0.4652 0.6391 0.7835
Soil temperature 0.0353 0.0043 0.497 0.023 0.0602 0.7234 0.1011 0.1295 0.228 0.4214 0.078 0.0931
Soil electrical conductivity 0.0307 0.0275 0.840 0.135 0.6173 0.3567 0.5065 0.0173 0.604 0.9897 0.0102 0.0001
Soil respiration 0.4552 0.6968 0.456 0.414 0.1811 0.1961 0.882 0.1661 0.273 0.3582 0.0085 0.1303

4. Discussion
4.1. Effects of Different Irrigation-Fertilization Combinations on Sugarcane Biomass

Biomass production is known to be strongly influenced by irrigation and fertilization,
as well as other agronomic measures [40–42]. Sugarcane responded differently to water
during the different phenological phases, where in contrast to the initial and final stages
of sugarcane development, the intermediate stage of stem elongation did not show a
clear response to water supply [30,43]. While a previous study showed that water was an
important factor in the elongation of sugarcane stems [44] our study suggested that water
had no significant effect on stem biomass in the growth of sugarcane (Table 2), that stem
biomass in the tillering stage was most vigorous in the WHFH treatment (734.21 g plant-1),
and that in the mature period it was most vigorous in WMFM (980.94 g plant-1) (Figure 2).
After Inman-Bamber and Smith [32] clearly demonstrated that reducing irrigation during
the maturation phase saves water and increases the sucrose content in sugarcane, it is now
common practice in irrigated sugarcane production to suspend irrigation before harvesting,
claiming the additional advantage of reducing moisture content of the biomass taken to
the sugar mill [32,45].

During the seedling and elongation periods of sugarcane, fertilization was an impor-
tant limiting factor for stem biomass, and at the seeding, tillering and maturity stages,
water-fertilizer coupling had a significant effect on stem biomass (Table 2), indicating
that, fertilizer is an important factor for sugarcane growth in the seedling stage. Indeed,
these results are consistent with other studies which have demonstrated the importance of
fertilizers in the emergence and growth of sugarcane seedlings. For stems, the best water
and fertilizer treatment was found to be WHFM at the seedling and elongation stages, but
WMFM at the maturity stage (Figure 2).

For a particular irrigation type (drip, spray), sugarcane stems were most vigorous
under high water (WH) treatments, reaching 1.51 g plant-1 and 114.74 g plant-1 during
the seedling and tillering stages, respectively. Irrigation type had a significant effect on
sugarcane stem biomass at the elongation stage, and the stem biomass of spray irrigation
in the seedling stage was higher than that of drip irrigation, while during the growth and
maturity period, the biomass of drip irrigation was generally higher than that of spray
irrigation. Considering all the stages, then, drip irrigation appears to be more conducive
to the accumulation of sugarcane biomass than spray irrigation (Figure 2). According to
the nutrient and water needs of sugarcane growth stages, water-fertilizer integrated drip
irrigation should be carried out to ensure effective stems, thereby maximizing sugarcane
production [45]. Within a certain range of water and fertilization inputs, sugarcane yield in
the present study increased as irrigation and fertilization increased but decreased when
exceeded certain thresholds. Reasonable water and fertilization inputs, therefor, can be
expected to achieve high crop yields [26].

4.2. Effects of Different Irrigation-Fertilization Combinations on Nitrogen Fixation in Sugarcane

Plants are able to assimilate inorganic forms of N and NO2 absorbed from the soil
or obtained from fertilizer. Fertilizer had a significant effect on leaf δ15N content in the
seedling, tillering and elongation stages, water and irrigation type had a significant effect
on stem δ15N content in the elongation and maturity stages, and drip irrigation have a
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more significant effect on stem δ15N content than spray irrigation (Figure 3, Table 3). In the
elongation period, nitrogen use efficiency of the roots, stems, and leaves was highest under
the DWHFM treatment in all cases. With regards the nitrogen fixation effect on the soil,
soil δ15N content in the seedling, tillering, and maturity stages was highest in the DWHFH
treatment (Table 4).

Use of the 15N isotopic tracer technique to measure N-fertilizer absorption by the plant
reported a low recovery of N by sugarcane derived from mineral fertilizers. According
to [46], during the early stages of sugarcane, fertilizer is the crop’s main source of the
nutrient, accounting for more than 70% of N extracted by the plants. However, sugarcane
is a semi-perennial crop, remaining in the field for at least 10 months, and recovery of
fertilizer N decreases over the course of the cycle [47]. During the sugarcane harvest, N
fertilizer participation in the total N of the plant is significantly reduced [48,49], which
corresponds with our finding that the δ15N content was 10.88% in the seedling stage and
2.69% in the tillering stage. In many studies, meanwhile, there was no response to N
fertilization.

In the seedling and tillering stages of sugarcane, the present study found that the
nitrogen cycle of sugarcane stems was fastest, and the nitrogen use efficiency highest
under spray irrigation and low fertilization. Nitrogen is an important nutrient in soil,
and is involved in the processes of ammonification, nitrification, denitrification, and
mineralization. Studies have reported significant variation in the amplitude and temporal
dynamics of N2O emissions from soil in response to nitrogen fertilization, suggesting that
these dynamics depend on fertilizer type and application method, soil type, and frequency
of rainfall and irrigation [50,51]. In sugarcane fields in Australia and in corn cultivated for
biofuel production [52], emissions of N2O increased significantly with the application of
fertilizer, with most increases occurring shortly after fertilization. While our study, did not
test for the release of N2O, it did analyze the utilization efficiency and the role of nitrogen
fixation in the soil during the entire growth period of sugarcane. Nitrogen use efficiency
was found to be higher under DWHFM treatment, while under the same treatment, the
nδ15N content in the soil was higher.

4.3. Effects of Different Irrigation-Fertilizer Combinations on Photosynthesis, Transpiration, Leaf
Area Index, and Soil Respiration

In general, full irrigation can increase the stomatal conductance of leaves, while low
fertilizer rates can increase their chlorophyll content, promoting photosynthetic efficiency.
Photosynthesis in our sugarcane crop was at its maximum under high water (WH) in
the seedling and elongation stages (Table 5), confirming that adequate irrigation is an
important factor underlying efficient photosynthesis [53]. Chen et al. (2013) found that
the peak rate of photosynthesis in maize plants was higher at higher doses of fertilizer
than at lower doses [54], while Wang et al. (2016) found that the maximum value of
photosynthesis in buckwheat was obtained at intermediate doses of fertilizer [55]. In our
study, photosynthesis was negatively correlated with fertilization at all growth stages of
sugarcane. Such discrepancies may be due to an oversupply of fertilizer, which may have
reduced the photosynthetic capacity of plant mesophyll cells.

Transpiration in both the seedling and tillering stages at the lowest level of irrigation
(WL) was generally higher than in the treatments with higher levels of irrigation, contradict-
ing previous findings for monoculture systems. This discrepancy may be attributable to a
particular chain of events, in which low irrigation slowed down the expansion of sugarcane
leaf area, thereby lowering the crown density, which in turn meant greater illumination
and higher temperatures at the soil surface on account of increased direct radiation and
ultimately lead to higher transpiration [56].

Leaf area index is an important indicator for the population growth of crops and has
been shown to increase with increased crop water usage [57]. In this study, leaf area index
of the sugarcane was greatest in the full irrigation and low fertilizer (WHFL) treatment,
suggesting that excessive fertilization actually inhibits the growth and development of
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sugarcane. This may be due to inhibition of root development at the elongation stage,
when sugarcane requires less fertilizer (Figure 2).

Different water and fertilizer management regimens can significantly affect soil respi-
ration rate. Yang et al. (2015) concluded that soil respiration rate is greater under controlled
irrigation than under full-scale submerged irrigation [58]. Under the experimental condi-
tions in the present study, increasing fertilizer application caused the soil respiration rate
to increase at first, but then to decrease. A possible reason for this could be that excessive
fertilizer application not only inhibits the growth of sugarcane, but also reduces soil organic
matter content and the soil content of micro-organisms and plant roots, ultimately bringing
about a decrease in soil respiration rate.

4.4. Optimizing Water-Fertilizer Combinations

Agriculture is recognized as a source of high GHG emissions on a CO2-equivalent ba-
sis [59], especially owing to its emissions of gases that have relatively high global warming
potential such as N2O [40]. Therefore, if production of sugarcane is to become an important
measure for reducing N2O emissions associated with global energy production, it is clear
that we require more sophisticated information on GHG emissions pertaining to sugar-
cane agriculture. Sugarcane cropping involves a series of management and fertilization
practices, and a clear understanding of how these practices can affect emissions is lacking,
especially for China, the third largest producer of sugarcane in the world. Using isotope
detection measurements of δ15N content in sugarcane and soil, this study showed that the
nitrogen fixation effect of sugarcane grown in China can vary significantly according to
irrigation and fertilization regimen, and that sugarcane biomass can vary significantly with
irrigation system.

Sugarcane root and leaf biomass production was restricted by lack of water. Com-
bining high fertilizer doses with irrigation by methods that are more tolerant to water
deprivation can save on in irrigation costs and improve sugar biomass. In the initial devel-
opment stages of sugarcane, fertilizer did not play a key role in the nitrogen nutrition of
the crop, but it did play a key role in soil nitrogen content. Irrigation type had a significant
effect on the nitrogen content in both crop and soil. Spray irrigation appeared to be the
optimal method in the initial development stages, while drip irrigation was beneficial for
stem growth in the elongation stage. However, there was no significant difference between
drip irrigation and spray irrigation within water-fertilizer treatments, drip irrigation is
appropriate for field planting. The best treatment for sugarcane was to combine medium
water with high fertilization in the seedling and tillering stages, and high water with
medium fertilization in the elongation stage.

5. Conclusions

(1) Applying different ratios of fertilizer to water in different growth stages of sug-
arcane can improve nitrogen availability, resulting in higher biomass production and
reducing the severity of GHG emissions from sugarcane fields.

(2) Based on the relationships observed between water and fertilization inputs, spray
irrigation supplying 2250 m3 ha−1 and a fertilizer dose of 2700 kg ha−1 maximized sugar-
cane biomass and nitrogen fixation in the seedling and tillering stages, while drip irrigation
supplying 7500 m3 ha−1 and a fertilizer dose of 1890 kg ha−1 maximized sugarcane biomass
and nitrogen fixation in the elongation and maturity stages.

(3) In summary, optimization of water-fertilizer combinations at different stages
of sugarcane is expected to see wide application in sugar agriculture and horticulture,
particularly in regions similar with Guangxi.

(4) Naturally, the experiment has its limitations. Going forward, the coupling of water
and fertilizer should be carried out in relation to sugarcane yield, sugar content, etc., and
further studies are needed to evaluate the residual effect of N in the soils and verify the
potential impact on greenhouse gases.
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