
 11

Fig. 1. Suspended particle size distribution and mineral composition. (a) Size distribution of suspended particles. (b) X-12

ray diffraction (XRD) pattern of suspended particles. 13
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15

Fig. 2. Layout of drip irrigation experimental system. 1, water pump; 2, butterfly valve; 3, fertilizer pond; 4, water pond; 16

5, sand filter; 6, disc filter; 7, small disc filter; 8, copper valve; 9, pressure gauge; 10, water meter; 11, small ball valve; 12, 17

return pipe; 13, drip irrigation pipe; 14, flushing valve.18
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20

Fig. 3. Dynamic changes of emitter performance and clogging substance content between different treatments21
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Fig. 4.  24

E3 E3.APP



 25

Fig. 5. Mineral composition and relative proportion of particulates and precipitates inside emitters 26
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 28

Fig. 6. Average variation of mineral contents with respect to time. Bars are standard errors. Values without the same 29

letters within the same column at each sampling day 30
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36
Fig. 8. Biomarker analysis between groups. (a) Linear discriminant analysis effect size (LEFSe) cladogram. The 37

categorization level from the phylum to the genus is represented by the circle radiating from the interior to the outside, and 38

the size of the circle is proportional to the relative abundance. The red, green, purple, and blue nodes represent the microbial 39

groups that play important roles in E1, E2, E3, and E3.APP, respectively. The yellow node represents that there was no 40

significant difference in species at this level. (b) Linear discriminant analysis (LDA) histogram. The extent of the 41

difference in the biomarker is represented by the length of the histogram, and a length larger than 4 indicates that the 42

difference is significant. (c) Analysis of bacterial community structure by non-metric multidimensional scaling (NMDS).43
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44
Fig. 9. Interaction between composite fouling. (a) Spearman correlation analysis of emitter performance index and 45

composite fouling. (b) Structural equation modeling analysis (SEMA). The number between two modules is the standard 46

path coefficient ( ). The color indicates a positive impact (black) or a negative impact (orange), and the solid and dotted 47

lines represent significant or insignificant. *p < 0.05, **p < 0.01. (c) Variance partitioning analysis (VPA) of particulates, 48

precipitates, and biofouling based on multiple linear regression.49

a)

b)

Dra CU DW Precipitate Calcite Dolomite Aragonite Particulate Feldspar Muscovite Chlorite Quartz
Ace ** ** ** ** * * * **

Chao ** ** ** ** ** * *
p_Proteobacteria * ** * *

o_Pseudomonadales *
c_Gammaprotepbacteria * *

f_Moraxellaceae ** ** * *
g_Acinetobacter * *

s_Acinetobacter_lwoffii * *
o_Rhizobiales * * * **

f_Rhodobacteraceae *
o_Rhodobacterales **

g_Rhodobacter

c_Deltaproteobacteria * * * *
o_Myxococcales *
p_Bacteroidetes *

o_Sphingobacteriales * * * *
c_Sphingobacteriia *
p_Saccharibacteria ** ** *

g_Terrimonas *
c_Betaproteobacteria * * ** * *

Precipitates Particulates

1

0.6

0.2

0

-0.2

-0.6

-1

ss

c)



Table 1. Range of water quality parameters 4

pH 

Suspended 

solids 

(mg/L) 

Electrical 

conductivity 

S/cm) 

CODCr

(mg/L) 

BOD5

(mg/L) 

Total 

phosphorus 

(mg/L) 

Total 

nitrogen 

(mg/L) 

Fe2+ 

(mg/L) 

Ca2+ 

(mg/L) 

Mg2+ 

(mg/L) 

7.3-7.8 260-410 649-823 17.8-26.8 12.7-16.4 0.81-0.93 1.27-1.64 0.28-0.35 32.8-44.7 11.7-35.9 

Note: CODcr represents the oxygen demand measured with potassium dichromate as the oxidant, and BOD5 represents the oxygen 5

consumed by oxygen-consuming microorganisms in 5 days, both of which show the degree of organic pollution of water sources.6



Table 2 Parameters of drip irrigation emitters 7

Emitters 
Rated discharge

L/h  

Geometrical parameter of flow path mm Discharge 
coefficient 

Flow index 
Length Width Depth 

E1 0.95 85.0 0.55 0.51 3.1 0.51 

E2 2.00 24.5 0.61 0.60 6.5 0.61 

E3 1.60 19.0 0.55 0.49 5.2 0.51 

 8



Physical, chemical and biological emitter clogging behaviors in drip irrigation 1

systems using high-sediment loaded water 2
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Abstract: High-sediment water in drip irrigation (HSWDI) technology offers the opportunity to alleviate water 8

shortages in agricultural irrigation. Emitter clogging, caused by active suspended particles, salt ions, and 9

microorganisms present in water with high sediment load, poses considerable technical challenges to HSWDI. To date, 10

emitter blockage of HSWDI is attributed to physical clogging, little is known about the physical, chemical, and 11

biological clogging behaviors and their interactions for HSWDI. Here, X-ray diffraction and 16S rRNA gene 12

sequencing were applied to determine the physicochemical minerals and microbial community structure of the foulants 13

for HSWDI, using three types of flat emitters and two fertilization modes (no-fertigation and fertigation with 14

ammonium polyphosphate, APP). Results indicated that HSWDI emitter clogging was not only caused by physical 15

clogging (induced by particulates) but also caused by chemical clogging (i.e., precipitates) and biological clogging (i.e., 16

biofilms). The main particulates in HSWDI were found to be quartz (accounting for 41.8-56.3% of total clogging 17

foulants) and feldspar (13.6-21.1%), while the precipitates that contained calcite, dolomite and aragonite contributed 18

14.6-26.7%. The dominant flora in foulants were Proteobacteria (relative abundance ranged: 41.7-53.9%) and 19

Bacteroidetes (13.6-17.3%). Moreover, the coupling effect of three types of fouling was the main reason affecting 20

clogging (accounting for 36.3%), while the effect of two or single fouling was less (accounting for 14.4-25.3% and 0.7-21

2.6%). In addition, APP application caused the increase in microbial diversity and the proliferation of microorganisms, 22

resulting in the interactions between biofilm and other two foulants (i.e., precipitates and particulates) were exacerbated, 23

thus aggravating emitter clogging. This study opens a frontier for the investigation of physical, chemical, and biological 24

clogging behavior, in-depth clogging mechanisms, and anti-clogging measures for HSWDI, which will facilitate the 25

utilization of high-sediment water in agricultural irrigation. 26

Keywords: Composite fouling; particulate; precipitate; biofilm; ammonium polyphosphate  27
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1 Introduction28

One of the major constraints to sustainable agricultural production is a lack of irrigation water supplies (Qin 29

et al., 2019). At present, the development of alternative water sources and the application of irrigation water-30

saving technologies are two key strategies to alleviate the scarcity of agricultural water resources. High-sediment 31

Water (HSW) is widely distributed around the world, such as Northwest China, Southwest Europe, and Southeast 32

Africa (Puertes et al., 2021; Duker et al., 2020a; Duker et al., 2020b Niu et al., 2013;), and has the potential to 33

become an alternative water source for agricultural irrigation. Irrigation with HSW has numerous advantages, 34

including saving conventional water resources, ensuring irrigation water consumption, and reducing irrigation 35

costs. Meanwhile, drip irrigation is considered to be the most water-efficient irrigation technology (Nakayama and 36

Bucks, 1991), with water-use efficiency greater than 0.9 (Wang et al., 2018a). Thus, the combination of HSW with 37

drip irrigation technology is a viable solution to irrigation water scarcity. 38

The greatest barrier to the adoption and extensive use of high-sediment water drip irrigation (HSWDI) is 39

emitter clogging, which can significantly reduce irrigation system uniformity. Currently, literature ascribes emitter 40

clogging in HSWDI systems to physical blockage caused by suspended particle deposition (Bounoua et al., 2016; 41

Li et al., 2019a; Niu et al., 2013). Thus, filtration has become the most common approach for controlling clogging 42

in HSWDI. However, the control is not always satisfactory. In fact, active salt ions and microorganisms are also 43

present in HSW (Li et al., 2019b). Even in facilities with a proper filtration system, fine particles, soluble salt ions, 44

and microorganisms can pass through the filters and be conveyed into the emitter (Duran-Ros et al., 2009). 45

Therefore, in addition to physical clogging, HSW irrigation may lead to chemical and biological clogging due to 46

chemical precipitates and biofilm formation. Current research related to the clogging of HSWDI is focused on 47

physical clogging, while chemical and biological clogging characteristics are still poorly understood.  48

It is noted that there may be interactions among various types of foulants (Zan et al., 2010). For instance, 49

Umar and Saaid (2013) reported that the presence of carbonate precipitates could provide nucleation sites for 50
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silicate particulate, thereby speeding up silicate growth. In addition, biofilm can induce calcium carbonate 51

precipitation (Xiao et al., 2020a), which adsorbs and traps suspended particles (Zhou et al., 2016). Therefore, the 52

relationship among various foulants may alter clogging behavior in HSWDI systems. Moreover, drip irrigation 53

systems are used not only for irrigation, but increasingly for fertilization to improve the utilization efficiency of 54

fertilizers and reduce soil and water pollution (Yang et al., 2011; Wang et al., 2018b). The clogging behavior in 55

HSWDI systems may be more complicated when fertilizers are applied. Thus, this study assumed that the 56

clogging process and interactions among various foulants would change noticeably with fertilizer application. 57

Ammonium polyphosphate (APP) is a novel water-soluble fertilizer with high nitrogen and phosphate content, 58

better solubility, and ease of storage. Studies have shown that phosphate fertilizers directly affect the growth of 59

microorganisms and the production of precipitates (Muhammad et al., 2022; Xiao et al., 2020b). Moreover, it has 60

also been demonstrated to reduce the likelihood of emitter clogging (Ma et al., 2020). 61

Accordingly, an in-situ experiment for assessing emitter clogging for HSWDI was conducted. The internal 62

physical, chemical, and biological components of emitters were clarified using 16S rRNA high-throughput 63

sequencing technology and X-ray diffraction (XRD). Three distinct types of emitters and two fertigation modes 64

(no-fertilizer and APP application) were selected for our study. The study's aims were as follows: (1) Determine 65

whether the emitter clogging of HSWDI contains chemical precipitation and biological fouling in addition to 66

physical fouling? (2) If contains two or three foulants, how do they cause the emitter clogging? Such as, what is 67

their composition? What is the relationship between foulants? (3) Clarify the impacts of APP on composite 68

fouling in HSWDI, and provide useful practices for inhibiting clogging for HSWDI technology. 69

2 Material and methods 70

2.1 Basic operating conditions 71

The experimental site was located in Dengkou, Bayannaoer, Inner Mongolia Autonomous Region's North 72
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Ulan Buhe Sand region (China). The experiment was carried out from June 2 to August 4, 2017. The experimental 73

HSW source was Yellow River water in the Wu Shen Canal, which is a common irrigation water source in the area. 74

Table 1 shows the Yellow River's average water quality characteristics. The concentration of suspended particles 75

in the experimental HSW was ranged 260-410 mg/L. And the median particle size was 10.1  (Fig. 1a). In 76

addition, the X-ray diffraction (XRD) pattern revealed that the dominant minerals of the suspended particles were 77

silicate (accounting for 82.2%) and CaCO3 (4.7%) (Fig. 1b). The emitter performance testing system was an 78

independent designed platform (Fig. 2). The drip irrigation system's filter device was a combination of a sand 79

filter (internal diameter: 101.6 mm, with filter media of particle size between 1.3 and 2.75 mm) and a disc filter 80

(filtration level: 150 mesh). The system consisted of two sets of working devices, each stacked in four levels, with 81

eight drip irrigation pipes of the same type arranged on each tier. The system water flow had an operating pressure 82

of 0.1 MPa. 83

#Table. 1 approximately here# 84

#Fig. 1 approximately here# 85

#Fig. 2 approximately here# 86

Different types of emitters have different structural parameters and different hydraulic characteristics (Li et 87

al., 2006). Particularly, the cross-sectional average velocity (v) of emitter flow channel may directly affect the 88

mineral composition and microbial community of clogging substances. Feng et al., (2018) found that the cross-89

sectional average velocity could affect the speed of fouling accumulation in emitters. Meanwhile, due to the 90

advantages of long service life and low cost, flat emitters have become a widely used type in farmland. Thus, 91

three types of flat emitters were selected to construct different hydraulic conditions, with 30 cm spacing between 92

emitters in this experiment. Table 2 displays the primary emitter parameters. The fertilization treatment used in 93

this investigation was ammonium polyphosphate (APP), at 0.3 g L-1 (based on P2O5 concentration). The test had 94

four treatments: E1, E2, E3, and E3.APP. In previous studies, the different content of clogging substances was 95
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found in different type emitters, but the types of clogging substances did not show significant differences (Li et al., 96

2019b), so only one type of emitter (E3) was selected for APP application. The system employed an accelerated 97

method to run once per day (Han et al., 2019), which was equivalent to the actual irrigation or fertilization in the 98

farmland once. The system ran for 10h every day (8:00-18:00), accumulatively for 64 days. The flow rate of the 99

emitters was 0.375 m3 d-1, and the fertilizer rate was 25 g d-1. The system used the Yellow River water-fertilization 100

water-Yellow River water alternate operation, with fertilization occurring near the middle of the total running time 101

recorded by the company (supplementary materials, Table S1) (Li et al., 2007). To flush the drip irrigation pipe, 102

the system activated the tail flushing valve every 64 h. The flushing velocity was set to 0.40 m s-1 and the flushing 103

time was set to five min by regulating the system pressure. 104

#Table. 2 approximately here# 105

2.2 The performance evaluation index of emitters 106

Emitter performance was assessed using the average discharge variation rate (Dra) and the Christiansen 107

coefficient of uniformity (CU).  108

n be expressed by formula (1) (Zhou et al., 2015). 109

                                                    1  110

Where represents the starting flow rate of the emitter i, in L h-1;  represents the flow rate of the emitter i 111

at t days, in L h-1; n represents the number of all emitters along a drip irrigation pipe. 112

coefficient of uniformity can be expressed by formula (2) (Christiansen, 1942). 113

                                               2  114

Where  represents the average flow rate of all emitters along the drip irrigation pipe at t time, in L h-1. 115

2.3 Extraction and treatment of emitter clogging content 116

2.3.1 Extraction of clogging substances 117

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



Every eight days, the dry weight (DW) of clogging substances was measured from five emitters which were 118

randomly chosen at the head (emitters 1-30), middle (31-60), and tail (61-90) of each drip irrigation tape. There 119

were three repeatability tests in one sampling process. Three drip irrigation laterals were arranged for one 120

treatment in a sampling, and were removed from the experiment system after sampling. The 15 emitter samples 121

were mixed and dried at 60 °C for 20 minutes. The dried emitters and those containing foulants were weighed. 122

The clogging substances in emitter samples were washed using an ultrasonic cleaner (frequency: 100 Hz), and the 123

washed emitters were dried and weighed. DW was calculated using the weight differential. 124

2.3.2 The mineral makeup and morphology analysis of fouling in emitters 125

Mineral composition of fouling was tested every 16 days. The clogging substance suspension (previously 126

separated in the dry weight test) was centrifuged at 4000 rpm. The supernatant was discarded after centrifugation 127

to collect the bottom solid phase. To obtain dry weight of clogging substances, the bottom solid phase material 128

was oven-dried. Mineral makeup was determined using an X-ray diffractometer (brand: Bruker, Germany; work 129

conditions were: 40 kV voltage, 40 mA current, Cu target, and 1.5406 Å wavelength). The surface morphology of 130

the fouling in emitters at the end of the experiment was observed using a scanning electron microscope (SEM). 131

The specific operation steps are as follows: the sample is fixed on the sample stage by a conductive tape, and is 132

placed in a vacuum chamber to spray the conductive gold film before scanning. Machine conditions were: 133

acceleration voltage 30kV, magnification 2000×. 134

2.3.3 16S rRNA-based microbial community analysis 135

Genomic DNA extraction from samples was by sodium dodecyl sulfate (SDS) method. The purity and 136

concentration of DNA were checked using agarose gel electrophoresis. Ultrapure water was added to dilute the 137

resulting genomic DNA to 1 ng L-1. Diluted genomic DNA serves as a template. Barcode's specific primers and 138

enzymes (Manufacturer: New England Biolabs; Product name: Phusion® High-Fidelity PCR Master Mix with GC 139

Buffer) were applied for PCR amplification. After detection and purification of PCR products, a library kit (brand: 140
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Thermo Fisher) was used for gene library construction. After the test was qualified, the PCR products of the 141

sample were subjected to high-throughput sequencing on the IonS5TMXL platform (DNA sequencing system; 142

Manufacturer: Thermo Fisher Scientific). The obtained data were filtered by Cutadapt software for species 143

classification analysis of Operational Taxonomic Units (OTUs). Species annotation and abundance assessment 144

were performed for each OTUs based on the analysis results. Qiime software (Version 1.9.1) was used to analyze 145

the microbial diversity index (Ace and Chao, the higher the index, the more abundant the flora) in the sample. 146

2.4 Statistical analysis 147

The significant changes in mineral content among the four treatments (E1, E2, E3, and E3.APP) were 148

analyzed by paired t-test. The difference in microbial diversity index across groups was analyzed using the 149

Wilcoxon rank-sum test. The differences in microbial community structure across different treatments were 150

determined using similarity analysis (ANOSIM). Linear discriminant analysis effect size (LDA effect size, LEFSe) 151

was chosen to assess and identify species (biomarkers) that varied significantly between treatments. The 152

differences in the microbial communities were illustrated by non-metric multidimensional scaling (NMDS). 153

Structural equation modeling analysis (SEMA) was applied to describe the interaction between fouling, and the 154

effect on system clogging. Variance partitioning analysis (VPA) was employed to describe the contribution of 155

single fouling and coupling between fouling to system clogging. Spearman analysis was performed to evaluate the 156

correlation between the clogging parameters of the emitters (Dra, CU, DW, and various mineral components) and 157

the different species. p < 0.05 was the maximum level in the significance analysis. 158

3 Results 159

3.1 Emitter performance and clogging substances content in HSWDI 160

 (Dra) and Christiansen coefficient of uniformity (CU) 161

representing the emitter performance level both exhibited a gradual drop from 0-32 days and a fast decline from 162
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32-64 days (Fig. 3). Different descending speed may be related to the accumulation law of the clogging substances163

in emitters. There were some differences in Dra and CU between different emitter treatments. The E2 emitter 164

showed higher Dra and CU and therefore was less prone to clogging. Compared with E2, the Dra in E1 and E3 165

emitters were decreased by 1.5-14.7% and 0.9-3.7%, respectively, while the CU in E1 and E3 emitters was 166

decreased by 1.3-17.1% and 0.8-9.9%. When APP was used as fertilizer, clogging was exacerbated. APP reduced 167

Dra and CU by 0.8-19.1% and 2.0-21.4%, respectively, when compared to E3. 168

The clogging substance dry weight (DW) results demonstrated a gradual increase at first, then, after 40 days, 169

they had a quick upward trend. Similar, to the results of Dra and CU, the DW of the E2 emitter was the lowest. 170

The DW of E1 and E3 emitters increased by 21.6-83.6% and 6.7-19.6%, respectively, as contrasted to E2. APP 171

accelerated the accumulation of DW, increasing by 42.2-123.1% the DW of emitter clogging substances in 172

E3.APP as compared to E3. Scanning electron microscope (SEM) shows the real morphology of fouling at the end 173

of the experiment (Fig. 4). Different types of fouling were intertwined, indicating that there were more than just 174

particulates in the HSWDI emitter clogging substances. 175

#Fig. 3 approximately here# 176

#Fig. 4 approximately here# 177

3.2 Influence of HSWDI on particulates and precipitates in the emitters. 178

The mineral composition information of particulates and precipitates found inside emitters are shown in Fig. 179

5. Calcite, dolomite, aragonite, feldspar, muscovite, chlorite, and quartz were determined to be the most common 180

minerals found inside emitters. Calcite, feldspar, and quartz make up the bulk of emitters clogging substances, 181

contributing 5.8-16.6%, 13.6-21.1%, and 41.8-56.3% of total clogging content, respectively. Particulates (quartz, 182

feldspar, muscovite, chlorite) and precipitates (calcite, dolomite, aragonite) were responsible for 73.3-85.4% and 183

14.6-26.7%. of the total. There was no significant difference in the mineral ratio of the three emitters without 184

fertilization. Mineral proportions were altered when APP was applied, APP increased the calcite and dolomite 185
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levels in precipitates. In comparison to E3, the relative quantities of calcite and dolomite in E3.APP increased by 186

4.3% -5.8% and 0.6-3.0%, respectively. Quartz decreased by 4.9-12.0% as a relative proportion of APP. 187

#Fig. 5 approximately here# 188

The contents of particulates and precipitates (Fig. 6) were 16.3-20.2 mg cm-2 and 5.2-9.3 mg cm-2, 189

respectively, when system operation ended. Results showed that quartz was the most abundant in the three emitter 190

treatments (E1, E2, E3), and E1 had the greatest number of particulates and precipitates. Compared with E3, the 191

content of particulates and precipitates rose considerably after the APP treatment (p < 0.05, Table S2 in 192

supplementary materials). The concentrations of particulates and precipitates in the E3.APP treatment increased 193

by 0.4-2.6 mg cm-2 and 0.6-3.7 mg cm-2. The content of precipitates in the E3.APP was considerably higher than 194

other treatments. Among the three minerals representing precipitates (calcite, dolomite and aragonite) in Fig. 6, 195

rapid accumulation of calcite (increase 0.3-1.9 mg cm-2 compared to three treatments without ammonium 196

polyphosphate) may be the main reason for this result. 197

#Fig. 6 approximately here# 198

3.3 Microbial community diversities and intergroup difference analysis 199

Fig. 7a and 7b depict the differences in the diversity indices (i.e., Ace and Chao). Microbial diversity for 200

foulants of E2 and E1 emitter were always the lowest and the highest, respectively, throughout the experiment. 201

The other two diversity indexes are shown in supplementary materials (Fig. S1). The microbial community's 202

diversity was significantly (p < 0.05) boosted by APP (supplementary materials, Table S4). Fig. 7d shows the 203

taxonomic dendrogram of the detected bacterial communities (taxonomic dendrogram of E3.APP is shown in the 204

Fig. S2 of supplementary materials). After the samples were subjected to 16S rRNA gene sequencing, a total of 205

933,492 clean reads and 2243 OTUs were detected. Only a few OTUs (33-129) had significant differences in 206

relative abundance between E1, E2 and E3, while most OTUs did not show significant statistical differences. The 207

different OTUs were mainly found between Proteobacteria, Bacteroides, and Acidobacteria. The microbial 208
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community structure at the phylum level (top10) and the clustering abundance information of species at the genus 209

level (top35) are shown in Fig 7c and Fig 7e. The relative abundances of Proteobacteria and Bacteroides were 210

higher in the three treatments without fertilization, being 41.7-53.9% and 13.6-17.3%, respectively. These two 211

types of bacteria accounted for more than 68.5% of the total species. The different types of emitters (E1, E2, and 212

E3) showed relatively minor changes in genus-level species, and the abundance variation area was focused 213

between top14 and top21 (Streptococcus-Rheinhermera). Bacteroides relative abundance increased by 22.4% after 214

applying APP but, conversely, Proteobacteria relative abundance declined by 14.9%. The species abundance 215

heatmap revealed that APP had a considerable impact on microbial community structure. APP increased the 216

abundance of 13 main species (top1-top13, Terrimonas-Cytophaga) while reducing the proportion of some species 217

(top22-top35, Sphingomonas-llumatobacter). 218

#Fig. 7 approximately here# 219

To identify bacterial taxa with significant differences between different treatments, LDA effect size (LEFSe) 220

analysis (cladogram and LDA histogram) and non-metric multidimensional scaling (NMDS) were used to classify 221

biomarkers (Fig. 8). Proteobacteria and Bacteroides were the most important microbial communities in different 222

treatments, according to the cladogram (Fig. 8a). LDA histogram (Fig. 8b) depicted 19 significantly different 223

species. E1, E2, E3, and E3.APP had seven, three, two, and seven significantly different species, respectively. The 224

NMDS clearly reflected differences between and within different treatment groups. Sample points of different 225

emitters were relatively close, with E3.APP being far away from the E1, E2, and E3 sample points after 226

fertilization, indicating that the difference in microbial community structure between different emitters was 227

relatively minor (p < 0.05, Fig. S3 in supplementary materials). 228

#Fig. 8 approximately here# 229

3.4 Interactions and clogging contribution of composite fouling  230

The link between biofouling, particles, and precipitates was demonstrated by Spearman analysis (Fig. 9a). 231
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Dra and CU exhibited a significant negative relationship with the diversity index, while DW had a highly 232

significant positive relationship (p < 0.01, Table S5 in supplementary materials). Particulates/precipitates and 233

microbiological diversity had little positive connection, whereas calcite in precipitates had a highly significant 234

positive association (p < 0.01, Table S5 in supplementary materials). Almost all bacteria had a positive or negative 235

correlation with certain indicators.  236

Fig. 9b shows the relationship between fouling and emitter clogging, while Fig. 9c reveals the contribution of 237

fouling to clogging. Precipitates and particulates were found in significant correlation with DW (  238

0.01;   emitter clogging by directly affecting DW. Biofouling had a weak negative 239

effect on DW (  -0.105, p < 0.01). However, biofouling and precipitates, as well as biofouling and particulates, 240

had a strong relationship with clogging (   0.413, p < 0.05). Biological fouling promoted the 241

formation of chemical precipitation and particle precipitation to reduce the Dra and CU of the emitters. For the 242

result of variance partitioning analysis (VPA), particulates, precipitates, and biofouling alone contributed little to 243

the formation of total dry weight, but the three together contributed 36.3% to the formation of total dry weight. 244

Among them, particulates and precipitates, and biofouling and precipitates contributed 25.3% and 14.4%, 245

respectively, to the formation of total dry weight of clogging substances. 246

#Fig. 9 approximately here# 247

4 Discussion 248

4.1 Clogging of high-sediment water drip irrigation was not caused by physical clogging alone 249

Clogging caused by high-sediment loaded water in the drip irrigation system is often attributed to deposition 250

of particulates (Bove et al., 2017; Duran-Ros et al., 2009a). In this study, in addition to particulates a large number 251

of precipitates (i.e., calcite, muscovite, and aragonite) were found in HSWDI, contributing to more than 25% of 252

clogging substances. Moreover, a great number of different microorganisms were found present in the clogging 253
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substances by 16S rRNA sequencing technology and further contributed to composite fouling of emitters. Zhou et 254

al. (2019) reported that the microbial content in high sediment water was 2-3 times that in reclaimed effluents. 255

Moreover, numerous ions were present in the high sediment water, easily interacting to produce a precipitate (Li et 256

al., 2019b). It was found the water source particles were mainly silicate (82.2%) with only a small amount of 257

calcite precipitation (4.7%, Fig. 1b). While the precipitates (calcite, dolomite and aragonite) accounted for 14.6-258

26.7% of the total clogging substances, indicating the deposition of suspended solids in the water source 259

contributed less to the formation of precipitates. In fact, massive accumulation of precipitates often occurs after 260

the drip irrigation system has finished irrigation. After the undischarged water is evaporated by sunlight, the 261

crystallization caused by the saturation of the internal salt is the main factor for the formation of the precipitates. 262

Thus, the clogging problem of HSWDI emitters in this study can not be simply attributed to the physical clogging 263

caused by conventional particulates. Mineral-induced chemical clogging and biological fouling caused by 264

microorganisms must both be considered. 265

In fact, the different types of fouling identified did not act independently in HSWDI. Only less than 5% of 266

the contribution to the decline of the system Dra could be explained by single fouling, however the contribution of 267

three types of fouling coupling were 36.3%. Almost all biomarkers were related to precipitates or particulates (Fig. 268

9a), and interactions were evidenced among particulates, precipitates, and biofouling (Fig. 9b and Fig. 9c). The 269

physical-chemical (particulates-precipitates) interaction contributed 25.3% to system clogging. Lioliou et al. 270

(2007) indicated that silicate could reduce the time for carbonate to induce nucleation by reducing surface energy . 271

Meanwhile, the generated calcium carbonate might absorb silicon ions on the crystal surface, culminating in a 272

combination of silicate and carbonate solids (John et al., 2018; Garrault-Gauffinet and Nonat, 1999). The 273

biological-chemical (biofouling-precipitates) interaction contributed 14.4% to system blockage in this study. 274

Several researches had proven that bacteria could generate biological macromolecules through metabolic 275

processes and deposited inorganic ions in the surrounding environment (Guo et al., 2020; Pasquale et al., 2019; 276
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Song et al., 2019; Wang et al., 2020). In addition, microorganisms could also promote the deposition of carbonates 277

by increasing the CO3
2- content in the solution and lowering the pH of the surrounding environment (Schwantes-278

Cezario et al., 2017; Zheng, 2021). This phenomenon demonstrates that HSWDI blockage is frequently the 279

consequence of two or three types of fouling and that no one form of fouling has a dominant role. 280

4.2 The effects of APP on emitter clogging in HSWDI system 281

There were some differences in the relative content proportions of fouling, microbial diversity indexes, and 282

community structure abundance in the three types of emitters selected in the experiment (p < 0.05, Fig. S3 in 283

supplementary materials). This indicated that different hydraulic conditions will influence on the particle, 284

precipitates and microbial conditions in emitters. APP altered the microbial community structure present in the 285

E3 emitter, greatly promoting the deposition of particulates and precipitates. With regard to biofouling, APP 286

increased microorganism growth, resulting in an increase in the microbial diversity index. Increase diversity 287

might be connected to the high levels of nitrogen and phosphorus in APP since nitrogen and phosphorus play a 288

major role in microbial metabolism, supporting bacterial proliferation (Lu et al., 2016; Wu et al., 2018). Under 289

APP application, additional biomarkers were discovered. Biofouling, on the other hand, had a highly significant 290

positive association with the overall quantity of clogging substances in the structural equation modeling analysis 291

(SEMA, p < 0.01). The correlation of biofouling with clogging suggests that the newly created biomarkers likely 292

speed up the development of precipitates and particulates, leading to a cascade of biomineralization processes 293

that clog emitters (Chen et al., 2019; Gong et al., 2009; Thompson et al., 2012). 294

Compared with precipitates in the E3 emitter, the application of APP (the corresponding treatment is E3.APP) 295

resulted in a 60.6-185.8% rise in this study. However, Ma et al. (2020) discovered that APP lowered carbonate 296

levels in drip irrigation systems. However, similar results were not observed in the present study. The variation in 297

microbiological conditions between the two different studies could cause this difference. The water source used by 298

Ma et al. (2020) was a high salinity water. Consequently high concentration of salt ions hindered the growth of 299
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bacteria, resulting in decreased microbial levels, thus the application of APP would not cause a large number of 300

microbes to multiply (Fu et al., 2019; Liu et al., 2019). Besides biological factors, APP itself developed a chain 301

structure after a breakdown. The chelating ability of chain phosphates on calcium ions was weaker than that of 302

magnesium and iron ions, making it easier to disperse calcium ions in the solution, and carbonate ions were easier 303

to capture surrounding calcium ions (Rashchi et al., 2000; Van Wazer and Callis, 1958). 304

Although the increase in particulate content was less than the rise in carbonate content, APP did produce an 305

8.6-39.5% increase in particulate content. The flocculation of microorganisms and their metabolites, capturing 306

suspended particles in the surrounding environment, seemed the more likely source of this phenomenon (Wang et 307

al., 2014; Zhang et al., 2020). 308

4.3 Practical application method of HSWDI drip irrigation technology 309

Particulates are currently considered to be the most direct cause of clogging in HSWDI. However, this 310

investigation discovered that clogging compounds contained a noticeable number of precipitates and biofouling. 311

Thus, in the application of high sediment water, biofouling and precipitates also need to be considered to controll 312

the performance of drip irrigation systems.  313

Microorganisms that act as accelerators of both precipitates and particulates should be prioritized for removal 314

to better regulate precipitates and particulates in emitters. Targeted microbial control measures are the key to 315

reducing the adhesion and growth of microorganisms in emitters. The hypochlorous acid formed by chlorine in 316

contact with water has strong oxidizing properties, so it is often used to kill water-borne pathogens. Chlorine is 317

regularly added to drip irrigation systems to reduce the activity of the flora, or even inactivate, thereby controlling 318

the colonization and growth of microorganisms (Pressman et al., 2012). However, chlorination can result in 319

negative issues such as soil contamination, agricultural yield decrease, and water pollution. Recently, an eco-320

friendly method using microbial antagonism technology has gained increasing interest for controlling emitter 321

biofouling. By secreting bactericidal chemicals that vie for space and nutrition, exogenous bacteria can suppress 322
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or even kill existing germs. Wen et al. (2021) discovered that Bacillus amyloliquefaciens could prevent biofouling 323

in drip irrigation systems by generating a range of antibiotics. This bacterial treatment is a possible biofouling 324

control approach for the HSWDI system. 325

Carbonate was regarded as a typical chemical fouling contributor in HSWDI systems. The conventional 326

method of control is to add acid regularly to the drip irrigation system (Kreij et al., 2003; Yuan et al., 1998). 327

However, Similar to chlorination, acidification also brings environmental risks. Reducing the concentration of salt 328

segregants in the water source was found to be the most effective way to alleviate carbonate precipitation in HSW. 329

Water softeners effectively reduce precipitation of carbonate and inhibit scale (Brastad and He, 2013). Water 330

softeners, on the other hand, pollute irrigation water by injecting distinctive kinds of ions. For this reason, dosage 331

should be monitored through use, and content of introduced ions.  332

Filters are widely utilized in agriculture due to the high amount of quartz and silicate in high-sediment water. 333

However, despite the presence of a competent multi-stage filtering system (i.e., sand filter and disc filter) in this 334

test system, the HSWDI system still contained a significant quantity of quartz and silicate. This is due to the fact 335

that the filtration system had an effective filtering on coarse particles, but a poor filtering ability on fine particles 336

(Li et al., 2021; Liu et al., 2021). Thus, fine particles may directly enter the system through filter pores. Current 337

filter designs frequently allow more fine particles to pass to obtain maximum economic benefit, extending 338

filtering cycles or lowering the number of backwashes to minimize energy consumption (Hou et al., 2022). 339

However, fine particles can also exacerbate the clogging of drip irrigation systems. Particle size distribution of the 340

high-sediment water used in this study is similar to the normal distribution with x = 10 as the central axis. As a 341

result, we recommend that the filter filtration level should be greater than 10 m (1340 mesh) when choosing a 342

filtration system for HSWDI, and the filtering efficiency of fine particles should be prioritized over energy 343

consumption. 344
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5 Conclusions345

(1) High-sediment water drip irrigation (HSWDI) emitter clogging was not only caused by physical clogging. 346

Particulates, precipitates, and biofouling were discovered in the clogging substances. 347

(2) Quartz, feldspar and calcite had the largest proportions in the clogging substances, accounting for 41.8-348

56.3%, 13.6-21.1% and 5.8-16.6% of clogging substances, respectively. At the level of the phylum in biological 349

fouling, Proteobacteria, Bacteroidetes, and Acidobacteria were predominant accounting for 41.7-53.9%, 13.6-350

17.3%, and 8.9-13.8%, respectively. 351

(3) Particulates, precipitates, and biofouling had an obvious mutual promotion effect. the coupling of three 352

fouling was the main reason affecting clogging (accounting for 36.3%), while the effect of two or single fouling 353

was less (accounting for 14.4-25.3% and 0.7-2.6%).  354

(4) Ammonium polyphosphate (APP) increased the generation of precipitates and particulates and affected 355

the microbial diversity and community structure dramatically. The precipitates and particulates caused by APP 356

increased by 60.6-185.8% and 8.6-39.5%, respectively, over no APP (E3 and E3.APP, a same emitter type without 357

or with APP). The different species produced after the application of APP were mainly Bacteroidetes, 358

Sphingobacteriales, Saccharibacteria, Terrimonas, and Betaproteobacteria. 359
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