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Background: Crude flats in delta areas are often saline–alkaline and unsuitable for
agricultural use. In the 1990s, people residing in the Yellow River delta constructed
terraces on the flats for agricultural development. Herein, we investigated environmental
changes resulting from this agricultural development and evaluated whether the current
land use is effective and sustainable. Methods: We sampled soil and weeds from
croplands, terrace slopes, and crude flats within the delta terrace landscape. The
measured soil properties included soil salinity, pH, total N, total P, and organic matter in
different lands and soil layers: 0–10, 10–20, and 20–30 cm. The surveyed weed
characteristics were the biomass of roots and rhizomes, species composition, life form,
cover and height. These indices were statistically verified by considering different land
types and soil layers. Results: Soil salinity in the terrace croplands was found to have
successfully reduced to <4 g ·kg−1, whereas in the crude flats, it remained >6 g ·kg−1. Soil
pH in the terrace croplands was surprisingly increased to >9; meanwhile, organic matter
content decreased drastically, which is considerably different from that observed in the
case of terrace slopes and crude flats. Total N and P content in the terrace croplands were
seemingly unchanged but considerably reduced at depths >20 cm; moreover, the N and P
content were observed to be much lower than those at the same depths in other lands.
Weeds grew well on the terrace slopes to protect the terraces but were insufficient to
compensate for the decomposition of soil organic matter in the cropland. Overall, terrace
construction is effective for developing saline delta flats for agricultural use; however, the
current land use regime has caused profound soil degradation and needs timely
renovation.
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8 Abstract

9 Background: Crude flats in delta areas are often saline–alkaline and unsuitable for agricultural use. In the 

10 1990s, people residing in the Yellow River delta constructed terraces on the flats for agricultural development. 

11 Herein, we investigated environmental changes resulting from this agricultural development and evaluated 

12 whether the current land use is effective and sustainable.

13 Methods: We sampled soil and weeds from croplands, terrace slopes, and crude flats within the delta terrace 

14 landscape. The measured soil properties included soil salinity, pH, total N, total P, and organic matter in 

15 different lands and soil layers: 0–10, 10–20, and 20–30 cm. The surveyed weed characteristics were the 

16 biomass of roots and rhizomes, species composition, life form, cover and height. These indices were 

17 statistically verified by considering different land types and soil layers.

18 Results: Soil salinity in the terrace croplands was found to have successfully reduced to <4 g·kg−1, whereas in 

19 the crude flats, it remained >6 g·kg−1. Soil pH in the terrace croplands was surprisingly increased to >9; 

20 meanwhile, organic matter content decreased drastically, which is considerably different from that observed in 

21 the case of terrace slopes and crude flats. Total N and P content in the terrace croplands were seemingly 

22 unchanged but considerably reduced at depths >20 cm; moreover, the N and P content were observed to be 

23 much lower than those at the same depths in other lands. Weeds grew well on the terrace slopes to protect the 

24 terraces but were insufficient to compensate for the decomposition of soil organic matter in the cropland. 

25 Overall, terrace construction is effective for developing saline delta flats for agricultural use; however, the 

26 current land use regime has caused profound soil degradation and needs timely renovation.
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30 1. Introduction

31 River deltas are newly formed terrestrial lands that feed more than 500 million people worldwide with a 

32 population density of more than seven times of the global mean (Rahman et al., 2019). Initially, the deltas 

33 comprise various marshes that can be used for aquaculture (Alam et al., 2017). With sediment depositing, they 

34 can be gradually lifted, and subsequently transform into saline-alkaline lands, as observed in the Yellow River 

35 delta, China (Yang, 2012; Goodbred et al., 2014; Liu et al., 2014). The Yellow River delta is the largest river 

36 delta in Northern China, and its size is still growing (Fan et al., 2012; Mao et al., 2016). The formerly 

37 developed areas of this delta have experienced radical changes in environmental conditions, making the 

38 aquaculture or fishery no longer viable industries. Thus, locals have to seek for alternative uses for these 

39 saline-alkaline lands. 

40 In the formerly developed areas, the water table always appears to be underground; however, soil 

41 capillaries transport soluble minerals upward for deposition (Sun et al., 2017; Moreno et al., 2018). In the 

42 1990s, the locals were encouraged and subsided via policies to build terraces with the deposited soils (Fang et 

43 al., 2005; Luan, 2007; Ning et al., 2018). Clay was excavated from crude or original flats and was stacked as a 

44 series of raised terraces. These terraces were leveled off at heights of 2–3 m, and the remaining pits were 

45 reformed as connected ponds and ditches for collecting and draining rainfall. Concept behind this engineering 

46 is that upon raining, the rainfall can wash off the salt from terraces, thereby reducing the soil salinity of the 

47 terrace lands to facilitate crop growth (Yang et al., 2019). 

48 Currently, all the terraces have been used for growing crops, such as cotton, wheat and maize for nearly 

49 20 years, and soil conditions must have changed (Wang et al., 2004). Soil directly provides crops with 

50 nutrients and other necessities; thus soil fertility is a key indicator for evaluating environmental changes 

51 occurring in this region (Liu et al., 2015; Wang et al., 2017; Chi et al., 2018). Soil fertility is often dependent 

52 on properties such as salinity, pH, organic matter, nitrogen (N), phosphorous (P) and weeds (Cierjacks et al., 

53 2016; Storkey & Neve, 2018; Zhang et al., 2019). Among these, organic matter is a key component that not 
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54 only decomposes to supply crops with nutrients but also serve as an adhesive to maintain soil structure and 

55 function (Tiessen et al., 1994; Subedi et al., 2019; Fu et al., 2020). However, organic matter is a variant of 

56 weeds and crop residuals (Stenchly et al., 2017; Ebabu et al., 2020; Jensen et al., 2020). Moreover, weed can 

57 prevent the erosion of terrace soils during storms (Lenka et al., 2017). 

58 Herein, we evaluated the sustainability of land use in the early Yellow River delta by monitoring 

59 variations in soils and weeds within the delta terrace landscape, and considered the approaches toward using 

60 lands in a sustainable manner. Overall, we test the hypothesis that terrace constructing may be useful in 

61 developing saline deltas; however, they cannot be enough in this regard unless soil fertility of these lands can 

62 be conserved through renewed land-use regime. This study provides an example from the Yellow River delta 

63 that can be informative for people in deltas challenged by saline-land development.

64

65 2. Methods

66 2.1. Sampling and measuring

67 In September 2017 and 2018, we conducted field surveys near a typical rural village (Maotou village, 

68 118.49°E, 37.82°N) in the early Yellow River delta (Figure 1). It is approximately 80 km away from the new 

69 formed mouth of the Yellow River. The annual average temperature is approximately 12 ℃; the annual 

70 precipitation is approximately 580 mm and primarily occurs from June to August. The lands were made of 

71 sediments that were deposited by the old Yellow River between 1855 and 1976 (Yang, 2012). In the 1990s, 

72 locals started constructing terraces in this area. Currently, these terraces have been used for growing crops such 

73 as cotton and maize. These croplands are irrigated only once a year in spring for sowing, and the fresh water is 

74 drawn from the Yellow River rather than using underground water. A few areas of crude flats are still reserved 

75 for folk sacrifice ceremonies.

76 We selected three land types within the terrace landscape: crude flats that remained in their natural state; 

77 terrace slopes (30-50°), which skirt the terraces; and terrace croplands, which are leveled tops of the terraces 

78 and have been subject to tillage, cropping and fertilization for approximate 20 years. For each land type, we 

79 surveyed weeds in 40 random quadrats (1 × 1 m), measuring the cover and height of each weed species. 

80 Subsequently, we selected four random points from each land type for soil sampling. At each of these points, 
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81 we sampled soil at three layers: 0-10, 10-20, and 20-30 cm deep. Furthermore, we sampled a soil cube 

82 (10×10×10 cm) from each of these layers. These samples were taken to laboratory for further analysis. The 

83 cube samples were washed so that live roots and rhizomes, namely, underground organs (UO), remained. 

84 These UOs were then oven-dried at 85℃ for two days and weighed using an electronic scale (precision = 

85 0.01g). 

86 Other soil samples were air-dried, fully ground, and sieved with a 20-mesh wire screen. We measured the 

87 pH, salinity, organic matter, total N, and total P of the sieved soil samples. We took 10 g from each sample and 

88 mixed the subsamples with pure water at the mass ratio of 1:5 (soil:water). We measured the pH of steady 

89 clear solution of the subsamples using an electronic meter (ST2100), and measured the salinity of the solution 

90 after fully drying and H2O2 solving. Organic matter (OM) in the soil was measured using the potassium 

91 bichromate titrimetric method; total N (TN) was measured using the Micro-Kjeldahl method; total P (TP) was 

92 measured using the Mo-Sb colorimetric method (Bao, 2008). 

93 2.2. Data analysis

94 We examined variations in the soil salinity, pH, OM, TN, TP, and dry UO among the three land types 

95 using covariance analysis, where the soil layers were included as a covariate (James et al., 2013). This method 

96 requires the examined data to follow a normal distribution. As a supplement, we additionally conducted 

97 another analysis using the nonparametric Kruskal-Wallis test, which does not require normally distributed data 

98 (Hollander & Wolfe, 1973). The Kruskal-Wallis test is similar to the method of one-way ANOVA, while takes 

99 advantage of the relative ranks of the data. All these analyses were completed using the software R4.0.3 (R 

100 Core Team, 2020).

101 For evaluating the weed prevalence, we used a composite index, the product of coverage and height 

102 (PCH) of weed species in a quadrat, thus quantifying the standard cover thickness of a weed species. Then, we 

103 classified all weeds by their life forms as follows: single (grows as a standing singleton), clump (grows as a 

104 clump of numerous tillers), vine (grows as an aboveground vine) and rhizome (grows underground with 

105 rhizomes to generate new ramets). In addition, we classified these weeds by their longevity (annual vs. 

106 perennial). Finally, we summed the PCHs of each weed type in a quadrat and averaged the PCH sums of a 

107 certain weed type among the 40 quadrats of the same land type.
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108 3. Results

109 Soil salinity differed among the land type (Covariance analysis, F2, 32=52.87, p < 0.001; Kruskal-Wallis, 

110 23.49, p < 0.001), but did not differ as significantly among the soil layer (Covariance analysis, F1, 
2

2x

111 32=4.31, p = 0.046; Kruskal-Wallis, 1.81, p =0.41). Soil salinity was lower in the terrace croplands (< 4 
2

2x

112 g·kg-1) than in the crude flatlands and terrace slopes (> 6 g·kg-1) (Figure 2). Soil pH varied depending on the 

113 land type (Covariance analysis, F2, 32= 95.13, p < 0.001; Kruskal-Wallis, 24.78, p < 0.001) but did not 
2

2x

114 vary as significantly with differing soil layers (Covariance analysis, F1, 32=6.01, p < 0.020; Kruskal-Wallis, 

115 3.48, p = 0.175). Soil pH was higher in the terrace croplands (> 9) than in the crude flats and terrace 
2

2x

116 slopes (<9) (Figure 2).

117 The total N content in the soil did not vary with the land type (Covariance analysis, F2, 32= 1.30, p = 

118 0.285; Kruskal-Wallis, 0.95, p = 0.623), but varied with the soil layer (Covariance analysis, F1, 32= 28.43, 
2

2x

119 p < 0.001; Kruskal-Wallis, 17.68, p <0.001), with the highest variation in topsoil being <10 cm (Figure 
2

2x

120 3). The N content at 20-30 cm deep was 0.23 ± 0.10 g·kg-1 in the terrace croplands, 0.34 ± 0.03 g·kg-1 in the 

121 crude flatlands, and 0.34 ± 0.10 g·kg-1 in the terrace slopes. Similarly, the total P content of the soil did not 

122 vary with the land type (Covariance analysis, F2, 32=3.09, p=0.059; Kruskal-Wallis, 0.77, p = 0.681), but 
2

2x

123 varied among different soil layers (Covariance analysis, F1, 32=16.08, p<0.001; Kruskal-Wallis, 8.46, p = 
2

2x

124 0.015) (Figure 3). The P content in the soil at a depth of 20 - 30 cm layer was 1.006 ± 0.032 g·kg-1 in the 

125 terrace croplands, 1.038 ± 0.117 g·kg-1 in the crude flats, and 1.087 ± 0.097 g·kg-1 in the terrace slopes. 

126 Soil OM was basically different among the land types (Covariance analysis, F2, 32=3.28, p = 0.051; 

127 Kruskal-Wallis, 4.95, p = 0.084), and among different soil layers (Covariance analysis, F1, 32=17.91, p < 
2

2x

128 0.001; Kruskal-Wallis, 12.08, p = 0.002). The lowest OM value was observed for the soil at a depth >10 
2

2x

129 cm in the terrace croplands (Figure 4). The biomass of plant UOs varied significantly with the land type 

130 (Covariance analysis, F2, 32= 6.87, p = 0.003; Kruskal-Wallis, 12.84, p = 0.002) and varied nearly to a 
2

2x
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131 significant level with the soil layer (Covariance analysis, F1, 32=11.79, p = 0.002; Kruskal-Wallis, 5.52, p 
2

2x

132 = 0.063). Furthermore, the biomass of plant UOs was extremely low in the terrace croplands (Figure 4).

133 The weed types mainly comprised perennials and rhizomes (Figure 5). The relative cover thickness of 

134 weeds was the greatest on the terrace slopes (>600 cm), and the lowest in the terrace croplands (<50 cm). 

135 However, weeds did not grow well (<100 cm) in the crude flats; they were only slightly better than in the 

136 terrace croplands. The richness of weed species showed a similar pattern, with 23 species found on the slopes, 

137 16 species found in the terrace croplands, and only 10 species found in the crude flats. 

138 4. Discussion

139 4.1. Positive changes with the terracing and cropping

140 Comparison of the different lands revealed some positive changes, which are discussed below. Soil 

141 salinity in the terrace croplands was significantly lower than in the crude flats. Soil salinity in the flats 

142 remained high at >6 g·kg-1. After terraces were built using the deposited soils, rainfall likely accelerated the 

143 desalination process. Some years later, salinity was no longer a hindrance to growing certain varieties of cotton 

144 and maize; thus, the locals began growing them on the terraces. Harvesting the crops also contributed to 

145 reducing salinity in the lands (Zhao et al., 2013). Presently, soil salinity in the terrace croplands has 

146 successfully reduced to < 4 g·kg-1, whereas in the crude flats, it remains >6 g·kg-1, which suggests the 

147 efficiency of terrace construction in reducing soil salinity and favoring agricultural use.

148 Weeds on the terrace slopes grew considerably thicker than in the flats or croplands, and the richness of 

149 weed species was also the highest on the terrace slopes. This is partly attributed to farmers intentionally 

150 permitting weed growth because weeds (particularly perennials) can protect the terraces from eroding and 

151 collapsing during storms (Liu et al., 2013; Asimeh et al., 2020). In the croplands, weeds were scarce because 

152 of farmers’ tillage and weeding activities; in the crude flats, they grew only slightly better than in the croplands 

153 owing to high soil salinity and compaction (Bennett et al., 2009; Xia et al., 2009). This indicates that terrace 

154 slopes can be refuges for conserving a considerable number of plant species, which would consequently 

155 protect the croplands against erosion and collapses.

156 4.2. Negative changes with the farming

157 Unfortunately, negative changes were also observed. As previously mentioned, soil pH in the terrace 
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158 croplands was higher (>9) than in the crude flats (<9). Soil OM content, particularly at depths > 10 cm, was 

159 lower in the croplands than in the flats. These changes certainly reduced soil fertility in the croplands 

160 (Chapagain & Raizada, 2017; Zhang et al., 2020). They are considered to be a chronic response to the current 

161 farming regime, rather than to the terracing practice, because these changes were not as evident in the terrace 

162 slopes.

163 Subsequent to the commencement of agricultural practices in the terrace lands, fertilizers and herbicides 

164 were repeatedly added to eradicate weeds and to replenish N and P contents in the soils. However, these 

165 chemicals could also cause cumulative changes in the soils (Zalidis et al., 2002; Kaur et al., 2018). Some of the 

166 commonly used chemical fertilizers, such as diammonium phosphate and urea, can slightly increase the soil pH 

167 (Zhou et al., 2004; Jin et al., 2008). This increase may be small initially; however, it could accumulate year 

168 after year, thereby causing a significant change, as it currently seen. Aboveground and underground amounts 

169 of weeds (plants) were observed to be extremely low in the croplands, thus they cannot compensate for the 

170 yearly decomposition of soil OM (Hobley et al., 2018; Storkey & Neve, 2018).

171 4.3. Obscure changes of soil total N and P

172 The total N and P contents in the soils seemed to be equivalent among the three land types. As the most-

173 required elements by crops, soil N and P must be repeatedly taken away from the soils with annual crop 

174 harvest. To compensate for the loss of N and P contents, locals added chemical fertilizers, such as 

175 diammonium phosphate and urea. The N and P contents in the soil seemed to be maintained and were not 

176 significantly lower than in the crude flats and terrace slopes. However, this is only a judgment based on 

177 averages. 

178 The N and P contents in the soil were dependent on the soil depths. For soil layers at the depth of 20-30 

179 cm, N and P were observed to be much lower in the croplands than in other lands. This indicates that the added 

180 chemical fertilizers could not supplement the N and P loss in the subsoil appropriately. If the loss cannot be 

181 timely reversed, soil degradation could become more severe, and may ultimately make the terrace lands 

182 unsuitable for agriculture development (Dai et al., 2017; Jensen et al., 2020). Considering this, we propose that 

183 it is time to convert the current land use regime into a new one that can restore the fertility of terrace soils 

184 (Ordóñez-Fernández et al., 2018; Fu et al., 2020). 
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185

186 5. Conclusion

187 After the delta saline soil was stacked as raised terraces, soil salinity decreased gradually, and with 

188 terracing, abundant weeds grew on the new habitats of slopes for protecting the terraces from erosion. 

189 However, subsequent agricultural practices have caused profound degradation of the terrace lands, including 

190 increased soil pH, and soil organic matter loss, and loss of total N and P in subsoil at the depth of >20 cm. The 

191 current land use is believed to be unsustainable, and it is time to renovate it to restore fertility of the terrace soil.

192
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331 Figure Legends

332

333 Figure 1. Typical terrace landscape in the early Yellow River delta. The right panel is a satellite image around 

334 Maotou village, and the left panel denotes the three land types, namely, terrace cropland, terrace slope, and 

335 crude flat. 

336

337 Figure 2. Soil salinity and pH in different lands of the terrace system

338

339 Figure 3. Soil total N and P contents in different lands of the terrace system

340

341 Figure 4. Soil organic matter contents and mass of dry underground organs in different lands of the terrace 

342 system

343

344 Figure 5. Cumulative PCH of weeds in different lands of the terrace system. PCH, the product of coverage and 

345 height of weed species

346
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Figure 1
Figure 1. Typical terrace landscape in the early Yellow River delta. The right panel is a
satellite image around Maotou village, and the left panel denotes the three land types,
namely, terrace cropland, terrace slope, and crude flat.
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Figure 2
Figure 2. Soil salinity and pH in different lands of the terrace system
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Figure 3
Figure 3. Soil total N and P contents in different lands of the terrace system
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Figure 4
Figure 4. Soil organic matter contents and mass of dry underground organs in different
lands of the terrace system
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Figure 5
Figure 5. Cumulative PCH of weeds in different lands of the terrace system. PCH, the
product of coverage and height of weed species
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