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 Abstract  19 

Phosphorus (P) in water and sediment in the Yellow River was measured for 21 stations from the 20 

source to the Bohai Sea in 2006-2007. The average total particulate matter (TPM) increased from 21 

40 mg/L (upper reaches) to 520 mg/L (middle reaches) and 950 mg/L in the lower reaches of the 22 

river.  The average dissolved PO4 concentration (0.43 µmol/L) was significantly higher than that in 23 

1980’s but lower than the world average level despite high nutrient input to the system. Much of the 24 

P input was removed by adsorption, which was due to the high TPM rather than the surface activity 25 

of the particles since they had low labile Fe and low affinity for P. The sediment was a sink for P in 26 

the middle to lower reaches but not in the upper to middle reaches. TPM has been reduced by more 27 

than an order of magnitude due to artificial dams over recent decades.  Modeling revealed that TPM 28 

of 0.2~1 g/L was a critical threshold for the Yellow River below which most of the phosphate input 29 

cannot be removed by the particles and may cause eutrophication. These findings are important for 30 

river management and land-ocean modeling of global biogeochemical P cycling.  31 

 32 

TOC: 33 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
-0.8

-0.4

0.0

0.4

0.8

1.2

 

 



When δ < 0ˈsediment is the source of P

When δ > 0ˈsediment is the sink for P

Upper reaches               Middle reaches               Lower reaches

Suspended sediment as a source/sink of P in the Yellow River

34 



 3 

Introduction 35 

Phosphorus (P) is an essential nutrient for biological productivity and in most freshwater systems 36 

it limits primary production.1 It is also a common pollutant. In river systems, adsorption of 37 

dissolved phosphate onto inorganic particles, particularly amorphous iron oxyhydroxides, is 38 

considered the key process buffering bioavailable phosphate concentrations to relatively low values 39 

and making it the limiting nutrient.2 While the importance of P as a limiting nutrient is well 40 

established, our understanding of global scale control on P cycling on the continents and how this 41 

affects riverine fluxes of bioavailable P is still incomplete.  42 

The Yellow River (China) has the highest suspended sediment concentration of any major river 43 

in the world (22-65 g/L) ,3-5 and the second largest sediment load (Qs) of 1.08 Gt/yr,3 which 44 

represents 6% of the estimated global river sediment flux to the ocean.  This high sediment load is 45 

because the middle reaches of the river drain the Chinese Loess Plateau. This  is a region subject to 46 

extensive soil erosion mostly as a result of agricultural practices which started ~200BC.6   In 47 

addition, there are five large deserts (Ulan Buh, Kubuqi, Mu Us, Badain Jirin and Tenggeli Desert) 48 

in the surrounding region which also contribute sediment load to the river.  The high levels of 49 

particulate matter in the Yellow River make it the extreme end-member amongst major world rivers 50 

for high input of suspended particles.  This suspended sediment is coincident with high total 51 

phosphorus (TP) input to the river 7, 8, and is potentially important for buffering dissolved inorganic 52 

phosphate (DIP) . However, it is not well understood whether and to what extent the total 53 

particulate matter (TPM) in the Yellow River is chemically active and hence how much it controls 54 

dissolved phosphorus. 55 

Equilibrium phosphorus concentration (EPC0), a parameter obtained from phosphate-sediment 56 
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adsorption experiments, has been used to provide quantitative information on whether sediments 57 

remove or release P to the overlying water,9, 10 to calculate the P flux between sediment and the 58 

overlying waters 10 and to estimate the exposure history of sediment to anthropogenic inputs of P.11 59 

The nature and history of the particulate matter is a crucial factor influencing P cycling. Most of the 60 

particulate matter in the Yellow River comes from soil erosion from the Loess plateau.12 This soil 61 

has undergone physical erosion with a minimum of chemical weathering.13 It is not clear how the P 62 

activity is affected by the physicochemical nature of TPM in the Yellow River, or whether the TPM 63 

is a source or sink of P.  64 

Adsorption processes are important for regulating the dissolved P levels in rivers when there are 65 

significant amounts of suspended particles. The total phosphate removed by the particles depends 66 

on both the surface activity of the solids to P and the total amount of TPM available (i.e. particle 67 

concentration).10 Surface activity and adsorption capacity, which can be quantified by equilibrium 68 

adsorption constants, are determined by the chemical composition of the particles.14 Experimentally 69 

measured equilibrium adsorption constants generally reflect metastable equilibrium,15, 16 which can 70 

be affected by both adsorbent concentration and adsorbate concentration depending on the 71 

adsorption reversibility.17-20 Adsorption reversibility is important in regulating the uptake and 72 

release (the buffering effect) of DIP especially when water conditions (e.g. pH and salinity) change 73 

along a river. No studies to date have integrated all these adsorption properties to determine their 74 

effects on P concentration at the scale of an entire river.   75 

One of the most important recent environmental changes is the widespread damming of many 76 

rivers. Between 2000 and 2005, the sediment load delivered from the Yellow River to the sea 77 

decreased to only 14% of the previous flux of 1.08 × 109 t/yr.21 This decrease is continuing,22 78 
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raising the possibility that eventually the particle load in parts of the river will decrease below a 79 

threshold required to maintain low bioavailable P concentration, resulting in increased 80 

eutrophication in the catchment.  However, no quantitative method has been found to predict such a 81 

threshold, which is essential for science based river management including eutrophication control 82 

and also for coupled land-ocean modeling in global biogeochemical P cycling. 83 

In this study detailed geochemical measurements of dissolved and particulate P were made at 84 

21sampling stations from the source to the estuary of the Yellow River (Figure 1). EPC0 was used 85 

to identify the role of TPM as a source or sink of P throughout the entire river. The aim was to 86 

understand the nature and controls on P cycling in this most extreme particle-rich end-member 87 

amongst major world rivers.  Having defined the present baseline conditions of the river, laboratory 88 

experiments were carried out to predict how current and future changes in TPM might affect the 89 

phosphate level in the river and its impact on water quality problems such as eutrophication.   90 

Materials and methods 91 

Study sites and sample collection. Surface sediment samples were collected from the river bed at 92 

21 sites along the Yellow River from the source to the Bohai Sea during low flow periods in 93 

November 2006 (mid to lower reaches) and April 2007 (upper reaches) (Figure 1). Samples were air 94 

dried at room temperature and sieved to < 63ȝm as this size fraction is the most geochemically 95 

reactive and approximates most closely to the suspended particulates in the Yellow River.23 Water 96 

samples (20-40 cm bellow surface) were also collected at each site. Additional water samples were 97 

collected in November 2011 at 3 stations (Stations A, B and C) in the lower reaches (Figure 1).  98 

TPM was calculated from filtering (0.45µm cellulose acetate filters) as the weight of dry particulate 99 

matter per unit volume of water. Conductivity, pH and oxidation reduction potential (ORP) were 100 
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analyzed in the field with a portable meter YSI-556 (YSI, USA). Details about the sample 101 

collection methods and sample analysis are presented in the SI ‘Sample collection and analysis’. 102 

 103 

Figure 1. Map of the Yellow River Basin showing its geographical position in China and the 104 

location of sampling stations. The stations are approximately equally spaced along 5464 km of the 105 

river.  106 

Phosphorus speciation in sediment samples. Phosphorus fractions in the sediment samples were 107 

analyzed using the standard measurement and test (SMT) procedure of phosphorus forms in 108 

freshwater sediments.14 The SMT method consists of five steps and the following forms were 109 

determined: NaOH- P (P bound to Fe, Al, and Mn oxides and hydroxides), HCl- P (P associated 110 

with Ca- principally apatite), inorganic P (IP; NaOH-P & HCl-P), organic P (OP), and concentrated 111 

HCl-extractable P (total P, TP).14 Details of the procedures used are given in Supplementary 112 

Information. 113 

The concentration of DIP in water samples, the P extracts obtained from each chemical fraction 114 

separated during the P speciation experiments of particulate matter and the supernatant obtained 115 
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during sorption experiments, were all analyzed colorimetrically after filtration, using an adaptation 116 

of the molybdate-blue method.24 Concentrations of dissolved total phosphorus (DTP) were analyzed 117 

after acid-persulfate digestion using the same method.25 The dissolved organic phosphorus (DOP) 118 

was calculated by subtracting DIP from DTP.  119 

Adsorption experiments. EPC0 is the measured DIP concentration at which there is no net 120 

adsorption or release of dissolved P from sediment.11 In order to determine EPC0 for each sediment 121 

sample, 0.03 grams of sediment was  placed in each of seven polypropylene centrifuge tubes with 122 

30 ml of filtered water collected from the same sample location (TPM=1 g/L). All but one of the 123 

tubes was spiked with KH2PO4 to provide a range of initial phosphorus (P) concentrations (0 – 19.3 124 

µmol/L). The centrifuge tubes were placed in a shaking bath at 150 rpm and 25ć for 50 h, 125 

maintaining the pH at 8.35 ± 0.05 with 0.01 mol/L HCl or NaOH during the incubation period. 126 

After 50 h, each tube was centrifuged and the supernatant filtered through 0.45 µm and analyzed for 127 

DIP. Adsorption isotherms were plotted for all 21 stations.  128 

In a 2nd set of adsorption experiments, a series of TPM (1, 5, 10, 30, 50 g/L sediment) were used 129 

to determine the threshold of TPM which leads to reduction of the phosphate level. These TPM 130 

conditions were chosen to bracket the known changes of TPM over the past decades in the Yellow 131 

River. The sediment sample came from the lower reach Jinan station (H19), and tubes were spiked 132 

with KH2PO4 to provide a range of initial phosphorus concentrations (C0, 0.51 to 25.8 µmol P/L) 133 

designed to simulate the typical condition of P input to the Yellow River.26 The remaining details of 134 

the experiments are the same as described above. 135 

Phosphorus adsorption was described by a Freundlich crossover-type equation 10. The crossover-136 

type equation is expressed as  137 
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 
0

n CCKQ EPCeqp                                                                (1) 138 

where Q (ȝmol P/g) is the amount of P adsorbed during the experiment, K (L/ȝmol) is a sorption 139 

constant reflecting the sorption affinity of the sediment for P, ȕ is an empirical constant, and Ceq 140 

(ȝmol P/L) is the equilibrium concentration of P.  The Cp effect index (n) was assumed to be 0 here 141 

to simplify the analysis. The measured crossover adsorption isotherms were used to determine the 142 

EPC0. Model parameters were estimated by a Marquardt nonlinear least-squares fitting routine.  143 

In order to judge whether the sediment acts as a source or sink of phosphorus for the water body, 144 

Pan et al.10 defined a criterion of Ȝ=C/EPC0 and Jarvie et al.11 defined EPCsat = (EPC0ˉ145 

DIP)/EPC0× 100%. However, both of the methods could easily enlarge the measurement error 146 

especially when EPC0 is low since EPC0 is in the denominator in both equations. Here, we 147 

developed a new simple criterion į. According to equation (1), for adsorption isotherm under 148 

constant TPM condition, we define:  149 

 0EPCCeq                                                                (2) 150 

When į < 0̍ Q < 0 (desorption), sediment is a source of P. 151 

When į > 0̍ Q >0 (adsorption), sediment is a sink for P. 152 

Results and Discussion 153 

Water quality changes from upper reaches to the estuary. The Yellow River can be divided into 154 

three sections based on TPM load and water chemistry (Figure 2).  The stations are grouped into 155 

Upper Reaches (H1-H3), Middle Reaches (H4-H12) and Lower Reaches (H13-H21). The upper 156 

reaches of the river (H1-H3), before it reaches the Loess plateau, are characterized by relatively low 157 

TPM (41±22 mg/L, Figure 2A), dissolved calcium (1.05±0.12 mmol Ca/L, Figure 2B) and 158 

conductivity (455±173 µS/cm, Figure 2C)  typical of  chemical weathering in temperate rivers.27 159 
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The DIP and DOP concentrations are low (0.27±0.02 and 0.06±0.09 µmol/L respectively) (Figure 160 

2D and Table S1a). In the upper reaches of the river which flow through the desert regions of 161 

eastern China, there is relatively little influence of human activities, with only relatively minor 162 

influxes of anthropogenic nutrients.  163 
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 164 

Figure 2. Total Particulate Matter (TPM; A), Calcium concentration (mmol Ca/l; B) , 165 

conductivity (µS/cm; C) and  DIP concentrations (µmol/L; D)  in surface water of the Yellow River 166 

from Maduo (Station 1) to the Bohai Sea (Station 21). The stations are grouped into Upper Reaches 167 

(H1-H3), Middle Reaches (H4-H12) and Lower Reaches (H13-H21).  168 

In the middle reaches (H4 to H9), the river flows to the east of the Loess plateau and receives 169 

major inputs of particulate matter from tributaries flowing off the plateau. The river now also 170 

reaches the most highly populated areas. As a result, the TPM concentration in the river increases 171 

by an order of magnitude to 520±200 mg/L (Figure 2A). Weathering in the Yellow River catchment 172 

is dominated by physical weathering (159 mg/cm2) with very low levels of chemical weathering 173 

(2.7 mg/cm2), a ratio of 59:1.13 This compares for example to a ratio of 2.8 in the Yangtze 174 
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catchment.13 Nonetheless the total chemical weathering in the catchment is large enough to result in 175 

changes in major ion water chemistry, so conductivity and dissolved calcium increase by ~50%, 176 

becoming similar  to those reported  in the Yangtze river.27 Between stations H10 and H12, the 177 

TPM concentration decreases mainly due to the hydrological changes of slower flow.  178 

In the lower reaches (H12 to H16), the river flows south and then east and receives further input 179 

from the Loess plateau. This results in an increase in TPM from 150 mg/L at station H12 to a 180 

maximum value of 1790 mg/L at station 16. After station H16, the TPM again decreases 181 

downstream until there is a final peak of 1850 mg/L associated with the turbidity maximum in the 182 

estuary at station H20. The dissolved calcium increases in the lower reaches compared to the middle 183 

reaches. However, the increase in calcium due to chemical weathering is relatively small (<25%), as 184 

is expected from a system where physical weathering dominates over chemical weathering. The 185 

measured DIP increases in general from upper to lower reaches with the exception at stations H5 186 

and H15 (Figure 2), which are both  located in a grain producing area and might be polluted by 187 

phosphorus-rich run-off following agricultural irrigation. The average DIP of the Yellow River is 188 

0.43±0.44 µmol/L, which is slightly lower than the world river background levels.5, 28  Similar low 189 

concentrations for DIP (0.09-0.19 µmol/L) and DOP (0.42-0.56 µmol/L) were obtained from the 190 

samples collected in 2011.  191 

The concentration of dissolved phosphate in river water is known to be buffered by interaction 192 

with inorganic particulate matter.2 The phosphate is held reversibly on adsorption sites and then 193 

exchanges with the water column and with biota. This is the principle reason why primary 194 

productivity in many rivers is phosphorus limited. The Yellow River is an extreme example with 195 

high TPM in the middle and lower reaches of the river (22-65 g/L) in the past 3-5 and very low 196 
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phosphate levels (~ 0.3 ȝmol/L) 7,8 before the 1980’s. In this study, the average phosphate 197 

concentration is about 0.43 ȝmol/L, which has increased since the 1980’s but is still lower than (or 198 

close to) many other world major rivers (Figure 5). This change coincides with a current average 199 

TPM of 0.76±0.45 g/L in the middle to lower reaches, which has been reduced by more than an 200 

order of magnitude compared to pre-1980 but is still higher than many rivers. The average TPM for 201 

the world’s 10 largest rivers defined by annual flow rate is 0.35 g/L with a range of 0.02 g/L- 1.7 202 

g/L.27 Our values of TPM are lower than previously published values both because of the overall 203 

decrease in TPM in the river with time (see below) and because only the surface river water was 204 

sampled during a period of low flow in this study.   205 

P activity of particles and its effect on phosphate adsorption. The surface activity of Yellow 206 

River TPM is governed by the chemical composition of the particles. The measured values for P 207 

speciation and total P of the particles for all 21 stations are presented in Figure 3 and Table S2. The 208 

relative proportion of various forms of phosphorus is similar to untreated Loess.29 In particular the 209 

majority of the TP in the sediments is present in the form of HCl-P (apatite-P, average value 89.3 %, 210 

Figure 3). There is very little NaOH-P (2.5 %) or OP (6.9%) in the Yellow River particles (Figure 211 

3). NaOH-P which measures P bound to Fe and other oxyhydroxides is equivalent to P bound to 212 

labile Fe (Fe-P) measured in previous studies using  a citrate-dithionite extraction.30 The Fe-P and 213 

OP phase are considered to be most important in the buffering of DIP in natural waters.2 In 214 

comparison, particulate matter in the Nile and Mississippi contains 43-46 % Fe-P 10, 31 and in the 215 

Amazon 28-33%.32 The Yangtze River is closest to the Yellow River with 18 %.33 Fe-P is formed 216 

by the interaction of P with labile iron oxy-hydroxides which are mainly produced as a result of 217 

chemical weathering of rocks and soil formation. Our previous experimental study suggests that for 218 
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Yellow River particles, phosphate is mainly taken up within the Fe-P phase.18 The labile Fe 219 

measured in the Yellow River TPM in the middle and lower reaches is only 2.3 % ± 0.8 % (Table 220 

S2) which is similar to previous studies which found that labile Fe of Yellow River TPM is low 221 

compared to most other rivers.34 Thus the amount of P which can be adsorbed per gram of sediment 222 

is relatively low in the Yellow River. The buffering phenomenon observed in the past and to a 223 

lesser extent at present is thus due principally to the high levels of TPM in the river.  224 
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Figure 3. Relative proportion of various forms of phosphorus and total phosphorus 226 

concentrations in sediments from the Yellow River. 227 

The role of TPM as a source or sink in the Yellow River. Table 1 lists the DIP, equilibrium 228 

adsorption constant (k), EPC0 , and the criterion į values calculated using equation 2 for all 21 229 

sediment samples.  Adsorption isotherms for all 21 station samples are presented in Figure S1. In 230 

the upper reaches with relatively low TPM and anthropogenic nutrient input, DIP is in equilibrium 231 

with the sediment (į values close to zero). At the beginning of the middle reach there is an increase 232 

in anthropogenic input of phosphate together with increased particulate (Loess) input. As the P level 233 

in the upper river is relatively low, the input of land-borne particles plays a role as a source of P, i.e. 234 
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į is negative (Table 1 and TOC). Af ter the major input of loess in the middle reach, the water borne 235 

suspended particles become a weak sink of P as the į values become positive from the middle to 236 

lower reaches (Table 1). Since TPM is still high, the suspended particles in the mid-to-lower reach 237 

can still remove most P and act as a sink for additional phosphate input. The phosphate level in the 238 

river is therefore not high (average 0.43 ȝmol/L) given the significant TP input. However, due to 239 

the reduction in TPM over recent decades, the phosphate level in the Yellow River has already 240 

begun to increase (Figure 5). 241 

Table 1.  Parameters of Freundlich crossover-type equations calculated by a non-linear fit for the P 242 

adsorption isotherms of the Yellow River sediments and the calculated role of each sediment as a 243 

sink or source of phosphate calculated by į. 244 

Sampling site 
K 

(L/µmol) 
ȕ 

EPC0 

(µmol/L) 
R2 į 

SINK/ 
SOURCE 

H1 0.623 0.440 0.2936 0.9975 -0.03 EQUILIBRIUM 

H2 1.095 0.316 0.3161 0.9977 -0.02 EQUILIBRIUM 

H3 0.119 0.683 0.2419 0.9994 0.05 EQUILIBRIUM 

H4 0.066 0.924 0.9290 0.9975 -0.55 SOURCE 

H5 0.101 0.822 2.3129 0.9924 -0.76 SOURCE 

H6 0.476 0.455 0.2290 0.9954 -0.16 SOURCE 

H7 0.271 0.531 0.0774 0.9989 0.29 SINK 

H8 0.416 0.461 0.0742 0.9981 0.13 SINK 

H9 0.184 0.662 0.0323 0.9851 0.11 SINK 

H10 0.367 0.369 0.0194 0.9905 0.42 SINK 

H11 0.220 0.654 0.0161 0.9820 0.20 SINK 

H12 0.118 0.663 0.0936 0.9921 0.17 SINK 

H13 0.160 0.534 0.0516 0.9980 0.40 SINK 

H14 0.272 0.500 0.0032 0.9953 0.34 SINK 

H15 0.189 0.548 0.1903 0.9936 1.04 SINK 

H16 0.212 0.590 0.0839 0.9879 0.31 SINK 

H17 0.804 0.364 0.0968 0.9963 0.12 SINK 

H18 0.941 0.366 0.4194 0.9993 0.15 SINK 

H19 0.109 0.703 0.2323 0.9910 0.21 SINK 

H20 0.211 0.518 0.0452 0.9956 0.60 SINK 
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H21 0.469 0.507 0.0194 0.9857 0.37 SINK 

 245 

Comparison to other major world rivers.  The Yellow River is impacted by considerable 246 

nutrient pollution (both N and P).22, 35 Previous studies have used the increase in fluxes of nitrate as 247 

a measure of the degree of nutrient pollution in this and other river catchments.36 Using nitrate and 248 

ammonium data collected from a similar transect down the river in 1989-2000 36 compared with the 249 

phosphate values obtained in this study collected during 2007, a Nitrate:Phosphate  molar ratio of 250 

760:1 was calculated.  This value of 760:1 was similar in magnitude to the values we obtained from 251 

the three stations sampled in the lower reaches in 2011 (720-1510) and to previous measurements in 252 

the river (167-368).4, 5, 22, 37 These ratios are very much higher than those determined for other major 253 

rivers globally which are generally between 10 and 100.5, 28 They are also much higher than the 254 

molar N:P ratios in typical sewage , industrial or atmospheric inputs to Yellow River.8 The very 255 

high Nitrate:Phosphate  ratio means that the Yellow River is an extreme P limited ecosystem: there 256 

is very little available P for biological uptake and photosynthesis because of the high inorganic 257 

particulate load. In addition to having a high Nitrate:Phosphate ratio (700-1480), the Yellow River 258 

also has a high Nitrate:Ammonium ratio (29-194).5, 36, 37 This ratio is a factor of 4 higher than that 259 

of the Yangtze River and is higher than other major rivers worldwide (Figure 4).27  Both phosphate 260 

2 and to a lesser extent ammonium are particle reactive chemical species.  Ammonium, like 261 

phosphate, tends to be adsorbed onto inorganic particulate matter, especially clays.38 In addition it is 262 

known that bacterial nitrification is encouraged by the presence of particulate matter.39 This results 263 

in ammonium being converted into nitrate which then remains in solution because nitrate is not 264 

particle reactive. Thus we suggest that the quasi-linear general relationship between Nitrate: 265 

Phosphate ratio and Nitrate: Ammonium ratio in major rivers (Figure 4) represents the general 266 
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effect of inorganic particles on river nutrient chemistry, with particle reactive chemical species 267 

(phosphate and ammonium) being removed from the water column while nitrate accumulates. The 268 

Yellow River represents the highest ratios because of its relative high suspended sediment load.  269 
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Figure 4. The molar ratio of nitrate/phosphate vs nitrate/ammonium for a selection of major rivers 271 

(squares represent the values from the Yellow River while triangles are that of other major rivers in 272 

the world). Specifically the data presented is (1a) Yellow River (this study -2011 data), (1b) Yellow 273 

River (2008-2009)22, (2) Yellow River (this study -2007 data with Chen et al. N data, Meybeck & 274 

Turner et al.) 5, 36, 37, (3) Danube 5, (4) Zhuijiang 4, (5) Changjiang 4, (6) Niger 28, (7) Negro 28,  (8) 275 

Ganges 5,  (9) Amazon 28, (10) Solimoes 28, (11) Mississippi 28, (12) Zaire 28.  276 

Effect of TPM reduction on P cycling. Sediment loads in the Yellow River prior to 1980 were 277 

in the range of 22-65 g/L.3-5, 40 At Zhengzhou in the lower reaches of the river, the average value for 278 

TPM was 23.9 g/L between 1952 and 2010 but decreased to 5.4 g/L in 2006, to 2.2 g/L in 2009 and 279 

to 6.1 g/L in 2010.22 Intensive river basin management has been implemented and more than 3100 280 

reservoirs have been built in the entire catchment to provide freshwater for more than 100 million 281 
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people.22 Consequently, TPM in the Yellow River has been reduced by over an order of magnitude 282 

over recent decades, leading to a significant biogeochemical and ecological impact. 283 

There is significant nutrient pollution within the river catchment, with increasing inputs from 284 

both point source and non-point source, particularly fertilizers applied to support agriculture.36, 41 285 

The TP input in the Yellow River is reported to be high compare to other world major rivers (e.g. 286 

182 ȝmol/L (1985-1989) 7, 16 ȝmol/L (2002)26).  Such a high TP input does not result in a high DIP 287 

in the river in pre-1980 (~ 0.3 ȝmol/L) because much of it was adsorbed by the very high TPM. As 288 

the TPM is reduced to 0.76±0.45 g/L in the mid-lower riches of the Yellow River (Figure 2A), the 289 

average phosphate concentration increases to 0.43 µmol/L (Figure 5). However, the current DIP 290 

level is still lower than the world average level (0.48 ȝmol/L, inserted figure in Figure 5).  291 
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Figure 5. The average DIP level in Yellow River from 1980s to 2007 and comparison to that of 293 

other world rivers. Inserted chart: Yellow River 1,5 Yellow River 2,7, 8 Yellow River 3,26 Yellow 294 

River 4 (this study), Ganges,5 Changjiang,4 Zhujiang,4 Changjiang,37 Zhujiang,37 Amazon,28 Zaire,28 295 

Solimoes,28 Negro,28 Niger,28 Iceland rivers,28 Danube28 296 
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Results from laboratory simulations (Figure 6) show that over the range of TPM measured in the 297 

Yellow River (0-50 g/L), reducing the TPM will cause an increase in the amount of phosphate 298 

remaining in solution. For the sample from the H19 station, at the highest TPM concentration tested 299 

(50 g/L), nearly all of the added P was removed by adsorption when C0 ≤ 6.4 ȝmol/L (Figure 6). As 300 

TPM decreased, more of the added P remained in solution. The relationship between Ceq and C0 301 

approached to linear with a slope of 1 as TPM reduced to zero (dotted line in Figure 6). The extent 302 

that this slope deviates from 1 can be used to measure the impact of TPM changes on DIP levels in 303 

solution. At the conditions of C0 6.4 µmol/L and 13 µmol/L, the slope increased from below 0.4 at 304 

TPM 50 g/L to about 0.8 at TPM 5 g/L, and then markedly from 0.94 to 1 at below 1 g/L (inserted 305 

chart of Figure 6). This result suggests that, for site H19, when TPM is reduced below 1 g/L, the 306 

ability to remove added P is dramatically reduced.  307 

Using the equilibrium adsorption constants in Table 1 and the isotherms in Figure S1, the P 308 

removal ability and residual P in the water were predicted and modeled for all 21 stations (Figure 7). 309 

The amount of DIP that can be removed by different samples of Yellow River suspended sediment 310 

under the equilibrium concentration of 0.4 ȝmol/L is shown in Figure 7A. Suppose the TP input of 311 

Yellow River is 16 ȝmol/L25 and DIP counts for 5% of TP,7 so that the total DIP input is 0.8 312 

ȝmol/L. Under these conditions, the remaining DIP was predicted in Figure 7B. The DIP was 313 

maintained at an average of 0.28 ȝmol/L at TPM of 1 g/L and 0.70 ȝmol/L at TPM of 0.2 g/L 314 

(Figure 7B). The latter is higher than class V surface water quality in China42 which is known to 315 

cause eutrophication. We therefore propose a TPM value of 0.2~1 g/L as a critical threshold for the 316 

Yellow River, below which most phosphate input to the river cannot be removed by the particles.  317 
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Figure 6. The relationship between the initial phosphate concentration (C0) and the final 319 

equilibrium concentration (Ceq) under different sediment concentrations (1, 5, 10, 30 and 50 g/L). 320 

The sediment sample came from Jinan station (H19). Dotted line represents a 1:1 slope between the 321 

C0 and Ceq, meaning no adsorption occurs. The inserted chart describes the influence of TPM on 322 

the conservative behavior between the Ceq and C0.   323 
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Figure 7. P removal ability for sediment samples of all 21 stations of Yellow River (A); and the 325 

residual P left in water when DIP input is 0.8 ȝmol/L (B). 326 

Two factors are responsible for the above mentioned P buffer effect (Figures 6 and 7): one is the 327 

surface reactivity of the solids to P and the other is the TPM. The Yellow River TPM has a rather 328 

low reactivity to P and the Freundlich adsorption constant (k) ranged between 0.07-1.1 L/µmol 329 

(Table 1). This adsorption coefficient for particles of the Yellow River, which is dominated by the 330 

Loess, is similar to that of Saharan dust (k = 2 L/µmol)10 which is shown to be relatively unreactive 331 

to phosphate, and is much smaller than that of Nile TPM (k =40 L/µmol) that is known to have 332 

much higher P affinity.10 In the Yellow River system, where the k values are low, the reduction of 333 

the DIP in the water dominantly depends on TPM concentration changes. The average TPM of 334 

Yellow River at the time of sampling was 0.66±0.41 g/L (middle reach) and 1.01 ±0.48 g/L (lower 335 

reach) where most P input is received, which has already reached the upper limit of the threshold 336 

that we predicted (0.2 – 1 g/L). Accordingly, a significant increase in DIP has already been 337 

observed over recent decades (Figure 5).  If the TPM is to be further reduced below the lower limit 338 

of the threshold (e.g. 0.2 g/L), we predict that the DIP in Yellow River will be further increased. It 339 

is important to note that the Yellow River TPM differs greatly in different seasons and under 340 

different hydraulic conditions. The modeling results suggest that the natural flow of suspended 341 

particles in Yellow River should not be further reduced by anthropogenic activities, or else, water 342 

quality problems (e.g. eutrophication) may irreversibly occur in this large ecological system. For 343 

other rivers (e.g. Nile) where suspended matter is highly reactive to P (high k values), the threshold 344 

can be lower than the 0.2~1 g/L.  345 
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Global environmental change is altering the flux and nature of TPM in rivers in various ways, 346 

which will alter the terrestrial input of P to the ocean and the modeling of global P cycle. Soil 347 

erosion increases the flux of chemically weathered particles into rivers while climate change can 348 

alter the chemical and physical weathering rates. Within many rivers dams are removing particles 349 

from the water column. All these processes together alter the ability of particles in the river to 350 

buffer the concentration of bioavailable P. The modeling of P carried out in this study represents a 351 

method to study this important biogeochemical cycle elsewhere.  352 
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