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1 Introduction 21 

More than 40% of the world’s population lives within 100 km of the coastline, placing immense 22 

pressure on local land and water resources (Atapattu and Molden, 2009). Many river deltas, which are 23 

especially fertile and highly populated coastal areas, experience drastic changes in agricultural land 24 

use systems, which can induce changes in the soil fertility as shown also in other regions of the world 25 

(Don et al., 2011; Guo and Gifford, 2002; Smith et al., 2016). Main drivers of these changes are 26 

droughts, salt water intrusion (both partially induced by climate change), as well as rapid socio-27 

economic developments with respective changes in land use as adaptation to the changing 28 

environmental and economic conditions (Sebesvari et al., 2016). The Mekong delta in Vietnam is an 29 

example of such a fertile but vulnerable region with 64% of the land being used for agriculture with 30 

rice production dominating (GSO, 2018, 2016). However, especially in the coastal parts of the delta 31 
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rice production is increasingly threatened by salinity intrusion from incoming seawater (Renaud et al., 32 

2015), which is reaching progressively further inland. It is projected that salinity intrusion will increase 33 

in near future, e.g., by climate change induced sea level rise (0.3 m by year 2050) (Smajgl et al., 2015) 34 

and by anthropogenic induced land subsidence (0.35 to 1.40 m year 2050) (Erban et al., 2014; 35 

Minderhoud et al., 2017).  36 

In response to these developments, land use in the Mekong delta is changing particularly in the 37 

transition zone between saline and fresh water areas.In formerly rice dominated areas intensive 38 

permanent shrimp cultivation increasingly co-occur with more extensive brackish water polycultures, 39 

such as alternating rice-shrimp farms or permanent rice farms (Joffre et al., 2018; Ottinger et al., 2016). 40 

These land use shifts from permanent rice to alternating rice-shrimp or even permanent shrimp 41 

farming represents both a diversification and at least partially also an intensification of agriculture 42 

towards economically more risky but also more profitable land use systems. Shrimp farming has the 43 

potential to increase the farmers’ incomes by a factor of ~5 to 7 relative to solitary rice production 44 

(Phuong Lan, 2013) and was one of the main reasons for farmers to change to shrimp cultivation 45 

(Nguyen et al., 2019) along with the fact that it has also been pushed by the Ministry of Fisheries of 46 

Vietnam (Nhuong et al., 2002). However, shrimp is more risky than rice due to high investments, higher 47 

vulnerability to diseases, market price fluctuations, and varying salinity levels of pond waters (Joffre et 48 

al., 2018). Negative environmental impacts include a potential dispersion of antibiotics (Braun et al., 49 

2019) and the salinization of water and soil (e.g., Tho et al., 2008), which may finally jeopardize 50 

economic benefits and also foster local competitions between rice and shrimp farmers for soil and 51 

water resources. Nevertheless, changes in soil properties and nutrient status after introducing shrimps 52 

into former permanent rice systems have hardly been studied up to now. 53 

 54 

Shrimp farming can occur at various intensity levels, e.g., reflected in different stock densities, 55 

production cycles, use of feed additives, and pond design (Hai et al., 2015). For intensive shrimp 56 

cultivation, former paddy soils (Figure 1a) are excavated, usually down to at least ~2 m. Sediment (so 57 

called sludge) can accumulate on the bottom of the pond, mainly consisting of inorganic eroded 58 
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materials but also of decaying plankton, feces, and excess feed (Avnimelech and Ritvo, 2003; Funge-59 

Smith and Briggs, 1998; see also Figure 1c).  60 

Less intensive but potentially more reversible shrimp aquaculture systems include co-culture of shrimp 61 

and rice and seasonal alternating cycles of rice (rainy season) and shrimp (dry season). These rice-62 

shrimp systems were developed in response to the economic opportunities offered by high shrimp 63 

prices and support for production and income diversification from the government through favorable 64 

policies (Dung, 2012). In these systems, the traditional rice fields are amended with a ditch (~20% of 65 

the total area, water depth of ~1 m) and dike around the periphery of the field forming a platform 66 

(water depth of ~0.3 m; Figure 1b). The alternating rice-shrimp system is a common land use in coastal 67 

salinity affected regions in the Mekong delta as it is well adapted to the contrasting salinity levels 68 

throughout the year, thus, allowing farmers to generate income in the dry season (e.g., Dung, 2012). 69 

It has many advantages over co-culture systems such as (i) higher water depth during rice or shrimp 70 

cultivation facilitating sufficient water temperatures and dissolved oxygen contents, (ii) rice stubble 71 

decomposition facilitates microbial food for aquatic species and fertilizer for the next cycle shrimp and 72 

the rice crop thereafter, and (iii) reduced insect pest pressure on rice due to interruption in their life 73 

cycle in alternating systems (Reddy and Kishori, 2019).  74 

Although these changes are widespread, neither their impact on soil quality nor their reversibility is 75 

understood. Specifically, it is important for farmers and policy makers to know if the conversions alters 76 

soil fertility in such a way that there would be no return to former land use options, causing path 77 

dependencies and lock-in effects for farmers´ future decision making options. Therefore, the present 78 

study aims to evaluate whether and to which degree a change from a permanent rice system to 79 

alternating or permanent shrimp cultivation affects soil quality and if these changes are likely 80 

reversible or permanent. 81 

 82 

2 Material and Methods 83 
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To evaluate long-term effects on the nutrient status in soil and sludge, we sampled permanent paddy 84 

rice systems as a control and compared their nutrient status with that of soils and sludges from 85 

alternating rice-shrimp and permanent shrimp systems. Samples were then characterized by their 86 

basic geochemical properties as well as by status in a range of total and available nutrients. A special 87 

focus was laid on changes in the phosphorus (P) and sulfur (S) status in the three land agricultural use 88 

systems, because P is crucial for both rice and shrimp production and S may induce risks to the shrimp 89 

by exposing them to geochemical changes of sulfide deposits at the bottom of the ponds. To track 90 

changes in the S and P binding forms according to the state of the art, we combined traditional wet 91 

chemical fractionation methods with advanced techniques such as 31P nuclear magnetic resonance 92 

(NMR) spectroscopy and S and P K-edge X-Ray Absorption Near edge structure (XANES) spectroscopy 93 

as, e.g., recommended by Kruse et al. (2015). 94 

2.1 Sampling sites  95 

The study was conducted in the Mekong delta in the southeast of Vietnam, characterized by tropical 96 

monsoonal climate (mean annual temperature: 27 °C and mean annual precipitation: 1660 mm (Delta 97 

Alliance, 2011). About 99% of the rain falls within the rainy season from May to November, while the 98 

dry season from December to April experiences almost no rain.  99 

The study sites were located in the districts Mỹ Xuyên and Vĩnh Châu of the province Sóc Trăng and in 100 

the district Thạnh Phú of the province Bến Tre. These provinces were chosen as they are characterized 101 

by similar climatic conditions (mean temperature: 27 °C and mean annual precipitation Bến Tre: 1500 102 

mm and Sóc Trăng: 1700 mm) as well as strong salinity gradients from the sea towards more inland 103 

with salinity-adapted land use systems (Renaud et al., 2015). In Bến Tre the population density is 528 104 

person per km2 (GSO-Database, 2016) with 58.4 thousand ha of paddy rice and 45.2 thousand ha of 105 

aquaculture (GSO-Database, 2017). Sóc Trăng is less densely populated (369 person per km2 (GSO-106 

Database, 2016) and has a higher share of paddy rice in its land use with 348.2 thousand ha paddy rice 107 

and 74.1 thousand ha of aquaculture (GSO-Database, 2017). The production area of alternating rice-108 

shrimp in the Mekong delta was approximately 71,000 ha in 2000 and doubled rapidly to 152,977 ha 109 
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by 2014 (Pham et al., 2015). Due to the increase, the overall area of alternating shrimp aquaculture 110 

reached 28% of the total area of the brackish shrimp production in the delta. The shrimp production 111 

from the alternating rice-shrimp system was 65 thousand t in 2014, which accounted for 15% of the 112 

production in the Mekong delta region. In average, the alternating rice-shrimp system produces 300 113 

to 500 kg of shrimp and 4 to 7 t of rice per ha annually (Pham et al., 2015). In Sóc Trăng province, 114 

production area of alternating rice-shrimp was 7,929 ha in 2010 and increased to 9,919 ha in 2014, 115 

contributing to 50% of the brackish shrimp production area in the province. 97% of the overall 116 

alternating rice-shrimp production of Sóc Trăng province is located in Vĩnh Châu district (Pham et al., 117 

2015). Respective statistics are lacking for Bến Tre province. 118 

For this study, the following land use systems were selected for sampling along a salinity gradient in 119 

both provinces: i) permanent paddy rice systems with mainly double rice cropping (permanent rice), 120 

ii) alternating rice-shrimp systems with rice during the wet (September to January/February) and 121 

shrimp production during the dry season February/March to August/September (alternating rice-122 

shrimp), and iii) permanent intensive shrimp systems (permanent shrimp) with two to four shrimp 123 

production cycles per year.  124 

Based on interviews with local authorities and farmers as well as accessibility to fields for each land 125 

use system, ten representative field replicates were selected in each province and sampled within two 126 

weeks in January and February 2016 (Figure 2). In the permanent rice systems paddy rice was 127 

cultivated for more than 50 years. In the permanent rice system, only freshwater is used for irrigation 128 

and chemical fertilizers are usually recommended to be applied at a rate of 80 N-45 P2O5-30 K2O (kg 129 

ha-1). All alternating rice-shrimp fields had been converted from former paddy rice fields on average 130 

20 years ago. In the alternating rice-shrimp system, farmers rely principally on rainfall for growing rice 131 

in the wet season, whereas the inundation of brackish water during the dry season favors the shrimp 132 

culture.  133 

The permanent shrimp systems were converted from rice-shrimp systems on average 9 years ago. In 134 

all ponds, saline water is maintained all year. Average shrimp stocking densities were higher in Bến Tre 135 

(alternating rice-shrimp: 7 individuals m²; permanent shrimp: 80 individuals m-²) than in in Sóc Trăng 136 
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(3 individuals m-² and 30 individuals m-²). In the permanent shrimp systems, commercial industrial feed 137 

was provided for the shrimps, whereas mainly natural feed was provided in the rice-shrimp system. 138 

No salt has been additionally added to any permanent shrimp or alternating rice-shrimp system. No 139 

data could be obtained on the amount of added fertilizer or feed for the individual fields.  140 

For the permanent rice system and the platform of the alternating rice-shrimp system, topsoils 141 

(cultivation layer, 0 to 15 cm) were sampled using a self-made stainless steel soil corer with 7 cm 142 

diameter. The pond bottom of the permanent shrimp system and the soils in the ditches of the rice-143 

shrimp system were sampled using a sediment corer, also 7 cm in diameter (Hydro-Bios, Kiel, 144 

Germany). The latter cores were further subdivided into the sediment sludge (sludge) and the 145 

sediment 10 cm beneath it, which differed in color, density, and eventually texture (see Figure 1 for 146 

the illustration of sampling scheme). Each time five cores were taken from random positions to yield 147 

one composite sample per sampled farmland. This pooling for obtaining a representative average, 148 

however, also resulted in a pooling of sludge samples over the entire thickness observed for a given 149 

land use system. The average sludge thickness in the alternating rice-shrimp systems was 22 cm (Sóc 150 

Trăng) and 17 cm (Bến Tre), but only 6 cm ±1 (Sóc Trăng) and 3 cm (Bến Tre) in the permanent shrimp 151 

systems, respectively. The lower sludge thickness in the later system was due to more frequent sludge 152 

removal by the farmers as compared with the alternating rice-shrimp at which the sludge remains 153 

during the following rice cropping season. All samples were air dried and sieved to < 2 mm before 154 

further analyses. As this sample preparation procedure may have some effect on the extractability and 155 

speciation of elements, direct comparison of results should be limited to investigations using a similar 156 

sample preparation. 157 

Figure 1, 2 158 

2.2 Analysis of Basic soil properties 159 

The texture classes of all samples were assessed directly in the field according to FAO (FAO, 2015), 160 

indicating a dominance of silt loam textures at all sites (Table 1). All other parameters were analyzed 161 

in the lab. The pH value and electric conductivity (EC2.5) was determined in water solution in the ratio 162 

of 1:2.5 (Sonmez et al., 2008). Total elemental concentrations of P (Pt), iron (Fet), aluminum (Alt), 163 
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manganese (Mnt), magnesium (Mgt), potassium (Kt), calcium (Cat), and sodium (Nat) were determined 164 

after microwave assisted digestion of 150 mg with 0.7 mL HNO3 and 2 mL HCl using an inductively 165 

coupled plasma-optical emission spectroscopy (ICP-OES) (Thermo Fisher iCAP™ 7600). Total nitrogen 166 

(Nt), carbon (Ct), and sulfur (St) were determined by dry combustion (MicroCube Elementar, Hanau, 167 

Germany), and inorganic C (Ci) was determine by the Scheibler method (DIN ISO 10693). Soil organic 168 

carbon (SOC) was calculated by subtracting Ci from the Ct. Ammonium-oxalate extractable phosphorus 169 

(Pox) was measured by extraction with 0.2 M ammonium-oxalate and 0.2 M oxalic acid (pH 3.1) for 2 h 170 

in darkness (Schwertmann, 1954) with following detection by ICP-OES.  171 

Effective cation exchange capacity (CEC) was determined using unbuffered BaCl2 as exchanging 172 

extracting reagent and subsequent re-exchange of Ba2+ with Mg2+ (Gillman and Sumpter, 1986). 173 

Furthermore, obtained BaCl2-extracts were analyzed for total elemental concentrations by ICP-OES to 174 

estimate plant available sodium (Na BaCl
2
), calcium potassium (KBaCl

2
), calcium (CaBaCl

2
), and manganese 175 

(MgBaCl
2
), in the sample. 176 

For the time and cost restricted Hedley, XANES and 31P-NMR-spectroscopy analyses, we pooled the 177 

samples from the respective land use systems and compartments within the same province. Therefore, 178 

differences were evaluated by trends rather than statistics. Sequential P extraction followed the 179 

modified Hedley protocol according to (Tiessen and Moir, 1993) details of the procedure are provided 180 

in the Supporting Information. In each duplicate extract, we determined inorganic P (Pi) by the 181 

molybdenum‐blue method (Murphy and Riley, 1962) using a spectrophotometer (Specord 250 plus; 182 

Analytik Jena AG, Germany) and Pt by ICP-OES (Thermo Fisher iCAP™ 7600), and organic P (Po) was 183 

calculated as the difference between Pt and Pi. This chemical fractionation recovered between 84 to 184 

101% of the Pt (Table S1, Supporting Information). Non-extractable P (residual-P) was calculated as 185 

difference between total P (aqua regia) and the sum of total P of all P fractions.  186 

According to (Negassa and Leinweber, 2009), the obtained fractions can be grouped by their chemical 187 

extractability to labile P (resin-P and NaHCO3-Pi and -Po), moderately labile P (NaOH-Pi and -Po) and 188 

long-term stable P including 1M HCl-Pi, concentrated HCl-Pi, and non-extractable-P, highly resistant 189 

(residual-P).  190 
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Additionally, the St concentration was determined in all sequentially obtained Hedley extracts to 191 

estimate different S fractions based on their solubility (Lilienfein et al., 2000). The chemical 192 

fractionation recovered between 49 to 92% of St (Table S3, Supporting Information). However, this 193 

procedure does not allow to distinguish between organically and inorganically bound-S as done for P.  194 

For 31P-NMR analyses, 7.5 g of sieved soil (< 2 mm) were shaken vertically (150 rpm min-1) for 4 h in 195 

0.25 M NaOH 0.05 M EDTA solution (soil to solution mass ratio 1:20, pH ≥ 13) at 20 °C room 196 

temperature (Cade-Menun and Preston, 1996). After centrifugation (10,000 g x 30 min), the 197 

supernatant was decanted, frozen at -18 °C and subsequently lyophilized (Christ BETA 1–8 LDplus). 198 

Subsamples of the supernatant were analyzed for Pt and the concentration of paramagnetic ions (Fet, 199 

Alt, and Mnt) via ICP-OES (Thermo Fisher iCAP™ 7600). The Pi concentrations in the NaOH-EDTA extracts 200 

were analyzed via molybdenum‐blue method (Murphy and riley, 1962) using a UV-Spectrometer 201 

(Specord 250 plus; Analytik Jena AG, Germany). The Po concentrations (Po NaOH-EDTA) were calculated 202 

by subtraction of Pt NaOH-EDTA by Pi NaOH-EDTA.  203 

The NMR-spectra of re-dissolved extracts were recorded at a Bruker 600 Advance NMR-Spectrometer 204 

(details of the procedure are provided in the Supporting Information). Due to the low P and high Fe 205 

and Mn concentrations in the NaOH-EDTA extracts it was not possible to identify individual Po 206 

compounds. Therefore, we grouped the spectral regions into compound classes based on regions 207 

defined in the literature (e.g., (Cade-Menun et al., 2010; Doolette et al., 2009; Turner et al., 2012). For 208 

this, spectra from 10 ppm to -5 ppm were separated into orthophosphate region (6.2 to 5.8 ppm), the 209 

monoester region (7 ppm to 6.2 and 5.8 to 2.5 ppm), the diester region (2.5 to -3 ppm), and the 210 

pyrophosphate region (-3.5 to -5 ppm), referenced by standardizing the orthophosphate peak to 6 211 

ppm. The peak areas in each of these regions were summarized and the total percentage of each of 212 

these four regions was calculated. The NMR spectra of all three land use systems can be found in the 213 

Supporting Information.  214 

Bulk P and S K-edge XANES spectra were recorded at the Soft X-ray Micro-characterization Beamline 215 

(SXRMB) at the Canadian Light Source synchrotron, Saskatoon, Canada (Hu et al., 2010). Details of the 216 

sample preparation and subsequent data treatment are provided in the Supporting Information. Base 217 
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on the S XANES fitting results, obtained proportions of different S reference compounds and associated 218 

S oxidation states were grouped into three major groups according to (Solomon et al., 2003) namely 219 

(i) reduced S forms (disulfides, thiols, thiophenes), (ii) intermediate oxidized S forms (sulfoxides, 220 

sulfones, sulfonates), and (iv) highly oxidized S forms (sulfates). 221 

 222 

2.3 Statistics 223 

All statistical analyses were done using IBM®SPSS® Statistics Version 25. To test for significant 224 

differences between sample groups, data were first tested for normal distribution via a Shapiro-Wilk-225 

test (P < 0.05). If the data sets were normally distributed and showed an equal variance (Levene test), 226 

a t-test was applied. If the set showed a normal distribution but no equal variance, the Welch-test was 227 

conducted. In case of non-normal distribution, the Mann-Whitney-Rank-Sum-test was applied for 228 

comparison. For comparison of dependent sample groups, (e.g., sludge vs. soil underneath and 229 

platform vs. sludge) a paired t-test was used if the data were normal distributed and Wilcoxon signed 230 

rank test if data showed a non-normal distribution.  231 

 232 

3 Results  233 

3.1 Basic soil characteristics  234 

As salinity is important for soil fertility, we first assessed the EC2.5 values. They were lowest in the 235 

permanent rice systems (Table 1). Among both shrimps systems, EC2.5 values varied being , with 236 

generally higher in the sludge than in to the soil underneath. Among sampled compartments and 237 

systems, highest EC2.5 values were found for the alternating rice-shrimp systems in Bến Tre (Table 1). 238 

The soils of the permanent shrimp systems were generally characterized by ~2 times higher EC2.5 values 239 

than the soil of all permanent rice system and the soil obtained from the platform from Sóc Trăng, 240 

whereas no difference were found for the ditch/soil. By contrast, EC2.5 values of the ditch/soil in Ben 241 

Tre were ~4 times higher and platform/ soil ~5 times higher as in the permanent rice. 242 
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These differences were not accompanied by different pH values, which were similar for the permanent 243 

rice systems (pH = 5.2 to 5.3) and slightly alkaline for the systems including shrimps. An exception were 244 

the rice-shrimp systems in Bến Tre, which were even more acidic than the permanent rice systems 245 

(Table 1). In addition, the pH of the sludge in the rice-shrimp system was always more acidic than the 246 

permanent shrimp sludge (6.8 vs. 7.9). 247 

In any case, already these few data indicate that land use effects on some soil properties were different 248 

among provinces, i.e., they were site-specific. Soil fertility indicators such as the concentrations of Nt, 249 

plant-available nutrients, and CEC generally pointed to similar or improved nutrient status in the 250 

alternating rice-shrimp and permanent shrimp systems compared to the permanent rice systems. An 251 

exception to this was the available Ca concentration, which was depleted when the soil had become 252 

more acidic, such as in the alternating rice-shrimp systems of Bến Tre (Table 1). In addition, the total 253 

element concentrations were mostly enriched in the alternating rice-shrimp and permanent shrimp 254 

systems relative to the systems under permanent rice. Highest enrichments were found for Pt, Cat, and 255 

available Ca and K in soils and sludges of the permanent shrimp systems. Soils underneath the sludge 256 

from both shrimp systems were depleted in SOC and Nt relative to the permanent rice systems. By 257 

contrast, sludges of the alternating rice-shrimp system showed similar concentrations in SOC and Nt 258 

relative to the permanent rice whereas for the permanent shrimp system SOC and Nt concentration 259 

were depleted (Table 1).  260 

The effects of shrimp cultivation were obvious for the St concentrations especially in Sóc Trăng, which 261 

were elevated by a factor of six in the sludges of both shrimp systems and by a factor of nine in the 262 

platform of the rice-shrimp system. In Bến Tre St concentrations were generally higher as in Sóc Trăng 263 

particularly for all compartments of the alternating shrimp. No such enrichment was usually found for 264 

the soils underneath the sludges, with again one exception tor Bến Tre (Table 1 265 

 266 

Table 1 267 

 268 

3.2 Sequential phosphorus and sulfur fractionation  269 
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As P is a key element limiting soil fertility for plants, we performed a sequential extraction to highlight 270 

P pools of different availability. In all samples, the analyses identified only minor proportions of readily 271 

plant-available, resin-P (2 to 4%). Proportions of NaHCO3-Pi did not vary significantly between land use 272 

systems and were also rather low (2 to 6%). Main differences in P forms were thus mainly found for 273 

the less easily extractable and thus more stable P pools. The concentrations of NaHCO3-Po, for instance, 274 

already contributed to 2 to 29% of total P; with highest values found in the permanent rice systems in 275 

Sóc Trăng and rice-shrimp sludge in Bến Tre (Table S1, Supporting Information).  276 

The NaOH-extractable P proportions decreased in the order: rice-shrimp/platform > rice-277 

shrimp/sludge > permanent shrimp/sludge > permanent shrimp/soil > rice-shrimp/ditch; only in Bến 278 

Tre this order was different due to the higher proportions in the sludges of the rice-shrimp systems 279 

and the soils underneath. Inorganic Pi dominated in these NaOH-extracts. An even larger proportion of 280 

Pt could be assigned to the two HCl1M fractions, which together comprised up to 70% of Pt. Under 281 

permanent rice, the HClconc-P fraction were 4 to 5-fold higher than those of 1M HCl-P, although the 282 

proportions of HCl-P were significantly lower (8 to 11% of Pt) in permanent rice system than in the 283 

alternating rice-shrimp or permanent shrimp systems (14 to 42% of Pt). 284 

Between 0 to 16% of Pt remained in the residual pools (Table S1; Supporting Information). When 285 

pooling the absolute concentrations within commonly operative defined P-pools for a better 286 

visualization (Figure 3, left), it can be seen that the concentration of stable and residual-P in the 287 

permanent rice systems were lower than in all other tested land use systems with highest values be 288 

found for soil (Sóc Trăng) and sludge (Bến Tre). In the permanent shrimp and alternating rice-shrimp 289 

systems, concentrations of labile + moderate labile-P were lower than for permanent rice and 290 

increased in the order (platform) > ditch > sludge despite differences in Pt, expect for both sludges rom 291 

Bến Tre with almost identically concentrations (195 mg kg-1) that were both ~40% higher than in the 292 

permanent rice. 293 

 294 

Figure 3  295 

 296 
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Sulfur showed a different distribution pattern within the sequential fractions than P did (Table S2; 297 

Supporting Information). The largest proportions of extractable S were always found in the H2O+Resin-298 

S fraction, except for all sampled compartments of the alternating rice-shrimp system in Bến Tre, 299 

where the highest proportions of St were found in the NaOH fraction (Table S2; Supporting 300 

Information). Furthermore, there was a consistent ~2-fold higher proportions of NaOH extractable-S 301 

in the permanent rice systems relative to the permanent shrimp ones, which, in turn, tended to be 302 

enriched in residual-S. In general, the concentrations of S pools in these sludges of the permanent 303 

shrimp farms increased in the order HClcon-S < NaHCO3-S < HCl1M-S < NaOH-S < H2O+Resin-S, whereas 304 

for the rice-shrimp systems in Bến Tre the order of NaOH-S and H2O+Resin-S were exchanged. A slight 305 

different but consistent order was found for the soils underneath the sludges of both shrimp 306 

influenced systems following the order NaHCO3-S < HClcon-S < NaOH-S < HCl1M-S ≤ H2O+Resin-S. Again, 307 

the samples from rice-shrimp was an exception with a slightly modified order (Table S3; Supporting 308 

Information), which we attribute to the extraordinary large St concentrations and differences in the 309 

origin of the S in the soil in Bến Tre. As a result, differences among land use systems were consequently 310 

even more reflected in the absolute concentrations of individual S-fractions than by mere percentage 311 

values (Fig 3, right).  312 

 313 

3.3 P bonding forms (NMR and XANES analyses) 314 

To get a better insight into soil organic P (SOP) binding forms, we performed 31P-NMR analyses after 315 

sample extraction with NaOH-EDTA mixtures. This extraction recovered between 52 to 77% of total 316 

organic P (Table 2), without differences among regions, but with higher P recoveries of the sludges 317 

than of the soil underneath. Hence, we cannot exclude the possibility that the assessment of the SOP 318 

composition of the sludges was slightly biased by improved extractability. In all agricultural land use 319 

systems, the largest proportions of NaOH-EDTA extractable P were in the form of orthophosphates. 320 

Pyrophosphates, in contrast, occurred only in minor proportions (Table 2). In the majority of the 321 

samples, P-monoesters were more abundant than P-diesters, with maximum proportions of 322 

monoester-P being recorded for the alternating rice-shrimp systems in both regions. Overall, the 323 
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proportions of the monoester exceeded those of the diesters by a factor of up to six, resulting in mono 324 

to diester ratios of up to 1 to 6 (rice-shrimp/sludge, Sóc Trăng). In both provinces, mono to diester 325 

ratios were lowest in the soils beneath the sludges. Whereas, ratios of the permanent rice and both 326 

shrimp systems were not different between provinces, mono-to-diester ratios of the three different 327 

compartments of rice-shrimp systems varied between provinces with highest values for the sludge in 328 

Sóc Trăng and for the platform in Bến Tre.  329 

 330 

Table 2 331 

 332 

3.4 P K-edge XANES spectroscopy 333 

While 31P-NMR provides information about organic P forms (33S-NMR not feasible for liquid soil 334 

samples), P and S XANES may provide manly information for inorganic P and S speciation. The linear 335 

combination fitting of spectra using 11 soil relevant reference compounds indicated that the overall P 336 

composition at all sites was dominated by P associated with Fe or Al oxides (Fe-P, Al-P), followed by P 337 

associated to Ca such as apatite (Ca-P), and organic structures (organic-P) (Figure 4, left, Table S3, 338 

Supporting Information). Differences between provinces were not very much pronounced, except that 339 

for the permanent rice systems, the less acidic region in Sóc Trăng was characterized by larger 340 

proportions of Fe-P and Mg-P but lower portions of Al-P than the sites in Bến Tre. The introduction of 341 

shrimp increased the proportions of P in organic form in the uppermost sampled compartments by a 342 

factor of 2 to 10, both in the alternating rice-shrimp and permanent shrimp relative to the permanent 343 

rice (Table S3 Supporting Information; Figure 4 left). This relative increase was more pronounced in 344 

Sóc Trăng as the permanent rice systems in Bến Tre were already characterized by higher proportions 345 

of organic-P compare to Sóc Trăng. In general, proportions of organic-P were always higher in the 346 

sludges compared to the soils underneath, in agreement to P fractionation results (Tab S1, Supporting 347 

Information). Furthermore, portions of Ca-P were only found in all permanent shrimp systems and for 348 

the alternating rice-shrimp in Bến Tre, but in both provinces not in those under permanent rice 349 

management (Table S3, Supporting Information; Figure 3, left).  350 
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 351 

The S composition reflected most clearly differences in land use. The permanent rice systems showed 352 

no differences between provinces and were dominated by oxidized Fe-sulfates and reduced organic 353 

sulfides and; in addition, higher proportions of thiophene S structures (19 to 23%) were only detected 354 

in these rice systems (Table S3 Supporting Information; Fig. 4, right). The cultivation of shrimps 355 

obviously increased the proportion of highly reduced S forms, such as in FeS and FeS2; except for the 356 

permanent shrimp systems in Sóc Trăng, where reduced S forms deceased relative to the permanent 357 

rice systems. Oxidized S forms were also found, but they were associated with Ca rather than with Fe, 358 

particularly under permanent shrimp management. However, this seems site specific, since for the 359 

rice-shrimp systems in Bến Tre the LCF results hint to the dominance of Fe associated sulfates. 360 

Fingerprints of management on the chemical signatures of soils were thus most pronounced for S. 361 

(Table S3 Supporting Information; Figure 3). 362 

Figure 4  363 

4 Discussions 364 

Permanent cultivation of paddy rice has a long history in the Southeast Asia and so in the Mekong delta 365 

in Vietnam. The long-term soil management results in altered pedogenesis of the soil with defined 366 

horizons characterized by specific hydraulic and geochemical properties as reviewed by, e.g., (Kögel-367 

Knabner et al., 2010). The soils under study had silty texture, which explains why, for instance, the 368 

Ardp horizons were less clearly developed as, e.g., reported by Köbl et al., (2014). Nevertheless, basic 369 

soil properties and total elemental concentrations were within range of concentrations published 370 

elsewhere (e.g., Egashira et al., 2003; Pan et al., 2004), i.e., the soils studied here can be seen as 371 

representative for other paddy rice soils of the world. Nevertheless, we noted slight differences among 372 

regions: liberation of sulfates in plant available forms likely contributed to more acidic conditions and 373 

exposure of (potential) acid sulfate soil layers in Bến Tre compared to Sóc Trăng, going along with 374 

higher contents of SOM, Al associated P, and lower contents of Ca or Mg associated P, and highlighting 375 

the need to keep the soils submerged, particularly when potentially approaching sulfuric horizons.  376 
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 377 

4.1 Impact of different land use types on soil properties 378 

Changes in land management practice often leads to characteristic changes in the bio-geochemical 379 

properties of soils. If these changes in land use alter soil fertility irreversibly, it may hinder the farmer 380 

to switch back to the former land use with lock-in effects for future decision-making. Here, switching 381 

from permanent paddy rice to alternating rice-shrimp or permanent shrimp resulted in an overall 382 

salinization of the soil indicated by an increase in electric conductivity (EC2.5) and accumulation of e.g., 383 

available Na (Table 1), as also reported in various other studies (Das et al., 2017; e.g., Tho et al., 2008). 384 

The effects were stronger with increasing intensity of shrimp cultivation (alternating rice-shrimp < 385 

permanent shrimp) and degree of exposure to shrimps (ditch/soil < platform soil). Furthermore, results 386 

from both provinces indicated that shrimp-cultivation not only increased salinity in the uppermost soil 387 

layers, but due to downward leaching and incomplete sludge removal also underneath the sludge. 388 

The observed higher salinity levels and concentrations of NaBaCl2 in the alternating rice-shrimp systems 389 

of Bến Tre when compared with Sóc Trăng are most likely a result of a difference in the sampling time. 390 

In Bến Tre the rice at the platform had already been harvested and farmers had already introduced 391 

saltwater for shrimp cultivation, while the fields in Sóc Trăng were not yet flooded. This was possibly 392 

also influenced by the in general more severe salinity problems in Bến Tre, which was especially strong 393 

in the sampling year due to the El Niño phenomenon (Vietnam+, 2016). 394 

The elevated concentrations of available NaBaCl2 and salinity values also indicate that one rainy season 395 

was insufficient to completely flush out the salts from the platform soil of the rice-shrimp system. 396 

Taking the Na BaCl2 concentrations from the permanent rice systems (mean 923 mg kg-1) as baseline, 397 

NaBaCl2 contents increased by a factor of around two in the platform and ditch soil of the rice-shrimp 398 

farms as well as in the soil beneath the sludge in the permanent shrimp systems. Altered availability 399 

or even losses of other essential nutrients by competitive sorption and subsequent leaching as well as 400 

reduced plant uptake by increased osmotic pressure is thus likely (Fageria et al., 2011).  401 

To adapt to progressive salt enrichment, farmers will have to use rice varieties with shorter cropping 402 

duration and higher salt tolerance to preserve yield and income. The problem will likely become more 403 
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severe when the amount and the duration of freshwater supply during the rice-growing period will 404 

further decrease due to sea level rise (Smajgl et al., 2015). Interviews with rice-shrimp farmers in areas 405 

more prone to salinity (e.g., Bến Tre) already revealed that some rice-shrimp farmers increasingly 406 

decided not to harvest the rice in some years but to leave it on the platform as better feeding ground 407 

for subsequent shrimp cultivation (personal communication with farmers). Therefore, it is reasonable 408 

to assume that these farmers will change from alternating rice-shrimp to permanent shrimp systems 409 

in the near future if they have the financial capacities. However, besides the loss of agricultural 410 

diversity and income for the farmers this will foster the increase in soil salinity and sodicity, thereby 411 

increasing the pressure of neighbor farmers also to give up rice cultivation. Furthermore, higher 412 

application rates of antibiotics (mostly co-applied with the shrimp feed) and higher accumulation in 413 

the soil can be expected increasing the risk of cross-contaminations of other adjacent systems. This is 414 

supported by results from our separate study using the same sample set in which we focused on the 415 

pollution patterns of pesticides and antibiotics in the respective three land use systems (Braun et al., 416 

2019). Here we could show that antibiotic residues showed elevated concentrations in the permanent 417 

shrimp system compared to the alternating rice-shrimp and the permanent rice systems and that the 418 

alternating rice-shrimp present a low risk option for environmental pollution with pesticides and 419 

antibiotics and in terms of food safety.  420 

The observed slight acidity (~pH 5) of the permanent rice systems was in the range typical for well-421 

developed paddy rice topsoils (Kögel-Knabner et al., 2010). Large differences in the pH-values were 422 

observed between the alternating rice-shrimp systems in the two provinces. In Sóc Trăng, the pH-value 423 

of the rice-platform was similar to the permanent rice system (5.3 vs. 5.9). The pH of the sludge in the 424 

rice-shrimp system was more acidic than the permanent shrimp sludge (6.8 vs. 7.9), most likely due to 425 

the frequent change between fresh and brackish water, whereas the pH for the ditch-soil underneath 426 

the sludge was the same as found for shrimp-soil. By contrast, all compartments of the rice-shrimp 427 

systems in Bến Tre were characterized by significantly lower pH-values (ranging from pH 3.9 to 4.1) as 428 

compared to the other systems of both provinces. This can be explained by the presence and exposure 429 

of pedogenic (potential) acid sulfate soil layers in all rice-shrimp systems in Bến Tre and corresponds 430 
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to the observed higher St concentrations (10.4 to 13.0 mg St kg-1) compared with the other systems 431 

(never higher than 3.5 mg St kg-1). It is likely that also the elevated St concentrations of the soil from 432 

the permanent shrimp systems in Bến Tre are a caused by the presence of sulfuric horizons, which 433 

however seams less developed than in the rice-shrimp systems as also indicated by the higher pH 434 

(Table 1). This suggest that high St values for the permanent shrimp and especially the rice-shrimp 435 

systems in Bến Tre are not solely caused by the shrimp-management, but also due to closer exposure 436 

to sulfuric soil horizons. The impact of native sulfuric soil horizons was also reflected in the higher 437 

relative proportions of FeS and FeS2 (Table S3, Supporting Information) in the rice-shrimp systems from 438 

Bến Tre compared to Sóc Trăng. The also observed higher proportions of FeSO4 or SO4 sorbed to Fe 439 

(hydr)oxides agreed to the dominance of NaOH extractable S. 440 

However, St data from the other sites not affected by (potential) acid sulfate soil layers clearly 441 

confirmed that shrimp-cultivation leads to a significant enrichment of St in soils and sludges via sea 442 

water intake, especially in stable fractions (Figure 3; Table S2, Supporting Information). This finding 443 

can be related to the high Fet concentration in the soils and the longer flooding that favored the 444 

formation of stable bonding forms such as Fe-sulfides as indicated by S XANES (Figure 4; Table S3, 445 

Supporting Information) while reducing the risk that toxic dissolved H2S concentrations were formed. 446 

However, elevated total St and sulfide accrual may exert negative impacts after oxidation on both the 447 

shrimps itself, as well as on adjacent rice crops, thus impairing the reversibility of land use change.  448 

In summary, especially S concentrations and bonding forms reflect both regional and land use 449 

influences on overall biogeochemical nutrient cycling. This is likely because, in contrast to other 450 

elements, S is much more prone to all, inputs from the seawater and parent material, as well as redox-451 

mediated changes in soil milieu.  452 

Notably, the feeding of shrimps on the remaining rice platform did not impair other soil properties in 453 

the alternating rice-shrimp systems. Indeed, the overall soil nutrient status of this system was similar 454 

or even improved relative to permanent rice cropping (Table 1). In addition, discussions with the 455 

farmers indicated a reduced fertilizer requirement for cultivating rice on the platform of the rice-456 

shrimp system (personal communication). Likely, there was a redistribution of nutrients via shrimp and 457 
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(micro-)organisms in the system as well as of feed residues that increase the concentration and 458 

availability of nutrients in platform soils for subsequent rice cultivation (Chowdhury et al., 2011). The 459 

described processes may compensate for accelerated nutrient leaching due to prolonged saline water 460 

logging (Douglas, 1994; Flaherty et al., 1999). 461 

In contrast to alternating rice-shrimp production, a pond must be constructed for the permanent 462 

shrimp system (Figure 1). The soil properties in these systems thus largely reflect those of former 463 

subsoil, subsequently altered by recent management and material translocations over the time (Table 464 

1). This was in agreement to the elevated pH values in the permanent shrimp soils due to both higher 465 

pH buffering capacity of exposed former subsoil parent material as well as prolonged submergence 466 

application of lime (e.g., CaCO3 and CaMg(CO3)2) for densification during pond preparation and 467 

adjustment of water alkalinity (e.g., Boyd, 1990), as this was the case for Sóc Trăng, whereas the acidic 468 

pH values in Bến Tre could not be avoided as indicated above by the probably exposing of sulfuric 469 

subsoil materials.  470 

Along with the elevated pH and EC2.5 values, significant higher total and available Ca and Mg 471 

concentrations were maintained in all shrimp cultivating system than in the respective permanent rice 472 

systems. Calcium and Mg are, among other minerals, major parts of the shrimp shell and are thus 473 

important for shell formation and thus shrimp development (NRC, 2015). In addition, to lime 474 

application and saltwater input via shrimp residues (shells, dead animals), shrimp cultivation thus 475 

promoted the accumulation of Ca and Mg in the soils. This effect was more pronounced in the 476 

permanent shrimp systems due to higher number of shrimp cycles per year than in the alternating rice-477 

shrimp system. However, we did not detect these effects in the mineral soil but only in the sludge layer 478 

above, which was thus the major sink – at least for Ca – even if in Bến Tre the presence of acid sulfate 479 

layers and associated lower pH values upon drainage counteracted with this Ca accumulation (Table 480 

1). As revealed by S XANES, this shrimp induced Ca accumulation led to formation of CaSO4 in the 481 

directly shrimp influenced sampled compartments (sludge, platform), whereas in permanent rice and 482 

the rice-shrimp systems in Bến Tre FeSO4 was formed (Table S3). 483 
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The general low use-efficiency of P in of applied shrimp feed (e.g., Avnimelech and Ritvo, 2003; Dien 484 

et al., 2018; Funge-Smith and Briggs, 1998) and the elevated P sorption capacity of the pond bottom 485 

(Boyd and Munsiri, 2010) led to the observed shrimp induced accumulation of Pt. Similar accumulation 486 

patterns of Pt at the bottom of shrimp and fishponds has been reported in other studies (e.g., 487 

Avnimelech and Ritvo, 2003; Boyd et al., 1994). Iron and Al-P were the major P bonding form in all 488 

samples due to typical the high concentrations of Fe and Al in these tropical soils. However, as also 489 

revealed by P XANES, the enrichment of Ca and Mg promoted the accumulation of P within more stable 490 

bonding forms, i.e., Mg-P, and Ca-P especially in the permanent shrimp systems (Figure 4 and Table 491 

S3, Supporting Information), which was also supported by increased proportions of stable P factions 492 

in these samples (Figure 3 and Table S1, Supporting Information). These forms are not readily available 493 

to plants, similar to the large proportions and concentrations of occluded Fe- and Al- associated Pi 494 

forms commonly found in the HCL- and NaOH-P pools and also include in the large proportions of Fe-495 

P revealed by P XANES (Figure 3, 4 and Table S1, S3, Supporting Information; (Negassa and Leinweber, 496 

2009). However, our data showed that despite the shrimp induced accumulation of Pt total 497 

concentrations of labile P did not increase accordantly relative to the permanent rice systems. This 498 

might be explained by 1) the above-mentioned favored formation of more stable P forms, 2) 499 

differences in the form and thus availability of P added to the systems (mineral P fertilizer vs. organic 500 

P in feed), and 3) exposure of stable former subsoil P during pond construction. On the other hand, 501 

the impact of shrimp cultivation on the concentrations of total and labile P in the soils of the rice-502 

shrimp platform was site-specific. The depletion of Pt and labile P in the platform soils from Sóc Trăng 503 

can be explained by the missing or reduced mineral P fertilization and continuous plant P uptake, which 504 

could not be compensated by additional input of P in organic form via shrimp and feed residues. By 505 

contrast, no difference or even elevated concentrations of total and labile P were observed for the 506 

platform in Bến Tre, possibly because the overall plant P uptake is reduced due to more severe salinity 507 

problems and the presence of acid sulfate soil layers at these sites.  508 



20 
 

The SOM and thus SOP concentrations are usually decreasing with increasing soil depth (e.g., Koch et 509 

al., 2018). The removal of SOP enriched paddy topsoil (SOP concentrations approx. 15 to 20% Pt, Table 510 

S1, Supporting Information) during ditch and pond construction thus exposed fresh subsoil to the 511 

surface with inherent lower SOP concentrations. In parts, this dilution of SOP contents was 512 

compensated by the accumulation of organic P during shrimp cultivation as indicated by comparable 513 

trends revealed by P fractionation and P XANES (Tab S1, S3, Supporting Information) likely from shrimp 514 

and feed residues mainly in the form of P-monoesters (Table 1). It has to be noted that, observed 515 

divergences between both methods can be attributed to the fact that P fractionation is extraction 516 

based and thus accesses only the extractable P whereas P XANES access the bulk total P in the sample 517 

without possible alterations due to sample treatments (e.g., hydrolyses of organic P compounds). On 518 

the other hand, P XANES access only total Fe-P and cannot differentiate whether organic or inorganic 519 

P is associated to Fe. Thus, it is likely that both methods underestimate contributions of organic P.  520 

In a similar manner, shrimp cultivation and the exposure of subsoil material during ditch and pond 521 

excavation likely also allocated other elements to the new soil surface, such as pristine higher Znt 522 

contents (Table 1), which gets further enriched in the sediment by shrimp feed residues, which often 523 

is exceeding animal demand (Avnimelech and Ritvo, 2003; NRC, 2015). 524 

Generally, SOC accumulates under the anaerobic conditions of paddy rice cultivation (Sahrawat, 2004; 525 

Wu et al., 2012; Kalbitz et al., 2013). At the sites under study the SOC concentrations of the permanent 526 

rice systems were lower (12 to 19 g kg-1) than reported for other paddy soils of the world ( 20 to 29 g 527 

SOC kg-1; Kögel-Knabner et al., 2010), which might be attributed to the silty texture of the study sites 528 

compared with clayey texture elsewhere. The elevated SOC concentrations of the rice-shrimp 529 

platforms were unexpected, because the lower number of annual rice crop cycles (1 vs. 2 to 3) should 530 

result in lower inputs of plant residues relative to permanent rice. However, also rice straw is left on 531 

the platform as feeding ground for the shrimps. Besides, these platforms experience a more prolonged 532 

and deeper water logging, as well as additional C inputs from shrimp residues.  533 
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By contrast, the observed drastic decrease in the contents of SOC and Nt in the soils from permanent 534 

shrimp agriculture or from the ditches of the rice-shrimp systems links to the exposure of fresh subsoil 535 

material with low inherent SOM contents during ditch and pond excavation. These reduced SOC 536 

contents now offer new potentials for C sequestration. At some sites, mainly at Sóc Trăng there were 537 

even elevated or at least similar Nt concentrations at the rice-shrimp –platform and topsoils under 538 

permanent rice, likely reflecting a starting enrichment of N via shrimp residues (Burford and Longmore, 539 

2001).  540 

 541 

4.2 Chemical properties and management of the sludge in shrimp influenced ponds and ditches 542 

The formation of sludge (accumulated sediment) on top of the pond bottom is common in many types 543 

of aquaculture (Boyd, 2012). In contrast to ponds with, e.g., concrete reinforced banks, the sludge 544 

material of ponds with natural banks, as investigated here, mainly originated (~ 97%) from eroded 545 

pond material (Funge-Smith and Briggs, 1998). The additional continuous input and accumulation of 546 

shrimp and feed residues as well as of salt-water constituents during shrimp cultivation led to the 547 

observed difference in the chemical composition between the overlaying sludge and the soil beneath 548 

(see Table 1, 2, and Figures 3, 4). Thereby the above-discussed effects by introducing shrimps into the 549 

systems were usually even more pronounced in the sludges than in the ditch or pond soils beneath. 550 

The elevated concentrations of SOC in the sludges from the rice-shrimp systems compared to the 551 

permanent shrimp systems can be explained by additional input of SOC enriched material eroded from 552 

the rice platform and a less frequent pond bottom treatment compared to the permanent shrimp 553 

system. Especially in the permanent shrimp systems, a regular pond bottom treatment (pond bottom 554 

liming, dry-out, or sludge removal) is important to remove accumulated organic matter and increase 555 

its decomposition rates (e.g., Li et al., 2014). This minimize the risks of impaired shrimp growth due to 556 

excessive organic matter and nutrient element loadings, production of hydrogen sulphide, and 557 

anaerobic metabolites that can be toxic to shrimps, as well as due to the accumulation of pathogens 558 

and vectors of pathogens (Boyd and Bowman, 2017).  559 
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Also small-scale farmers are aware of this problem and treat the sludge at the pond bottom in between 560 

shrimp cycles by drying it out, tilling and liming, which is environmentally more friendly with lower 561 

costs to oxidize the wastes and to eliminate predators and pathogens. A more or less regular removal 562 

of the sludge is also a common in the region, taking place every two to three years or after crop fail, 563 

but more this is more expensive and environmentally less friendly. The sludges are then flushed or 564 

pumped out with the drained water or they are excavated. This procedure removes SOM, salts and 565 

several plant available and organically bound nutrients, like NaHCO3-P and SOP in the form of 566 

monoester-P from the system (Table 1, 2, S1, Supporting Information). 567 

The frequent removal of the nutrient enriched sludge (see Tab. 1) from the pond bottom is essential 568 

for pond health but also can reduce pond bottom soil fertility (Boyd and Bowman, 2017; Yuvanatemiya 569 

and Boyd, 2006). Hopkins et al. (1994) reported that sludge removal significantly reduced inorganic 570 

nutrient concentrations (especially ammonia-nitrogen and orthophosphate) in the pond water and, as 571 

a result, significantly reduced the concentration of phytoplankton. Our data showed, however, that 572 

this treatment did not impair the overall nutrient status of the pond soils, which still exhibited elevated 573 

nutrient contents, possibly because sludge removal was incomplete or leaching of nutrients from the 574 

sludge into the soils underneath. Nevertheless, removing the sludge and off-farm disposal of the 575 

material into the rivers can possess serious environmental and economic problems as this facilitates 576 

(1) spread of diseases between shrimp farms, (2) cross-contamination (e.g., antibiotics from shrimp 577 

feed residues) between land use systems, and (3) eutrophication and salinization of waterbodies. The 578 

observed elevated high nutrient contents in the sludge make it prone to off-farm reuse as soil fertilizer 579 

or conditioner also in other cropping systems after the leaching of excessive salts on well-drained soils. 580 

Such a re-use of material would likely be safer in the alternating rice-shrimp than in the permanent 581 

shrimp systems, due to lower salt loads and lower risks for cross-contamination with antibiotics in the 582 

former (Braun et al., 2019).  583 

 584 

5 Conclusions  585 
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We show that shrimp farming has a specific fingerprint in terms of landscape morphology and nutrient 586 

status in the soil and sludges, which gets more pronounced with an increasing intensity of shrimp-587 

cultivation (alternating < permanent shrimp cultivation). Shrimp cultivation leads to increased soil 588 

salinity and sodicity, while concentrations of essential plant nutrients are maintained or even increased 589 

relative to former permanent rice systems. The continued deposition of shrimp and feed debris 590 

promoted the accrual of SOC and stable Ca- and Mg-associated P forms as well as of P-monoesters, 591 

whereas the S forms were depleted in thiophene S groups but enriched in sulfides relative to 592 

permanent rice fields.  593 

However, soil fertility is also controlled by landscape morphology. The construction of shrimp pond 594 

has a massive impact on further land use options. Even if the salts can be washed out, the nutrient-595 

rich pond soils are no longer suitable for other crops because the shrimp ponds would need to be first 596 

filled up again to re-join the irrigation and drainage schemes. The refilling of the ponds would need 597 

large amounts of soil and according to our interviews this is currently not discussed. Refilling would 598 

have unknown effects on the restoration of physical and chemical soil properties as well as hydrology.  599 

The alternating rice-shrimp farming system appears to be a fully reversible and a return to permanent 600 

rice is according to our discussions with farmers a viable option, as only the ditches have to be refilled. 601 

Furthermore, it allows farmers to respond to temporally changes in the salinity (e.g., extreme drought 602 

seasons) by increasing the number of shrimp crop cycles. Therefore, our results support our hypothesis 603 

that the alternating rice-shrimp farming can be seen as no-regret strategy for farmers as it preserves 604 

their flexibility to respond to future climate changes in areas with recurrent temporally salinity 605 

intrusion.  606 

By contrast, switching to the shrimp system can create path dependencies and lock-in effects for 607 

farmers and increases economical risks (Amoako Johnson et al., 2016; Tu, 2019). However, in coastal 608 

areas affected throughout the year by salinity intrusion and with not enough freshwater available to 609 

grow rice even in the rainy season, permanent shrimp systems provide larger revenues. In any case, 610 

switching former rice-based systems to alternating or permanent shrimp production changes soil 611 

properties. However, alternating rice-shrimps systems have the clear additional advantage to maintain 612 
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flexibility in terms of future land uses, whereas permanent intensive shrimp land use would create 613 

path dependencies, which has to be considered in future land use planning for the coastal area of the 614 

Mekong Delta. 615 

 616 
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