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ABSTRACT 24 

Land application of biochar, the product of organic waste carbonization, can improve 25 

soil fertility as well as sequester carbon to mitigate climate change. In addition, biochar 26 

can greatly influence the bioavailability of toxic trace elements (TTEs) in soils resulting 27 

from its large internal surface areas, abundance in organic carbon, and ability to modify 28 

soil pH. Most research to date, employs batch leaching tests to predict how organic 29 

residue addition impacts TTEs bioavailability, but these ex-situ tests rarely considered 30 

rhizospheric effects which might offset or intensify the changes induced by organic 31 

residue addition. This is especially so in rice rhizospheres because of strong clines in 32 
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localized redox conditions. In this study, we adopted in-situ high-resolution (HR) DGT 33 

as well as ex-situ rhizo-bag experiments to depict an overall picture of the difference in 34 

TTEs (As, Cd, Cu, Ni, and Pb) bioavailability between rice rhizosphere and bulk soils 35 

during land application of biochar. Ex-situ rhizo-bag experiments revealed that biochar 36 

additions stimulated TTEs release due to the increase of DOC and H+ concentration. In 37 

the rhizosphere, although biochar still promoted As, Cd and Ni release into porewaters, 38 

the rhizospheric effect was one of dampening/reduction compared with the bulk soil. 39 

When we focused on the localized changes of TTEs bioavailability in the rhizosphere 40 

using in-situ HR-DGT approach, on the contrary, flux maxima of Cd, Cu, and Ni 41 

occurred near/on the root surface and hotspots of As can be observed at peripheries of 42 

the rooting zone, which demonstrated the high heterogeneity and complexity of the 43 

rhizosphere’s influence on TTEs bioavailability. 44 

 45 

 INTRODUCTION  46 

The planetary burden from anthropogenic organic waste production, from sectors such 47 

as agriculture and forestry, remains greater today than any previous period, and is set 48 

to intensify.1 Direct deposition or burning without any pre-treatment causes significant 49 

environmental damage, such as non-point source pollution,2 particular matter release,3 50 

and greenhouse gas emissions.4 Livestock production alone contributes to ~37% of 51 

global methane (CH4) emissions and ~65% of the nitrous oxide (N2O) release.4 52 

However, since most organic wastes are rich in organic carbon and major nutrients (N 53 
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and P), in addition to being widely available and replenishable, they represent a superior 54 

resource for bioenergy and fertilizer production.1 To this end, there are a range of 55 

technologies, including aerobic composting,5, 6 anaerobic digestion,7 and 56 

pyrolyzation/gasification,8 which are being used at the large-scale to recycle organic 57 

waste streams. 58 

Biochar, the product of organic waste pyrolyzation and gasification, has gained 59 

growing attention, since it can improve soil fertility as well as other ecosystem services 60 

and sequester carbon to mitigate climate change.9, 10 Biochar particles have large 61 

internal surface areas and pores that provide important biological niches, thereby 62 

changing soil biological community composition, abundance, and function.11 Moreover, 63 

biochar application can greatly influence TTEs bioavailability in soils.12 On the one 64 

hand, biochar, a fine-grained and porous material with high surface area, possesses 65 

strong adsorption ability for TTEs via electrostatic or binding adsorption, which can 66 

lower the bioavailability of TTEs.13-15 Also, alkaline biochar can promote TTEs 67 

precipitation processes.13 However, in some cases biochar additions increase TTEs 68 

bioavailability, with there being examples of this occurring for Cd, Zn, and As.14, 15 69 

Indeed, redox-active and oxygen-containing functional groups in biochar can stimulate 70 

microbial reduction events,16, 17 increasing the mobility of As with the reduction of 71 

As(V) to As(III). Dissolved organic matter derived from biochar can also complex with 72 

TTEs, favoring TTEs release from the solid soil phase either by direct competition for 73 

metal ligand binding sites, or by binding with the metals in the porewaters which drives 74 
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diffusive release.  75 

Rice, one of three main global crops, occupies more than 140 million hectares 76 

worldwide.18 TTEs contamination in soils have increased the risk of TTEs transfer and 77 

accumulation in rice grains.19, 20 With the increasing scale of biochar use, as a soil 78 

conditioner for the purposes of fertility improvement and organic carbon sequestration, 79 

the number of studies focusing on biochar treatments in paddy soils and their influences 80 

on TTEs accumulation in rice grains have also followed suit.14, 15, 21 Influences of 81 

biochar vary considerably with the pyrolysis temperature,8 feedstock material,12 82 

application ratio, and soil physicochemical properties.22 In the majority of previous 83 

studies, batch leaching tests were conducted to predict the effect of biochar addition on 84 

TTEs bioavailability in submerged conditions.12, 23 However, these studies rarely 85 

considered rhizospheric effects, which might offset or intensify the change induced by 86 

organic residue addition. 87 

Rhizospheres are important zones for plant uptake of both nutrients and contaminates, 88 

but the physicochemical conditions in rhizosphere drastically differ from bulk soils.24, 89 

25 Particularly for rice rhizospheres, root activities, including radial oxygen loss (ROL) 90 

and root exudation, can induce significant changes of redox, pH, and microbial 91 

activities, thus altering the TTEs speciation and the effects of biochar on TTEs 92 

bioavailability. The marked heterogeneities in biochemical conditions around roots 93 

result in the development of localized and intense micro-features of element 94 

bioavailability.26-28 However, a complete understanding about how rice root activities 95 
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influence the bioavailability of TTEs during land application of biochar is limited by 96 

common/traditional methods20 which have constraints such as i) not being able to make 97 

measurements at suitable spatial sensitivities/scales29 and ii) disturbing the local 98 

environment in which they are sampling.30 Recently, high resolution (HR) DGT has 99 

been shown to accurately resolve features in soil/sediment solute chemistries in 2D 100 

scale and at resolutions of ~100 µm.31 This has led to the technique being more widely 101 

applied for 2D mapping of element availability within plant rhizospheres and 102 

microscale interfaces.26, 27, 30, 31  103 

In this study, to gain a more comprehensive understanding about the rhizospheric 104 

effect on the bioavailability of TTEs during land application of biochar, we adopted 105 

traditional rhizo-bag experiments and newly developed HR-DGT to visualize the 106 

difference between rhizosphere and bulk soils. Our hypotheses included: (i) land 107 

application of organic residue can significantly change the bioavailability of TTEs; (ii) 108 

the changes of TTEs bioavailability were different between rhizosphere and non-109 

rhizosphere zone; (iii) the rhizo-bag experiment cannot fully reveal the rhizospheric 110 

effect due to the limitation in sampling resolution.  111 

 112 

 MATERIALS AND METHODS 113 

Soils and biochars. The soil was sampled from farmland in Kunming, China. Total 114 

contents of TTEs (As, Cd, Cr, Cu, Ni, and Pb) in the soils are shown in Table S1. Then 115 

two kinds of biochar (PBR and CBR) derived from different raw materials/feed stocks 116 
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were mixed with soils to investigate how land application of biochar influenced the 117 

TTEs bioavailability in the rhizosphere and non-rhizosphere zone. CBR was made from 118 

corn straw, one of the typical agricultural wastes with an annual production of >100 119 

million tons in Northeast China.32 PBR was derived from pig carcasses whose treatment 120 

has caused much attention during the outbreak of African swine fever since these tissues 121 

are a vector for serious pathogenic diseases and environmental pollution if disposed 122 

improperly.33 Both of these two raw materials are common agricultural wastes and 123 

transforming them into functional carbon materials via carbonization is one of the major 124 

treatment method for them. The biochar was added to soils at a dry weight ratio of 1%, 125 

corresponding to an application rate of ~24 ton ha-1 (assuming 20 cm tillage), which is 126 

a common field application.34 The biochar was mixed with soils in a 5 L polyethylene 127 

bottle and then the bottle was tumbled end-over-end for 24 h to make a homogeneous 128 

mixture of biochar amended soils. Physicochemical properties of the two biochars are 129 

shown in Table S2. Functional groups on the biochar surface were analyzed using 130 

Fourier-transform infrared (FTIR) spectroscopy (Figure S1). The three main treatments 131 

in this study were: (a) soils amended with PBR at the dry weight ratio of 1%, (b) soils 132 

amended with CBR at the dry weight ratio of 1%, and (c) a control, unamended soil.  133 

Pot experiments. Rice seedlings were grown in rhizoboxes filled with 1 kg of air-134 

dried control soils or biochar amended soils. The rhizobox was designed following Hou 135 

et al. (2017)35 to separate the rhizosphere and non-rhizosphere soils. The dimension of 136 

the rhizobox was 140×140×200 (length×width×height in mm). It was divided into 137 
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three sections, a central rhizosphere zone (20 mm in width), which was surrounded by 138 

a nylon screen/partition (300 mesh). The adjacent left and right zones/compartments 139 

represented non-rhizosphere or bulk soil (60mm in width). Root growth was limited to 140 

the central compartment and within the nylon mesh. 141 

After sterilization in 35% H2O2 for 15 min, rice (Oryza sativa L.) seeds were soaked 142 

in deionized water overnight and germinated at 25 oC for 4–5 d. Then, five germinated 143 

rice seedlings (about 2−3 cm high) were transplanted into each rhizobox. There were 144 

six rhizoboxes in total with two replicates for each treatment. All the plants were grown 145 

in a glass house with the following conditions: 14h/10h day/night, 30°C/20°C day/night 146 

temperatures, and air humidity of ~45%.. 147 

In each rhizobox, two porewater samplers (Rhizosphere Research Products, 148 

Netherlands) were inserted to the soils to a depth of ~10 cm with each one centered in 149 

the rhizosphere or non-rhizosphere zone. The porewater sampler can obtain porewater 150 

from the whole vertical soil zone of 0-10 cm. The moisture contents of soils were 34.0% 151 

for control soils, 33.7% for CBR amended soils, and 33.1% for PBR amended soils. 152 

After 10-d equilibration, porewater was sampled every 5-7 days. The pH of porewater 153 

samples were measured immediately and then samples were stored in -20 oC for final 154 

measurement of DOC and element concentrations.  155 

After ~60 days of cultivation, rice plants were harvested and rice shoots and roots 156 

were separated. Rice roots were thoroughly washed with tap water then deionized water. 157 

Both rice shoots and roots were oven-dried at 65 oC for 3 days and then ground before 158 
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digestion using a Hot Block Digestion System (Environmental Express, USA) 159 

following EPA Method 3050B. 160 

Preparation of rhizotrons and deployment of HR-DGT. Another type of rhizotron 161 

was prepared for high-resolution mapping of elements labilities in the rhizosphere. 162 

Perpex rhizotrons with inner dimensions of 40cm×10cm×1.5cm (height×width×163 

depth) were filled with the sieved (<2mm) soils. During the rhizotron compaction, the 164 

soils were tamped in layers to achieve a homogeneous soil structure with a consistent 165 

bulk density of 1.3 kg L-1. After that, the detachable front plate of the rhizotron was 166 

opened to place the Nuclepore track-etched polycarbonate membrane of 0.2 μm pore 167 

size and ~10 μm thickness (Whatman, UK) on the top of the uniform soil layer. The 168 

Nuclepore membrane ensures that soil uniformity was maintained during DGT binding 169 

gel deployment and avoided disturbance to roots and soil when the perspex front plate 170 

was removed. Before rice seedlings were transplanted into rhizotrons, soils in the 171 

rhizotrons were saturated evenly using a water feed system for ~24 h. Then all the 172 

rhizotrons were soaked in a water tank (~60 L) and deoxygenated with nitrogen gas to 173 

minimize ingress of O2. Rice seedlings (about 2−3 cm high) were transferred to the 174 

prepared rhizotrons for a further 3-week growth in a greenhouse with temperatures 175 

around 30/20 oC (day/night) and a 14 h photoperiod. During rice cultivation, all 176 

rhizotrons were kept inclined at an angle of 45o with the detachable front plate 177 

downward to encourage roots growth alongside the Nuclepore membrane at the 178 

detachable front plate. All rooting/soil zones were kept in darkness to avoid direct light, 179 
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preventing microphyte growth.26 180 

After rice was cultivated in the rhizotrons for ~3 weeks, the ultrathin PZ-SPR-IDA 181 

gels were deployed in the rice rhizosphere to record the element fluxes. PZ-SPR-IDA 182 

gels can achieve the simultaneous measurement of cations and oxyanions and were 183 

prepared following the protocols reported by Kreuzeder et al. (2013).36 Briefly, 184 

zirconium hydroxide precipitate and suspended particulate reagent iminodiacetic acid 185 

(SPR-IDA) were dissolved in the hydrogel material Hydromed D4. Then the mixed 186 

hydrogel solution was coated onto a glass plate with a fixed U-shape plastic spacer (50 187 

μm). The glass plate with the freshly coated gel solution was put into an oven at 80 °C 188 

until the gel was dry (approximately 10 min). Afterward, the hot glass plate was allowed 189 

to cool down to room temperature in a clean laminar hood (Class 100), and the coating 190 

process was repeated two more times to achieve a triple coating. Finally, the PZ-SPR-191 

IDA gel was hydrated in Milli-Q water for 24 h. 192 

The PZ-SPR-IDA gel was deployed and exposed to the soil for 24 h. Detailed 193 

information about the deployment procedure is presented in Figure S2. The 194 

accumulation of target elements in the gel are expressed as the labile fluxes, f DGT (pg 195 

cm-2 s-1), to indicate their bioavailability. The drying process of PZ-SPR-IDA gel before 196 

LA-ICPMS analysis was carried out according to Gao and Lehto (2012).37 The PZ-197 

SPR-IDA gel was placed on an acid-cleaned 0.45-μm-poresize cellulose nitrate filter 198 

membrane with a backing layer of laboratory-grade tissue paper. Gels underwent initial 199 

air drying overnight, followed by complete desiccation in a gel dryer (Model 583, 200 
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Biorad, Hercules, CA) at 50 oC for 2 h for further analysis by LA-ICPMS.  201 

Chemical Analysis. All porewater samples and digestion solutions were filtered 202 

through 0.45 μm membrane before chemical analysis. DOC of porewater samples were 203 

measured by a TOC analyzer (TOC-cvph: Shimadzu, Kyoto, Japan). Element (Fe, Mn, 204 

As, Cr, Cd, Ni, and Pb) concentrations in porewater samples and digestion were 205 

determined using ICP-MS (NexION 300X, PerkinElmer, USA).  206 

Accumulation of target elements on PZ-SPR-IDA gel were laser-ablated by a 207 

Nd:YAG solid-state laser ablation system (UP-213, New Wave Research, Fremont, CA), 208 

and then transported in the form of aerosols via helium carrier gas to the ICP-MS 209 

(NexION 300X, PerkinElmer, USA) for elemental analysis. The laser was set-up first 210 

with primary calibrations using the National Institute of Standards and 211 

Technology (NIST) glass standard 610. The LA-ICPMS system was optimized 212 

principally by adjusting gas flow rates, torch sampling depth, and radio frequency (RF) 213 

power to achieve the maximum signal intensity and stability of target elements while 214 

minimizing interferences.18 The instrumental parameters for analysis are listed in Table 215 

S3. The mass loading of target elements on the gel can be derived from the normalized 216 

metal count rate based on the standard calibrations (Figure S3). 217 

Statistical Analysis. All statistical analysis was conducted in R (version 3.5.3, 218 

released on March 11, 2019). Tukey's test was performed to group the pH, DOC 219 

concentrations, major elements (Fe and Mn), and TTEs concentrations in porewater 220 

samples based on a significance level (p) of 0.05. There were 120 porewater samples 221 
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in total (60 samples for rhizosphere or non-rhizosphere sample zone, 40 samples for 222 

each treatment, and 12 samples for each sampling time). Pearson correlation was 223 

conducted to evaluate the relationship between chemical conditions (pH, DOC, Fe, and 224 

Mn concentrations) and TTEs release. Principal component analysis (PCA) was 225 

employed to observe differences in solute concentrations of porewater samples between 226 

control and biochar amended soils. 227 

 228 

 RESULTS AND DISCUSSION 229 

Solute Concentrations in Porewater Samples. pH and DOC. pH of porewater 230 

samples taken from the rhizosphere were slightly lower than the non-rhizosphere zone, 231 

but the difference was not significant (Figure 1). The pH of porewater samples were 232 

about 7.07-7.43, which were higher than the original soil pH (~6.07). The pH increase 233 

of acidic soils under flooded condition has been well reported and this is mainly 234 

attributed to consumption of protons under anoxic conditions.38 Addition of CBR to 235 

soils decreased the porewater pH by 0.2 units even though the pH of CBR was higher 236 

than the soils. It might be because the salt ions in CBR, such as SO4
2- and NO3

-, can 237 

lead to the generation of H+ during their reduction reactions (Table S4). Also, the 238 

carbonization degree of organic matter is another factor influencing the soil pH.39 Small 239 

organic molecules can be decomposed by microorganism that produce CO2 and organic 240 

acids, thereby decreasing soil pH.40 241 

As expected, addition of biochars greatly increased the DOC concentration in 242 
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porewater samples. Addition of PBR and CBR increased the average DOC 243 

concentration from 117 mg L-1 in the control treatment to 247 and 206 mg L-1 in the 244 

amended soils. However, these differences became less significant in the rhizosphere 245 

zone when compared with the non-rhizosphere zone. DOC concentrations of porewater 246 

sampled in the rhizosphere zone of PBR and CBR amended soils were only 152 and 247 

117 mg L-1, respectively. A lowering in the content of DOC in rice rhizospheres has also 248 

been reported by Sun et al (2018)41 during the growth period before rice grain heading, 249 

but at heading and maturing stages, the DOC in the rhizosphere became higher than the 250 

bulk soils. The low DOC concentration in the rhizospheres of this study might be due 251 

to redox change. In the non-rhizosphere with strongly reducing conditions, organic 252 

matter tended to release to the liquid/solution phase resulting from the consumption of 253 

H+ which will concurrently weaken the positive charge at mineral surfaces and heighten 254 

the electronegativity of organic moieties.42 In the rhizosphere, the formation of Fe and 255 

Mn hydr(oxides) with root ROL can also provide binding sites for dissolved organic 256 

matter.43 257 

Fe and Mn. Since Fe and Mn (hydr)oxides are important reactive adsorption surfaces 258 

for TTEs, their release from the solid phase to porewater can impact on TTEs leaching 259 

characteristics. As shown in Figure 2, additions of both PBR and CBR enhanced the 260 

concentrations of Fe and Mn in porewater. Land application of biochar can enhance 261 

microbial activities, which accelerate O2 consumption and thereby induce the onset of 262 

reducing conditions.44 Fe and Mn release is susceptible to changes of redox and the 263 
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reduction of Fe and Mn can improve their solubility. Second, the decrease of soil pH 264 

with PBR and CBR addition might be another factor contributing to the increase in Fe 265 

porewater concentrations, as indicated by the negative relationship between H+ 266 

concentration and Fe based on Pearson correlation and PCA analysis (Figure 3). 267 

However, compared with the non-rhizosphere, the concentration of Fe in the porewaters 268 

was lower in the rhizosphere zone. ROL from rice root can lead to the oxidation and 269 

precipitation of Fe, thereby leading to its decreased porewater concentration in the 270 

rhizosphere zone. Even though variations in the redox condition would affect Mn 271 

behavior, Mn(II), a simple/hydrated species, is more stable in anoxic water than Fe(II). 272 

Thus, there was no significant difference in Mn porewater concentration between 273 

rhizosphere and bulk soils. 274 

TTEs. As, Cd, Cu, and Ni concentrations in porewater sampled in the rhizosphere 275 

and non-rhizosphere zones are shown in Figure 2. Pb concentration in porewater 276 

samples were under the detection limits. Additions of these organic residues to soils 277 

significantly increased the TTEs in the porewaters sampled in the non-rhizosphere zone 278 

(Figure 2). The change of porewater concentrations with sampling time showed that the 279 

significant enhancement of TTEs porewater concentrations with biochar addition 280 

mainly occurred at the early growth stage of rice, about 0-50 days after rice 281 

transplanting (Figure S4). For example, the maximum of As porewater concentration in 282 

PBR amended soils reached ~30 µg L-1 and ~22 µg L-1 in non-rhizosphere/rhizosphere 283 

zone at a sampling time of ~20 days after rice transplanting. Then, with rice growth, 284 
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the difference between biochar amended soils and control treatments became less 285 

significant. This might be due to the intense, but short-term stimulation that biochar 286 

addition provided by means of changes to soil physicochemical properties during the 287 

initial stage, which were diminished with the natural aging processes.  288 

However, it is worth noting that the influences of PBR and CBR on TTEs dissolution 289 

varied between different elements. Porewater concentrations of As showed a stronger 290 

response to the addition of PBR, while Cd porewater concentrations were higher in 291 

CBR-amended soils. For example, the average As concentration of porewater sampled 292 

in the rhizosphere zone was 62.1% higher for PBR amended soils than CBR amended 293 

soils, but Cd concentration was 48.1% lower for PBR amended soils when comparing 294 

to CBR amended soils. The varying behaviors in TTEs release might be due to the 295 

different controlling mechanisms underlying element release from the solid to liquid 296 

phase and these mechanisms were speculated based on the Pearson correlation, PCA, 297 

and RDA analysis based on pH, DOC, Fe, Mn, and porewater concentrations of TTEs 298 

(Figure 3). 299 

As shown in Figure 3, pH concentration presented a significantly negative 300 

relationship with porewater concentrations of Cd (Pearson correlation, -0.415, p<0.01), 301 

while Ni, Cu, and As were positively related to DOC concentrations (Pearson 302 

correlation, Ni: 0.722, Cu: 0.360, As: 0.812, p<0.01). This explained why the release 303 

ability of different TTEs varied in PBR or CBR amended soils. Addition of CBR 304 

significantly decreased porewater pH so that Cd was higher in CBR amended soils, 305 
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while porewater concentrations of As and Ni were higher in PBR amended soils with 306 

higher DOC concentrations. The role of pH in Cd release is well documented due to the 307 

proton-metal exchange reactions evoked from a decrease in pH.45 Wang et al (2019)46 308 

suggested that pH influenced Cd release through interacting with Fe and Mn 309 

(hydr)oxides sorption for Cd since pH decreases will lower the sorption sites on the 310 

surface of Fe-Mn (hydr)oxides.  As is sensitive to DOC because organic matter can 311 

mobilize As from Fe (hydr)oxides by binding As directly or forming ternary As-Fe-312 

NOM colloids/complexes.47 Dissolved organic matter can also compete with As for 313 

binding sites on soil particles as well as provide labile carbon to stimulate microbial 314 

reductive dissolution of As.48 Ni and Cu are also vulnerable to being bound with 315 

dissolved organic matter.49 316 

Fe porewater concentrations presented strong affinities with some TTEs, including 317 

Cd and Ni (Pearson correlation, Cd: 0.621, Ni: 0.759, p<0.01). The dissolution of Fe 318 

(hydr)oxides can favor the release of bounded TTEs. On the contrary, Cu and As 319 

porewater concentrations were only slightly related to Fe (Pearson correlation, Cu: 320 

0.461, As: 0.388, p<0.01). Even though Fe oxides can provide sorption sites for various 321 

cation elements, Cu has been reported to be preferentially absorbed by organic matter, 322 

such as humic substance. Regarding As, Fe (hydr)oxides was the dominant reactive 323 

adsorption surface for As, but the disconnection between As and Fe has also been 324 

revealed in some previous studies that have shown that both porewater and DGT 325 

measurements of Fe and As were not significantly correlated in-situ within paddy fields 326 
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and in ex-situ laboratory tests.18, 50 This does not necessarily discount the importance 327 

of reductive dissolution of Fe in As mobilization, but it does highlight the importance 328 

of other factors, such as DOC and microorganism diversity, as controls for As 329 

mobilization dynamics.51, 52 330 

PCA analysis showed that there was a clear association between Cu and Cd (Figure 331 

3). When biochar was applied to soils, both Cu and Cd bioavailability were impacted 332 

primary through electrostatic adsorption by the binding sites on soil particle surfaces 333 

and complexation reactions with the negatively charged oxygen functional groups on 334 

biochar surfaces. Also, Cu and Cd, as chalcophile metals, they tend to precipitate with 335 

biogenic sulfide.53 However, the mobility of As, different from Cu and Cd, is mainly 336 

controlled by complexation process with the positively charged functional groups on 337 

organic matter.  338 

Comparison between the rhizosphere and non-rhizosphere zones showed that 339 

enhancements of TTEs concentrations in porewater by organic residues addition 340 

becomes less significant in the rhizosphere zone. The decrease of As, Cu, and Ni 341 

porewater concentrations might be explained from the perspective of lower DOC 342 

concentrations in rhizosphere soils and their tight affinities. Also, the strong ROL in the 343 

rhizosphere zone will increase the redox value and favor the formation of Fe and Mn 344 

oxides, thereby providing binding sites to As, Cd, Cu, and Ni and reducing their 345 

porewater concentration.54, 55 This also can be speculated by the significant positive 346 

relationship between Fe porewater concentration and these TTEs. 347 
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2D-mapping of TTEs fluxes around the root tips. To further understand the 348 

localized and intensified changes of TTEs labilities in the rhizosphere, we deployed PZ-349 

SPR-IDA gel near the root tips to obtain a 2D visualization of TTEs bioavailability with 350 

resolutions of ~100 µm. PZ-SPR-IDA can achieve simultaneous mapping of cations 351 

and anions, while the spatial pattern of Cd flux in control soils was under the detection 352 

limits. In this study, Fe flux was used to indicate the rhizosphere or non-rhizosphere 353 

zone (Figure S5) since it is well known that Fe availability is strongly sensitive to redox 354 

change and the flux maxima of Fe has been demonstrated to be a common occurrence 355 

at the peripherals of the aerobic rhizosphere zone.26, 27 356 

Spatial patterns of elements in the rhizosphere were consistent among all the three 357 

treatments (Figure 4-6). Also, spatial patterns of element fluxes around rice roots were 358 

congruent with the results revealed by other studies using different binding gels and 359 

under different soil physicochemical properties. This implied that spatial patterns of 360 

elements in the rhizosphere were mainly determined by the root activities and localized 361 

heterogeneous physicochemical conditions around roots, despite this the porewater 362 

concentration of TTEs were enhanced by biochar additions. Influences of PBR and 363 

CBR addition on element spatial patterns were only on the lability intensities, rather 364 

than the spatial patterns. For example, the Cu lability in the control treatment was under 365 

the detection limit so that the HR binding gel could not capture its 2D mapping pattern, 366 

while the corresponding values were relatively higher in the PBR and CBR amended 367 

soils. 368 
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The general patterns of As and Fe lability revealed by HR-DGT were inconsistent 369 

with the rhizo-bag experiment. For instance, in the soils amended with CBR, fluxes of 370 

As and Fe presented a decreasing trend from the non-rhizosphere zone (As: 0.349 pg 371 

cm-2 s-1, Fe: 89.3 pg cm-2 s-1) to rhizosphere zone (As: 0.156 pg cm-2 s-1, Fe: 42.3 pg 372 

cm-2 s-1). Nevertheless, the unique phenomenon is that some localized hotspots of As 373 

and Fe lability maxima can be observed in close proximity to rice root apices. For 374 

example, the fDGT of As in the soils amended with CBR reached  ~0.632 pg cm-2 s-1 375 

around the root apices. Such localized maxima of As and Fe have been demonstrated to 376 

be a common phenomenon occurring at peripheries of the aerobic rooting zone by 377 

deploying a multilayer system of HR-DGT and O2 planar optode.26, 27 It was speculated 378 

that when the oxidation rates of As(III) and Fe(II) at the anoxic-oxic interface were 379 

higher than the precipitation/adsorption rates, it will lead to the flux maxima of labile 380 

As(V) and Fe(III).26 Regarding Pb lability, there also existed a zone of mobilized Pb 381 

near the root, but this zone is not similar to Fe and As flux maxima that has a well-382 

defined outer boundary. The zone of mobilized Pb extended about 1-2 mm from the 383 

root surface, which might be related to diffusion of rhizodeposits into soils that can 384 

mobilize Pb via formation of soluble complexation.56, 57 Such mobilization effect near 385 

the root lead to the fDGT of Pb in this localized zone being ~2 times higher than in the 386 

non-rhizosphere bulk soils. 387 

Surprisingly, spatial patterns of Mn, Cd, Cu, and Ni were also in contrast to the 388 

rhizobag experiment results. As shown in Figure 2(b), there is no significant difference 389 
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in Mn porewater concentration between the rhizosphere zone and non-rhizosphere zone. 390 

But the HR visualization revealed that Mn flux minima occurred around the root surface. 391 

fDGT of Mn in the non-rhizosphere zone was about 95.6-115 pg cm-2 s-1, much higher 392 

than the corresponding value of ~18.9 pg cm-2 s-1 around the root surface. This might 393 

be due to the oxidative precipitation of Mn by the significant ROL from root apices.  394 

Regarding Cd, Cu, and Ni, rhizo-bag experiments found porewater concentrations were 395 

lower in the rhizosphere zone, while HR 2D mapping revealed that labile fluxes of Cd, 396 

Cu, and Ni were significantly higher near/on the root surface. 2D mapping results 397 

showed that their labilities on/near the root surface was even 1-2 orders of magnitude 398 

higher than that in the zone of up to 1 mm from the root periphery. Under the anoxic 399 

condition in bulk soils, these cations can potentially form sulfide precipitates, such as 400 

CuS and Cu2S, while in the oxic rooting zone, they can become more soluble with the 401 

oxidation of sulfide.53 Also, oxidation is a major contributor to acidification in aerobic 402 

rooting zones which might increase the Cd, Cu, and Ni lability. 403 

Generally, comparison between rhizobag experiments and HR 2D mapping 404 

showed that differences did exist between these two methods in revealing the 405 

rhizospheric patterns of TTEs bioavailability. The porewater samples showed that the 406 

TTEs concentration in rhizosphere were generally lower than non-rhizosphere soils. 407 

Even though the HR mapping showed similar trends for some TTEs, localized hotspots 408 

have been found at the redox interfaces, for example Fe and As maxima at the periphery 409 

of rooting zones. Also, based on the 2D mapping of element fluxes, it is obvious that 410 
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Cd, Cu, and Ni have closely associated spatial patterns, different from the element 411 

relationships revealed by rhizo-bag porewater concentrations. The variation between 412 

these two methods might be attributed to (i) their difference in sampling resolution, (ii) 413 

the heterogeneity in spatial patterns of element fluxes among different root parts, and 414 

(iii) the difference between HR-DGT measured lability and porewater concentration. 415 

First, the hotspots of localized lability maxima of TTEs, such as Mn, Cd, Cu, and Ni, 416 

occurred in a narrow spatial extent on/near root surfaces, mostly within 1 mm from the 417 

root center, so most rhizo-bag sampling with a resolution less than 1 cm cannot reveal 418 

this phenomenon. Second, the HR-DGT mapping in this study mainly depict the spatial 419 

patterns of elements fluxes around root apices, but the rhizobag experiment sampled 420 

porewater at the soil depth of 0-10 cm below the soil-water interface, which means that 421 

the element concentration in these rhizosphere porewater samples were influence by 422 

activities of not only root apices, but also basal parts/sections. The difference in 423 

sampling resolution between these two approaches influences the results of element 424 

bioavailability, especially for the elements sensitive to redox change. ROL occurs 425 

predominately only on short lateral roots and the apices since the basal root sections are 426 

better protected/sealed against ROL.58 This makes the modulation of redox conditions 427 

greater around root apices where there is oxidation, compared with other root sections. 428 

For example, Mn flux maxima can be observed around the root tips, but a widespread 429 

series of discrete hotspot for Mn flux occurs in the rhizosphere zone without obvious 430 

ROL.27 Third, the lability captured by HR-DGT includes not only the dissolved fraction 431 
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in the liquid phase, but also the unstable TTEs that are easy to desorb from the solid 432 

phase.59, 60 Also, the spatial patterns revealed at ~3 weeks after rice transplanting cannot 433 

represent the complete rhizospheric effect on TTEs bioavailability over the whole 434 

growth period. 435 

Metal accumulation in plants. The accumulations/uptake of TTEs in rhizo-bag 436 

grown plants are shown in Figures S6-S7. Addition of PBR and CBR significantly 437 

increase the contents of Cd in rice shoots. Contents of As in rice roots were greatly 438 

higher in PBR-amended soils than other two treatments. Regarding other TTEs, Cu and 439 

Ni, there were no significant differences in shoot and root contents among the three 440 

treatments even though the biochar addition increased the porewater concentrations of 441 

all the four TTEs in the bulk soils. The bioavailability of contaminants, as measured by 442 

their leachability, was seen to relate to contaminant enrichment of plant tissues.61 443 

However, some studies also revealed that the influence of biochar on TTEs activity in 444 

soils and TTEs uptake by plants are sometimes inconsistent.62 Beesley et al. (2013)63 445 

revealed that Orchard prune residue-derived biochar increased the As content in 446 

porewater, but the content of As in the roots and stems of tomato (Solanum 447 

lycopersicum L.) decreased. Chen et al. (2016)64 found that Zn enrichment of rice grains 448 

was not decreased by biochar application, despite soil Zn leaching decreasing by 35–449 

91%. 450 

This study further demonstrates inconsistencies associated with Ni and Cu between 451 

porewater concentrations in non-rhizosphere zone and plant uptake. Based on the rhizo-452 
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bag experiment results, it can be speculated that the rhizospheric effect of rice roots 453 

which lowered the porewater concentrations of Ni and Cu in the rhizosphere might lead 454 

to this phenomenon. As shown in Figure 2, in the rhizosphere zone, there was no 455 

significant difference in Cu porewater concentration between control soils and biochar 456 

amended soils. Even though the Ni porewater concentration in the rhizosphere was still 457 

significantly higher for biochar amended soils, the uptake of Ni through non‐selective 458 

cation channels for essential cations and the competition with other cations for 459 

transporters might further offset the influence of increased leachability caused by 460 

biochar addition.65 461 

The significant increase of As and Cd accumulation in rice plants might be attributed 462 

to the physiological characteristics of rice in the uptake As and Cd. Submerged 463 

condition in paddy field greatly improves the release of As due to the reduction and 464 

desorption. Then, As(III) is transported efficiently to rice roots by sharing the same 465 

pathway as silicon.66 But ~48% of As(III) in rice roots can be complexed with various 466 

thiols, such as hydroxymethyl-GSH and cysteine, thereby inhibiting the translocation 467 

of As from roots to shoots.67 This might explain why the increase of As accumulation 468 

can be observed only in roots. The high sensitivity of Cd accumulation in rice shoots to 469 

the soil solute chemistries change could be due to the rapid root to shoot translocation 470 

of Cd via the xylem.68 Moreover, the HR 2D mapping in this study implied that the 471 

localized mobilization of Cd near the root surface might also be a potential factor for 472 

Cd enrichment in rice and further investigation is certainly required. 473 
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Environmental Implication. The rhizosphere is central to the plants strategy to 474 

acquire essential nutrients, but at the same time it is a weakness for contaminant transfer. 475 

The physicochemical conditions of the rooting zone differ drastically from bulk soils 476 

due to the activities of the roots with processes such as ROL and/or root exudation. 477 

Recently, with the development of HR and in-situ techniques for visualizing solute 478 

availability in 2D, an increasing number of studies have expanded our understanding 479 

of the rhizospheric effects on TTEs behavior at the root-soil interface. In this study, 480 

rhizo-bag experiments were combined with in-situ high-resolution DGT to visualize 481 

the difference in TTEs bioavailability between rhizosphere and bulk soils during soil 482 

application of biochar. Results showed that root activities will offset the influence of 483 

biochar addition on TTEs availability, but the mechanism underlying bioavailability 484 

varies from element-to-element. Particularly for As and Cd which are of great concern 485 

to human health/food safety, As release was mainly controlled by DOC, but Cd 486 

especially demonstrated a close association with H+. This underscores the importance 487 

of screening the biochar based on different physicochemical properties when aiming to 488 

simultaneously control the uptake of TTEs by rice. When HR methods were used to 489 

map the 2D spatial patterns of TTEs in the rhizosphere, localized intensifications of As, 490 

Cd, Cu, and Ni were found near/on the root surface or at peripheries of the rooting zone. 491 

This necessitates further investigation about how this localized changes within micro 492 

hotspots determine the final accumulation of TTEs in plants. 493 
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 739 

Figure 1. (a) pH and (b) DOC of porewater sampled in rice rhizosphere and non-740 

rhizosphere zone. Control: control soils; PBR: soils amended with biochar PBR; CBR: 741 

soils amended with biochar CBR. Boxplots: Hinges indicate first and third quartiles; 742 

whisker indicate the most extreme value no further than 1.5 times the standard deviation; 743 

and the internal horizontal lines indicates the median. The internal square indicated the 744 

average. The sample size for each treatment is 20. 745 
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 747 

 748 

Figure 2. Concentrations of (a) Fe, (b) Mn, (c) As, (d) Cd, (e) Cu, and (f) Ni in 749 

porewater sampled in rice rhizosphere and non-rhizosphere zone in three 750 

treatments. Control: control soils; PBR: soils amended with biochar PBR; CBR: soils 751 

amended with biochar CBR. Boxplots: Hinges indicate first and third quartiles; whisker 752 

indicate the most extreme value no further than 1.5 times the standard deviation; and 753 

the internal horizontal lines indicates the median. The internal square indicated the 754 

average. The sample size for each treatment is 20.  755 
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 756 

Figure 3. Pearson correlation, PCA, and RDA analysis among pH, DOC, and 757 

solute (Fe, Mn, As, Cd, Cu, and Ni) concentrations of porewater samples. Control: 758 

control soils, PBR: soils amended with PBR, CBR: soils amended with CBR, RH: 759 

rhizosphere zone, NRH, non-rhizosphere zone. 760 
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 762 

Figure 4. High-resolution mapping of series of elements by SPR-IDA-PZ DGT 763 

deployed in rhizosphere of rice cultivated in control soils. The scales in the figure 764 

represent the following ranges from 28.2 to 286 pg cm−2 s-1 for Fe,18.7 to 170 pg cm−2 765 

s-1 for Mn, 0 to 1.12 pg cm−2 s-1 for As, 0 to 0.870 pg cm−2 s-1 for Ni, and 0 to 1.02 pg 766 

cm−2 s-1 for Pb. 767 
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 769 

Figure 5. High-resolution mapping of series of elements by SPR-IDA-PZ DGT 770 

deployed in rhizosphere of rice cultivated in PBR amended soils. The scales in the 771 

figure represent the following ranges from 4.76 to 169 pg cm−2 s-1 for Fe,15.0 to 136 pg 772 

cm−2 s-1 for Mn, 0 to 0.349 pg cm−2 s-1 for As, 0 to 0.191 pg cm−2 s-1 for Cd, 0 to 0.577 773 

pg cm−2 s-1 for Cu, 0 to 0.870 pg cm−2 s-1 for Ni, and 0 to 0.559 pg cm−2 s-1 for Pb. 774 
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 776 

Figure 6. High-resolution mapping of series of elements by SPR-IDA-PZ DGT 777 

deployed in rhizosphere of rice cultivated in CBR amended soils. The scales in the 778 

figure represent the following ranges from 4.76 to 310 pg cm−2 s-1 for Fe,0 to 170 pg 779 

cm−2 s-1 for Mn, 0 to 0.607 pg cm−2 s-1 for As, 0 to 0.319 pg cm−2 s-1 for Cd, 0 to 0.577 780 

pg cm−2 s-1 for Cu, 0 to 0.870 pg cm−2 s-1 for Ni, and 0 to 1.18 pg cm−2 s-1 for Pb. 781 
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