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Abstract 14 

Water availability is paramount in the response of soil invertebrates towards stress 15 

situations. This study aimed to evaluate the effects of forecasted soil moisture scenarios 16 

on the avoidance behavior of two invertebrate species (the arthropod Folsomia candida 17 

and the soft-bodied oligochaete Enchytraeus crypticus) in soils degraded by different 18 

types of anthropogenic metal(loid) contamination (mining soil and agricultural soil 19 

affected by industrial chemical wastes). Different soil moisture contents (expressed as 20 

% of the soil water holding capacity, WHC) were evaluated: 50% (standard soil 21 

moisture conditions for soil invertebrates’ tests); 75% (to simulate increasing soil water 22 

availability after intense rainfalls and/or floods); 40%, 30%, 25% and 20% (to simulate 23 

decreasing soil water availability during droughts). Invertebrates’ avoidance behavior 24 

and changes in soil porewater major ions and metal(loid)s were assessed after 48 h 25 

exposure. Soil incubations induced a general solubilization/mobilization of porewater 26 

major ions, while higher soil acidity favored the solubilization/mobilization of 27 

porewater metal(loid)s, especially at 75% WHC. Folsomia candida preferred soils 28 

moistened at 50% WHC, regardless the soils were contaminated or not and the changing 29 

soil porewater characteristics. Enchytraeus crypticus avoided metal(loid) contamination, 30 

but this depended on the soil moisture conditions and the corresponding changes in 31 

porewater characteristics: enchytraeids lost their capacity to avoid contaminated soils 32 

under water stress situations (75% and 20-25% WHC), but also when contaminated 33 

soils had greater water availability than control soils. Therefore, forecasted soil moisture 34 

scenarios induced by global warming changed soil porewater composition and 35 

invertebrates capacity to avoid metal(loid)-contaminated soils. 36 

 37 
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Capsule: Forecasted soil moisture scenarios altered invertebrates’ avoidance behavior 38 

towards field metal(loid) contamination 39 

 40 

Keywords: Global warming; Multiple stressors; Metal(loid) availability; Folsomia 41 

candida; Enchytraeus crypticus 42 
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1. Introduction 44 

Global warming is changing Earth’s hydrological cycle. Among others, we are 45 

facing important alterations in precipitation patterns (e.g., increasing frequency and 46 

intensity of extreme events), higher evapotranspiration rates and changes in soil runoff 47 

and moisture (Bates et al., 2008; Sheffield et al., 2012; IPCC, 2013, 2014; Forzieri et 48 

al., 2014). Future climate projections for Europe predict increasing risk of flash flood 49 

events throughout the continent, while southern Europe will be also susceptible to more 50 

severe and prolonged dry spells (Bates et al., 2008; IPCC, 2013, 2014; Forzieri et al., 51 

2014). The Mediterranean region is among those more prone to suffer water stress and 52 

continued drought intensification; the IPCC predicts ~10-20% of soil moisture decrease 53 

by the end of the 21st century (Bates et al., 2008). 54 

Water availability is a key factor in terrestrial ecosystems; their response against 55 

water stress often involves complex interactions of biotic and abiotic processes. This 56 

situation might be compromised in degraded ecosystems, such as those affected by 57 

anthropogenic metal(loid) contamination, where soil living organisms have to deal with 58 

already unfavorable conditions (i.e., multi-stressed environments). In such degraded 59 

areas soil moisture alterations might modify the response of organisms, directly 60 

influencing their performance and/or indirectly modifying key soil parameters (e.g., 61 

metal(loid) availability and salinity; Peijnenburg and Jager, 2003; Holsmtrup et al., 62 

2010; Karmakar et al., 2016). Among the organisms that may be more affected are soil 63 

invertebrates since they live in close contact with pore water, being highly dependent on 64 

the surrounding available water and the substances dissolved (e.g. metal(loid)s and 65 

salts). 66 
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In the last years, the evaluation of invertebrates’ avoidance behavior has become a 67 

usual first-screening tool to assess the adverse effects of contaminants as well as the 68 

habitat potential of natural, uncontaminated or contaminated soils (e.g., Hund-Rinke et 69 

al., 2003; Natal-da-Luz et al., 2004; Loureiro et al., 2005; Sousa et al., 2008; Owojori et 70 

al., 2014). This is because avoidance tests are sensitive, short-time consuming (few 71 

days), cost-effective and ecological relevant (ISO, 2008, 2011). In these tests the 72 

avoidance or preference response of organisms towards a stress situation is measured. 73 

Soil invertebrates have chemical and mechanical sensory organs allowing them to 74 

escape from harmful conditions and/or move to more favorable places (Slifer and 75 

Sekhon, 1978; Edwards and Bohlen, 1992; Lukkari et al., 2005; Curry and Schmidt, 76 

2007). Despite the importance of water availability in the response of soil invertebrates 77 

towards stress situations, avoidance behavior tests are normally performed under 78 

optimal soil moisture conditions (ISO, 2008, 2011). However, no studies have evaluated 79 

how invertebrates’ avoidance behavior may be affected by soil moisture alterations 80 

induced by global warming. 81 

The aim of the present study was to assess the effects of forecasted soil moisture 82 

scenarios on the avoidance behavior response of two model soil invertebrate species 83 

(the arthropod Folsomia candida and the soft-bodied oligochaete Enchytraeus 84 

crypticus) in natural soils affected by anthropogenic metal(loid)-contamination. To 85 

achieve this goal avoidance behavior tests were performed at different soil moisture 86 

contents simulating changes in soil water availability due to intense rainfalls/floods and 87 

drought situations in two terrestrial ecosystems degraded by different types of 88 

anthropogenic activities. Moreover, invertebrates’ behavior under different soil moisture 89 

conditions was related to changes in soil porewater salinity (electrical conductivity and 90 

major ions) and metal(loid)s. We hypothesized that changing soil moisture content and 91 
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the corresponding changes in soil porewater characteristics would affect the behavior of 92 

soil invertebrates, and that this would depend on the invertebrate species. 93 

2. Material and methods 94 

2.1. Test soils 95 

Two soils affected by anthropogenic activities were selected in central-northern 96 

Portugal (Figure S1, Supplementary material): a soil from Braçal mining district 97 

(hereafter mining soil), and a soil from an agricultural field close to the Estarreja 98 

Chemical Complex (hereafter agricultural soil). The mining district of Braçal (Sever do 99 

Vouga, Northeast of Aveiro) was mainly exploited for Pb during the 19th and 20th 100 

centuries, and its activity ceased in 1958 (Allan, 1965; Cerveira, 1966). Several waste 101 

dumps containing high metal(loid) concentrations remain in the area affecting the 102 

surrounding ecosystems (Anjos et al., 2012; Vidal et al., 2012). The municipality of 103 

Estarreja (Northeast of Aveiro) is a clear example of an area affected by intense 104 

industrial contamination. From the middle of the 20th century the Estarreja Chemical 105 

Complex has produced several tons of solid and liquid wastes containing high 106 

metal(loid) concentrations (e.g., As, Hg, Pb and Zn) that have reached the nearby 107 

ecosystems (Costa and Jesus-Rydin, 2001; Inácio et al., 2014), including the 108 

surrounding agricultural fields (Rodrigues et al., 2012). 109 

A composite soil sample per location was taken by mixing three randomly 110 

distributed subsamples (top 20 cm). Samples were air-dried, sieved (2 mm mesh) and 111 

homogenized before being completely characterized (n = 3). Soil pH (in water and 112 

0.01M CaCl2) and electrical conductivity (EC) in water were determined in 1:5 w:v 113 

suspensions after shaking for 2 h at 200 rpm. The pH was measured with a WTW-pH 114 

330i/set meter and the EC with a WTW 3110/set meter. The water extracts were filtered 115 
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through nylon membrane syringe filters (0.45 µm pore diameter; Albet-JNY) and 116 

analyzed for dissolved organic carbon (DOC), total dissolved nitrogen (TDN), major 117 

ions (Cl-, NO3
-, SO4

2-, Na+, K+, Ca2+ and Mg2+) and metal(loid)s (Al, As, Cd, Cu, Fe, 118 

Mn, Ni, Pb, Sb and Zn; samples were acidified with a drop of concentrated HNO3). 119 

DOC and TDN concentrations were determined with an automatic TOC analyzer (TOC-120 

VCSH Shimadzu), major ions with an ion chromatographer (Metrohm 861) and 121 

metal(loid)s by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7900). 122 

The 0.01M CaCl2 extracts were also filtered (0.45 µm pore diameter), acidified (one 123 

drop of concentrated HNO3) and analyzed for metal(loid)s (Al, As, Cd, Cu, Fe, Mn, Ni, 124 

Pb, Sb and Zn; ICP-MS). Water and 0.01M CaCl2 extractable metal(loid) 125 

concentrations were used to evaluate soil metal(loid) availability (Ernst, 1996; Houba et 126 

al., 2000; Menzies et al., 2007). Cation exchange capacity (CEC) was determined by 127 

saturation of the soil exchange complex with 1N CH3COONH4 pH 7.0 and 128 

displacement of the adsorbed NH4
+ with 10% NaCl (Chapman, 1965). Ammonium 129 

concentration was measured with a Lambda 25 UV/VIS spectrometer (Perkin Elmer) at 130 

λ=670 nm (NEIKER, 2005). Water holding capacity (WHC) was determined in porous 131 

base glass cylinders after soil saturation with water for 3 h followed by 2 h of water 132 

excess removal (ISO, 1998). Particle size distribution was determined by the 133 

Bouyouco’s densimeter method (Gee and Bauder, 1986). Soil aliquots were ground in 134 

an Agatha mortar for the determination of total organic carbon (TOC), total nitrogen 135 

(TN), total metal(loi)s (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sb and Zn) and 136 

mineralogical composition. TOC and TN concentrations were determined with an 137 

automatic TOC analyzer (TOC-VCSH Shimadzu) and total metal(loid)s by X-ray 138 

fluorescence (Bruker S4 Pioneer). Soil mineralogical composition was determined by 139 
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semi-quantitative estimation of the crystalline fraction by power X-ray diffraction 140 

(Bruker-AXS D8-Advance diffractometer). 141 

Based on total metal(loid) concentrations, the Soil Quality Index (SoQI) developed 142 

by the Canadian Council of Ministers of the Environment (CCME) for screening 143 

contaminated soils and their relative hazard was calculated for each test soil (CCME, 144 

2007b). Its calculation was based on the comparison of the total metal(loid) 145 

concentrations measured with the Canadian Soil Quality Guidelines that establishes 146 

threshold values for total metal(loid) concentrations according to the use of the territory 147 

(agricultural, residential/parkland, commercial and industrial) and the necessary level of 148 

protection (CCME, 2007a). Calculation details are available in the Supplementary 149 

material. 150 

2.2. Soil invertebrate test species 151 

The model test species Folsomia candida Willem 1902 (phylum Uniramia, class 152 

Collembola, family Isotomidae) and Enchytraeus crypticus Westheide and Graefe 1992 153 

(phylum Annelida, class Oligochaeta, family Enchytraeidae) were selected to perform 154 

the avoidance behavior tests. Both invertebrate species play a key role in terrestrial 155 

ecosystems by participating in the biogeochemical cycling of organic matter and 156 

nutrients, soil bioturbation and soil structure improvement (Didden, 1993; Didden and 157 

Römbke, 2001; Fountain and Hopkin, 2005). They are suitable bioindicators of stress 158 

conditions. 159 

Soil invertebrates were cultured at the University of Aveiro (Aveiro, Portugal) 160 

under laboratory conditions. Folsomia candida cultures were maintained on moist 161 

plaster of Paris mixed with activated charcoal (9:1 w:w) at 20 ± 2 °C and 16:8 h 162 

light:dark photoperiod (ISO, 1999). Once a week cultures were fed with granulated dry 163 
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baker’s yeast (Saccharomyces cerevisae) and substrate was remoistened. Age-164 

synchronized organisms were used for avoidance behavior tests (ISO, 1999). For this F. 165 

candida adults were separated from the main culture, placed in new containers and 166 

allowed to lay eggs for 3 d. Adults were then removed, eggs were allowed to hatch and 167 

10-12 d old juveniles were used for testing. Enchytraeus crypticus cultures were kept in 168 

agar medium prepared with aqueous soil extracts at 20 ± 2 °C and complete darkness. 169 

Cultures were fed once a week with a mixture of oatmeal, dry yeast, yolk powder, fish 170 

oil and milk. Sexually mature organisms (clearly visible clitellum) and of approximately 171 

1 cm length were used for the tests. 172 

2.3. Avoidance behavior tests 173 

Avoidance behavior of F. candida and E. crypticus was evaluated according to the 174 

standardized ISO 17512 guidelines (ISO, 2008, 2011). Avoidance tests were performed 175 

in two-section vessels consisting on cylindrical plastic containers (8 cm diameter x 6 cm 176 

height) divided into two equal sections by a removable plastic split (~1 mm thickness). 177 

Each section was filled with 25 g of moistened soil, one with the test soil and the other 178 

one with a clean soil (control soil). Dual controls (both sections filled with control soil) 179 

were also performed. Lufa 2.2 soil (sandy loam texture, pH in H2O ~5.8, pH in 0.01M 180 

CaCl2 ~5.3, EC ~0.1 dS m-1 and WHC of ~45%; Speyer, Germany) was used as control 181 

soil. Its selection as control soil was based on the fact of presenting similar 182 

characteristics in terms of texture, pH and EC than the test soils. 183 

Avoidance tests were performed at different soil moisture contents (expressed as % 184 

of the soil WHC): 50% (standard soil moisture content recommended by ISO 185 

guidelines); 75% (to simulate increasing soil water availability after intense rainfalls 186 

and/or floods); 40%, 30%, 25% and 20% (to simulate decreasing soil water availability 187 
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during droughts). Two types of avoidance tests were performed: i) test soil vs. control 188 

soil both at the same soil moisture content; ii) test soil vs. control soil both at different 189 

soil moisture contents. The first type of tests allowed checking whether invertebrates’ 190 

avoidance behavior towards metal(loid)-contaminated soils could change under water 191 

stress situations (intense rainfalls/floods and droughts), while the second one allowed 192 

inferring which factor (anthropogenic contamination and/or soil moisture content) was 193 

the main responsible for invertebrates’ behavior under water stress situations. Ten soil 194 

moisture content combinations were performed in total (test soil WHC vs. control soil 195 

WHC): 1) 75% vs. 75%, 2) 50% vs. 50% (standard soil moisture conditions), 3) 40% 196 

vs. 40%, 4) 30% vs. 30%, 5) 25% vs. 25%, 6) 20% vs. 20%, 7) 50% vs. 75%, 8) 50% 197 

vs. 25%, 9) 75% vs. 50%, and 10) 25% vs. 50%; (5 replicates per test soil/invertebrate 198 

species/moisture content combination were used). Soil moisture content combinations 7, 199 

8, 9 and 10 were selected based on the results of the previous ones. Dual control tests 200 

(control soil vs. control soil) were also performed at the different soil moisture content 201 

combinations established (5 and 10 replicates were used per invertebrate species for soil 202 

moisture content combinations 1 to 6 and 7 to 10, respectively). 203 

Once prepared the two-section vessels the plastic split was carefully removed, the 204 

base of the test containers was gently tapped to avoid a physical gap between both 205 

sections and to ensure direct contact between soils, and organisms were placed in the 206 

soil midline (20 individuals for F. candida and 10 individuals for E. crypticus). The 207 

experimental containers were covered with perforated plastic lids and kept for 48 h at 20 208 

± 2 °C and 16:8 h light:dark photoperiod. After 48 h the plastic split was carefully 209 

reintroduced and the number of surviving organisms in each section was recorded. In 210 

the case of F. candida, both sections were filled with water at the same time and the soil 211 

was gently stirred to enable organisms to float and be counted by eye. In the case of E. 212 
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crypticus, the soil of each section was transferred to a 250 µm sieve, water was added to 213 

remove most soil particles and organisms were counted by eye. Organisms in the 214 

midline were counted as 0.5 for each vessel section. 215 

Avoidance behavior was calculated using the following equation: 216 

A=(C-T)/N*100         (Eq. 1) 217 

where A is avoidance (%), C is the number of organisms in the control soil, T is the 218 

number of organisms in the test soil, and N is the total number of surviving organisms. 219 

Positive values indicate that organisms avoided the test soil (avoidance response), 220 

negative values that organisms preferred the test soil (preference response), and zeros 221 

that organisms were equally distributed in both sections (neutral response). 222 

2.4. Soil porewater analyses 223 

In parallel to avoidance behavior tests performed at different moisture contents both 224 

in test and control soils (moisture content combinations 7, 8, 9 and 10), test soil samples 225 

without organisms were incubated at 75%, 50% and 25% WHC for 48 h at 20 ± 2 °C 226 

and 16:8 h light:dark photoperiod to assess the influence of these three moisture 227 

conditions on soil porewater characteristics and their relation with invertebrates’ 228 

behavior (4 replicates per test soil/moisture content were used). After the 48 h 229 

incubation period soils were saturated with water until reaching 100% WHC, 230 

immediately centrifuged for 5 min at 5000 rpm and the supernatant filtered through 231 

nylon membrane syringe filters (0.45 µm pore diameter; Albet-JNY). Porewater pH and 232 

EC were measured with a WTW-pH 330i/set meter and a WTW 3110/set meter, 233 

respectively. The concentration of major ions (Cl-, NO3
-, SO4

2-, Na+, K+, Ca2+ and Mg2+) 234 

and metal(loid) (As, Cd, Cu, Fe, Mn, Ni, Pb and Zn; samples were acidified with a drop 235 

of concentrated HNO3) was analyzed by ion chromatography (Metrohm 861) and ICP-236 
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MS (Agilent 7900), respectively. To discard elements solubilized/mobilized due to the 237 

porewater extraction process, initial dry soil samples (non-incubated soil samples) were 238 

directly saturated with water at 100% WHC, centrifuged for 5 min at 5000 rpm and 239 

filtered supernatants analyzed for pH, EC, major ions and metal(loid) as described 240 

above (hereafter blanks). 241 

2.5. Statistical analyses 242 

The avoidance behavior response of both invertebrate species towards each test soil 243 

in each soil moisture content combination tested was evaluated by Fisher’s exact test, 244 

comparing the observed organism distribution with an expected distribution where 245 

avoidance response was not present (null hypothesis) (Natal da Luz et al., 2004). One-246 

tailed tests were used for avoidance response towards test soils (the null hypothesis 247 

considered that half of the organisms stayed in the test soil) and two-tailed tests for dual 248 

control tests (the null hypothesis considered an equal organism distribution between 249 

both vessel sections). Statistical analyses were performed with GraphPad Software; 250 

significant differences at p<0.05. 251 

For each test soil, one-way ANOVA followed by Bonferroni post hoc test was used 252 

to check for differences in porewater parameters (pH, EC, major ions and metal(loid)s) 253 

among soil moisture contents (75% WHC, 50% WHC, 25% WHC and blanks). The 254 

relationships among porewater parameters were evaluated through Pearson’ 255 

correlations. Statistical analyses were performed with IBM SPSS Statistics 22 and 256 

differences were considered significant at p<0.05. Data were log-transformed when they 257 

failed to pass the Leven’s test for the homogeneity of variances. When soil samples 258 

incubated at 75%, 50% and 25% WHC had significant higher concentrations of 259 

porewater major ions/metal(loid)s than blanks we assumed that elements were more 260 
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easily solubilized/mobilized during soil incubations. However, in the opposite situation, 261 

we assumed that porewater major ions/metal(loid)s were in less solubilized/mobilized 262 

forms during soil incubations. This could be an estimation of the porewater conditions 263 

of test soils to which invertebrates would have been exposed during avoidance behavior 264 

tests at 75%, 50% and 25% soil WHC. 265 

3. Results 266 

3.1. Test soils characterization 267 

General soil characterization data are shown in Table S1 (Supplementary material). 268 

Both test soils had loamy sand texture (~77-86% sand, ~8-16% silt and ~6-7% clay) and 269 

acidic pH (mining soil ~6.1 in water and ~5.9 in 0.01M CaCl2; agricultural soil ~5.6 in 270 

water and ~4.8 in 0.01M CaCl2). They were considered non saline soils (EC ~0.1-0.3 dS 271 

m-1), with the mining soil showing higher EC values than the agricultural soil due to the 272 

greater concentration of some major ions (11-13 fold higher for SO4
2-, Ca2+ and Mg2+). 273 

The content of TOC was higher in the mining soil (~46 mg kg-1 mining soil vs. ~26 mg 274 

kg-1 agricultural soil), while both soils showed similar TN levels (~2 mg kg-1). 275 

However, the agricultural soil presented greater DOC and TDN concentrations than the 276 

mining soil (3 and 2 fold higher, respectively). Both test soils showed low CEC values 277 

(~8-10 cmolc kg-1) and a WHC of ~37-40%. 278 

Total metal(loid) concentrations were considered as high in both test soils (Table 1), 279 

with the mining soil showing the highest levels for Co, Cr, Fe, Mn, Ni, Pb, Sb and Zn, 280 

while the agricultural soil for As and Hg. Considering the total metal(loid) 281 

concentrations analyzed and the Canadian Soil Quality Guidelines (CCME, 2007a), the 282 

resulting SoQI was 17.1 for the mining soil and 18.7 for the agricultural soil 283 

(Supplementary material). Concerning metal(loid)s extracted with water and 0.01M 284 
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CaCl2, there were differences between both test soils depending on the element 285 

considered and the extractant used (Table 1). When extracted with water, the mining 286 

soil showed the highest concentrations of Cd, Ni, Pb and Zn, while the agricultural soil 287 

of Al, As, Cu, Fe and Sb. For 0.01M CaCl2 extractions, the mining soil showed the 288 

highest concentrations of Cd, Ni and Pb and the agricultural soil of Al, As, Cu, Fe, Mn, 289 

Sb and Zn. 290 

The major minerals identified in the test soils were (data not shown): mining soil, 291 

~60% quartz, ~27% muscovite-2M1, ~9% albite, ~4% chlorite-serpentine, ~1% calcite 292 

and ~0.5% dolomite; agricultural soil, ~67% muscovite-2M1, ~22% chlorite-serpentine, 293 

~7% quartz, 3% albite, ~1% maricopaite and <0.5% of calcite and plattnerite. 294 

3.2. Changes in soil porewater pH, EC, major ions and metal(loid)s 295 

3.2.1. Mining soil 296 

No differences were found in porewater pH among soil moisture contents (75%, 297 

50% and 25% WHC), including blanks (~6.4-6.5; Table S2, Supplementary material). 298 

Porewater EC significantly (p<0.05) increased with increasing soil moisture content in 299 

samples incubated for 48 h (from ~0.8 dS m-1 at 25% WHC to ~1.4 dS m-1 at 75% 300 

WHC), the blanks showing similar EC values to 50% and 25% WHC treatments (Table 301 

S2, Supplementary material). The EC values were significantly correlated with 302 

porewater SO4
2-, K+, Ca2+ and Mg2+ concentrations (r≥0.560, p<0.05; Table S3, 303 

Supplementary material), with the samples incubated at 75% WHC showing significant 304 

(p<0.05) higher concentrations (Table S2, Supplementary material). On the contrary, 305 

soil incubation at 25% WHC led to significant (p<0.05) lower porewater SO4
2-, Ca2+ 306 

and Mg2+ concentrations (Table S2, Supplementary material). 307 
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Unlike most major ions, soil samples incubated for 48 h at different moisture 308 

contents (75%, 50% and 25% WHC) showed lower porewater concentrations of some 309 

metal(loid)s compared to blanks (significant differences for As, Cu and Pb in samples 310 

incubated at 75%, 50% and 25% WHC and for Cd, Ni and Zn in those incubated at 50% 311 

and 25% WHC, p<0.05; Table S2, Supplementary material). Significant positive 312 

correlations were found among the concentrations of these metal(loid)s (r≥0.535, 313 

p<0.05; Table S3, Supplementary material). On the contrary, porewater Mn 314 

concentrations significantly (p<0.05) increased with soil incubation at 75% WHC 315 

(Table S2, Supplementary material), Mn being significantly correlated with EC values 316 

(r=0.905, p<0.05) and Cl-, SO4
2-, K+, Ca2+ and Mg2+ concentrations (r≥0.552, p<0.05) 317 

(Table S3, Supplementary material). 318 

3.2.2. Agricultural soil 319 

Significant (p<0.05) higher pH values in porewater were found in soil samples 320 

incubated for 48 h at different moisture contents (75%, 50% and 25% WHC) compared 321 

to blanks (~5.4 for blanks vs. ~5.9-6.0 for incubated soil samples; Table S4, 322 

Supplementary material). No differences were found in porewater EC among soil 323 

moisture contents, including blanks (~0.1-0.2 dS m-1; Table S4, Supplementary 324 

material), and no significant correlations were found between EC and porewater major 325 

ions (Table S5, Supplementary material). Nevertheless, soil incubation at different 326 

moisture contents (75%, 50% and 25% WHC) resulted in greater porewater 327 

concentrations of Cl-, SO4
2-, Na+ and K+ compared to blanks (significant for Cl-, SO4

2- 328 

and K+ in samples incubated at 75%, 50% and 25% WHC and for Na+ at 50% WHC, 329 

p<0.05; Table S4, Supplementary material). A similar result was found for porewater 330 

NO3
- concentrations in soil samples incubated at 50% and 25% WHC (significant 331 
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higher compared to blanks; p<0.05), while soil incubation at 75% WHC led to 332 

significantly lower NO3
- concentrations (Table S4, Supplementary material). 333 

Soil samples incubated for 48 h at 75% WHC showed significant (p<0.05) higher 334 

porewater concentrations of As, Cu, Fe, Mn and Pb compared to the other moisture 335 

content treatments, including blanks (Table S4, Supplementary material). Significant 336 

positive correlations were found among the concentrations of these metal(loid)s 337 

(r≥0.527, p<0.05; Table S5, Supplementary material). For Ni, soil incubation, regardless 338 

of the moisture content (75%, 50% and 25% WHC), resulted in significant higher 339 

porewater concentrations compared to blanks, as well as for Mn at 50% WHC (Table 340 

S4, Supplementary material). 341 

3.3. Soil invertebrates’ avoidance behavior 342 

3.3.1. Validity of avoidance behavior tests 343 

The validity of the avoidance behavior tests was checked according to the following 344 

criteria established by the ISO guidelines (ISO, 2008, 2011): survival >80% for F. 345 

candida and >90% for E. crypticus, and homogeneous distribution of organisms in dual 346 

control tests (40-60% of surviving organisms in each section of the test vessel). In all 347 

the avoidance tests performed, the survival of F. candida and E. crypticus was ≥90% 348 

and ≥86%, respectively (Tables S6, S7 and S8, Supplementary material). In dual control 349 

tests (only Lufa 2.2 soil), both invertebrate species showed a homogeneous distribution 350 

when both vessel sections were moistened at the same WHC (Tables S6 and S7, 351 

Supplementary material), with the only exception of E. crypticus at 20% soil WHC 352 

(significant higher number of organisms in one of the sections of the test vessel, 353 

p<0.05). However, this was not the case of dual control tests performed with different 354 

moisture contents in each vessel section. For F. candida, ~68-78% of individuals had a 355 
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significant (p<0.05) preference for the section moistened at 50% WHC (Table S6, 356 

Supplementary material). On the contrary, E. crypticus had a variable response: 357 

organisms showed a homogeneous distribution between sections when facing 50% 358 

WHC vs. 75% WHC, while ~69% of organisms significantly (p<0.05) preferred the 359 

section moistened at 50% WHC when facing 50% WHC vs. 25% WHC (Table S7, 360 

Supplementary material). 361 

3.3.2. Avoidance behavior tests with similar moisture content in test and control soils 362 

When avoidance tests were performed at the same moisture content both in test and 363 

control soils, F. candida did not avoid the mining and agricultural soils in most of the 364 

cases (a higher number of organisms was found on the vessel section containing the test 365 

soils; Figure 1). This response was more pronounced in the presence of the agricultural 366 

soil, with F. candida preferring significantly (p<0.05) the test soil over the control in 367 

most of the moisture contents tested (~23-81% of preference; Figure 1). When the 368 

mining soil was present, F. candida avoided it at 30% WHC (~26% of avoidance; 369 

significant, p<0.05), while organisms showed a neutral or preference response for the 370 

test soil at the rest of the moisture contents tested (significant preference at 75% and 371 

20% soil WHC, p<0.05; Figure 1). 372 

In the case of E. crypticus, its response was highly dependent on the soil moisture 373 

content tested (Figure 1). Organisms significantly (p<0.05) avoided the mining soil 374 

when moistened at 50%, 40% and 30% WHC (~27-66% of avoidance) and the 375 

agricultural soil at 50% and 40% WHC (~32-68% of avoidance) (Figure 1). However, 376 

this was not the case of E. crypticus exposed to higher (75% WHC) or lower (20-25% 377 

WHC) soil moisture contents (Figure 1), with organisms showing a preference for the 378 
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vessel section containing the test soil (significant in the agricultural soil at 75% and 379 

25% WHC, p<0.05; ~36-39% of preference). 380 

3.3.3. Avoidance behavior tests with different moisture contents in test and control soils 381 

When avoidance tests were performed at different moisture contents both in test and 382 

control soils F. candida showed a preference for the vessel section moistened at 50% 383 

WHC (Figure 2). This behavior was significant (p<0.05) in all the moisture content 384 

combinations tested with the agricultural soil (~65-100% of preference for 50% soil 385 

WHC; Figure 2). In the case of the mining soil this preference was only significant 386 

(p<0.05) in the moisture content combination test soil at 25% WHC vs. control soil at 387 

50% WHC (~51% of preference for 50% soil WHC; Figure 2). 388 

Enchytraeus crypticus avoided both the mining and agricultural soils when they 389 

were moistened at 50% WHC and the control soil was at 75% WHC (~10% and ~63% 390 

of avoidance in the mining and agricultural soil, respectively; significant for the 391 

agricultural soil, p<0.05), but the contrary happened when the control soil was at 25% 392 

WHC (~36% and ~9% of preference in the mining and agricultural soil, respectively; 393 

significant for the mining soil, p<0.05) (Figure 2). However, when both test soils were 394 

moistened at 75% or 25% WHC and the control soil at 50% WHC E. crypticus 395 

significantly (p<0.05) avoided the test soils (~60-100% of avoidance; Figure 2). 396 

4. Discussion 397 

4.1. Contamination status of the test soils 398 

Both test soils presented high total metal(loid) concentrations (Table 1), especially 399 

when comparing with background levels reported for natural Portuguese soils not 400 

affected by anthropogenic contamination (Table S9, Supplementary material; Inácio et 401 
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al., 2008). The mining soil greatly exceeded these levels in particular for Al (~3-fold), 402 

As (~10-fold), Cu (~14-fold), Ni (~3-fold), Pb (~700-fold) and Zn (~24-fold). In the 403 

case of the agricultural soil total Al, As, Cu, Hg, Pb and Zn concentrations also 404 

surpassed the background levels reported by Inácio et al. (2008), especially for As (~64-405 

fold), Hg (~1600-fold) and Pb (~33-fold). 406 

No national policy exists in Portugal concerning the regulation and management of 407 

contaminated soils; the Portuguese Government recommends the use of the Canadian 408 

Soil Quality Guidelines (Table S9, Supplementary material; CCME, 2007a). Following 409 

these guidelines, both test soils were highly contaminated by several metal(loid)s: 410 

mining soil (As, Cr, Cu, Ni, Pb, Sb and Zn); agricultural soil (As, Cu, Hg, Pb and Zn). 411 

Moreover, according to the SoQI calculated (~17-19) both test soil presented very high 412 

level of concern due to metal(loid) contamination, posing a high environmental risk. 413 

Despite the fact that both test soils presented high total metal(loid) concentrations, 414 

metal(loid) availability (evaluated through water and 0.01M CaCl2 extractions) depends 415 

on other soil properties such as pH, salinity, organic matter and texture (Allen, 2002; 416 

Lanno et al., 2004). Water and/or 0.01M CaCl2 extractable metal(loid)s were relatively 417 

high in both test soils (Table 1), although they accounted for less than 1% of the total 418 

element concentration. This was not the case of Mn and Zn extracted with 0.01M CaCl2 419 

in the agricultural soil (~2.5% and ~3.4%, respectively). When comparing the 420 

percentages of metal(loid)s extracted with water and 0.01M CaCl2 respect to the total 421 

concentrations, greater availability was shown by the agricultural soil (~1.2-20.1 and 422 

~2.2-21.5 fold higher with water and 0.01M CaCl2, respectively) in relation to its higher 423 

acidity (Table S1, Supplementary material). 424 

4.2. Effects of soil moisture content on soil porewater composition 425 
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Soil incubation for 48 h induced changes in the porewater composition of both test 426 

soils (Tables S2 and S4, Supplementary material). These changes depended on the 427 

moisture content tested (75%, 50% and 25% WHC) and were different depending on 428 

the soil type. 429 

For the mining soil, its incubation at 75% WHC favored higher salt 430 

solubilization/mobilization, compared with non-incubated soil samples (Figure 3), as 431 

shown by the higher porewater concentrations of some major ions (Cl-, SO4
2-, K+, Ca2+ 432 

and Mg2+) and therefore higher EC (Table S2, Supplementary material). When 433 

incubated at lower soil moisture contents (50% and 25% WHC) no differences were 434 

observed for major ions, except in the case of SO4
2-, Ca2+ and Mg2+ that showed lower 435 

solubilization/mobilization in porewater at 25% WHC compared to non-incubated soil 436 

samples (Figure 3). On the contrary, most metal(loid)s (As, Cd, Cu, Ni, Pb and Zn) 437 

showed lower solubilization/mobilization in porewater when soil samples were 438 

incubated, regardless of the soil moisture content (Figure 3). This is in line with the 439 

findings of González-Alcaraz and van Gestel (2016) who found decreasing Cd and Zn 440 

concentrations in the porewater of a slightly acidic mining soil incubated for 21 d under 441 

controlled conditions of soil moisture content and air temperature. Among others, the 442 

authors related these changes to the precipitation/co-precipitation of metals with 443 

carbonates (Simón et al., 2005) and/or their immobilization due to the disruption and 444 

reformation of organo-mineral complexes after initial soil dry samples being rewetted 445 

(Haynes and Swift, 1991). This was not the case of Mn, the samples incubated at 75% 446 

WHC showing greater solubilization/mobilization than non-incubated soil samples 447 

(Figure 3) in relation to the great mobility of this element (Reddy and DeLaune, 2008). 448 

In the case of the agricultural soil, its incubation did not induce changes in the 449 

salinity of the porewater (Table S4, Supplementary material) although some major ions 450 
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(Cl-, SO4
2- and K+) showed greater solubilization/mobilization, compared to non-451 

incubated soil samples, regardless of the soil moisture content (Figure 3). This was not 452 

the case of NO3
- which concentration in porewater decreased when the agricultural soil 453 

was incubated at 75% WHC while it increased at 50% and 25% WHC (Figure 3; Table 454 

S4, Supplementary material). The high organic matter content of this soil could have 455 

stimulated microbial activity during soil incubation, favoring oxygen depletion due to 456 

the high soil moisture content (75% WHC) and the loss of NO3
- via denitrification 457 

(Vepraskas and Faulkner, 2001; Reddy and DeLaune, 2008). Similar to some major 458 

ions, and opposite to what happened in the mining soil, the incubation of the 459 

agricultural soil resulted in higher solubilization/mobilization of most metal(loid)s in 460 

porewater, compared to non-incubated soil samples, especially at 75% WHC (As, Cu, 461 

Fe, Mn, Ni and Pb; Figure 3). The dissolution effect observed for Mn in the mining soil 462 

at 75% WHC could be increased in the agricultural soil. Oxygen depletion during soil 463 

incubation at 75% WHC could lead to the dissolution of Fe and Mn oxy-hydroxides 464 

(Vepraskas and Faulkner, 2001; Reddy and DeLaune, 2008), as shown by the high 465 

concentration of these metals in the pore water of the agricultural soil (Table S4, 466 

Supplementary material). The mobilization of As, Cu, Ni and Pb could be favored by 467 

this phenomenon since Fe and Mn oxy-hydroxides control the retention of other 468 

metal(loid)s in soil (Tack et al., 2006; Du Laing et al., 2007). Unlike the mining soil, the 469 

higher acidity of the agricultural soil could contribute to keep these metal(loid)s in 470 

solution. 471 

4.3. Effects of soil moisture content on invertebrates’ avoidance behavior 472 

Avoidance behavior towards contaminated test soils differed between invertebrate 473 

species, and was related to the soil type and the moisture content tested (Figures 1 and 474 

2). 475 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

In general, when avoidance tests were performed at the same moisture content both 476 

in test and control soils, the arthropod F. candida preferred the contaminated test soils 477 

(Figure 1), regardless their high total and available metal(loid) concentrations (Table 1). 478 

Our results agree with previous studies (Natal-da-Luz et al., 2009; Bori et al., 2016, 479 

2017) and could be related to the relatively resistance of collembolans to metal(loid) 480 

contamination (Fountain and Hopkin, 2001, 2005). The preference response of F. 481 

candida was more pronounced for the agricultural soil, in relation to the greater 482 

concentrations of DOC and TDN shown by this soil (Table S1, Supplementary 483 

material). Natal-da-Luz et al. (2008, 2009) already found a preference of F. candida 484 

towards soils with high content of organic matter. Moreover, in this type of tests, soil 485 

moisture content and the corresponding changes in porewater major ions and 486 

metal(loid)s (Tables S2 and S4, Supplementary material) did not seem to have any 487 

influence on the behavior of F. candida since its preference response towards 488 

contaminated test soils occurred at different moisture levels (Figure 1). However, when 489 

avoidance tests were performed at different soil moisture contents in both vessel 490 

sections F. candida behaved differently. In such tests F. candida showed a preference 491 

for the soil moistened at 50% WHC (dual control tests and tests involving contaminated 492 

test soils; Figure 2 and Table S6, Supplementary material). Therefore soil moisture 493 

content was the main factor controlling the behavior of F. candida when having the 494 

option to choose between different moisture levels. Organisms clearly avoided flood 495 

and drought situations, regardless whether the soil was contaminated or not. This agrees 496 

with Domene et al. (2011) who found soil moisture content as the only factor 497 

contributing to explain F. candida avoidance behavior when comparing soils with 498 

different properties. 499 
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Unlike collembolan, E. crypticus was more sensitive to metal(loid)s and avoided 500 

both contaminated test soils but only at certain moisture contents. When avoidance tests 501 

were performed at the same moisture content both in test and control soils E. crypticus 502 

significantly avoided metal(loid) contamination in the range of 50% to 30% WHC (~27-503 

68% of avoidance; Figure 1). The capacity of different enchytraeid species (E. crypticus 504 

and Enchytraeus albidus) to avoid metal(loid)s has been previously shown by other 505 

authors, both in Lufa 2.2 soil spiked with single/multiple metal salts (e.g., CuCl2, ZnCl2, 506 

CdCl2; Amorim et al., 2008a,b; Loureiro et al., 2009) and in mixtures of Lufa 2.2 soil 507 

with metal(loid)-enriched wastes (Kobetičova et a., 2010). All these studies were 508 

performed at 40-60% WHC, similar to the moisture range in which we found an 509 

avoidance response of E. crypticus towards the contaminated test soils. However, when 510 

E. crypticus was exposed to higher (75% WHC) or lower (20-25% WHC) soil moisture 511 

conditions it was not able to avoid metal(loid) contamination, organisms showing both 512 

preference or neutral response towards the contaminated test soils (Figure 1). This 513 

response could be related to the high vulnerability of enchytraeid species to water stress 514 

conditions because of their highly permeable skin (Lindberg et al., 2002; Maraldo et al., 515 

2008). In fact, organisms exposed to 75% or 20-25% WHC had a different appearance 516 

to those at 50% to 30% WHC (author’s visual observations). At 20-25% WHC 517 

enchytraeids appeared rolled-up on themselves, most of the times on the soil surface. 518 

This behavior could have been a strategy to diminish body dehydration, as it has been 519 

reported for earthworm species (a closely related group) under soil desiccation 520 

situations (Jiménez et al., 2000; Blume et al., 2016). The severe stress induced by the 521 

intense drought conditions at 20-25% WHC could have led enchytraeids to lose their 522 

capacity to avoid the contaminated test soils. On the contrary, at 75% WHC, 523 

enchytraeids had a bloated translucent appearance, possibly indicating a disruption of 524 
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the organism’s water balance. Moreover, the changes observed in the soil porewater 525 

composition in terms of major ions and/or metal(loid)s could have interfered with the 526 

behavior of E. crypticus towards the contaminated test soils, especially when increasing 527 

the soil moisture content (75% WHC). In the case of the mining soil, the highest 528 

solubilization/mobilization of porewater major ions occurring at 75% WHC could favor 529 

the disruption of the organism osmotic homeostasis, enchytraeids losing their capacity 530 

to avoid metal(loid) contamination. In the case of the agricultural soil, the highest 531 

concentration of porewater metal(loid)s solubilized/mobilized at 75% WHC could 532 

induce greater toxic effects on enchytraeids and, consequently, an alteration of their 533 

avoidance capacity towards metal(loid)-contaminated soils. 534 

The importance of soil water availability on enchytraeid performance was 535 

demonstrated in those tests performed at different soil moisture contents both in 536 

contaminated and control soils (Figure 2). In this case E. crypticus avoided both 537 

contaminated test soils in all the moisture combinations tested (>10% of avoidance), 538 

except when the control soil had lower soil moisture content (contaminated soil at 50% 539 

WHC vs. control soil at 25% WHC; ~9-36% of preference). Therefore, E. crypticus 540 

could avoid metal(loid) contamination when having the option to choose for a clean soil 541 

with adequate moisture content, but not when the control soil showed higher water 542 

deficiency than the contaminated soil. This result pointed out that soil moisture content 543 

was the main factor controlling E. crypticus avoidance behavior towards metal(loid)-544 

contaminated soils under water stress situations. 545 

5. Conclusions 546 

Soil incubation under controlled soil moisture and air temperature conditions 547 

induced changes in porewater salinity (major ions and therefore EC) and metal(loid)s. 548 
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These changes differed between soil types and depended on the moisture content at 549 

which the soils were incubated. A general solubilization/mobilization of porewater 550 

major ions was observed compared to non-incubated soil samples, while higher soil 551 

acidity favored the solubilization/mobilization of metal(loid)s in porewater, especially at 552 

higher soil moisture levels (75% soil WHC). The model soil invertebrate species 553 

selected (Folsomia candida and Enchytraeus crypticus) differed in their avoidance 554 

response towards anthropogenic metal(loid)-contaminated soils. In general F. candida 555 

preferred soils moistened at 50% WHC (standard soil moisture conditions), regardless 556 

whether the soil was contaminated or not and the changing soil porewater composition. 557 

On the contrary, E. crypticus avoided soil contamination, but its capacity was highly 558 

dependent on the soil moisture conditions and presumably the corresponding porewater 559 

changes. Enchytraeids lost their capacity to avoid metal(loid)-contaminated soils under 560 

extreme water stress situations (intense rainfalls/floods and drought conditions 561 

simulated by 75% and 20-25% soil WHC, respectively), but also when contaminated 562 

soils had greater water content than control soils. Therefore, the present study shows 563 

that the forecasted soil moisture alterations induced by global warming may change soil 564 

porewater salinity and metal(loid) concentrations and the capacity of soil invertebrates 565 

to avoid metal(loid)-contaminated soils. This issue is of major concern considering both 566 

the toxicity risks of contaminated soils and the environmental implications that the 567 

observed invertebrate behavioral response would have on the functionality of 568 

anthropogenic-degraded ecosystems. 569 
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Figure captions 772 

Figure 1. Avoidance behavior of Folsomia candida and Enchytraeus crypticus in tests 773 

performed for 48 h at the same soil moisture content (expressed as % of the soil water 774 

holding capacity, WHC) both in test and control soils (test soil WHC vs. control soil 775 

WHC). Lufa 2.2 soil was used as control soil. Data are average ± SD (n = 5). Positive 776 

values indicate test soil avoidance, negative values test soil preference, and zeros neutral 777 

response. Asterisks (*) indicate significant differences in test and control soils (Fisher’s 778 

one-tailed exact test, p<0.05). 779 

Figure 2. Avoidance behavior of Folsomia candida and Enchytraeus crypticus in tests 780 

performed for 48 h at different soil moisture contents (expressed as % of the soil water 781 

holding capacity, WHC) both in test and control soils (test soil WHC v. control soil 782 

WHC). Lufa 2.2 soil was used as control soil. Data are average ± SD (n = 5). Positive 783 

values indicate test soil avoidance, negative values test soil preference, and zeros neutral 784 

response. Asterisks (*) indicate significant differences in test and control soils (Fisher’s 785 

one-tailed exact test, p<0.05). 786 

Figure 3. Porewater major ions and metal(loid)s in test soils incubated for 48 h at 75%, 787 

50% and 25% water holding capacity (WHC). Dark grey color represents that incubated 788 

soil samples showed significant higher porewater concentrations than non-incubated 789 

soil samples (blanks), light grey color that incubated soil samples showed significant 790 

lower concentrations than non-incubated soil samples, and white color that there were 791 

no differences between incubated and non-incubated soil samples. Significant 792 

differences tested by one-way ANOVA with Bonferroni posthoc test (p<0.05). 793 
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Table 1. Metal(loid) concentrations (total, water extractable and 0.01M CaCl2 extractable) 
in the test soils from central-northern Portugal (average ± SD; n = 3). d.l. (detection limit). 
Other details from the soils are available in the text. 

Soil parameter Mining soil Agricultural soil 
Total metal(loid)s – mg kg-1   
     Al 90,297 ± 497 70,603 ± 7490 
     As 473 ± 47 3087 ± 968 
     Cd <d.l. <d.l. 
     Co 42.2 ± 17.8 14.0 ± 2.8 
     Cr 137 ± 8 72.0 ± 8.2 
     Cu 640 ± 46 753 ± 204 
     Fe 95,990 ± 3096 34,613 ± 8035 
     Hg <d.l. 127 ± 35 
     Mn 847 ± 30 375 ± 87 
     Ni 174 ± 4 35.3 ± 6.1 
     Pb 32,067 ± 2401 1480 ± 419 
     Sb 167 ± 15 <d.l. 
     Zn 2551 ± 129 977 ± 287 
Water extractable metal(loid)s (1:5 w:v) – µg kg-1   
     Al <d.l. (2.50) 1570 ± 269 
     As <d.l. (1.25) 6228 ± 146 
     Cd 26.1 ± 4.1 <d.l. (1.25) 
     Cu 23.2 ± 9.1 548 ± 16 
     Fe 314 ± 147 1508 ± 466 
     Mn 867 ± 24 633 ± 122 
     Ni 159 ± 7 70.0 ± 5.2 
     Pb 1264 ± 424 150 ± 59 
     Sb 52.1 ± 3.5 139 ± 2 
     Zn 3324 ± 73 1517 ± 46 
0.01M CaCl2 extractable metal(loid)s (1:5 w:v) – 
µg kg-1 

  

     Al <d.l. (2.50) 2396 ± 50 
     As <d.l. (1.25) 1782 ± 82 
     Cd 260 ± 8 152 ± 1 
     Cu 25.1 ± 7.8 635 ± 51 
     Fe 195 ± 45 500 ± 136 
     Mn 3038 ± 26 9275 ± 477 
     Ni 693 ± 18 306 ± 8 
     Pb 14,221 ± 469 350 ± 20 
     Sb 37.3 ± 2.8 88.6 ± 7.5 
     Zn 16,366 ± 94 32,855 ± 1137 
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Highlights 

1. Forecasted soil moisture scenarios changed soil porewater major ions and metal(loid)s 

2. Forecasted soil moisture scenarios altered soil invertebrates’ avoidance behavior 

3. F. candida preferred soils moistened at 50% WHC regardless metal(loid) contamination 

4. E. crypticus avoided metal(loid) contamination depending on soil moisture conditions 

5. E. crypticus did not avoid metal(loid) contamination under water stress situations 


