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RESUMO 

 

A poluição atmosférica por mercúrio (Hg) é de grande preocupação para toda a humanidade, 

pois suas características físico-químicas conferem a este elemento-traço a capacidade de 

percorrer longas distâncias ao redor do planeta. Atualmente têm sido observados níveis 

crescentes de Hg na atmosfera provenientes de fontes antropogênicas, principalmente em países 

industrializados. O Brasil é o sétimo país com a maior concentração de mercúrio na atmosfera. 

A principal entrada de Hg para os ecossistemas é através da deposição atmosférica (úmida e 

seca). Os biomas florestais são de grande importância na ciclagem do mercúrio elementar na 

interface atmosfera/solo, através da captação foliar e posterior transferência deste elemento da 

serapilheira para o solo. No Brasil, a Mata Atlântica abriga uma enorme riqueza de 

biodiversidade de fauna e flora. Estudos recentes neste bioma revelam altas concentrações de 

mercúrio na serapilheira, sendo semelhantemente as concentrações encontradas em Floresta 

Subtropical na China. Avaliações ecotoxicológicas podem predizer o potencial risco ecológico 

da toxicidade do Hg no solo e os efeitos que podem acarretar na fauna e nos outros níveis 

tróficos da cadeia alimentar dentro de um ou mais ecossistemas. Esta tese objetivou determinar 

os níveis de mercúrio que representam riscos à diversidade e funcionamento da fauna em solos 

tropicais, para ser utilizado como ferramenta chave na Avaliação do Risco Ecológico (ERA). 

Duas unidades de conservação florestal do Estado do Rio de Janeiro foram selecionadas para o 

estudo. A primeira é um Parque Estadual, localizado próximo às indústrias de cloro-álcalis, 

papéis e de uma grande refinaria de petróleo em atividade desde 1961. A segunda é um Parque 

Nacional com menores interferências antrópicas, entretanto localizado próximo a uma refinaria 

ainda em construção (com previsão de inicio de atividades para 2017), a qual será a maior 

refinaria do Brasil. Nessas unidades florestais foram realizadas caracterizações químicas, 

ambientais e ecológicas. Os resultados indicaram maiores concentrações de mercúrio na 

serapilheira e nos solos florestais das áreas com maior proximidade de atividades industriais. A 

presença de Hg neste solo influenciou a abundância e a diversidade de grupos taxonômicos da 

fauna do solo. Propriedades do solo como matéria orgânica e pH interagiram com o mercúrio e 

os organismos, mostrando a importância do tipo de solo em ERA. Em testes de toxicidade, a 

reprodução foi o parâmetro mais sensível para meso e macrofauna em solos contaminados com 

Hg+2. As minhocas mostraram maior acúmulo de mercúrio em seus tecidos que em coprólitos. 

Entre os fatores climáticos avaliados em laboratório, o aumento da temperatura (de 20˚ a 24˚C) 

não influenciou a toxicidade de Hg para os colêmbolos. Contudo, condições extremas de 

umidade do solo aumentaram a toxicidade do Hg para os enquitreídeos. A menor concentração 
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de efeito observado foi de 1 mg Hg kg-1 para Collembola, indicando a necessidade de maior 

restrição nas concentrações limitantes de mercúrio no solo recomendada pelo CONAMA, uma 

vez que os processos de biomagnificação e metilação do mercúrio podem ocorrer ao longo da 

cadeia alimentar. 

 

Palavras-chave: Ecotoxicologia Terrestre. Elemento traço. Mata Atlântica. Mercúrio 

atmosférico. Mercúrio Divalente.  
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ABSTRACT 

Atmospheric pollution by mercury (Hg) is of great concern to all humanity, as its physico-

chemical characteristics confer this toxic metal ability to travel long distances around the planet. 

Currently has been observed mainly in industrialized countries, the increasing levels of Hg in 

the atmosphere arising from anthropogenic sources. Brazil is the seventh country with the 

highest rate of mercury in the atmosphere. The major input of Hg to ecosystems is through 

atmospheric deposition (wet and dry), being transported in the atmosphere over large distances. 

Forest biomes are of great importance in the atmosphere/soil cycling of elemental Hg through 

foliar uptake and subsequent transfer of this to the soil through litter, playing an important role 

as sink of this element. The Atlantic Forest of Brazil is a major storehouse of fauna and flora 

biodiversity, and according to recent studies this biome has high concentrations of mercury in 

litter, similar to those found in Chinese in Subtropical Forest. Ecotoxicological assessments can 

predict the potential ecological risk that the toxicity of Hg in the soil can lead to soil fauna and 

indirectly impact other trophic levels of the food chain within one or more ecosystems. This 

thesis aimed to determine mercury levels that represent risks to diversity and functioning of soil 

fauna in tropical forest soils, as a key tool in Ecological Risk Assessment (ERA). Two Forest 

Conservation Units of the State of Rio de Janeiro were selected for the study. The first is a city 

Park, located next to chlor-alkalis industries and to an important petroleum refinery in activity 

since 1961, whereas the second is a national Park located next to a refinery under construction, 

which will be the largest refinery of Brazil, beginning in 2017. This site represents a forest with 

lower anthropogenic impacts. In these Units were carried out whole chemistry, environmental 

and ecological characterisations. Results indicated higher mercury concentrations in litter and 

soil from the forest close to industrial activities. The presence of Hg in this soil influenced the 

abundance and diversity of taxonomic groups of soil fauna. Soil properties such as organic 

matter and pH did interact with the mercury and the organisms, showing the importance of the 

soil type in ERA. In toxicity tests the reproduction was the endpoint more sensitive for meso 

and macrofauna in soils spiked with Hg+2. Earthworms showed greater accumulation of 

mercury in their tissues than in casts. Among the climatic fators evaluated in the laboratory, the 

increase of temperature (from 20˚ to 24 ˚C) did not influence Hg toxicity to Collembola. 

However extreme soil moisture conditions increased Hg toxicity to enchytraeids. The lowest 

observed effect concentration was of 1 mg Hg kg-1 to Collembola, indicating a need for a greater 

restriction in the levels of mercury load in soil recommended by the CONAMA. Since mercury 

biomagnification and methylation processes can occur along the food chain.  
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1 GENERAL INTRODUCTION 

 Mercury (Hg) is a toxic and dangerous metal, naturally found in the earth's crust. 

Atmospheric mercury comes from anthropogenic and natural sources (WHO, 2000). Problems 

of atmospheric and environmental pollution date back to the Industrial Revolution, since 

industry and the burning of fossil fuels, are responsible for high levels of Hg emission to the 

environment (UNEP, 2002). Due to its physicochemical properties, this chemical element is 

considered a global pollutant. It is easily redistributed in atmospheric, terrestrial and aquatic 

ecosystems through complex associations of transformations and transports (SILVA-FILHO et 

al., 2006).  

 Researchers warm that if nothing is done to reduce this pollution, by 2050 around 8,000 

tons of Hg will be released into the atmosphere, with an accumulation of 2- 3,000 tons in the 

environment (UNEP, 2013). Brazil is the seventh country with high mercury content in the 

atmosphere. Among the relevant anthropogenic sources of Hg are chlor-alkalis and 

petrochemical industries. According to ANP (2012) about 100 million m3 of crude oil per year 

is produced in Brazil in oil refineries. These refineries contribute with low generation of Hg 

solid wastes, between 0.01 and 0.08 ng Hg L-1 refined oil. However a large fraction of this 

mercury can be emitted into the atmosphere (NRIAGU; PACYNA, 1988). It is estimated that 

in 2010 approximately 296,374 tons of chlorine was produced in Brazil, corresponding to a loss 

of 4,519 kilos of Hg per year. A considerable part of this tends to go directly into the atmosphere 

while another goes to hazardous waste deposits, thus becoming a passive environmental risk 

(TASA, 2013). 

 Once released into the atmosphere, the Hg can remains in the environment, circulating 

between air, water, sediment, soil, and biota, where it assumes various chemical species, such 

as: metallic or elemental mercury (Hg0); inorganic mercury mainly in the form of mercury 

(Hg2+), mercury (Hg+) and mercury (HgS) sulfide; and organic mercury, bound to carbon 

radicals, such as methylmercury, ethylmercury, phenylmercury and dimethylmercury 

(LINDBERG et al., 2007; STAMENKOVIC et al., 2008). The chemical form and the elements 

associated with Hg, as well as, the physico-chemical parameters of the system, determine the 

division of the metal between solid and liquid phases, controlling the mobility and availability 

of Hg in the environment (MELAMED; VILLAS BÔAS, 2002). Important processes regulate 

Hg interactions in the environment, influencing its chemical behavior, such as adsorption and 

precipitation in iron and aluminum oxides and hydroxides, and the formation of complexes with 

organic matter. 
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 Mercury vapor present in the atmosphere can be deposited or converted into soluble 

forms returning to the earth's surface in rainwater. With this, important chemical changes can 

occur (BURGER, 1997). The metal can be converted again in to Hg vapor and returned to the 

atmosphere, or it may undergo oxidation to the divalent Hg+2 ion, through contact with 

atmospheric elements such as oxygen, ozone and chlorine. When ionized, it becomes more 

soluble and subject to dislocation from the atmosphere, returning to the terrestrial and aquatic 

environment by precipitation, being this the highest source of Hg deposited in these 

environments. Mercury can also be "methylated" by microorganisms present in sediments of 

water and soil, resulting in methylmercury. This species can cause irreversible damage to living 

organisms, due to its lipid solubility, stability and non-ionic property that allow it to cross the 

cell membrane, besides being neurotoxic and teratogenic (TABATCHNICK et al., 2012). 

 Mercury cycling within one or more interconnected ecosystems consists in the 

movement and continuous dispersion of the metal to biotic (living) and abiotic (air, water, soil) 

compartments biosphere (SELIN, 2009), briefly showed in Figure 1, the mercury 

biogeochemical cycle involves the following steps: 

1- Mercury from anthropogenic (e.g., industrial, burning of fossil fuels and mining activities) 

and natural sources (volcanic emanations, gasification of the earth's crust, petrography, among 

others) are released in the environment (in water, sediments and soils); 

2- In the atmosphere the elemental mercury (Hg0) is converted in chemical forms soluble in 

water, being able to be oxidized by oxygen in the air; 

3- Through dry and wet depositions, Hg precipitates with the rainfall and particulate matters, 

being deposited in soils, sediments and water; 

4- In aquatic and terrestrial environments such as on soil under certain physicochemical 

conditions and/or by action of microorganisms, the Hg ions of inorganic compounds can be 

connected to organic groups, transforming in to organic Hg compounds (e.g., methylmercury 

and dimethylmercury). Mercury ions can also be reduced to Hg0; Mercury deposited in soil and 

in water can be slowly transformed in to volatile species, being re-emitted into the atmosphere 

(MICARONI et al., 2000). 
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Figure 1 - Brief conceptual biogeochemical mercury cycle.  

Source: EC, (2013). 

 

 Hence, the Hg stock in the atmosphere varies according changes in this metal between 

atmospheric layers and different environmental surfaces (soil, vegetation and water). Wet Hg2+ 

deposition (dissolved) and the dry deposition of particulate Hg transfer Hg from the atmosphere 

to the terrestrial compartments. In the case of Hg0, it may occur a bidirectional flow between 

atmosphere and terrestrial surfaces (e.g., water and atmosphere; soil and atmosphere; vegetation 

and atmosphere) (TEIXEIRA et al., 2012). 

 

1.1 MERCURY  IN TERRESTRIAL ECOSYSTEMS AND ITS INTERACTION WITH 

SOIL FAUNA 

  Hg inputs to ecosystems are via atmospheric deposition, because its high gaseous 

pressure and because it can be transported into the atmosphere at great distances, up to 

thousands of kilometers from its source (SCHROEDER; MUNTHE, 1998). Atmospheric 

deposition in forest areas can represent an important local sink in the biogeochemical cycle of 

Hg (LYMAN; JAFFE, 2012). In addition, because it is a global pollutant, the effect of capture 

or absorption may affect regional and even global background values in terrestrial ecosystems. 

 Forest ecosystems have an important role in the transfer of atmospheric Hg to the 

biosphere, where the Hg from the atmosphere is deposited onto leaf surfaces or taken up by 



21 
 

 

plant stomata and subsequently transferred to soils via litterfall (NATALI et al., 2008). 

Deposition of Hg under forest canopies can be 3-4 times greater than deposition to bare soils 

(GRIGAL, 2003) and almost all the Hg in forest canopies is derived from the atmosphere 

(ERICKSEN et al., 2013). According to Fostier et al. (2003) tropical forests (e.g., the Atlantic 

Forest of Southeast Brazil) have higher annual Hg deposition through literfall than temperate 

and boreal forests.  

 However, some uncertainties are still not well understood about Hg transfer to soil from 

the plant. It is assumed thus happens in: plants simply recycle Hg by uptake via soil and then 

return it by way of litterfall, and/or the leaves directly capture atmospheric Hg and deliver it to 

the soil as a new source. The type of vegetation can significantly alter Hg inputs to soils 

(DOMBAIOVÁ, et al., 2005).  

 Soils constitute the largest pool (90% to 95%) of Hg present in the terrestrial ecosystem 

(CHEN et al., 2016). The behaviour of Hg in soils depends on its chemical form and the physic-

chemical properties of soil. The residence time of Hg in soil can be 500 to 1000 years 

(BRIDGES, 1991). Retention of Hg in soil occurs mainly through precipitation, complexation 

and adsorption onto soil organic matter, although the metal also has affinity to bind with metal 

oxides (KABATA-PENDIA, 2011).  

 Soil is one of the environments with the highest diversity on the planet (GILLER, 1996). 

The soil-litter system is home to hundreds of thousands of species of invertebrates that have 

important roles in terrestrial ecosystems and provide human beings a series of environmental 

services whose value was estimated at hundreds of billions of dollars annually (VAN DER 

PUTTEN et al., 2004). These organisms intimately contribute to biogeochemical cycling of 

carbon and mineral nutrients (SECHI et al., 2014). However the delivery of these environmental 

services is threatened by the lack of knowledge of these animals and their importance, as well 

as the gradual changes in natural habitats, caused among other factors by soil contamination.  

 According to Swift et al. (1979) soil invertebrates can be classified according to their 

length, into three groups: Microfauna (<0.2 mm), which includes e.g. nematodes and rotifers; 

mesofauna (0.2 - 2 mm), which includes e.g. mites, collembola and enchytraeids; and 

macrofauna (> 2 mm), which includes e.g. earthworms, milipedes. Mesofauna such as mites 

and collembola live in the existing air pore spaces in soil, the fissures and litter and soil 

interface. Some of these animals feed on bacteria, fungi and algae, while others scavenge on 

degraded organic matter. They all contribute to the breakdown of organic matter, stimulation 

of microorganisms and deposition of faeces, which increase soil fertility.  
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 Earthworms are commonly found in soils and represent about 92% of the biomass 

present of the soil invertebrates (EDWARDS et al., 1996). The importance of these soil animals 

is associated to their role as "ecosystem engineers" since their activities lead to the creation of 

biogenic structures (galleries and casts), that modify the physical properties of the soil where 

they live and the availability of resources for other organisms (JONES et al., 1994). These 

organisms influence directly and indirectly, various physical, chemical and biological soil 

parameters (ABRAHAMSEN, 1972; LAVELLE, 1997). They are quite active in the mechanics 

of the soil, contributing to structural stability, including formation of macro and micro-stable 

aggregates. They can also affect porosity, aeration, hydraulic conductivity, and provide cycling 

of nutrients, stimulating the activity of the microflora and fauna of the soil as a whole, and 

providing nutrient reserves potentially available for plants, favoring their development 

(LAVELLE; SPAIN, 2001).  

 The quality of soils or of terrestrial ecosystems can be evaluated based on the fauna that 

live there in. In this sense, some studies have used soil fauna as bioindicators in scenarios of 

environmental contamination (DIDDEN; RÖMBKE, 2001), such as in the presence of 

pesticides (BUCH et al., 2013; COLLADO et al., 1999), fertilizers (SANDOR and 

SCHRADER, 2012), heavy metals (MIRMONSEF et al., 2017), oil (MARTINKOSKY et al., 

2017) and radioactive elements like uranium (DI LELLA et al., 2005). 

 Ecotoxicity tests permits understanding to what extent chemicals, isolated or in a 

mixture, are harmful to living systems, and how and where their effects are manifest, by 

monitoring lethal, morphological, behavioral, physiological, cytogenetic and biochemical 

responses of organisms exposed to pollutants (SIVAKUMAR, 2015). The standard procedure 

for such tests recommends the use of an artificial soil as substrate for addition of toxic 

substances, eliminating possible external interferences, and the use of test organisms 

recommended by normalizations. Thus, a challenge that arises in adapting the methods to 

complement the assessment of contaminated areas concerns the replacement of artificial 

substrates by natural soil samples, the assessment of possible interferences in the results, and 

the choice of test organisms for samples with specific characteristics (WANG et al., 2009). For 

terrestrial ecosystem assessments with soil fauna there are standardized guidelines such as those 

of the International Organization for Standardization - ISO as well as those of the Brazilian 

Association of Technical Standards – ABNT. However these guidelines recommend the use of 

exotic species that are commonly found in temperate regions but unrepresentative in tropical 

regions (BUCH et al., 2013). 
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 Currently the ABNT is developing a guideline that establishes criteria and gathers 

sufficient information for decision-making in order to ensure the quality of the site-specific 

ecological risk assessment (ERA) of soil contamination. This proposal is based on assessment 

procedures adopted by the ISO 19204 (2017) guideline, considering a TRIAD approach, which 

includes to three lines of evidence (LOE): chemistry, toxicology and ecology. According to 

US-EPA (1998) the ERA process aims to evaluate the likelihood and/or magnitude of potential 

adverse ecological effects (Current or future) as a result of exposure to one or more stressors 

(in the context of contaminated sites, the stressors are usually chemical). A risk cannot exist 

unless: (1) the stressor has an inherent ability to cause adverse effects, and (2) it is coincident 

with or in contact with an organism long enough and at sufficient intensity to elicit the identified 

adverse effect(s).   

 

1.2  PROPOSED APPROACH IN THIS STUDY 

 Two Forest Conservation Units were selected for the study: Taquara Municipal Natural 

Park (T) and Três Picos State Park (P), located in Rio de Janeiro State, Brazil (Figure 2). The 

first park was more prone to the atmospheric deposition of mercury by anthropogenic sources 

(next to oil refinery, with chlor-alkali and paper industries in urban area) and the second park 

was less susceptible to these interference modes (in rural area).  
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Figure 2 - Geographic location of the study sites in Rio de Janeiro State, Brazil. 

 

 Once it was established that specific-sites may be susceptible the environmental impact 

we decided that an ecological risk assessment should be performed and thus the TRIAD 

approach was chosen. A simplified conceptual model of the study is shown below (Figure 3): 
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Figure 3 - Simplificaded conceptual model for Ecological Risk Assessment (ERA) in two Forest Conservation 

Units. Abbreviation refers to C: Chemistry; E: Ecology; T: Ecotoxicology. Model adapted from ISO (2017). 

 

 The first step consisted in the gathering data on the problem in two site-specific risk 

assessment and in identifying (i) chemical stressor: mercury-Hg; potential surrounding 

anthropogenic sources; potential pathways of exposure; direction of wind and other climatic 

conditions that favors its transport and deposition; (ii) target/ecological receptors - forest 

ecosystems (Forest Conservation Units): choice of study areas based on these factors; iii: 

implications to soil fauna and soil quality. The second step was a study of routes of exposure 

within the environmental compartments (litter and horizon soils), by charactering the 

environment of the forest units (i.e. pedology, soil mineralogy, biological, physical and 

chemical parameters; phytophysiognomy). The third step was strongly associated with the 

previous steps. Since it was necessary to know the most representative ecological groups (in 

this case the taxonomic groups of the soil fauna) of the site in order to assess the sensitivity of 

these organisms to the contaminant and protect the organisms that live in the environmental 

compartments that are part of contact route (see figure 4). The last step involved the conclusions 

and perceptions on the risk, integrating the laboratory and field results. A final decision-making 

was performed for the ERA, such as planning stipulations for environmental political and 
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managements. In order to ensure permanent and effective environmental quality and 

Preservation of the functionality and diversity of the fauna. 

 Figure 4 ilustrates the  stratification levels of the environmental compartments (litter 

and soil) taken in the forest units evaluated. In this approach we selected the species/taxonomic 

groups more respresentative in the Forest Conservation Units of this study, to investigate Hg 

effects on the terrestrial ecosystem. However it should be noted that in this doctoral thesis, the 

results obtained for mites and milipedes were not included because they were not yet published. 

 

 

Figure 4 - Representative taxonomic groups of the soil fauna in litter and soil and the litter-soil interface in two 

Forest Conservation Units (P and T).  
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2 OBJECTIVES  

 

2.2 GENERAL OBJECTIVE 

 The main objective of this study was to determine the levels of mercury (Hg) that 

represent a risk to the diversity and development of soil meso and macrofauna in tropical forests 

soils. 

 

2.3 SPECIFIC OBJECTIVES 

I. Determine the taxonomic groups, of the soil meso and macrofauna in two Forest 

Conservation Units (FCUs) of the State of Rio de Janeiro; 

II. Calculate ecological indexes of soil fauna in two Forest Conservation Units (FCUs) of 

the State of Rio de Janeiro; 

III. Physical and chemical characterization of the soil in two Forest Conservation Units 

(FCUs) of the State of Rio de Janeiro; 

IV. Chemical characterization of litter and quantification of accumulated litter in two Forest 

Conservation Units (FCUs) of the State of Rio de Janeiro; 

V. Evaluate the sensitivity of exotic and native species of the soil mesofauna to mercury 

(II) spiked in tropical soils through toxicity tests (ex situ); 

VI. Evaluate in situ and ex situ, ecotoxicological effects of mercury in tropical soils on  

different ecological groups of macrofauna; 

VII. Evaluate if climatic changes, such as temperature and soil moisture, may potentiate Hg 

toxicity to soil fauna; 

VIII. Collaborate on technical and scientific reports or guidelines of the environment, through 

stipulation of critical Hg values in soil and litter, in order to prevent ecological risks to 

soil fauna.  
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3 WORK PLANN 

Table 1. Work plann of the present thesis. 

Chapter Title Scientific Journal Filled the specific 

objectives 

1 Characterization of soil fauna 

under the influence of mercury 

atmospheric deposition in 

Atlantic forest, Rio de Janeiro, 

Brazil. 

Journal of Environmental 

Sciences 

(v. 32, n. 1, 217-227, 

2015). 

I, II, III, IV and 

VIII. 

2 Ecotoxicity of mercury to 

Folsomia candida and 

Proisotoma minuta (collembola: 

isotomidae) in tropical soils: 

baseline for ecological risk 

assessment. 

Ecotoxicology and 

Environmental Safety 

(v. 127, 22-29, 2016). 

III, V, VII and 

VIII. 

3 Ecotoxicology of mercury in 

tropical forest soils: impact on 

earthworms. 

Science of the Total 

Environment 

(v. 589, n.1, 222-231, 

2017). 

III, VI and VIII. 

4 Mercury critical concentrations to 

Enchytraeus crypticus (annelida: 

oligochaeta) under normal and 

extreme conditions of moisture in 

tropical soils – reproduction and 

survival. 

Environmental Research 

(v. 155, 365-372, 2017). 

III, V (partial-

only exotic 

species), VII and 

VIII. 
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4 CHARACTERIZATION OF SOIL FAUNA UNDER THE INFLUENCE OF 

MERCURY ATMOSPHERIC DEPOSITION IN ATLANTIC FOREST, RIO DE 

JANEIRO, BRAZIL1 

 

ABSTRACT 

The increasing levels of mercury (Hg) found in the atmosphere arising from anthropogenic 

sources, has been the object of great concern in the past two decades in industrialized countries. 

Brazil is the seventh country with the highest rate of mercury in the atmosphere. The major 

input of Hg to ecosystems is through atmospheric deposition (wet and dry), being transported 

in the atmosphere over large distances. The forest biomes are of strong importance in the 

atmosphere/soil cycling of elemental Hg through foliar uptake and subsequent transference to 

the soil through litter, playing an important role as sink of this element. Soil microarthropods 

are keys to understanding the soil ecosystem, and for such purpose was characterized the soil 

fauna of two Units of Forest Conservation of the state of the Rio de Janeiro, in which one of 

the areas suffer quite interference from petrochemicals and industrial anthropogenic activities 

and other area almost exempts of these perturbations. The results showed that soil and litter of 

the Atlantic Forest in Brazil tend to stock high mercury concentrations, which could affect the 

abundance and richness of soil fauna, endangering its biodiversity and thereby the functioning 

of ecosystems. 

Keywords: Biodiversity; Litter; Microarthropods; Soil; Trace-element; 

 

4.1  INTRODUCTION 

 Currently, seventeen countries are considered megadiverse, by containing 70% of the 

world's biodiversity. Brazil is the first for harboring between 15% and 20% of the biological 

diversity of the planet and the largest number of endemic species, the largest tropical forest (the 

Amazon) and two of the nineteen hotspots worldwide (the Atlantic Forest and the Cerrado). 

The Atlantic Forest Biome extending through fifteen Brazilian states (totaling approximately 

1,105,000 km2 of continental extension) is the fifth most endangered forest area of the planet. 

In the state of Rio de Janeiro, only 20% is preserved (INPE, 2013), although in a fragmented 

and localized way. 

                                                           
1 BUCH, A. C.;  CORREIA, M. E. F.; TEIXEIRA, D. C.; SILVA-FILHO, E. V. Characterization of soil fauna 

under the influence of mercury atmospheric deposition in Atlantic Forest, Rio de Janeiro, Brazil. Journal of 

Environmental Sciences, v. 32, n. 1, p. 217-227, 2015. Formatted in accordance with the scientific journal. 

 

http://www.sciencedirect.com/science/journal/10010742
http://www.sciencedirect.com/science/journal/10010742
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The biodiversity of these biomes has been degraded due to anthropogenic activities such 

as industry, which emit pollutants, compromising the quality of atmospheric, aquatic and 

terrestrial ecosystems, leading to an accelerated loss of species. The mercury (Hg) stands out 

among the global pollutants due its ease of dispersion and toxicity, since it can stay in the 

atmosphere for about 0.5-2 years (Liang et al., 2014). Approximately 4070 tonnes of mercury 

is introduced in the Earth's atmosphere every year (Mason et al., 1994; UNEP, 2013). 

Environmental variables such as rainfall, temperature, wind and solar radiation can influence 

in the Hg enrichment in forest soils. According to Sigler and Lee (2006) the increase of soil and 

air temperature were directly associated to promote greater Hg deposition, while factors as solar 

radiation and water vapor did not influence the deposition. Teixeira (2008, 2012) showed 

negative correlation between the wind speed and rainfall. Fire (Dicosty et al., 2006; Melendez-

Perez et al., 2014) and CO2 concentration (Natali et al., 2008) have been also reported to 

collaborate with the high Hg deposition in forests. Most of the Hg input to ecosystems is 

through atmospheric deposition (Niu et al., 2011) coming from anthropogenic and natural 

sources and may be deposited into a forest canopy in gaseous and aerosol forms (Lindberg et 

al., 2007). Forest canopies can uptake atmospheric Hg more rapidly than other landscapes due 

to their large leaf areas and rough surfaces (Risch et al., 2012). The dry deposition velocity to 

forests for the Hg species (in order of relative abundance - gaseous elemental, oxidized or 

reactive, and particulate of Hg) can be 2-5 times larger than in other vegetated or non-vegetated 

surfaces (Zhang et al., 2009). This trace element has been found in litter, in Brazil in Atlantic 

Forest (Silva-Filho et al., 2006; Teixeira et al., 2012), and in China in Subtropical Mixed Forest 

(Wang et al., 2009) in the largest concentrations reported worldwide.  

The Hg stock in litter to the horizon O (organic) in the soil is directly proportional to the 

quantity of produced litter (Silva-Filho et al., 2006), and this deposition is mainly related to 

weather, deposition in cold regions are weaker than in warm regions. Litter is one of the biggest 

sources of Hg accumulation in forest soils, affecting the terrestrial and aquatic trophic chain 

(Tabatchnick et al., 2012). The forest biome has a huge relevance in the elemental (Hg0) 

atmosphere/ soil cycling through leaf capture and posterior transference to soil by the litter 

(Grigal, 2002). The atmospheric deposition in forest areas can represent an important local sink 

in the biogeochemical cycle of this element (Lyman; Jaffe, 2012). Moreover, because it is a 

global pollutant, the effect of this sequestration could affect regional and even global 

background values.  

 Through litter decomposition the Hg is incorporated to the soil, which is considered as 

the environment that has the major biodiversity of the planet. Hundreds of thousands of species 
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of invertebrates live in this environment, which have been playing important functions in the 

terrestrial ecosystems, fundamental for decomposition and mineralization processes of the 

organic matter and providing a series of environmental services for humans, with value 

estimated in hundreds of billions of dollars per year (Van Der Putten et al., 2004). Those 

services are being threatened by the ignorance of such animals and their importance, and by the 

progressive alteration of their natural habitats caused, among other factors, by soil 

contamination. Thus the soil edaphic fauna is a key tool to understanding the anthropogenic 

impacts in the environment. In this context, the qualitative and quantitative variations of the 

fauna can reflect the loss or diminishing of determined groups of the fauna, as well as, of the 

population and of specific species.  

 Due to the scarcity of studies assessing the ecological risk of atmospheric Hg deposition 

for edaphic fauna in tropical forest biomes, this work is based and focuses on the quantification 

of Hg levels in litter and soils, coming from atmospheric deposition, and the characterization 

of the fauna of two Units of Conservation of Atlantic Forest in the Rio de Janeiro state, Brazil. 

 

4.2 MATERIAL AND METHODS 

4.2.1 Characterization of the forest areas 

 The study was performed in two Units of Forest Conservation (UFCs) of the state of 

Rio de Janeiro in Brazil, Três Picos State Park (Latitude: 22°35′52.24″S, Longitude: 

43°14′21.15″W, altitude: 74 m) and Taquara Municipal Natural Park (Latitude: 22°30′8.76″S, 

Longitude: 42°51′21.95″W, altitude: 72 m). The first park is considered an urban forest and is 

located in an industrial zone at 12.4 km from a big petroleum refinery, which was activated 

fifty-two years ago and still works. The second park is inserted in a rural zone, away from 

industrial activities and at 18.2 km from the largest petrochemical complex in Brazil, which is 

under construction, beginning its functioning in 2016. The choice of these areas was based on 

the following factors: (1) the distance lower than 40 km of the possible Hg emission sources, 

since the largest rate of deposition occurs in these perimeter (Schroeder and Munthe, 1998); (2) 

the wind direction from the emitting source to the forests, South to North; (3) the similarity in 

the phytophysiognomy of the vegetation in the chosen altitudes, being both Lowland Rain 

Forest Dense; (4) the soils of the sampling of fauna and total mercury to the UFCs are of the 

same category, classified as Dystrophic Haplic Cambisol (Tb), according to EMBRAPA 

(2013); and (5) same geologic formation, being Santo Aleixo Unit, composed of garnet-

hornblende biotite granodioritic, rich in xenolits of paragneisse partially molten. This geology 

has nomercury in its composition (Guimarães, 1999). According to the Köppen classification 
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(1936), the climate in the region, for the two UFCs is Aw, hot and humid, with an average 

annual temperature of 24°C, and an average annual precipitation of 1299 mm in Taquara 

Municipal Natural Park (T), and 1473 mm in Três Picos State Park (P). 

 

4.2.2 Physico-chemical analysis of the soil 

 For each UFC 20 sub-samples of soil of 20 cm depth were collected, with the aid of a 

Dutch auger, forming a composite sample of 500 g of soil. The analysis was performed in the 

Brazilian Agricultural Research Corporation – EMBRAPA - Agrobiologia, following the 

methods of physico-chemical analysis of the soil described in Nogueira and Souza (2005). 

 

4.2.3 Characterization and quantification of accumulated litter  

 For quantification and characterization of accumulated litter, eight litter samples were 

collected using a square mold of 0.5 m2, randomly placed in forest areas. The samples were 

dried in the lab oven at 65°C, and posteriorly separated and classified according to their stages 

of fragmentation: (1) layer of leaves non-fragmented (L portion); (2) layer of leaves fragmented 

(F portion); and (3) layer of humus, advanced stage of decomposition (H portion). 

 

4.2.4 Analysis of mercury 

 For the determination of total Hg concentration in litter and soil, the samples were 

prepared by mechanical grinding. After being homogenized, approximately 1.0 g of each 

sample was submitted to an acidic extraction in a 3:1 of HCl:HNO3 solution. Cold Vapor 

Atomic Absorption Spectrophotometry (CVAAS) was used for Hg determination, after Hg2+ 

reduction to volatile Hg0 with SnCl2, according Lechler et al. (1997). 

 

4.2.5 Sampling methods of soil fauna 

 The sampling of the soil microarthropods was carried out during the month of November 

2013. Three sampling methods of soil fauna were employed for each UFC in sixteen collection 

points distributed every 2 m. The first method aimed to sample the mesofauna (invertebrates 

100 μm-2 mm in length), and the methodology of sampling and extraction was based on the 

technique described by Aquino and Correia (2006), using modified Berlese-Tullgren funnels. 

Samples of litter and soil were collected at 0-10 cm of depth. The second method employed, 

consisted in the use of pitfall traps (Mommertz et al., 1996), with the aim to sample meso and 

macrofauna more active, resident in the soil–litter interface. The pitfall traps consisted of plastic 

recipients (diameter = 8 cm; height = 12 cm) buried in the ground with its rim at surface level, 
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containing 100 mL of preservative solution, alcohol (70%). The traps remained in the field for 

7 days. The last method used was TSBF (Tropical Soil Biology and Fertility), developed by 

Anderson and Ingram (1993), to collect the macrofauna (invertebrates larger than 10 mm in 

length) (Aquino and Correia, 2005). This principle constitutes in the hand-sorting of litter and 

soil at 0–10 cm and 10–20 cm of depth, at the exact moment of sampling and separation of soil 

horizons. Specimens collected, in the three sampling methods, were quantified and identified 

in the laboratory in petri dishes under binocular microscope, at the level of taxonomic groups 

and families. Only the more predominant taxonomic groups in the samples were identified at 

the family level. The percentage proportion of the families was estimated by the sum of the 

specimens found in litter and soil samples, performed by the three sampling methods. 

 

4.2.6 Ecological index 

 The calculation of the ecological indexes was measured according to the total number 

of individuals to estimate the abundance, and the richness of organisms to estimate the Shannon 

diversity index (H) (Magurran, 1988) and equitability of Pielou (e) (Begon et al., 1996). 

 

4.2.7 Statistical analysis 

 The results of ecological indexes were subjected to analysis of variance and average 

comparison, between each UFC, through the application of the Tukey test at p < 0.05. 

Posteriorly, the data of fauna and chemical-physical properties of soil and litter, including the 

concentration of mercury were analyzed by multivariate statistical analysis by Principal 

Component Analysis (PCA), as a linear ordering technique, used to understand the differences 

between fauna in the UFCs correlating with environmental variables. The analysis was 

performed by the software CANOCO version 4.5. 

 

4.3  RESULTS AND DISCUSSION 

4.3.1 Physico-chemical characterization of the soil  

 The chemical characteristics of the soil are important functional indicators, because it 

synthesizes the process of decomposition and mineralization of organic matter, which occurs 

in forests, mainly in the soil (Pessoa et al., 2012). Soils of the tropical regions are generally 

very acids and have low fertility, showing relatively high potential of nutrient lixiviation. The 

high production of biomass of these forests and its maintenance require large amounts of 

nutrients. Part of these nutrients, after a certain development phase of the forest, is supplied by 

cycling process, whose dynamics and magnitude of contribution change with the forest 
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ecosystem (Gama-Rodrigues et al., 2008). The physico-chemical results of the soils did not 

show relevant differences among the parameters evaluated, showing similarity in the values for 

the two UFCs (Table 2). 
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Table 2. Physico-chemical characteristics of soils, of the Units Forest Conservation (UFCs).  

 

 

 

 

Legend: M - Moisture; P - Três Picos State Park and T - Taquara Municipal Natural Park. 

  

UFC pH 
Al 

(cmolc/dm3)  

Mg 

(cmolc/dm3) 

Ca 

(cmolc/dm3) 

H + Al 

(cmolc/dm3) 

K 

(mg/L)  

P 

(mg/L) 

M 

(%) 

C  

(%) 

N 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

P 3.97 1.48 0.12 0.02 9.06 27 1.58 17.61 1.42 0.18 50 15 35 

T 4.14 1.69 0.10 0.01 9.24 30 1.68 19.57 1.5 0.16 53 15 32 
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4.3.2 Accumulated litter 

 The litter changes its structure during the decomposition process, serving as food and 

habitat to microarthropods, besides being a regulatory element of the own fauna. The average 

values of accumulated litter were similar to the two UFCs, being of 5 ± 0.34 Mg/ha for Três 

Picos State Park (P) and 5.13 ± 0.19 Mg/ha for Taquara Municipal Natural Park (T). Similar 

values were found by Mateus et al. (2013) in studies performed in areas of Atlantic forest in the 

state of Rio de Janeiro, reporting accumulated litter of 5.15 ± 1.51 Mg/ha. Research of Espig et 

al. (2009) reported that in various forest formations of tropical regions the amount of 

accumulated litter ranged between 4.0 and 25.3 Mg/ha/year. Regarding the stage of 

decomposition of litter, the UFCs also presented similar values for non-fragmented leaves (L) 

being 1.44 ± 0.25 Mg/ha for P and 1.71 ± 0.32 Mg/ha for T, as well as for fragmented leaves 

(F) with values of 2.63 ± 0.38 Mg/ha for P and 2.93 ± 0.21 Mg/ha for T. On the other hand, P 

showed slightly higher values of the humus layer, referring to advanced stage of decomposition 

(H) of 0.94 ± 0.14 Mg/ha, whereas in T average values of 0.40 ± 0.11 Mg/ha were observed. 

 

4.3.3 Mercury concentration in litter and soil 

 Forest soils are considered efficient storage pools for atmospheric Hg, retaining up to 

90% or more of deposited Hg, in mineral soil layers and litter (Gong et al., 2014). The average 

storage of total Hg concentration in litter was 240 ± 18 ng/g for T, being six times higher than 

in P (Table 3). This high concentration is possibly associated with the mercury atmospheric 

deposition once that in the regional geology of the UFCs, the source material is exempt of 

mercury in its composition. According to recent studies Hg deposition through literfall in 

tropical forests can be greater than temperate and boreal areas where deciduous vegetation is 

frequently dominant, since there are evidences that Hg accumulates with increasing foliar age, 

and canopies of tropical forests tend to be more efficient filters of atmospheric Hg than 

temperate forest canopies (Millhollen et al., 2006; Silva-Filho et al., 2006; Gong et al., 2014). 

In temperate forests the stored total mercury concentrations ranged between 2.6-58 ng/g 

(Grigal, 2002; Sheehan et al., 2006) and in boreal of 40-70 ng/g, values that tend to be smaller 

than in tropical forests, being 52-205 ng/g (Almeida et al., 2005; Niu et al., 2011; Teixeira et 

al., 2012; Zhou et al., 2013). However, the relative importance of vegetation type and morpho-

physiological characteristics to mercury stock within forested systems is not well known. In the 

soil, for three depths evaluated, the difference of average mercury concentrations between the 

UFCs was not as expressive as in litter. Nevertheless, in T the values were three times larger 

than in P, being the decreasing values according to the depth (Table 3). This decrease in the Hg 
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concentration in accordance with increasing depth was also reported by Zhou et al. (2013) and 

Wang et al. (2009) being larger the Hg levels in the upper layer (± 263.1 ng/g) than in the lower 

layers (± 83.9 ng/g), suggesting a strong chemical affinity of this trace element with organic 

matter, in addition to being adsorbed on mineral surfaces, iron and aluminum oxy-hydroxides 

(Seigneur et al., 1998; Hissler and Probst, 2006; Richardson et al., 2013; Burns et al., 2014). 

Arising from atmospheric deposition, the higher levels of mercury described in this study in the 

T, may be related to the proximity of anthropogenic sources in the region, small industries and 

big oil refinery, whereas in P anthropogenic influence is much smaller. However, we cannot 

fail to mention, that this region possibly will suffer a large increase of deposition of Hg, because 

it is located close to a large petrochemical complex (the Brazil's largest), which will become 

operational as from 2016. 

 

Table 3. Average Hg concentration in the litter and soil, of the Units Forest Conservation 

(UFCs). 

UFC Litter  Soil (0-10 cm) Soil (10-20 cm) Soil (20-30 cm) 

 --------------------------- Hg (ng/g) ---------------------------------- 

P 40 ± 2 50 ± 4 40 ± 7 20 ± 3 

T 240 ± 18 140 ± 9 120 ± 15 80 ± 8 

Legend: P - Três Picos State Park and T - Taquara Municipal Natural Park. 

 

4.3.4 Soil fauna 

4.3.4.1 Sampling methods of soil fauna and Ecological índex 

 The abundance of soil fauna differed significantly (p < 0.05) between the two UFCs in 

litter and soil for sampling by Berlese, showing for P an abundance of mesofauna almost twice 

bigger than in T. The population of the taxonomic groups of Acari and Collembola was higher 

when compared to the twenty-four other groups found in the Berlese and Pitfall methods, in 

soil and litter, representing an average of 90% of the total population of the mesofauna sampled 

in P, and in T representing an average of 70% (according Table 4). In P the Acari group was on 

average represented by suborders Oribatida (58%), followed by Mesostigmata (19%), 

Prostigmata (14%), and Astigmata (4%) and 5% was represented by other suborders present in 

less than 1%. In T the suborders Oribatida (50%), followed by Mesostigmata (30%), 

Prostigmata (11%), and Astigmata (4%) prevailed and 5% was represented by other suborders, 

present in less than 1%. The Oribatida mites usually have little ability to respond to 

environmental changes in the short-term, and their populations decrease rapidly when the 

habitats are modified; such characteristic may allow its use to detect environmental degradation 
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(Behan-Pelletier et al., 1993). In the Collembola group the families were identified, where on 

average 64% corresponded to the sum of Entomobryidae with Isotomidae in both UFCs. 

Additionally in P, 20% corresponded to Poduridae, 10% to Sminthuridae and 6% was 

represented by other families, present in less than 1%. In T 26% corresponded to Poduridae, 

7% to Sminthuridae and 3% was represented by other families, present in less than 1%. In forest 

soils, in Germany, the density of Isotomidae was significantly reduced in disturbed sites, 

whereas Entomobryidae did not decline in population, suggesting that the first family has 

greater sensitivity to environmental changes (Maraun et al., 2003). The presence or absence of 

certain species may be related to changes in pH, availability of nutrient and water and the 

presence of pollutants such as heavy metals (Cassagne et al., 2003; Santamaría et al., 2012). 

According to Das and Joy (2009) the litter quality is closely related to the abundance and 

distribution of Collembola.  

 The third largest taxonomic group identified in T, in the Berlese and Pitfall methods, 

was Hymenoptera representing 7% of the total fauna, being exclusively belonging to the family 

Formicidae. Already in P was sampled less than 1.5% in these methods, contrary to TSBF 

method where the average population was 11%. The specimens of Hymenoptera found in the 

three methods in P belonged to six subfamilies of Formicidae, being Myrmicinae (42%) as the 

most abundant, followed by Formicinae (18%), Ponerinae (11%), Ecitoninae (8%), 

Dolichoderinae (3%), Ectatominae (2%) and 16% was not known or was represented by other 

families present in less than 1%. The specimens of the sampling methods in T were represented 

by 67% of Myrmicinae, 13% of Ecitoninae, and 6% of Formicinae and 14% was not known or 

was represented by other families present in less than 1%. The subfamilies Myrmicinae and 

Formicinae are cosmopolitan and of wide geographic distribution, besides sundry, are dominant 

in both numbers of “workers” and of colonies as in biomass, being frequent in diverse habitats 

(Coelho and Ribeiro, 2006). Furthermore, the presence of ants may be associated with degraded 

areas and disturbed environments as in urban forests, once they are sensitive bioindicators of 

the environmental changes and play important roles in monitoring ecosystem functions, 

including interactions with other organisms at every trophic level (Alonso and Agosti, 2000). 

The greatest amount of ants was sampled by pitfall method, nevertheless the epigeic ants were 

better sampled by TSBF method. Although not present in larger proportions when compared to 

other taxonomic groups sampled by Pitfall, the specimens of Amphipoda were identified due 

the amount sampled and because they are common in the UFCs evaluated in this study. 

Therefore the amphipods were classified as the species Talitroides topitotum (Burt, 1934) 

belonged to the family Talitridae. Anthropogenic interferences in natural environments cause 
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the breakage of spatial and competitive barriers, which may influence the spatial distribution of 

this exotic species (Matavelli et al., 2009; Uehara-Prado et al., 2009). On the other hand, Hurley 

(1968) mentions that the soil characteristics such as moisture, would be of greater influence in 

this order. In the TSBF method, the population in the litter was similar in the two UFCs, 

although slightly higher in T, due to strong abundance of Coleoptera (≈30%) and of 

Hymenoptera (≈30%). In P the presence ≈ 9% of Orthoptera (80% composed by family 

Gryllidae) is highlighted. In the depths of the soil of 0 to 20 cm, the majority of the macrofauna 

found in P belonged to the taxonomic groups of Haplotaxida (37%), being composed 

exclusively of earthworms, Coleoptera (19%), Isopoda (12%) and Diplopoda (10%). In T the 

preeminent presence was of Hymenoptera 28% (formicidae), followed by Coleoptera ≈ 21%, 

Haplotaxida 19% (earthworms), Isoptera (10%) and Diptera (9%), according to Table 4.  

 In both UFCs the earthworms found belonged to the family Glossoscolecidae and all 

species were identified as Pontoscolex corethrurus. These endogeic earthworms are commonly 

found in forest soils of the state of Rio de Janeiro and have strong affinity for the anthropic 

environments, as urban and agricultural soils (Brown et al., 2006, 2010).  

 The families of Coleoptera found in P were Nitidulidae (13%), Scarabaeidae (12%), 

Chrysomelidae (11%), Geotropidae (10%), Scolytidae (10%), Tenebrionidae (9%), 

Staphylinidae (7%), Carabidae (7%), Coccinelidae (3%), Cantharidae (3%), Cerambycidae 

(2%), Corylophidae (2%), Curculionidae (2%), Elateridae (2%), Meloidae (2%), and 

Scydmaenidae (2%) and 3% was represented by other families present in less than 1%. In T 

Scarabaeidae (27%), Nitidulidae (23%), Geotropidae (20%), Staphylinidae (19%), and 

Tenebrionidae (7%) were found and 4% was represented by others families present in less than 

1%. Scarabaeidae beetles have been widely proposed as cost effective bioindicators because 

they are sensitive to environmental imbalances, easily sampled, broadly distributed, and their 

taxonomy and ecology are relatively well known in tropical forests (Kadiri et al., 1997; Bett et 

al., 2014).  

 With regard to Isopoda, in P the following families were found: Porcellionidae (52%), 

Armadillidiidae (18%), Oniscidae (16%), Armadilidae (4%), and Philosciidae (4%) and 6% 

was not known or was represented by other families present in less than 1%. In T 89% 

corresponded to the Porcellionidae and 11% the Oniscidae. Some species as Armadillidium 

vulgare (of the family Armadillidiidae), Armadillo spp. (of the family 

Armadilidae) and Porcelio scaber (Porcellionidae) are found disseminated around the world, 

occurring in various habitat types (Correia et al., 2008), considered excellent bioindicators of 

soils, contaminated with pesticides and heavymetal (Vink et al., 1995). 
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 The presence of the Diptera group in P was less than 2% in the Berlese and Pitfall 

sampling methods, and only in TSBF method was a population of 7% found, with all the 

specimens belonging to the family Calliphoridae. In contrast to that found in T, wherein 89% 

of these populations belonged to the superfamily Muscoidea (most of the family Calliphoridae) 

and 11% Drosophiloidea. The super family Muscoidea is commonly found in forest regions 

(Marinho et al., 2006) and it has great capacity of geographic expansion (Paraluppi and 

Castellon, 1994), beyond subtle ability to locate ephemeral resources in a long distance 

(Greenberg, 1973), being sensitive bioindicators of the anthropogenic interference (D'Almeida 

and Lopes, 1983) and with ecological importance in research medico-sanitary and forensic 

(Gomes and Zuben, 2005). 

 Approximately 79% of the population of Diplopoda sampled in P, belonged to the 

family Trigoniulidae, 13% to Spirostreptidae, 6% to Rhinocricidae and 2% to other families. In 

T there was a predominance of a single family, Trigoniulidae (100%). Hobbelen et al. (2006) 

showed that the soil pollution by Cd, Cu and Zn is a dominating factor to species richness and 

abundance, being still detritivore groups, as Isopoda and Diplopoda able to endure or resist the 

amount of metals in the organic matter. 

 The identification of the family of Isoptera was performed only in the specimens of T, 

because in P the population was less than 1%. In T 75% of the specimens belonged to the family 

Termitidae and 25% to Kalotermitidae. According to Eggleton (2000) the assemblages of 

termites (Isoptera) would be associated with environmental characteristics such as altitude, 

temperature, rainfall and vegetation type with the occurrence of other groups and orders of soil 

fauna. Further, tropical forests would be susceptible to changes in habitat.  
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Table 4. Relation quantitative of the taxonomic groups in the sampling methods carried out in 

UFCs. 

Legend: P - Três Picos State Park and T - Taquara Municipal Natural Park; L - litter; S1 - 0-10 cm depth; S2 - 10-

20 cm depth. The amount is expressed in percentage. 

 

 

 The diversity indexes of Shannon (H) and Uniformity of Pielou (e), together with 

richness and abundance, were statistically distinct to the UFCs and showed higher values for P 

in the three sampling methods, with exception to the values of abundance and richness of the 

taxonomic groups that were similar in Pitfall method (Table 5). The diversity of the families 

also was significantly greater in P, in comparison to T.  

 The composition of the soil fauna reflects the functioning of the ecosystem due to their 

close association with the processes that occur in the litter-soil interface, being very sensitive 

to environmental changes (Correia and Pinheiro, 1999). Interventions in the vegetation cover 

will imply alterations in population density of certain taxonomic groups and in the diversity of 

  Berlese Pitfall TSBF 

Groups PL TL PS1 TS1 P T PL TL PS1 TS1 PS2 TS2 

Acari 62.31 49.67 71.75 67.96 33.77 24.71 0.00 0.00 0.00 0.00 0.00 0.00 

Amphipoda 0.00 0.10 0.00 0.05 0.10 1.47 0.00 0.00 0.00 0.00 0.00 0.00 

Araneae 0.57 1.33 0.38 0.44 0.89 1.31 6.11 6.52 2.22 1.90 0.00 0.00 

Archaeognatha 0.11 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 

Blattodea 0.00 0.29 0.00 0.00 0.00 0.32 0.00 2.17 0.00 0.00 0.00 0.00 

Chilopoda 0.23 0.19 0.15 0.05 0.05 0.11 4.63 1.45 2.22 0.00 1.00 0.00 

Coleoptera 0.97 1.72 1.03 2.36 1.67 10.83 18.67 29.71 20.22 29.97 17.75 12.43 

Collembola 32.38 36.32 23.64 18.76 59.25 51.79 0.00 0.00 0.00 0.00 0.00 0.00 

Dermaptera 0.06 0.10 0.00 0.00 0.00 0.00 2.93 0.00 1.11 0.00 0.00 0.00 

Diplopoda 0.29 0.10 0.08 0.00 0.57 0.37 14.48 3.62 14.11 10.99 5.70 1.43 

Diplura 0.17 0.00 0.08 0.05 0.31 0.05 0.00 0.00 0.00 0.00 0.00 0.00 

Diptera 0.34 2.10 0.15 0.66 0.42 0.79 4.26 13.04 7.78 9.09 9.88 8.71 

Earthworms 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 30.00 20.78 44.44 16.57 

Enchytraeids 0.06 0.10 0.53 0.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Heteroptera 0.11 0.19 0.08 0.11 0.10 0.00 3.78 0.72 2.22 2.60 2.47 1.43 

Homoptera 0.06 0.00 0.08 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1.00 0.00 

Hymenoptera 0.68 6.67 0.65 7.68 1.20 6.78 16.93 30.43 5.57 6.49 2.47 50.00 

Isopoda 0.68 0.29 0.46 0.05 0.47 0.11 11.04 2.90 11.44 2.60 13.28 1.43 

Isoptera 0.00 0.19 0.00 0.71 0.00 0.00 0.00 0.00 0.00 11.69 0.00 8.00 

Neuroptera 0.06 0.10 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Opiliones 0.23 0.00 0.08 0.00 0.52 0.47 6.48 5.07 0.00 0.00 0.00 0.00 

Orthoptera 0.07 0.10 0.00 0.05 0.16 0.68 8.70 4.35 3.11 3.90 1.00 0.00 

Protura 0.17 0.10 0.15 0.00 0.21 0.16 0.00 0.00 0.00 0.00 0.00 0.00 

Pscoptera 0.06 0.10 0.23 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pseudoscorpiones 0.29 0.00 0.15 0.00 0.31 0.05 1.00 0.00 0.00 0.00 0.00 0.00 

Symphyla 0.06 0.10 0.08 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Thysanoptera 0.06 0.19 0.15 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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these fauna, causing a decrease or disappearance of some groups, and depending on the group 

may be indicative of particular or environmental condition established (Büchs, 2003; Audino 

et al., 2014). Soil moisture content, nutrients, soil pH and organic matter are important factors 

for the distribution of soil arthropods (Kim and Jung, 2008). The results of the ecological 

indexes of the UFCs could be differing due to physical and chemical properties of soil, 

vegetation and altitude, but in this study these environmental variables are very similar, 

suggesting that such differences could be associated with the mercury deposition in soil and 

litter, as well as other factors not investigated, which could also influence. 

 

Table 5. Ecological indexes to UFCs for the three sampling methods of soil edaphic fauna. 

Legend: P - Três Picos State Park and T - Taquara Municipal Natural Park; 1Average values followed by same 

letters in the same column do not differ from the Tukey (p < 0.05), for the same sampling methods. 2Abundance - 

number of individuals m-2 for o Berlese and TSBF methods, and number of individuals trap-1 day-1 for Pitfall; 
3Richness - total number of taxonomic groups. 

 

4.3.4.2 Multivariate analysis 

 Multivariate statistical analysis has been reported as a powerful tool to investigate the 

main environmental variables that can be correlated with dispersion and association of 

taxonomic groups, be it in forests that have been devastated by fire (Kim and Jung, 2008), or 

in areas of different systems of agricultural crops (Alves et al., 2006), or still in forests that are 

prone or have suffered some level of contamination (Zaitsev et al., 2014).  

 The relationship between the soil fauna and the environment variables analyzed in this 

study can be visualized through the Principal Component Analysis (PCA). Axes 1 and 2 

explained 48.4% and 24.5% of total data variability, respectively, by the Berlese method in 

litter (Table 6). In this sampling method (Fig. 5a), the taxonomic groups Hymenoptera and 

Diptera were positively correlated with the mercury concentration. For Pitfall method (Fig. 5c), 

Method UFC Depth Abundance 2 Richness 3 Shannon(H) Pielou(e) 

Berlese 

P 
Litter 

46623 a1 23 a 1.80 a 0.51 a 

T 26089 b 21 b 1.38 b 0.31 b 

P 
0-10 cm 

68435 a 22 a 1.52 a 0.37 a 

T 45339 b 17 b 1.20 b 0.17 b 

Pitfall 
P 

Litter 
54 a 16 a 2.05 a  0.51 a 

T 49 a 16 a 1.18 b 0.45 a 

TSBF 

P 
Litter 

316 a 13 a 2.76 a 0.94 a 

T 216 b 11 b 1.40 b 0.41 b 

P 
0 -10 cm 

190 a 11 a 2.79 a 0.81 a 

T 154 b 10 a 2.14 b 0.51 b 

P 
10-20 cm 

172 a 11 a 2.29 a 0.98 a 

T 140 b  8  b 1.65 b 0.52 b 
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the axis 1 explained 73.2% and the axis 2 5.9% (Table 6), and Amphipoda, Diptera and 

Coleoptera groups were positively correlated with the mercury concentration in T. And the 

variable L, referring the stage of decomposition of litter of non-fragmented leaves, was 

positively correlated with the Hymenoptera group. While that in P, the H parameter (advanced 

stage of decomposition of litter) was positively correlated with the Pseudoscorpiones, Diplura 

and Isopoda groups. For this last group the association can be explained by its saprofagic 

activity, contributing significantly to the litter fragmentation and increment of the microbial 

colonization, regulating a fundamental stage of the decomposition process (Caseiro et al., 

2000). In the TSBF method (Fig. 5d) axis 1 explained 47.4% and axis 2 24% (Table 6). The 

Blattodea and Coleoptera groups in T were strongly correlated with mercury concentration. 
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Table 6. Correlation of environmental variables found in the sampling methods with PCA 

axes. 

  TSBF Berlese Pitfall 

Depth Variable AX1 AX2 AX1 AX2 AX1 AX2 

Litter 

Hg 0.6477 0.4885 0.5233 -0.3260 0.9292 0.1716 

L 0.1370 0.5775 0.3394 -0.5222 0.6223 -0.2889 

F 0.5901 -0.0891 0.4269 -0.4895 0.4406 0.0735 

H -0.6832 -0.1232 -0.1751 0.3346 -0.6354 -0.3793 

Relation* 47.4 71.4 48.4 72.9 73.2 79.1 

Soil 

 0-10 cm 

Hg 0.8071 0.1075 0.8318 -0.0586 - - 

Moisture 0.7913 0.1604 0.6554 -0.0890 - - 

C 0.0011 0.0013 0.0152 0.1270 - - 

Al 0.1051 -0.1645 0.3052 -0.3238 - - 

Mg -0.3225 -0.4952 0.0715 -0.0526 - - 

Ca -0.5154 -0.1781 -0.3399 0.2349 - - 

K 0.4760 -0.0084 0.4007 0.0137 - - 

P 0.3662 0.1060 0.4846 0.0342 - - 

H + Al 0.7037 0.2159 0.5740 -0.1386 - - 

N -0.1260 -0.1212 -0.2608 -0.4613 - - 

Sand 0.2925 0.3977 0.4971 0.3708 - - 

Silte 0.1047 -0.1990 0.1036 -0.3647 - - 

Clay -0.2782 -0.1762 -0.3027 -0.0229 - - 

Relation* 52.1 63.7 40.0 54.9 - - 

Soil  

10-20 cm 

Hg -0.7783 0.2079 - - - - 

Moisture -0.6929 0.0259 - - - - 

C -0.2231 -0.2410 - - - - 

Al -0.3110 0.0392 - - - - 

Mg -0.0443 -0.1363 - - - - 

Ca 0.5190 -0.2206 - - - - 

K -0.5971 0.2877 - - - - 

P -0.2224 0.3526 - - - - 

H + Al -0.6687 0.2013 - - - - 

N -0.0477 -0.4514 - - - - 

Sand -0.4521 0.1087 - - - - 

Silte -0.0745 -0.3475 - - - - 

Clay 0.2808 -0.0089 - - - - 

 Relation* 35.9 67.5 - - - - 
Legend: L - non-fragmented leaves; F - fragmented leaves; H - advanced stage of decomposition; Relation* - 

Relation of the taxonomic groups with environment variables. 

 

 In soil of 0-10 cm depth, by the Berlese method (Fig. 5b) axes 1 and 2 explained 40% 

and 14.9%, respectively (Table 6), with the Isoptera group positively correlated with the 

variables of potential acidity (H + Al), moisture and mercury concentration. These same 
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environment variables also showed positive correlation with the Blattodea group, in the TSBF 

method (Fig. 5e), in which axes 1 and 2 explained 52.1% and 11.6%, respectively (Table 6). 

 For the depth of 10-20 cm, in the TSBF method (Fig. 5f), axes 1 and 2 explained, 

respectively, 35.9% and 31.6% of total data variability (Table 6), showing a low correlation of 

the taxonomic groups with the variables, with exception of the Coleoptera, Isoptera and 

Diplopoda groups, which showed positive correlation with the variable of phosphorus (P). In 

turn, the Diptera group was negatively correlated with the variables N and C, possibly due to 

the stage of decomposition of the organic matter. 

 The results evidenced in this work showed a disproportion or even an imbalance 

between the UFCs assessed, already expected since it concerns forests with divergent 

anthropogenic interference, being T as an urban forest, receptive to anthropogenic actions, and 

P is practically free of these interferences. However, it is necessary to emphasize that although 

we cannot affirm that the disproportions of soil fauna have been occurring by the presence of 

mercury levels, since they are forests and there are many other interferences that cannot be 

isolated, or even we cannot find more areas with greater similarities in the same selection 

criteria (as mentioned in Section 1.1. Characterization of the forest areas), we cannot neglect 

that the presence of this trace-element in the environmental compartments, litter and soil, can 

affect the soil fauna composition, interfering in the abundance and diversity of invertebrates. 

Ecotoxicological studies in laboratory have confirmed this, assessing the effect of Hg under the 

fauna in behavioral, acute and chronic tests, in short and long term, and demonstrated that even 

at low mercury concentrations there are effects of ecological risks to mesofauna (springtail and 

enchytraeids) and to macrofauna (earthworms) (Lock and Janssen, 2001). Furthermore, 

researches report that the presence of Hg in terrestrial ecosystems, results in bioaccumulation 

of this element to local fauna, due to its contact and food habitats, of fragment and decompose 

the litter, ingest soil and feed other micro-invertebrates (Boening, 2000; Ackerman et al., 2010; 

Tersic & Gosar, 2012; Guédron et al., 2014). Threating the health of whole food chain that 

integrates the other trophic levels of vertebrates, invertebrates, plants and human. 
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Figure 5. Graphical representation of the Principal Component Analysis (PCA) for the three sampling methods of 

soil fauna, employed in the two areas of UFC correlating with the environmental variables. Legend:  A – Berlese 

method for litter; B – Berlese method for soil 0-10 cm depth; C – Pitfalls method for litter; D – TSBF method for 

litter; E – TSBF method for soil 0-10 cm depth; F – TSBF method for soil 10-20 cm depth; ▲- UFC of Três Picos 

State Park (P); ■ - UFC of Taquara Municipal Natural Park (T). Taxonomic groups: Aca (Acari), Amph 

(Amphipoda), Aran (Araneae), Arch (Archaeognatha), Blatt (Blattodea), Chilo (Chilopoda), Coleop (Coleoptera), 

Coll (Collembola), Derm (Dermaptera), Diplo (Diplopoda), Dipl (Diplura), Dipt (Diptera), Hapl (Haplotaxida-

Earthworms), Haple (Haplotaxida-Enchytraeids), Heter (Heteroptera), Homo (Homoptera), Hyme (Hymenoptera), 

Isop (Isopoda), Isopt (Isoptera), Neur (Neuroptera), Opil (Opiliones), Orth (Orthoptera), Prot (Protura), Psco 

(Pscoptera), Pseud (Pseudoscorpiones), Sym (Symphyla), Thy (Thysanoptera). Environment variables: L – non-

fragmented leaves; F - fragmented leaves; H - advanced stage of decomposition; 
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4.4 CONCLUSIONS 

 The results presented here provide a characterization of soil fauna of two Units of Forest 

Conservation of the State of Rio de Janeiro in order to collaborate with information about 

Brazilian biodiversity of fauna, especially the Atlantic Forest (biome), ensuring its preservation, 

conservation and valorization of a “hotspot” of the biodiversity. Still reporting on the additional 

role of tropical forests in atmospheric Hg transfer to litter and soils, this transfer will impact 

soil fauna if the levels of mercury in these environmental compartments continue increasing. 

This work showed that the increase of Hg levels could be related not only to the quality of the 

terrestrial ecosystem, but specifically to the abundance and species richness of soil fauna, 

drastically altering its biological diversity. However, this study is just the beginning of 

ecological risk studies caused by atmospheric deposition of mercury, and it comes only with a 

characterization, once that the complexity of the interference from atmospheric deposition goes 

far beyond the cycle of this element and its answer to ecosystem biogeochemistry. 
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5 ECOTOXICITY OF MERCURY TO FOLSOMIA CANDIDA AND PROISOTOMA 

MINUTA (COLLEMBOLA: ISOTOMIDAE) IN TROPICAL SOILS: BASELINE 

FOR ECOLOGICAL RISK ASSESSMENT2 

 

ABSTRACT 

Mercury (Hg) is a highly toxic nonessential trace metal. Despite its natural occurrence 

in the Earth's Crust, its concentrations have been steadily increasing in the environment due to 

anthropogenic sources. Recent studies have showed great concern about soil fauna, once the 

potential adverse effects of mercury concentrations in the environment of these invertebrates 

are still poorly understood, especially when linked to forest soils and tropical biota. Different 

collembolan species can show distinct toxicity effects to the contaminants, impairing its 

developing lifelong and affecting its diversity and abundance in the environment. Laboratory 

studies were performed to evaluate the ecotoxicity of Hg (II) to collembolan species collected 

in Brazil, Proisotoma minuta (autochthonous) and Folsomia candida (allochthonous), as a tool 

to predict effects in ecological risk assessment of tropical regions. Behavioral, acute and chronic 

tests were carried under temperatures of 20 ⁰C and 24 ⁰C using two test soils, natural and 

artificial, spiked with increasing mercury concentrations. F. candida was more sensitive to 

mercury contamination than P. minuta, presenting the most restrictive values of EC50 and LC50. 

Reproduction was a considerably more sensitive endpoint than avoidance and mortality.  The 

28-day lower EC50 values were found in chronic tests for F. candida in natural soil at 24 ⁰C 

(3.32 mg Hg kg-1), while for P. minuta was in tropical artificial soil at 20 ⁰C (4.43 mg Hg kg-

1). There were similarity for each collembolan species to respond at the Hg (II) effects when 

exposed at 20 ⁰C and 24 ⁰C. F. candida can be suitable as a bioindicator species to mercury 

ecotoxicity tests in tropical forest soils. 

Keywords: Autochthonous species; Ecotoxicological tests; Invertebrates soil fauna; Springtail; 

Trace metal. 

 

5.1 INTRODUCTION 

 Since the industrial revolution the levels of mercury (Hg) have been increasing in the 

atmosphere and environment. Anthropogenic sources are responsible for about 30% of annual 

                                                           
2 BUCH, A. C.; NIEMEYER, J. C.; CORREIA, M. E. F.; SILVA-FILHO, E. V. Ecotoxicity of mercury 

to Folsomia candida and Proisotoma minuta (Collembola: Isotomidae) in tropical soils: Baseline for ecological 

risk assessment. Ecotoxicology and Environmental Safety. v. 127, p. 22-29, 2016. Formatted in accordance with 

the scientific journal. 

 

http://www.sciencedirect.com/science/journal/01476513
http://www.sciencedirect.com/science/journal/01476513
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emissions of mercury to air. Another 10% comes from natural geological sources, and 60% is 

from “re-emissions” of these sources previously released mercury that has built up over decades 

and centuries in surface soils and oceans (UNEP, 2013).  Mercury is considered a global 

pollutant with ability to undergo long distance transportation in the atmosphere and to be easily 

redistributed in terrestrial and aquatic ecosystems (Marumoto et al., 2015; Silva-Filho et al., 

2006). Mercury deposition in these ecosystems can be carried out by dry and/or wet processes, 

via particulate materials, rain and fog, respectively, and also gaseous exchange between the air, 

water and soil (Juillerat et al., 2012). More than 90% of atmospheric mercury (elemental and 

reactive) is absorbed by forests being potentially a large mobile reservoir that may Hg provide 

to terrestrial and aquatic fauna (Grigal, 2003; Richardson et al., 2013). Recent studies have 

reported the accumulation of atmospheric Hg in tropical forest soils, remaining in greater 

quantity in litter and soil (Silva-Filho et al., 2006; Teixeira et al., 2012; Buch et al., 2015).  

 All soils are in some extent contaminated by global mercury pollution, due to the 

relatively long lifetime of Hg in the atmosphere, which means that the metal can travel long 

distances before being oxidized and deposited (Schroeder and Munthe, 1998; Liu et al., 2014). 

The soils have a high ability to retain and store Hg in function of the strong coupling of this 

with the carbon in the soil, providing favorable conditions for the formation of inorganic 

mercury compounds, such as mercury (OH) and also HgCl, and the mercuric cation coming 

from of complex compounds with organic anions (Soares et al., 2015). According to Kabata-

Pendias (2011) the residence time of Hg in the soil can be estimated between 500 to 1000 years. 

Approximately three-quarters of biospheric mercury resident in soils is mainly in the species of 

inorganic mercury (Hg I or II), which tend to be bioaccumulated and biomagnificated to 

methylmercury, posing risk to plants, invertebrates and microorganisms (Tipping et al., 2011). 

 Soil fauna has fundamental role in the soil structure, decomposition process and 

enhancement of primary production (Quijas and Balvanera, 2013). The continued exposure of 

these invertebrates to pollutants may result in morphological, physiological and behavioral 

changes to species more sensitive, causing an unbalance of populations and consequently 

impairment of ecosystem functioning (Santorufo et al., 2012).  

 Collembola is one of the most abundant groups in terrestrial ecosystems. They 

participate in the microfragmentation of plant detritus and stimulate the activity of bacterial and 

fungal colonies. In addition, they act in the maintenance of good soil quality, participate in the 

soil organic matter dynamics and nutrient mineralization, being thus considered excellent 

bioindicators of forest condition  and change (Cassagne et al., 2006; Sterzyńska et al., 2014) 
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and in ecotoxicological studies, once that they are easy to sample and to culture in laboratory 

conditions (Foutain and Hopkin, 2005). 

Approximately 7000 collembolan species have been described in the world (Deharveng, 

2004). The tropical forests of countries such as Brazil, Australia and New Zealand are 

characterized by a high species richness including several endemic species. However, the lack 

of knowledge about this great biodiversity in species and of its sensibility to environmental 

contamination may reduce or extinguish species (Lewinsohn and Prado, 2005). 

 Ecotoxicity of Hg (II) is still poorly understood for soil fauna, especially in tropical 

regions. This study evaluated behavioral, acute and chronic effects of Hg (II) spiked in soils for 

Collembola aiming to predict effects of mercury atmospheric deposition in forest tropical soils 

to order of auxiliary scientifically in decisions of ecological risk assessments (ERA) and of risk 

management of contaminated sites.   

 

5.2 MATERIALS AND METHODS 

5.2.1 Sampling of collembolans and culture conditions 

 Collembolan species were obtained from forest soils of two Forest Conservation Units 

of Rio de Janeiro state, Brazil, being Três Picos State Park (Latitude: 22º35’52.24”S, Longitude: 

43º14’21.15”O, altitude: 74 m) and Taquara Municipal Natural Park (Latitude: 22º30’8,76”S, 

Longitude: 42º51’21,95”O, altitude: 72 m). Surface dwelling collembolans were collected in 

eight uncovered pitfall traps (diameter of 7 cm) for each site. Traps were placed along a 20 m 

transect with a spacing of 5 m between them and filled with a substrate of plaster of Paris and 

activated charcoal (10:1) with a  water slide surface of 3 cm depth. Sampled invertebrates from 

the traps were removed every day over a period of seven days. Thereafter in laboratory, only 

collembolans were isolated in culture boxes, when the more abundant species were determined 

to species level, following the dichotomous key of Fjellberg (2007) and Hopkin (2007).  

Four collembolan species were isolated and maintained in laboratory: Proisotoma 

minuta (Tullberg, 1871) present on 68% of samples, Entomobrya sp. – on 17%, Sminthurides 

sp. – on 13% and Folsomia candida (Willem, 1902) on 2% of samples. This last specie was 

selected because its use as a standard test organism to assessment soil quality by ISO guidelines. 

Collembolans were cultured in plastic containers lined with a mixture of plaster of Paris and 

activated charcoal 8:1 (ISO, 1999) under temperature of 20 ± 2 ⁰C and with a photoperiod of 

12:12 h light:dark. Cultures were kept moistened and a small amount of granulated dry yeast 

was added as a food source once a week. A better development of cultures of Sminthurides sp. 
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and Entomobrya sp. were observed after insertion of moss (approximately 1 g), revealing a 

habitat and food preference for this material.  

 Sminthurides sp. did not reproduce in laboratory during eight months of monitoring, 

possibly because we found few specimens of males. It is known that in the Family 

Sminthurididae, the males choose the female and attach themselves with antennae modified for 

clasping (Niklasson et al., 2000).  

Entomobrya sp. (Entomobryidae) survived by two months in laboratory, while the 

culture declined gradually, indicating low adaptation to laboratory conditions. 

For F. candida and P. minuta, the establishment of the cultures occurred after four 

months and they were monitored during one year. Its biological characteristics and life history 

can be observed in Table 7.  

Aiming to assess the sensitivity of F. candida and P. minuta to mercury, adults were 

transferred to new boxes with culture substrate for egg-laying to obtain synchronized juveniles 

(10-12 days old) for the ecotoxicity tests.  
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Table 7. Summary of characteristics of Folsomia candida and Proisotoma minuta. 

Species Folsomia candida  

(Willem, 1902) 

Proisotoma minuta 

(Tullberg, 1871) 

Morphology1, 2   

Body length ≈ 2.8 mm ≈ 1.2 mm 

Pigment body white Greyish brown 

PAO Present Present 

Eye Ocelli absent 8+8 ocelli 

Abdomen Abd IV/V and VI fused Abd V and Abd VI 

separate 

Anal spines Absent Absent 

Furca Present Present 

Manubrium Ventral  side with numerous 

setae (at least 8+8 and up to 

16+16) 

Ventral side with 1+1 

apical setae 

Dens Ventral side with about 28 

setae 

Dorsal side with 

ridges 

Mucro Two teeth Three teeth 

Life history traits in 

laboratory cultures (20 ± 2 ⁰C)  

  

Time until oviposition after egg-

hatching 

20-25 days 18-20 days 

Time of egg development 10 days 8 days 

Stage to exposure Juvenile (10-12 days) Juvenile (10-12 days) 

Optimal growth and 

reproduction conditions of 

temperature 

20 ± 2⁰C 20 ± 2⁰C 

Reproduction1,2 Asexual Sexual 

Environment 1,3   

Distribution Cosmopolitan, widely found 

in temperate regions 

Cosmopolitan, widely 

found in tropical 

regions 

Ecological-group Hemiedaphic (soil-litter 

interface) 

Hemiedaphic (soil-

litter interface) 

Soil condition Decaying organic matter Decaying organic 

matter 

Land use Agriculture, forestry and 

pasture 

Agriculture, forestry 

and pasture 
1Hopkin (2007); 2 Fjellberg (2007); 3Mendonça et al. (2015).  

    

5.2.2 Test soils 

Two soils were used as test substrate for the ecotoxicological tests: a natural and an 

artificial soil. The natural soil (NS) was a forest soil collected at 20 cm top layer from Forest 

Conservation Unit, Três Picos State Park (Latitude: 22º35’52.24” S, Longitude: 43º14’21.15”O, 

altitude: 74 m), Rio de Janeiro State, Brazil. The soil was defaunated through two freeze-

thawing cycles and mechanically ground and sieved to obtain a 2 mm fraction. Physical and 
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chemical characterization of soil were performed by Brazilian Agricultural Research 

Corporation – EMBRAPA - Agrobiology, following the methods described in Nogueira and 

Souza (2005), and the water holding capacity (WHC) was determined according to ISO (1999). 

The natural soil (NS) was classified as Dystrophic Ta Haplic Cambisol, according to 

EMBRAPA (2013), being predominant in crop fields and forest soils in Brazil. Properties of 

NS are shown in Table 8. Low mercury concentrations were detected in the soil samples (Table 

8), and such natural budget concentrations were considered to spike the tested soils.  

The artificial soil used was proposed by OECD (1984) and adapted by Garcia et al. 

(2004; 2011) as a Tropical Artificial Soil (TAS), composed by 70% of fine sand, 20% of 

kaolinite clay and 10% of powdered coconut fiber, this was used as source of organic matter 

replacing the sphagnum peat. When necessary the pH value was adjusted to 6.0 ± 0.5 with 

calcium carbonate. 

 

Table 8. Physicochemical parameters of natural soil (NS) used in this study. 

Soil parameters Value 

pH (1M KCl) 3.98 ± 0.4 

Water holding capacity 59 ± 0.8 

Mercury concentration (mg kg -1) 0.05 ± 0.004 

Cation exchange capacity (cmol
c 
kg

-1

) 9.63 ± 0.2 

Electrical conductivity (µScm-1, 1:5) 70.8 ± 0.3 

Organic matter (%) 2.6 ± 0.2 

Texture (%)  

Sand 50 

Silt 15 

Clay 35 

± Standard Deviation. 

 

5.2.3 Ecotoxicity tests 

Synchronized collembolans of 10-12 days old were exposed to mercury concentrations 

added to natural and artificial soil.  Hg (II) was added and hand-homogenized to the soil as 

aqueous solutions of chloride salt (HgCl2, Sigma-Aldrich, St Louis, MO, USA). Mercury 

nominal concentrations were based on previous studies (e.g., Lock and Janssen, 2001): 0, 0.5, 

1, 1.8, 3.2, 5.6, 10 and 16 mg Hg kg-1 dry weight. Controls received just deionized water. The 

moisture of soils was adjusted to 50-60% of the maximum WHC. Tests were performed on 
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cylindrical glass containers (10 cm diameter and 8 cm height). Ecotoxicity tests were conducted 

with a 12:12 (light/dark) photoperiod. 

 

5.2.3.1 Behavioural tests 

Avoidance tests were carried out according to ISO 17512-2 (ISO, 2011) for each tested 

soil (TAS and NS) at 20 ± 2 ⁰C. Each treatment had 5 replicates.  

Test containers were divided in two sides by a lamina glass divider inserted transversally in the 

middle position. One section was filled with 30 g dry weight of control soil (TAS or NS) and 

the other side was filled with 30 g of contaminated soil (TAS or NS). After soil addition, the 

divider was removed and twenty juvenile springtails (10 to 12 days old juvenile) were carefully 

placed in the midline of the container. Containers were covered with an opaque plastic film to 

reduce water loss by evaporation and to prevent springtails from scape. At the end of the test 

period (48 h), the control and test soils in each container were separated by the lamina glass 

divider. Both soils were flooded with water in separated containers. After the addition of some 

drops of ink and gently stirring it with a spatula, the springtails floating on the water surface 

were counted. The tests would be invalid if the number of dead or missing springtails were > 

20% per treatment.  

 

5.2.3.2 Acute tests 

 The acute toxicity of Hg (II) to F. candida and P. minuta was assessed following the 

ISO 11267 (ISO, 1999). The lethality tests were carried out during 14 days at 20 ± 2 ⁰C and 24 

± 2 ⁰C. Containers were filled with 30 g of TAS and/or NS (fresh weight – FW) containing the 

mercury concentrations (treatments) or deionized water (controls). Five replicates were 

prepared per treatment. At the start of the test, ten collembolans were introduced in each 

experimental unit and about 2 mg of granulated dry yeast was added as food in each glass 

container. All the containers were covered with parafilm. Once a week, containers were opened 

to allow gas exchange. At the 14th day, the content of each container was carefully transferred 

to a larger container, which was filled with water, such that the surviving individuals floated on 

the water surface. Drops of black ink were added to increase the visual contrast between 

collembolans and the liquid. Collembolans were counted and the lethality for each treatment 

was recorded. Due to the rapid degradation of dead springtails, missing organisms are assumed 

to have died during the test period. The tests would be invalid if the number of dead or missing 

springtails were > 20% in controls.  
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5.2.3.3 Chronic tests 

Reproduction tests were carried out according to ISO 11267 (ISO, 1999), evaluating the 

responses of F. candida and P. minuta in TAS and NS,  at  20 ± 2 ⁰C and 24 ± 2 ⁰C. One day 

before starting the tests, the test organisms were acclimatized on TAS or NS. The test design 

was composed by seven Hg (II) concentrations and the control (distilled water) x two species x 

two temperatures, using five replicates with collembolans. Three additional test containers for 

each concentration, but without organisms were used for pH, moisture content and residual Hg 

(II) determinations at the end of the test (28 days). At the start of the test, ten juvenile springtails 

(10 to 12 days old juvenile) and approximately 2 mg of granulated dry yeast were placed in 

each test container. All containers were covered with parafilm and placed within the incubator. 

Twice a week the test containers were opened briefly to allow the aeration and the moisture 

was replaced once a week. 

 

 

5.2.4 Mercury concentrations and pH analysis at the end of chronic exposures 

 Measured concentrations of Hg (II) were determined in soil (mg kg-1) at the beginning 

and at the end of the tests. Soil samples were manually homogenized and analyzed using a 

Lumex RA-915+ device, an atomic absorption spectrometer with a pyrolysis unit (RA-915M), 

where samples matrix were destructed and mercury atoms were measured using atomic 

absorption spectroscopy (EPA, 2004). Determination of pH values was carried out in a 1:2.5 

soil:liquid ratio with 1 M KCl, following ISO guideline (ISO, 1999). 

 

5.2.5 Data analysis 

 Results of avoidance and lethality toxicity tests were expressed as percentage of 

response organisms, while results of chronic tests were expressed as mean number of juveniles. 

The percentual effect of avoidance (A) for Hg (II) concentrations was calculated using the 

expression: A = ((C-T)/N)*100, where C is the number of individuals in the control soil, T is 

the number of individuals in the test soil and N is the total number of individuals. NOEC (no 

observed effect concentration) and LOEC (lowest observed effect concentration) for the 

avoidance tests were estimated by Fisher’s Exact test. The concentrations causing 50% effect 

(EC50) for avoidance and the median lethal concentration (LC50) for lethality tests were 

calculated using probit analysis with PriProbit Software 1.5 (Sakuma, 1998).   



61 
 

 

 NOEC and LOEC values were determined by ANOVA followed by Dunnett’s test, 

differences between control and each concentration were evaluated at p < 0.05 level (software 

Minitab® 15.1.0.0). 

The EC50s for reproduction were calculated using non-linear regressions, according to 

Environmental Canada (EC, 2014). The best fitting model was Gompertz, expressed by the 

expression (extracted from Chelinho et al., 2014):  

Y= c*exp ((log(0.5))*(logconc/x^b), where: Y is the number of juveniles, c is the control 

response, logconc is the log-transformed exposure concentration, x is the estimate of 50% effect 

concentration and b is the scale parameter (estimated between 1 and 4). 

 

5.3 RESULTS 

5.3.1 Avoidance responses 

No mortality was observed in all tests. A dose response was observed in the avoidance 

tests for both tested species towards mercury contamination (Fig. 6). No avoidance response 

occurred at 0.5, 1.0 and 1.8 mg Hg kg-1 dry wt. EC50 values are shown in Table 9. The most 

restrictive value was found to F. candida in NS (EC50 = 5.44 mg Hg kg-1 dry wt) and the less 

restrictive value was to P. minuta in NS (EC50 = 7.90 mg Hg kg-1 dry wt). 

 The concentration of 16 mg Hg kg-1 dry wt showed to be limiting for habitat function of 

soils for both species, where on average  > 80% of collembolans were found in the control soil. 
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Table 9. Summary of the ecotoxicological effects of mercury for collembolan species. 

Species Toxicity Test Soil-Test Temp. EC50 or LC50 NOEC LOEC 

     ˚C mg Hg Kg-1 dry wt 
 

Behavior  F. candida TAS 20 6.24 (4.66-7.82) 1.8 3.2 

 NS  5.44 (4.13-6.75) 1.8 3.2 

P. minuta TAS 20 7.52 (5.28-9.76) 1.8 3.2 

 NS  7.90 (5.78-10.02) 3.2 5.6 

Acute  F. candida TAS 20 6.99 (4.71-9.27) 3.2 5.6 

 NS  6.12 (3.74-8.50) 1.8 3.2 

P. minuta TAS 20 7.02 (5.42-8.62) 3.2 5.6 

 NS  7.16 (3.88-10.44) 3.2 5.6 

F. candida TAS 24 6.71 (5.00-8.42) 3.2 5.6 

 NS  6.06 (3.62-8.50) 1.8 3.2 

P. minuta TAS 24 6.87 (6.10-7.64) 3.2 5.6 

 NS  7.09 (5.28-8.90) 1.8 3.2 

Chronic  F. candida TAS 20 3.81 (3.67-3.95) 1.0 1.8 

  NS  3.40 (3.18-3.62) 1.0 1.8 

 P. minuta TAS 20 4.43 (4.28-4.58) 1.8 3.2 

  NS  4.47 (4.31-4.64) 1.8 3.2 

 F. candida TAS 24 3.64 (3.48-3.79) 0.5 1.0 

  NS  3.32 (3.11-3.54) 1.0 1.8 

 P. minuta TAS 24 4.47 (4.33-4.62) 1.8 3.2 

  NS  4.58 (4.43-4.73) 1.8 3.2 
TAS - Tropical Artificial Soil; NS - Natural Soil; Temp. - Temperature; EC50 - Concentration causing 50% effect; 

LC50 - Concentration causing 50% mortality; Data in brackets correspond to the 95% confidence intervals; NOEC 

- No observed effect concentration; LOEC - Lowest observed effect concentration. 

 

Figure 6. Avoidance responses (average ± standard deviation) of Folsomia candida and Proisotoma minuta in 

Tropical Artificial Soil (TAS) and Natural Soil (NS) treated with increasing concentrations of mercury. Asterisks 

(*) indicate significant difference in avoidance levels between treatment and control (p < 0.05 Dunnett’s test).  
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5.3.2 Acute responses  

 No lethality of collembolans was found in controls. A dose response was observed in 

lethality tests for both tested species towards mercury contamination. NOEC, LOEC and 

derived LC50 are shown in Table 9. The lowest NOEC value (1.8 mg Hg kg-1 dry wt) was found 

in NS for F. candida at 20 ºC and at 24ºC, and for P. minuta at 24ºC. The derived LC50 ranged 

from 6.06 mg Hg kg-1 dry wt (F. candida in NS at 24ºC) to 7.16 mg Hg kg-1 dry wt (P. minuta 

in NS at 24ºC). LC50 were similar among species, soils and temperatures. 

The concentration of 16 mg Hg kg-1 dry wt caused 100% lethality for the tested species 

in both soils and temperatures (Fig. 7). 

 

 

Figure 7. Lethality responses (average ± standard deviation) of Folsomia candida and Proisotoma minuta in 

tropical artificial soil (A) and natural soil (B) treated with increasing concentrations of mercury. Bars with asterisks 

(*) indicate significant difference in lethality levels between treatment and control (p < 0.05 Dunnett’s test). 

 

5.3.3 Chronic responses 

Reproduction rate in controls reached a minimum of 100 instars per container, with the 

coefficient of variation lower than 30%, fulfilling the validity criteria of the tests. No significant 

differences were found for reproduction of each species between tested soils and temperature 

in controls (one-way ANOVA, Tukey´s test, p < 0.05). These findings can indicate that the 
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tested temperatures, 20 ºC and 24 ºC, can be in a range of adequate conditions for reproduction 

of F. candida and P. minuta (Fig. 8). 

A dose response was observed in reproduction tests for both tested species towards 

mercury contamination. NOEC, LOEC and derived EC50 are shown in Table 9. Each tested 

species showed similar response when exposed at 20ºC or 24ºC. The lower EC50 was found for 

F. candida in NS at 24 ⁰C (EC50 = 3.32 mg Hg kg-1 dry wt), while for P. minuta the lower EC50 

was found in TAS at 20 ⁰C (EC50 = 4.43 mg Hg kg-1 dry wt). Reproduction of the species was 

practically ceased at 10 mg Hg kg-1 dry wt. 

The results evidenced that F. candida is more sensitive to mercury contamination than 

P. minuta, and they showed reproduction as the most sensitive endpoint when compared to 

lethality and avoidance behavior of collembolans to this contaminant. 

 

Figure 8.  Reproduction (average ± standard deviation) of Folsomia candida and Proisotoma minuta exposed to 

mercury for 28 days in tropical artificial soil (A) and natural soil (B). Bars with asterisks (*) indicate significant 

difference in reproduction levels between treatment and control (p < 0.05 Dunnett’s test). 

 

5.3.4 Mercury concentrations and pH analysis at the end of chronic exposures  

 There was no significant variation in pH values for each soil type in the treatments 

evaluated, when comparing the start (day 0) and the end (28 d) values of chronic tests. TAS pH 

values ranged from 5.82 (±0.10) to 5.79 (±0.11) at 20 ⁰C and from 5.80 (±0.10) to 5.77 (±0.14) 

at 24 ⁰C. NS pH values ranged from 3.82 (±0.10) to 3.76 (±0.11) at 20 ⁰C and from 3.80 (±0.10) 

to 3.74 (±0.11) at 24⁰ C.  
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 At the end of the reproduction test, reduction of Hg concentrations (mg kg-1) was higher 

in the presence of springtails than in replicates without organisms (Fig. 9). Despite not having 

been measured mercury concentrations in the tissues in springtails, the reduction of these 

concentrations leads us to believe that the mercury might have bioaccumulated by collembolans 

or volatized in the environment. This reduction occurred in both soils tested and the effect was 

most notorious for replicates with P. minuta. Furthermore, it was possible to perceive that for 

P. minuta and F. candida the temperature was a factor that contributed to lower values of Hg 

in soils at the end of reproduction test (Fig. 9). 

 

Figure 9. Mean reduction of mercury concentrations in soils, in chronic reproduction tests with collembolans after 

28 d of exposure, determined by Lumex RA-915+. TAS -Tropical Artificial Soil; NS - Natural Soil; WS - 

Treatments without collembolans. 

 

5.4  DISCUSSION  

In recent years, the searches by new species more representative (in terms of abundance, 

wide geographic distribution and sensitivity) have been carried out in different regions. Soil 

metal contamination has been evaluated  using common species of temperate regions, in Europe 

as Folsomia fimetaria (Krogh et al., 2008) and F. candida (Crouau et al., 1999), Orchesella 

cincta (Van Straalen et al., 1987), endemic species in Asia as Lobella sokamensis (An et al., 

2013), Paronychiurus kimi (Son et al., 2007b), Onychiurus yodai  and Sinella umesaoi 

(Nakamori et al., 2008), and species from tropical regions in Brazil and Australia as P. minuta 

(Nursita et al., 2005b; Greenslade and Vaughan, 2003). 

P. minuta has been tested in studies of tropical soil quality assessment spiked with trace 

metals, being considered an important bioindicator of environmental changes, showing high 

sensitivity to cadmium, copper and zinc (Nursita et al., 2005b) but tolerating high levels of lead 
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(Nursita et al., 2005a) and arsenic (Greenslade and Vaughan, 2003). In the present study, P. 

minuta was less sensitive than F. candida to mercury contamination. These findings could 

indicate that the ISO standardized tests with F. candida are protective of autochthonous species 

as P. minuta. However, Son et al. (2007b) found that Paronychiurus kimi (common species in 

Korea) was ten times more sensitive than F. candida (EC50=0.23 mg Hg kg-1 dry wt on 

reproduction tests; LC50=2.6 mg Hg kg-1 dry wt in lethality tests). As the main characteristic of 

a good indicator is to be sensitive to contaminants, leading to protect the entire community, we 

can conclude that more knowledge is necessary about sensitivity of native species to 

contaminants in the tropics. 

The resistance to contaminants can be related to the trophic level of the species, its 

physiology (metal uptake, elimination and immobilization ability), life stages and 

morphological traits. Presence or absence of hairs/scales can interfere in the bioaccumulation 

of pollutants, while the presence of sensory and locomotory organs as ocelli, antenna and furca, 

can help in perception and avoidance when in presence of stressors (Janssens et al., 2009; 

Salmon and Ponge, 2012). In the environment, ecological groups can show distinct effect-

response because inhabit and feed on particular soil layer or stratification, which results on 

differences in exposure (Salmon et al., 2014). Some collembolans species can show differences 

in metal sensitivity, decreasing in abundance in direct proportion to the increased concentration, 

whereas others species can maintain or even increase their population (Santorufo et al., 2012).  

P. minuta and F. candida collected from rainforest successful reproduced in laboratory 

at either 20 or 24⁰C. These results are in accordance with Niemeyer et al. (2015) which reported 

successful reproduction of F. candida in natural soils from Brazil, in laboratory tests incubated 

at 25⁰C. However, Sandifer and Hopkin (1997), evaluating the effects of Cd, Cu, Pb and Zn in 

OECD artificial soil to collembolans, reported almost complete inactivity of F. candida in 

chronic tests at 25⁰C even in controls. Other studies demonstrated that the upper limit of 

tolerance for F. candida would be of 26 ⁰C and some alteration in the ambient temperature 

could affect its reproduction (Marshall and Kevan, 1962; Snider and Butcher, 1973). The 

combination of sublethal stress factors, as high (20 to 35.5 ⁰C) or low (0 to -7.5 ⁰C) 

temperatures with mercury concentrations (0 to 48 mg Hg L-1) can cause an increase in lethality 

of F. candida (Holmstrup et al., 2008; Slotsbo et al., 2009). Such effects were not observed by 

the authors when these factors were tested separately, which can indicate a significant 

potentiation of effects when the temperature is out of the optimum for the species. In the present 

work, each tested species showed similar response to Hg (II) in lethality and reproduction when 
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exposed at 20ºC or 24ºC. The results suggest that the tested temperatures (20 and 24ºC) are in 

a range of adequate condition for the tested species. 

A dose response towards mercury contamination was observed in all tests performed. 

F. candida was more sensitive to mercury contamination than P. minuta, presenting the most 

restrictive values of EC50 and LC50 in both soils and temperatures. 

The performance of F. candida at 20 ⁰C in tropical artificial soil with Hg (II) in chronic 

and acute tests was similar to that found by Lock and Janssen (2001) in OECD soil. These 

authors reported EC50 value of 3.26 mg Hg kg-1 dry wt to the 28-day reproduction test and total 

mortality at 10 mg Hg kg-1dry wt, whereas this work observed EC50 and LC50 values of 3.42 

and 6.99 mg Hg kg-1 dry wt, respectively. However, Liu et al. (2010) found different results in 

a sandy loam soil from China. The EC50 values based on reproduction and avoidance tests with 

F. candida were 9.29 and 3.88 mg Hg kg-1 dry wt, respectively. Such values for reproduction 

were higher than the findings of the present work, while avoidance behavior was the most 

sensitive endpoint.  

 These dissimilarities could be related to genetic differences between populations. Diogo 

et al. (2007) found differences in tolerance between laboratory strains of F. candida in 

avoidance behaviour towards pesticide exposure, but no differences were found in 

reproduction. These authors point that the use of clonal lineages from different origins can 

influence reproducibility of toxicological tests with collembolans. 

Furthermore, differences in toxicity can be related to soil properties. In the present study, 

the tested soils were different in pH and OM content. High pH values and OM content can 

increase chemical sorption and consequently decrease bioavailability and toxicity (Sandifer and 

Hopkin, 1996; Kabata-Pendias, 2011). These parameters can also influence the reproduction of 

collembolans itself (Son et al., 2007a). The most restrictive value of EC50 was found in 

reproduction tests with F. candida in NS at 24ºC. These findings could be expected due to lower 

pH on NS (3.89) in comparison to TAS (6.0), and the lower OM content in NS (3%) in 

comparison to TAS (10%). Luo et al. (2014) evidenced that the low pH of forest soils may 

amplify the ecological risk caused by bioaccumulation of lead. Moreover, the type of OM 

present has influence in bioavailability of contaminants. According to Da Silva et al., (2013), 

the coconut peat fibers, OM source in TAS, have high ability to retain trace elements due the 

presence of functional groups such as hydroxyl, carboxyl, and carbonyl. The results reinforce 

the importance of using natural soils to assess toxicity of contaminants.  

Despite bioaccumulation was not determined in this work, the decrease of measured 

concentrations of Hg (II) in soil at the end of the chronic test can suggest this occurrence. 
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Results of Nursita et al. (2009) showed a positive correlation between time of exposure and 

cadmium concentration in tissues of P. minuta. Such results may differ among species due to 

ecological characteristics of the species that modify their exposure, uptake and elimination rates 

of contaminants.  In Bur et al. (2010), F. candida showed cadmium concentration in tissues up 

to 10 times higher than that measured in the soils to which they were exposed.  In the present 

work, the reduction of measured concentrations of Hg (II) was more noticeable in replicates 

with P. minuta. Further studies should be carried out to confirm the fate of mercury in soil 

contamination.  

5.4.1 Ecological risk assessment (ERA) 

 Given of the complexity of an Ecological Risk Assessment (ERA) to mercury 

contamination in tropical forest soils is necessary the understanding of three investigation lines 

that are complementary (EA, 2008). A multidisciplinary approach with these lines, chemical, 

ecological and toxicological, will allow that we can propose environmental and ecological 

measures to mitigate and even prevent the harmful effects of mercury to soil fauna. 

 Ecological (quali-quantitative of soil fauna) and chemical (Hg levels) information from 

mercury atmospheric deposition in Forest Conservation Units, of Rio de Janeiro state, Brazil, 

can be found in Buch et al. (2015). Toxicological data of the most locally representative 

taxonomic groups are being studied. The present study to Collembola allows us to affirm that 

not always native species are the most adequate to represent the risks that Hg contamination in 

soil would entail in collembolans species. So, even being F. candida an exotic species, its higher 

sensitivity help us the further restrict mercury levels to be present in tropical forest soils. 

Ensuring this way the diversity of a range of species, be native or exotic, and especially 

protecting the performance of its functionality in terrestrial ecosystems.  

5.5 CONCLUSION 

 This study assessed the sensitivity to mercury of autochthonous collembolan species 

most representative of tropical forest soils. Among these collected species Sminthurides sp., 

Entomobrya sp. and P. minuta, just the last was successful reproduced in laboratory. The 

standard tested species F. candida used in this work for comparisons was also collected and 

isolated from tropical forest soils and satisfyingly well developed in laboratory conditions, well 

as at either 20 or 24 ⁰C. 
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 Results showed that F. candida was more sensitive to mercury than the autochthonous 

species P. minuta. Among the endpoints evaluated, reproduction presented the most restrictive 

EC50 values. Each tested species showed similar response in lethality and reproduction when 

exposed at 20 ºC or 24 ºC. The lower EC50 values of Hg (II) for F. candida were found in 

reproduction tests with the natural soil at 24 ⁰C, while for P. minuta were in reproduction tests 

with the tropical artificial soil at 20 ⁰C.   

 The results presented in this manuscript can be used for the assessment of  

environmental risk of mercury contamination, leading to a more realistic assessment. 

 This manuscript presents some effects of mercury accumulations in soil and 

collembolan populations, indicating in which concentrations a decrease in abundance can be 

expected.  
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6 ECOTOXICOLOGY OF MERCURY IN TROPICAL FOREST SOILS: IMPACT 

ON EARTHWORMS 3 

 

ABSTRACT 

Mercury (Hg) is one of the most toxic nonessential trace metals in the environment, with high 

persistence and bioaccumulation potential, and hence of serious concern to environmental 

quality and public health. Emitted to the atmosphere, this element can travel long distances, far 

from emission sources. Hg speciation can lead to Hg contamination of different ecosystem 

components, as well as biomagnification in trophic food webs. To evaluate the effects of 

atmospheric Hg deposition in tropical forests, we investigated Hg concentrations in earthworm 

tissues and soils of two Forest Conservation Units in State of Rio de Janeiro, Brazil. Next, we 

performed a laboratory study of the biological responses (cast analysis and behavioral, acute, 

chronic and bioaccumulation ecotoxicological tests) of two earthworms species (Pontoscolex 

corethrurus and Eisenia andrei) to Hg contamination in tropical artificial soil (TAS) and two 

natural forest soils (NS) spiked with increasing concentrations of HgCl2. Field results showed 

Hg concentrations up to 13 times higher in earthworm tissues than in forest soils, while in the 

laboratory Hg accumulation after 91-days of exposure was 25 times greater in spiked-soils with 

128 mg Hg kg-1(dry wt) than in control (unspiked) soils. In all the toxicity tests P. corethrurus 

showed a higher adaptability or resistance to mercury than E. andrei. The role of earthworms 

as environmental bioremediators was confirmed in this study, showing their ability to greatly 

bioaccumulate trace metals while reducing Hg availability in feces.  

Keywords: Cast production; Eisenia andrei; Environmental Quality; Pontoscolex corethrurus; 

Terrestrial Ecotoxicology; Trace metal. 

 

 

 

 

 

                                                           
3 BUCH, A. C.; BROWN, G. G.; CORREIA, M. E. F.; LOURENÇATO, L. F.; SILVA-FILHO, E. V. 

Ecotoxicology of mercury in tropical forest soils: Impact on earthworms. Science of the Total Environment, v. 

589, n. 1, p. 222-231, 2017. Formatted in accordance with the scientific journal. 

 



75 
 

 

6.1 INTRODUCTION 

 Mercury (Hg) is a persistent, bioaccumulative and toxic substance (PBTs) widely 

released into the environment. For over a century, it has been known as an environmental 

pollutant (Schroeder and Munthe, 1998). Every year, 1010-4070 tons of Hg are emitted into the 

atmosphere from anthropogenic and natural sources (Li et al., 2016; UNEP, 2013). Atmospheric 

mercury exists mainly in the form of elemental mercury vapor (Hg0) (90 to 99%), particle bound 

mercury (< 5%) and gaseous divalent mercury (Hg2+) (< 5%) (Fu et al., 2012). The residence 

time of Hg0 in the atmosphere is approximately one year (Kim et al., 2016). The Hg released to 

the atmosphere can be distributed over long distances and deposited far away from its source. 

It is estimated that approximately 90% of the total mercury arriving from the atmosphere is 

captured in soils of terrestrial ecosystems (Gustin, 2012; Driscoll et al., 2013).  

Forest ecosystems are large sinks of trace metals and metalloids, receiving considerable inputs 

of these through atmospheric deposition (Luo et al., 2015; Siudek et al., 2016). Recent research 

reported atmospheric accumulation of mercury in litter and soil of tropical forests (Buch et al., 

2015; Da Silva et al., 2016). Dry and wet deposition plays a major role in the transfer of Hg 

from the atmosphere to soils and leaching into groundwater, or movement to surface waters. 

Hg2+ can be transformed to methyl-Hg by bacterial activity at and below the sediment/water 

interface or in algal mats (Zhou et al., 2016). Generally, inorganic mercury is relatively 

immobile in the environment, but the transformation to an organic form, primarily by bacterial 

action, enhances substantially mercury uptake and mobility (Arenas-Lago, et al., 2014). 

According to Rieder et al. (2013) the inorganic Hg is methylated in earthworms and not by 

bacteria introduced into soils by earthworms. 

 Trace metals like mercury may be bioaccumulated in earthworms and this is strongly 

associated to the metal speciation in soils as well as the earthworm species and ecological 

category (Rieder et al., 2011). Furthermore, mercury is consistently biomagnified along food 

chains due to its easy sorption in alimentary tracts, penetration into placenta, through the blood-

brain barrier and damage to membranes, enzymes and various protein components, as well as 

damage to nucleic acid chains (Kabata-Pendias, 2011).  

 Earthworms are an essential component of soil-litter food webs, and a major food source 

for many small mammals, insects, fish, reptiles and birds. They are also consumed by humans 

in countries such as Venezuela, Thailand and China, besides being present in the composition 

of many nutritional supplements and foods distributed worldwide, which are very rich in protein 

(Paoletti, 2004; Péres et al., 2011). Furthermore, earthworms constitute up to 80% of the total 
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biomass of the soil fauna and spend most of their life in the soil, where they concentrate their 

feeding, burrowing and casting activities (Sivakumar, 2015). They participate in the mixing of 

organic and inorganic fractions of soil, the formation of stable aggregates, the dynamic and 

recycling of nutrients from organic matter decomposition, and their burrows help soil aeration, 

and water infiltration and drainage in soil (Smagin and Prusak, 2008).  

Eisenia fetida (Savigny, 1826) and Eisenia andrei Bouché, 1972 are epigeic species 

of temperate regions that feed on fresh organic matter and normally do not ingest soil 

(Domínguez et al., 2005). Although they are widely used in ecotoxicological assessments for a 

range of pollutants in soils (Spurgeon et al., 2003), their use and ecological relevance remains 

questionable for tropical soils and environments (Buch et al., 2013; Kuperman et al., 2009). 

Pontoscolex corethurus (Müller, 1857) is an endogeic geophagous species native to Northern 

South America but commonly found throughout tropical and subtropical regions in disturbed 

agricultural, forest and peri-urban soils (Ortíz-Gamino et al., 2016; Brown et al., 2006). 

Ecotoxicological tests including native endogeic species widely distributed throughout soils 

worldwide have greater ecological relevance but few tests have used these species for Hg 

contamination and bioaccumulation assessments. Therefore, the following study was 

undertaken to assess the potential impact of mercury contamination in tropical forest soils on 

earthworms, both in situ (from atmospheric deposition) and ex-situ in the laboratory (spiking), 

using two earthworm species. 

6.2 MATERIALS AND METHODS 

6.2.1 Study I: in situ 

6.2.1.1 Location of sampling sites 

 The study was carried out in two Forest Conservation Units (FCU) of the Rio de Janeiro 

State in Brazil, which are Três Picos State Park (P), Latitude: 22°30′8,76″S, Longitude: 

42°51′21.95″W, altitude: 72 m and Taquara Municipal Natural Park (T), Latitude: 22º35’52.24” 

S, Longitude: 43º14’21.15”W, altitude: 74 m. The first Park is inserted in a rural area, away 

from industrial activities and at 18.2 km from the largest petrochemical complex in Brazil, 

currently under construction, with inauguration scheduled for 2017. The second Park is located 

in an industrial zone (next to chlor-alkali and paper industries) and 12.4 km distance from a big 

petroleum refinery, which was activated 55 years ago and is still functioning. Both forest units 

have the same phytophisiognomy, i.e., Atlantic rainforest - Tropical Lowland Dense Rain 

Forest. A full description and the choice of these areas is provided in Buch et al. (2015).  
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6.2.1.2 Earthworm and soil sampling  

 In each FCU, soil and earthworms were sampled in eight sampling points (within a 

radius of 20 m) at two depths in the soil profile (0-20 and 20-40 cm). The earthworms were 

manually removed 50 x 50 cm monoliths following an adaptation of the TSBF (Tropical Soil 

Biology and Fertility) method developed by Anderson and Ingram (1993). Complete and 

apparently healthy adult and juvenile earthworms were collected. These specimens were 

quantified and identified in the laboratory at species level.  

 Five soil sub-samples taken in each sampling point per FCU for the two depths were air 

dried, homogenized and sieved (2 mm-mesh) for the determination of mineralogical, physical 

and chemical parameters, following methods described in EMBRAPA (2011). Mineralogical 

analyses of the clay fractions were performed using an X-ray diffractometer (Rigaku) and 

interpreted according to Brown and Brindley (1980). Crystalline iron and aluminum oxides 

were extracted using dithionite-citrate-bicarbonate (DCB) and amorphous iron and aluminum 

oxides were extracted using ammonium oxalate, following Mehra and Jackson (1960) and 

McKeague and Day (1966) respectively. Important properties of these natural soils (NS) are 

given in Table 10.  
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Table 10. Geochemical characteristics of natural soils from two Forest Conservation Units (FCU) in the State of Rio de Janeiro, Brazil.  

 

FCU Depth 

cm 

Fe2O3
* Fe2O3

** Al2O3
* Al2O3

** 

g kg-1 

CEC 

cmolc kg -1 

pH 

1M KCl 

[Hg] 

mg kg-1 

OM 

g kg-1 

Sand Silt Clay 

% 

P 

 

T 

0-20 

20-40 

0-20 

20-40 

  42.31 a 

 26.62 b  

44.03 a 

25.71 b 

 2.07 a 

1.01 b 

2.11 a 

1.09 b 

 5.90 a 

0.00 b 

5.76 a 

0.05 b 

 1.51 a 

1.02 b 

1.49 a 

0.99 b 

 8.10 a 

5.61 b 

8.33 a 

5.98 b 

3.98 ± 0.4 

4.00 ± 0.1 

4.02 ± 0.3 

4.11 ± 0.1 

0.04 ± 0.005 c   

0.02 ± 0.002 d 

0.15 ± 0.003 a 

0.09 ± 0.002 b 

24.5 ± 0.2 a 

9.9 ± 0.3 b 

25.9 ± 0.2 a 

10.4 ± 0.2 b 

50     15      35 

48     13      39 

53      15     32 

46      11     43  
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6.2.1.3 Mercury analyses 

 Earthworms collected in the field were separated in two groups according to their 

development stages (adult and juvenile). They were weighed and their biomass recorded before 

and after gut clearance in the laboratory at 22 ˚C ± 2 ˚C for 48 hours on moist filter paper. 

Basically, 24 hours is normally enough to achieve depuration and maintain worm health (Hinton 

and Veiga, 2008), but purges within three days are also satisfactory and recommended (OECD, 

2010). Thereafter soil and earthworms samples were frozen, freeze-dried and ground to a fine 

powder and stored until processing. Total mercury analyses were performed using a Lumex 

RA-915+ an atomic absorption spectrometer with a pyrolysis unit (RA-915M), where sample 

matrix is incinerate and mercury atoms counted by an atomic absorption spectroscopy (EPA, 

2004).  

 The Hg bioaccumulation factor (BAF) in earthworms was calculated by taking the ratio 

of total Hg concentration in earthworms to the total soil Hg content, following OECD guidelines 

(317, 2010). 

6.2.2 Study II: Ex situ, laboratory study 

6.2.2.1 Test earthworm species 

 Two earthworm species, E. andrei (exotic) and P. corethrurus (native) were selected as 

test organisms to understand the biological effects of mercury concentrations spiked in NS and 

artificial soils. Cultures of juvenile P. corethrurus collected in forest soils from experimental 

farm of Embrapa Agrobiology (Rio de Janeiro, Brazil) were kept in the laboratory at 22 °C ± 2 

°C during four months while E. andrei were kept for approximately 10 months, in order to 

synchronize their age (stage of development). Only adults with well-developed clitellum and 

biomass between 0.5-0.65 g (P. corethrurus) and 0.3-0.4 g (E. andrei) were used. Before the 

experiment, earthworms were maintained for 48 hours in Petri dishes containing moist filter 

paper in order to empty their gut, with the paper changed every 12 hours to prevent coprophagy. 

6.2.2.2 Test soils 

 Three soils were used as test substrates for the ecotoxicological tests. The NS came from 

the FCUs described above (i.e., P and T in Table 10). The NS were collected from the top 20 

cm and defaunated through two successive freeze-thawing cycles, and mechanically ground 

and sieved at 2 mm. The water holding capacity (WHC) was determined following ISO (2008) 

guidelines, and calculated at 59% and 64% in P and T, respectively. The artificial soil used was 
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proposed by OECD (1984) and adapted by Garcia (2004) and Garcia et al. (2008) as a tropical 

artificial soil (TAS), composed of 70% fine sand, 20% kaolinite clay and 10% powdered 

coconut fiber (replacing sphagnum peat as source of organic matter). The pH value was adjusted 

to 6.0 ± 0.5 with calcium carbonate, when necessary. TAS was moistened before starting the 

toxicity tests by adding deionized water to obtain approximately 55% of the maximum water 

holding capacity, according ISO 11268-2 (2012).  

6.2.2.3  Ecotoxicological tests 

 Behavioral, acute, chronic and bioaccumulation ecotoxicological tests were used in this 

study, carried out under the same laboratory conditions at 22 °C ± 2 °C and in the dark. The 

mercury nominal concentrations used were based on previous studies (e.g., Lock and Janssen, 

2001) being of 0, 32, 64, 128, 264, 512 and 1024 mg Hg kg-1 dry weight in avoidance tests and 

the same range of concentrations up to 512 mg Hg kg-1 dry weight for the acute tests and 0, 8, 

16, 32, 64 and 128 mg Hg kg-1 dry weight for the chronic and bioaccumulation tests and cast 

analyses. Control concentrations contained mercury amounts of field soils as described in Table 

10 for each FCU at 0-20 cm depth. Divalent mercury was added and hand-homogenized to the 

soil as aqueous solutions of chloride salt (HgCl2, Sigma-Aldrich, St Louis, MO, USA). 

Experimental units (EU) were set up using the combination of each test soils with each test 

earthworm species and test concentration for each replicate in all the toxicity tests. Five 

replicates per combination were tested. EU consisted of transparent plastic boxes of 2L capacity 

filled with 500 g soil (dry weight). Soil moisture contents were adjusted once weekly with 

deionized water, and additional food was provided (2 g of cow manure dry wt) in the 

ecotoxicological tests with experimental period greater than two days. Previous studies had 

shown that moisture monitoring and food provision is extremely important for P. corethrurus, 

mainly in reproduction tests (Buch et al., 2011, 2013). 

 Avoidance behaviors were evaluated following the ISO guideline 17512 (ISO, 2008). 

For each EU, ten adult earthworms were placed in the middle line of a test box filled with the 

uncontaminated control soil in one side and the contaminated soil on the other side. After two 

days of exposure, the number of organisms on each side was determined. Animals found under 

the middle line were counted as 0.5 for each side. Dual-control tests (the same soil type on both 

sections of the test box) were also performed to check for the random distribution of the animals 

(ISO, 2008). 

 Acute tests including lethality and change in biomass were carried out according to ISO 

guideline 11268-1 (ISO, 2012). Ten specimens of E. andrei and P. corethrurus were placed 
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separately in each EU. Morphological and behavioral alterations were also recorded during the 

test (at 0, 7 and 14 days). 

 Chronic tests followed procedures described in the ISO guideline 11268-2 (ISO, 2012), 

but with some changes reported as follows. The duration of the tests were extended to 91 days 

for two reasons: to ensure the reproduction of all specimens of P. corethrurus in tropical 

artificial soil (Buch et al., 2011 showed a longer generation time of this species when kept in 

TAS under laboratory conditions); biological effects are more evident over time. Ten specimens 

of species were placed in each EU, being independent units for each species. In weekly 

monitoring, adult earthworm biomass and mortality and cocoon production were recorded. 

However all the juveniles hatched from cocoons were not re-added to their EUs. The intent of 

this experiment was to ensure that at the end of the test, the cast samples were from adult 

earthworms. Morphological and behavioral alterations were recorded when observed.  

 At the end of the chronic tests Hg concentrations in all EUs were evaluated to verify a 

possible loss by volatility or adsorption of mercury during the experiment. Mercury 

accumulation was also evaluated in casts and tissues of P. corethrurus and E. andrei. Cast 

samples were carefully separated from the test soils. Identification of E. andrei casts was 

performed using a stereo-microscope, while casts of P. corehrurus were easily identified, due 

to their oblong, compact and smooth external surface compared to natural sieved soil aggregates 

(smaller than 2mm). The mercury bioaccumulation factor (BAF) was evaluated in surviving 

earthworms after 91 days following recommendations of OECD (2010). 

6.2.2.4 Mercury concentration analyses 

 Total amounts of mercury in earthworm, cast and soil samples were analyzed using a 

Lumex RA-915þ device (EPA, 2004) as described above (section I).  

6.2.2.5 Statistical analysis 

 Effect concentrations (EC) causing 10%, 50 % and 90% responses in behavioral, acute 

and chronic tests on earthworms were estimated in their respective tests as described below.  

 Avoidance concentrations (AC) were calculated by Fisher’s Exact test (software 50-50 

MANOVA). The percentage of avoidance (A) was calculated using the equation: A = (C – 

(T/N)) * 100, where C is the number of earthworms found in the control soil, T is the number 

of earthworms in the soil and N is the total number of earthworms used per treatment.  

 Lethal concentrations (LC) were estimated by regression techniques such as logistic 

regression functions and probit analysis using the PriProbit® program version 1.5. 
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 EC for reproduction were calculated using non-linear regressions, according to 

Environmental Canada recommendations (EC, 2014), following the model of Gompertz, 

expressed by the equation: Y¼c*exp ((log(0.5))*(logconc/x^b), where Y is the number of 

juveniles, c is the control response, logconc is the log-transformed exposure concentration, x is 

the estimate of 50% effect concentration and b is the scale parameter (estimated between 1 and 

4).   

 NOEC (no observed effects concentration) and LOEC (lowest observed effects 

concentration) values and differences in avoidance, mortality, biomass, cocoon and cast 

production and bioaccumulation between treatments were assessed by ANOVA and differences 

between control and each concentration were evaluated by Dunnett’s test, at p < 0.05 level 

(software Minitab® 15.1.0.0.). 

6.3 RESULTS 

6.3.1 Study I: In situ 

6.3.1.1 Natural soils and mercury concentrations  

 The geochemical proprieties of the NS from the two FCUs are summarized in Table 10. 

These soils did not show high levels of cation exchange capacity (CEC) and organic matter 

(OM) values and were classified as Dystrophic Haplic Cambisols, according to EMBRAPA 

(2013). These soils are widely prevalent in natural forests and crop fields in Brazil. The same 

geologic formation was observed for NS, being of the Santo Aleixo Unit, composed of garnet-

hornblende-biotite granodioritic, rich in xenoliths of paragneisse partially molten and free of 

mercury in its composition. The mineralogical properties consist basically of high contents of 

quartz (SiO2), kaolinite (Al2Si2O5(OH)4), muscovite (KAl2(AlSi3O10)(OH)2) and gibbsite (α-

Al2O3(3H2O)) that are related to the medium clay content (35-43%) of these soils. Minor 

amounts of hematite (Fe2O3), goethite (FeO(OH)), magnetite (Fe3O4) and chlorite (Mg3(Si4O10) 

(OH)2 Mg3(OH)6) were also present. The pH values ranged from 3.98 to 4.14 indicating the 

very high acidity of these soils. No significant correlation (p > 0.05) was found between the 

total mercury concentrations and soil geochemical properties (CEC, total C, iron and aluminum 

oxides, pH etc) in these soils. 

 In both FCUs no other trace metals or pesticide residues were found in the NS; only 

mercury was detected (EMBRAPA, 2011). Total mean mercury concentrations in T were 

greater (0.15 and 0.09 mg kg-1 at 0-20 cm and 20-40 cm depth, respectively) than in P (0.04 and 
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0.02 mg kg-1 at 0-20 cm and 20-40 cm depth, respectively; Table 10) confirming Hg 

accumulation in the soil profile by atmospheric deposition (Buch et al., 2015).  

6.3.1.2 Hg bioaccumulation in earthworms from the FCU 

 Earthworms found in NS from the FCU (T and P) were identified as P. corethrurus. 

Average mercury concentrations in adult earthworm tissues ranged from 0.21 in P to 1.88 mg 

kg-1 in T at 0-20 cm and 0.11 in P to 1.18 mg kg-1 in T at 20-40 cm soil depth. Mean Hg 

concentrations were lower in juveniles than adults, particularly in T, where the natural Hg 

contents were higher (Figure 10). Bioaccumulation factors (BAF) of mercury were lower in 

juveniles than adult worms, being less than 2 in juveniles and around 11-14 in adults, 

respectively.   
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Figure 10. Relationship between concentrations of mercury in earthworms (adult and juvenile individuals of P. corethrurus) obtained from two soil depths (0-20 and 20-40 cm) 

in forest soils (A) from Três Picos State Park (P) and Taquara Municipal Natural Park (T) and Bioaccumulation factors (BAF) of Hg in the earthworms (B). Linear regressions 

formulas and r2 values are shown above each line (p < 0.05). 
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6.3.2 Study II: Ex situ 

 In general the chronic, acute and behavioral responses showed a higher toxicity for E. 

andrei in NS than in TAS, with no significant differences between soils from the two sites (T 

and P); only of these with the TAS for concentrations higher than 32 mg kg-1. On the other 

hand, for P. corethrurus there were no significant differences between the three test soils (Fig. 

12A and Fig. 13A). 

 E. andrei showed higher sensibility to mercury toxicity than P. corethrurus in all 

ecotoxicological tests, as can be seen in the ECx, LOEC and NOEC values (Table 11).  
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Table 11. Effect concentrations (EC) in mg kg -1 of Hg derived from ecotoxicological tests 

using the earthworm species E. andrei and P. corethrurus in natural soils (NS) of Taquara 

Municipal Natural Park (T) and of Três Picos State Park (P) and in tropical artificial soil 

(TAS) spiked with mercury. ECx values corresponding 95% confidence limits. 

  Avoidance               

             Species  
 

Soil NOEC LOEC AC10 AC50 AC90 

E. andrei  

TAS 

64 128 

58.8 

(±25.9) 128.3 (±46.6) 

609.5 

(±184.4) 

P. corethrurus 

TAS 

128 264 

114.5 (± 

18.1) 266.2 (±25.3) 618.7 (±80.5) 

E. andrei 

NS-P 

64 128 

63.6 

(±26.9) 206.2 (±48.8) 

668.3 

(±199.1) 

P. corethrurus  

NS-P 

128 264 

152.3 

(±22.1) 300 (±25.8) 591.3 (±67.8) 

E. andrei  

NS-T 

64 128 

50.3 

(±26.4) 168.2 (±48.6) 

562.4 

(±189.9) 

P. corethrurus  

NS-T 

128 264 

132.14 

(±76.7) 294.9 (±91.1) 

658.2 

(±209.4) 

 

Acute       

                  Species  

 

 

Soil  NOEC LOEC LC10 LC50 LC90 

E. andrei              

TAS 

32 64 

47.9 

(±31.9) 152.9 (±54.8) 

488.5 

(±204.1) 

P. corethrurus  

TAS 

32 64 

67.8 

(±61.9) 202.7 (±98.8) 

605.7 

(±302.2) 

E. andrei          

NS-P 

16 32 

36.0 

(±19.9) 113.2 (±34.5) 

356.1 

(±127.8) 

P. corethrurus 

NS-P 

32 64 

64.0 

(±58.8) 193.9 (±96.7) 

587.7 

(±296.1) 

E. andrei  

NS-T 

16 32 

35.3 

(±19.6) 110.1 (±22.8) 

343.1 

(±122.9) 

P. corethrurus  

NS-T 

64 128 

97.2 

(±88.6) 

220.5 

(±105.6) 

500.0 

(±209.7) 

  

Chronic  

               Species 

 

 

Soil NOEC LOEC EC10 EC50 EC90 

E. andrei  TAS 0 8 2.8 (±1.1) 10.2 (±1.9) 36.7 (±6.1) 

P. corethrurus  TAS 0 8 2.6 (±2.4) 11.0 (±6.7) 46.3 (±17.7) 

E. andrei  NS-P 0 8 1.9 (±0.9) 7.0 (±1.8) 25.3 (±4.2) 

P. corethrurus  NS-P 0 8 4.5 (±1.2) 12.5 (±1.7) 34.8 (±5.1) 

E. andrei NS-T 0 8 1.9 (±0.9) 7.2 (±1.9) 27.5 (±4.6) 

P. corethrurus NS-T 0 8 3.0 (±1.1) 12.9 (±2.3) 56.3(±10.5) 

 

 In the two days avoidance tests, no earthworm mortality and no significant difference 

in the avoidance behavior (p < 0.05) was observed between soil types (Table 11 and Fig. 11). 

All soils spiked with mercury concentrations ≥ 512 mg kg-1 dry wt were considered limiting to 

the habitat function of soils for both earthworm species, as they caused around 80% or more 
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avoidance. LOEC values of 128 and 264 mg kg-1 mercury were enough to induce significant 

avoidance of E. andrei and P. corethrurus respectively (Fig. 11).  

 

Figure 11. Avoidance responses in natural soils (NS) and tropical artificial soil (TAS) spiked with mercury 

concentrations to Eisenia andrei and Pontoscolex corethrurus. Values are means and standard error (n=5). Bars 

with asterisks (*) indicate significant difference in avoidance responses between treatment and control. Bars with 

the same letter are not significantly different within the same treatments, i.e., Hg concentrations (p < 0.05 Dunnett’s 

test). 

 

 In acute tests all the earthworms of both species died at 512 mg Hg kg-1 and > 50% with 

264 mg Hg kg-1 (Fig. 12A). For both species, the highest losses of biomass were observed 

starting at 128 mg Hg kg-1 (Fig. 12B). Morphological changes such as excessive excretion of 

coelomic fluid, bleeding, spasms, and swelling and fragmentation of segments were observed 

from day 5 to day 14, being observed in over 70% of E. andrei specimens at concentrations > 

128 mg Hg kg-1 dry wt. Coiling of the body was observed in 30% of P. corethrurus individuals 

at concentrations ≥ 264 mg Hg kg-1.  
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Figure 12. Ecotoxicological assessment in natural soils (NS) and tropical artificial soil (TAS) spiked with mercury concentrations to Eisenia andrei and Pontoscolex corethrurus. 

A) Acute responses; B) Biomass variation in acute tests. Values are means and standard error (n=5). Bars with asterisks (*) indicate significant difference in lethality levels 

between treatment and control. Bars with the same letter are not significantly different within the same treatments, i.e., Hg concentrations (p < 0.05 Dunnett’s test). 
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In chronic tests, 5-8% mortality occurred in the control treatments with E. andrei and P. 

corethrurus respectively, during the 91 day-experiment. In the second week of the test, 8-17% 

died in soils with 64 mg Hg kg-1 confirming results found in acute tests. At 128 mg Hg kg-1 we 

found 62% mortality of E. andrei after 56 days, while P. corethrurus showed 70% survival up 

to 91 days at this Hg dosage. Throughout the experimental period, cocoons were produced by 

> 50% of the earthworms of both species at concentrations up to 8 mg Hg kg-1 dry wt (Fig. 

13A). Behavioral and morphological changes were evident starting at 70 days at concentrations 

> 64 mg Hg kg-1, when > 50% of P. corethrurus specimens had coiled body, intensive mucus 

production, and deposition of empty cocoons (approximately 13%). Biomass was also affected 

by mercury toxicity. Even the lowest dose of Hg (8 mg kg-1) decreased growth of both species, 

and mean mass loss of E. andrei and P. corethrurus was 1.4 and 3.7 mg respectively, at 16 mg 

Hg kg-1 until 63 days. Thereafter, up to the end of the experiment, weight loss at concentrations 

> 32 mg Hg kg-1 was increased (Fig. 13B) and both species were clearly in a debilitated state, 

being inactive and displaying autotomy.  
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Figure 13. Ecotoxicological assessment in natural soils (NS) and tropical artificial soil (TAS) spiked with mercury concentrations to Eisenia andrei and Pontoscolex corethrurus. 

A) Chronic responses; B) Biomass variation in chronic tests. Values are means and standard error (n=5). Bars with asterisks (*) indicate significant difference in reproduction 

responses between treatment and control. Bars with the same letter are not significantly different within the same treatments, i.e., Hg concentrations (p < 0.05 Dunnett’s test). 
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6.3.2.1 Hg bioaccumulation and correlation with soil Hg concentrations 

 After 91 days of incubation, mean Hg concentrations accumulated in E. andrei tissues 

were 33 and 2750 mg kg-1 in the 8 and 128 mg Hg kg-1 dry wt treatments, respectively (mean 

for the three test soils), while in P. corethrurus tissues Hg concentrations were 87 and 3120 mg 

kg-1 in the same treatments, respectively (mean for the three test soils) (Fig. 14A). The average 

BAF for earthworms was around 6 and 23 times higher than the soil Hg concentration in the 

soils spiked with 8 and 128 mg Hg kg-1, respectively (Fig. 14B).  
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Figure 14. Ecotoxicological assessment in natural soils (NS) and tropical artificial soil (TAS) spiked with mercury concentrations to Eisenia andrei and Pontoscolex corethrurus. 

A) Mercury bioaccumulation in earthworm’s tissues; B) Bioaccumulation factor (BAF). Values are means and standard error (n=5). Bars with asterisks (*) indicate significant 

difference in reproduction levels between treatment and control. Bars with the same letter are not significantly different within the same treatments, i.e., Hg concentrations (p < 

0.05 Dunnett’s test).  
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6.3.2.2 Cast production and correlation with soil Hg concentrations 

 Hg content in casts was proportional to the increase of the doping in soils (linear 

regression r2 = 0.99, p < 0.01), showing a concentration of around at least one fifth the amount 

of Hg in the tested soils. Highest total Hg contents (17.98 ± 0.3 and 25.28 ± 0.8 mg Hg kg-1 dry 

wt) were found in casts of E. andrei and P. corethrurus (respectively) at 128 mg Hg kg-1 at the 

end of chronic tests (Fig. 15). The endogeic species P. corethrurus produced castings with 

higher Hg content than the epigeic E. andrei.  

 

Figure 15. Mercury contents correlation in earthworm’s casts and in forest soils from Três Picos State Park (P) 

and Taquara Municipal Natural Park (T). Linear regressions formulas and r2 values are shown above each line (p 

< 0.05). 

 

6.4 DISCUSSION 

6.4.1 Study I: In situ 

 Worldwide, various studies have evaluated Hg accumulation in soils. Over the years, 

our studies (Buch et al., 2015; 2016) and the present study have reported Hg concentrations in 

forest soils of 0.02 to 0.15 mg kg-1 from atmospheric deposition, being similar to those found 

in forest soils of French Guiana showing 0.33 mg Hg kg-1at 0-20 cm depth (Da Silva et al., 

2016) and of Switzerland with 0.07 to 0.55 mg Hg kg-1 (Rieder et al., 2011). Higher total 

mercury concentrations in the two forest soils were associated with higher OM content at 0-20 

cm depth, as observed by other authors (e.g., Soares et al., 2015a; Zhou et al., 2016). On the 

other hand, at 20-40 cm depth, Hg concentrations were more related to clay content and Al and 
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Fe oxides. Comparatively Soares et al. (2015a) demonstrated in various types of soil, higher 

adsorption of Hg in upper horizons indicating the key role of OM, as well as pH and CEC in 

the retention of this trace metal. Lodenius (1987; 1989) also reported a strong affinity of OM 

to Hg with increase in soil acidity, between pH values of 4 and 5. In contrast to other trace 

metals, the amount of mobilized Hg decreases at pH < 3 and at pH > 12, due to the extremely 

high buffering capacity of soil organic matter in both acidic and alkaline states. According to 

Kabata-Pendias (2011) the soils have a greater capacity to retain organic Hg than inorganic Hg 

species. Its concentrations in soil solution are very low (about 2.5 μg L-1), and generally present 

as cationic species such as Hg2+, HgCl+, and HgCH3
-. However, it also can form anions, such 

as HgCl3
- and HgS2

2- (Kabata-Pendias and Sadurski, 2004). Mou et al. (1999) observed that Hg 

in humus and upper organic layers is more easily released through evaporation and leaching 

than in mineral soil. 

 Adult earthworms feeding on both forest soils had Hg concentrations up to thirteen times 

higher in their tissues than in the forest soils, implying that the Hg in both soils and at both 

depths was highly available for worm uptake. Heavy metal uptake kinetics vary depending on 

earthworm ecological category and type of metal (Ernst et al., 2008; Suthar et al., 2008), and 

endogeic species, such as that found at our study sites (P. corethrurus) may bioaccumulate more 

metals than epigeic or anecic species, due to increased contact with the contaminant and the 

higher soil movement and ingestion rates (Lavelle et al., 1987; Suthar et al., 2008). Mercury 

BAFs ranging from 3 to 15 were reported for four endogeic species in Switzerland forest soils 

(Ernst et al., 2008; Rieder et al., 2011), while Han et al. (2012) found much lower BAF values 

(0.47 to 1.75) for mature Diplocardia spp. earthworms on Tennessee floodplain soils, probably 

due to the prevalence of inorganic vs. organic Hg in these soils. As observed for juvenile P. 

corethrurus in the present study, they also found much lower BAF values for immature 

individuals than mature ones (Han et al., 2012), probably due to the lower exposure time.  

 The current results confirm what other authors (e.g., Ernst et al., 2008; Rieder et al., 

2011) have shown for various earthworm species, i.e., that the native species P. corethrurus, an 

earthworm with a life cycle of 4-12 months (Buch et al. 2011), and a life-expectancy of up to 

more than 3 years (based of laboratory data of G. Brown, personal observations), can 

bioaccumulate Hg in their tissues, reaching levels of up to 2 mg kg-1 (values similar to those 

obtained for worms in Switzerland forests), even when Hg levels in soil are much lower (> 10 

times). There is no information on the acceptable limits of tissue Hg contents of earthworms, 

but one must consider the potential for Hg biomagnification in earthworm predators (e.g., other 

invertebrates, birds, small mammals), even when living in soils that have lower Hg contents 
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than those considered as needing preventive measures in Brazil (0.5 mg kg-1 Hg; CONAMA, 

2009). According to Canadian soil quality guidelines for the Protection of Environmental and 

Human Health (CCME, 1999), the mean food chain transfer coefficients, defined as the ratio 

of mercury concentration in the body to mercury concentration in food, are 0.88 for 

herbivorous/omnivorous invertebrates and 2.35 for carnivorous invertebrates. Considering that 

the limit of mercury in fish is of 0.5 mg kg-1 (UNEP, 2008), the acceptable limit of mercury in 

earthworms would be approximately 0.2 mg kg-1. Tipping et al. (2010) reported a critical Hg 

limit of 3.3 mg kg-1 in organic matter corresponding to 0.13 mg Hg kg-1 in the soil, and at lower 

concentrations, it was assumed that there were no harmful effects to soil organisms. 

6.4.2 Study II: Ex situ 

 Earthworms, particularly geophagous and endogeic species, have intimate contact with 

soil, consuming large quantities of soil throughout their lives, and generally lack external 

barriers to chemicals in soil solution. For these and other reasons, they are very important in 

toxicity studies and as complementary tools in ecological risk assessments. Effect 

concentrations causing 10%, 50% and 90% of responses may predict limiting levels of certain 

contaminants in the soil that are critical for the preservation of native and exotic species, and 

consequently of soil quality and environmental services.  

 In the present study, movement ability seems to be affected only at high Hg 

concentrations (> 128 and 264 mg kg-1 for E. andrei and P. corethrurus, respectively) in short-

term behavioral tests (two days). These results confirm those of Tang et al. (2016) who also 

found that E. fetida avoided soils with 128 mg kg-1 Hg. These authors also observed 

proportionally larger physiological effects (e.g., respiration) with increasing mercury 

concentrations in the soil.  

 Acute toxicity (LC50) Hg levels for P. corethrurus in NS (194-220 mg Hg kg-1) and TAS 

(203 mg Hg kg-1) in the present experiment were around two-times higher than reported 

previously for this species by Da Silva et al. (2016) in longer term-tests (56 days) in natural soil 

(100 mg Hg kg-1). Furthermore, acute toxicity of Hg to E. fetida was also much lower in 

artificial soil (15.9 mg Hg kg-1) and in three NS from Brazil (7-19.5 mg Hg kg-1) after 14 days 

(Cesar et al., 2010), than in the present study, where LC50s were 110-113 mg Hg kg-1 in NS and 

153 mg Hg kg-1 in TAS. However, much higher LC50s (152-367 mg Hg kg-1) have been 

observed for this species in NS (Mahbub et al., 2016), and even non-toxic effects in artificial 

soil (Lock and Janssen, 2001). Similarly, Sivakumar et al. (2003) observed LC50 values of 336.6 

mg Hg kg-1 for L. mauritii after only 24 hours. It is well known that metal toxicity depends both 
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on the species and the soil type, although variations in the test conditions can also be important 

sources of variation in these results. In the present study, P. corethrurus showed higher 

tolerance to Hg than E. andrei, despite its endogeic, geophagous habit. Furthermore, acute 

toxicity values were not that different between the two NS used and also with the TAS. 

 Chronic tests using the reproduction endpoint tend to give more realistic assessments of 

metal toxicity effects to organisms and populations. For invertebrates, any stress may cause a 

decrease in reproduction but heavy metals can cause infertility over long-term exposure, as well 

as adaptive mutations (Sivakumar, 2015; Lagauzère et al., 2009). In the present study we found 

that the lowest effect concentrations were observed in the chronic tests, where EC50 values 

ranged from 7-13 mg Hg kg-1 and EC10 values ranged from only 1.9-4.5 mg Hg kg-1. 

Considering the potential toxicity of Hg to earthworms present in NS in Brazil, these EC values 

are still well above the Hg concentrations found in our study sites (T and P), in many natural 

Brazilian soils (0.01-0.21 mg Hg kg-1; Soares et al., 2015a,b), and the value established for 

preventive measures in Brazilian soils (0.5 mg kg-1 Hg; CONAMA, 2009). However, it is well 

within the range of values found in sites close to or affected by mining practices (particularly 

for gold), that can have Hg concentrations of 0.7 up to 6.7 mg Hg kg-1 (Soares et al., 2015a). 

Unfortunately, scant information is available on earthworm populations in mining areas in 

Brazil and in South America as a whole, so that we have little idea as to the potential effects of 

Hg contamination in soils on earthworm communities and the potential for contamination of 

the soil and trophic food webs. Efforts should be made to assess earthworm populations in areas 

affected by mining, and soil and earthworm tissue Hg contents, in order to better evaluate 

potential environmental risks of soil Hg contamination.  

 Cocoon production by P. corethrurus was negatively affected even at the lowest dose 

of Hg spiking (8 mg kg-1), indicating higher sensitivity of this species in the present conditions, 

compared with those of Da Silva et al. (2016), who find no significant mortality and inhibition 

of growth and reproduction of P. corethrurus at concentrations up to 20 mg Hg Kg-1 soil. This 

may be due to the higher OM content in the French Guyana soils (5.3% C), compared with the 

NS of the present experiment (around 1.4% C). On the other hand, EC50 values for E. andrei in 

the present experiment (7-10.2) were relatively similar to those found by Lock and Janssen 

(2001): 9.16 mg kg-1 Hg after 21 days. For the first time, we have been able to report EC50 

values for the native species P. corethrurus (11-13 mg Hg Kg-1 soil), by extending the 

experimental period up to 91 days. Previous studies using this species had reported difficulty 

in performing chronic studies using this species, due to its low reproduction rate and slow 

growth rates (Buch et al., 2011, 2013), but we believe that this can be done as long as the chronic 
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tests are undertaken for around 3 months and the worms are kept at temperatures over 22 °C, 

to promote reproduction (Lavelle et al., 1987). Nevertheless, as highlighted in previous 

publications (Buch et al., 2013), it is necessary to adequately characterize the P. corethrurus 

population used, first in order to be sure that it has been properly identified, since this species 

possesses cryptic lineages (Cunha et al., 2014). Ideally, tests should be conducted with single 

clonal populations to avoid potential interference of genetically inherent variation between 

lineages/clones.  

 Over the 3-months experimental period, growth rates of P. corethrurus were 

significantly affected at even the lowest spiking dose (8 mg Hg Kg-1 soil), while growth of E. 

andrei was affected only at or above 16 mg Hg Kg-1 soil. Although the worms did not lose 

weight compared to initial biomass, Hg contamination at these lower doses impaired their 

ability to increase in mass. In a 4-month long study, Lapinski and Rosciszewska (2008) also 

found an increase in E. fetida biomass compared to initial mass at all Hg concentrations tested 

(2, 4, 6, 8, 10 mg kg-1), although after 8 months biomass loss was found in all Hg contaminated 

treatments. Clearly, long term exposure, even at lower doses affects not only reproduction, but 

also growth, impairing adequate development of earthworm populations.  

 Morphological changes in earthworms are only occasionally reported in the literature, 

most likely due to the lack of standardized methods to evaluate these effects. In response to 

mercury toxicity, symptoms such as body coiling, slow or swift movement, shortening or 

elongation of the body, oozing out of coelomic fluid, pre-clitellar swelling, body constriction 

and segmental bulging (Sivakumar, 2015, Sivakumar et al. 2003) have been recorded. Our 

observations of coiled body and intensive mucus production in P. corethrurs can be associated 

with stress, and may be caused by weekly manipulation, Hg in the soil, low adaptability to 

laboratory conditions, or the sum of these conditions, as observed by Buch et al. (2013; 2011). 

Beyer et al. (1985) demonstrated a significant decrease in regeneration capacity of E. fetida at 

soil concentrations of about 5 mg Hg kg-1 dry soil.  

 In this study, behavioral, acute and chronic responses suggest a higher adaptability, 

resistance or tolerance of P. corethrurus than E. andrei in NS spiked with mercury. Species-

specific physiological properties and phenotypic traits can affect metal immobilization in 

earthworms (Andre et al., 2010), the development of their immune system (Sauvé and Fournier, 

2005) and detoxification mechanisms (Givaudan et al., 2014; Kille et al., 2013; Ernst and Frey, 

2007). Unfortunately, relatively little is known of the physiology of P. corethrurus, although 

this species has been the topic of extensive study, worldwide (Decaëns et al., 2016; Hubers et 

al., 2003). There is clearly a need for further research on the physiology, immune system, and 
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detoxification mechanisms of P. corethrurus, particularly considering its widespread 

distribution throughout the tropics and subtropics and its presence in many disturbed, urban and 

anthropic sites where soil contamination may be an important issue.  

The physiology of the species E. andrei and E. fetida is much better known, and the 

latter species has shown enhanced glutathione levels in soils contaminated with Hg, and this is 

involved in metal detoxification (Gudbrandsen et al., 2007). The activity of these can reduce 

Hg toxicity and enhance reproduction and survival rates. Another important factor influence is 

the number of metal-binding ligands in earthworm tissues combined with metal speciation in 

the environment compartments (e.g., fractionation of organic matter in the soil: tannic acid, 

humic and fulvic acids) (Zhang et al., 2009b).  

 Despite these potential metal detoxification mechanisms, BAF for P. corethrurus and 

E. andrei were up to 25 times greater at 128 mg Hg kg-1 than in soils unspiked with mercury 

(Fig. 14b), after 91-days exposure. These values were much higher than those found in field 

populations of P. corethrurus (BAF = 11-14), but only slightly higher than those measured by 

Da Silva et al. (2016) for P. corethrurus (BAF = 20) after 56 days in soils spiked-soils with 100 

mg Hg kg-1. Trace metal uptake and bioaccumulation in earthworms is facilitated by epidermal 

mucus secretion as well as excretion from nephridiopores (Sivakumar, 2015), that keep the 

earthworm skin moist, thereby avoiding surface coating of soil which hampers the transport of 

ions. Metal uptake via the gut wall can also occur, as this tissue is rich in fatty acids, glycerol 

and other liposoluble substances that have high affinity to metals. In the case of Hg, the form 

of the metal present in soil is also important determining its potential uptake by worms: methyl 

mercury has much higher lipid solubility and can be taken up quicker and in higher amounts 

that Hg associated with organic matter and Hg in solution (Zhang et al., 2009a). Vijver et al. 

(2003) observed in Lumbricus rubellus, an endo-anecic species native species to Europe, that 

dermal uptake was the most important Cd uptake route (more than oral), although the rate of 

the two uptake routes may depend on soil conditions.  

 The endogeic P. corethrurus produced castings with higher Hg content than the epigeic 

E. andrei probably due their geophagous feeding habits and their larger body size. In ancient 

Hg roasting sites in Slovenia, Tersic and Gosar (2012) found somewhat lower Hg values in 

casts (5.4-4330 mg kg-1) than in soil (6.3-8600 mg kg-1), but slightly higher than in soil organic 

matter (SOM) (1.5-4200 mg kg-1). Therefore, earthworm casts rich in organic materials may 

form chelates with heavy metals such as Hg. These chelates make Hg more bioavailable for 

absorption by plants (Lemtiri et al., 2016).  



99 
 

 

 The present work showed that Hg deposition from atmospheric to the soil can affect 

field earthworm populations over time. Future scenarios and case studies in mining and other 

environmental disaster areas have also shown possible negative effects of Hg on earthworms 

and the soil environment (Dang et al., 2015; Kaschak et al., 2014). We also showed that 

earthworms tend to bioaccumulate more Hg than they excrete, so that they can be used as 

filtering or attenuating agents in bioremediation of contaminated soils (Yao et al., 2012). 

However, to effectively remove trace metals from the environment, earthworms would have to 

be removed before dying, otherwise the metal bioaccumulated in their body tissues would once 

again become available in the soil after decomposition.  

 

6.5 CONCLUSION 

 Accumulation of Hg in soils is a large-scale environmental problem that is expected to 

remain an issue for the upcoming decades in terrestrial ecosystems. Slowly accumulated Hg in 

soils may exert an important natural selection process towards species or taxonomic groups that 

are more tolerant to this trace metal. It may also result in loss of intolerable species and loss in 

soil functionality and provision of ecosystem services affected by these species. In this study 

the exotic epigeic species E. andrei showed higher sensitivity to Hg than P. corethrurus, a 

native South American endogeic species. Integrated assessment of ex situ and in situ studies 

were important to determine critical Hg limits in soils (i.e., by EC90 and EC50 values), and levels 

of care or prevention (i.e., by EC10 values), helping to define future potential risks of Hg to 

soil fauna and to organisms higher up in the food chain. P. corethrurus showed a high 

Bioaccumulation Factor (BAF), which may cause Hg biomagnification in the trophic food web 

over time.  
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7 MERCURY CRITICAL CONCENTRATIONS TO ENCHYTRAEUS CRYPTICUS 

(ANNELIDA: OLIGOCHAETA) UNDER NORMAL AND EXTREME 

CONDITIONS OF MOISTURE IN TROPICAL SOILS – REPRODUCTION AND 

SURVIVAL4 

 

ABSTRACT 

Soil provides many ecosystem services that are essential to maintain its quality and healthy 

development of the flora, fauna and human well-being. Environmental mercury levels may 

harm the survival and diversity of the soil fauna. In this respect, efforts have been made to 

establish limit values of mercury (Hg) in soils to terrestrial fauna. Soil organisms such as 

earthworms and enchytraeids have intimate contact with trace metals in soil by their oral and 

dermal routes, reflecting the potentially adverse effects of this contaminant. The main goal of 

this study was to obtain Hg critical concentrations under normal and extreme conditions of 

moisture in tropical soils to Enchytraeus crypticus in order to assess if climate change may 

potentiate their acute and chronic toxicity effects. Tropical soils were sampled from of two 

Forest Conservation Units of the Rio de Janeiro State – Brazil, which has been contaminated 

by Hg atmospheric depositions. Worms were exposed to three moisture conditions, at 20%, 

50% and 80% of water holding capacity, respectively, and in combination with different Hg 

(HgCl2) concentrations spiked in three types of tropical soil (two natural soils and one artificial 

soil). The tested concentrations ranged from 0 to 512 mg Hg kg-1 dry weight. Results indicate 

that the Hg toxicity is higher under increased conditions of moisture, significantly affecting 

survival and reproduction rate. 

Keywords: Ecotoxicity; Enchytraeids; Environmental contamination; Forest soils; Soil 

mesofauna; Trace metals.  

 

7.1 INTRODUCTION 

 Mercury is one of the most dangerous global pollutants due its mobility, long residence 

time in the atmosphere and high toxicity to humans and the environment (Wang et al., 2012). 

This contaminant knows no national or continental boundaries; once emitted to the air it can 

travel thousands of kilometres in the atmosphere before it is eventually deposited back to the 

                                                           
4 BUCH, A. C.; SCHMELZ, R. M.; NIVA, C. C.; CORREIA, M. E. F.; SILVA-FILHO, E. V. Mercury critical 

concentrations to Enchytraeus crypticus (Annelida: Oligochaeta) under normal and extreme conditions of moisture 

in tropical soils – Reproduction and Survival. Environmental Research, v. 155, p. 365-372, 2017. Formatted in 

accordance with the scientific journal. 
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earth in rainfall or in dry gaseous form (Braaten and De Wit, 2016). It is estimated that global 

Hg emissions will reach 2390-4860 Mg in 2050, compared to 2006 levels of 2480 Mg, 

reflecting a change of -4% to +96% (Streets et al., 2009; UNEP, 2013). Forest ecosystems are 

filters and large accumulators of Hg atmospheric depositions, causing Hg enrichment in fresh 

and decaying litter and in the upper organic layer of forest soils (Lu et al., 2016). In terrestrial 

and aquatic environments Hg occurs in both organic and inorganic forms, including elemental 

mercury (Hg0), mercurous (Hg+) and mercuric (Hg2+) salts, cinnabar (HgS) and organo-metallic 

compounds, e.g. methylmercury (MeHg+) and ethylmercury (EtHg+) (Kabata-Pendias, 2011).  

 Soils play an important role in global Hg cycling and mainly in the change of Hg 

speciation (Ericksen and Gustin, 2004). Several studies have demonstrated that atmospheric 

deposition from nearby industries is the most likely source of mercury in soil (Soares et al., 

2015). In soil, this trace element is strongly adsorbed onto organic matter and/or metal oxides 

and thus largely immobilized (Henriques et al., 2013). Inorganic mercury (IHg) species such as 

mercuric chloride (HgCl2) are only weakly sorbed to soil components and can also be subject 

to mercury methylation processes through microbial and abiotic processes, resulting in highly 

mobile organic mercury species including methylmercury (MeHg), which is one of the most 

toxic organo-metallic forms of Hg (Eklof et al., 2014). Mercury toxicity effects are supposed 

to be affected by climate change, particularly by temperature and moisture, due to the change 

of Hg species by different processes and actions (e.g. chemical _ result of interactions and 

breakups connections with compounds and other substances, and biological _ by the 

biomagnification along the trophic chain) (Zhang et al., 2016; Van Vliet et al., 2006).  

 Recent studies have shown that soil Hg can easily enter the food chain (Obrist et al., 

2016; Tóth et al., 2016; Zhang et al., 2010). Risks for animals and humans can be understood 

and elucidated by assessment of toxicity effects on mesofauna organism representatives, such 

as enchytraeids (Annelida: Oligochaeta). These small worms can be found in freshwater and 

marine sediments, and they develop dense populations in litter and surface soil layers (Niva et 

al., 2012), especially in soils where earthworms are scarce or absent (Yang et al., 2012). In 

general, enchytraeids are present in all soils with sufficient moisture, oxygen and nutrient 

supply (Schmelz et al., 2013). The functionality and provision of ecosystem services by 

enchytraeids is clearly marked by their direct participation in soil structuring, aeration, soil 

organic matter decomposition and nutrient cycling processes (Maraldo et al., 2015). Knowledge 

of the overall diversity of South American or Brazilian enchytraeids is still very scarce 

(Schmelz et al., 2013) and so far there are no ecotoxicological studies with enchytraeids that 



108 
 

 

are autochtonous in Brazil. In toxicity tests with chemicals, the species Enchytraeus albidus 

and E. crypticus, non-native to Brazil, have been recommended in standard guidelines, e.g. by 

the Brazilian National Standards Organization (rendered in Portuguese as ABNT), the 

International Organization for Standardization (ISO) and the Organization for Economic Co-

operation and Development (OECD), due to extensive knowledge on their biology, ecology and 

life cycle (ISO, 2014; OECD, 2004) and by the easy cultivation under laboratory conditions 

(Castro-Ferreira et al., 2012). According to González-Alcaraz and van Gestel (2016) these 

organisms are vulnerable to changes in soil moisture content due to their highly permeable 

epidermis. In drier environments, the enchytraeids can migrate to moist microhabitats or live 

through of ecophysiological adaptations (e.g. high osmotic pressure of the body fluids) and to 

produce resistant cocoons for drought conditions.  In this context, few studies have investigated 

how climate factors like soil moisture content may affect enchytraeid performance in 

contaminated soils with mercury.   

 The goal of the present study was to obtain Hg critical concentrations under normal and 

extreme conditions of moisture in tropical soils to Enchytraeus crypticus in order to assess if 

climate change may potentiate their acute and chronic toxicity effects. We believe that this 

assessment may contribute to the preservation of the soil quality of big Forest Conservation 

Units in Brazil, which host a wide variety of flora and fauna.  

 

7.2 MATERIAL AND METHODS 

7.2.1 Test species 

 Enchytraeus crypticus Westheide and Graefe (1992) were cultured on agar substrate and 

fed with ground rolled oats. The animals (length ca. 8 mm) were maintained in an incubator at 

a temperature of 20 ± 2 °C without light. After a small adaptive phase (three months 

approximately), healthy adult enchytraeids, without showing any visible signs of morphological 

and behavioural changes such as significant loss of biomass, were selected for testing.  

 

7.2.2 Test soils 

 Three test soils were used in the ecotoxicological assessments, two of them natural soils 

and another artificial. Natural soils (NS) were collected at 20 cm top layer from Forest 

Conservation Units called of Três Picos State Park (P) (Latitude: 22°30′8,76″S, Longitude: 

42°51′21.95″O, altitude: 72 m) and Taquara Municipal Natural Park (T), Latitude: 
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22º35’52.24” S, Longitude: 43º14’21.15”O, altitude: 74 m. The first Unit is inserted in a rural 

zone, away from industrial activities and at 18.2 km from the largest petrochemical complex in 

Brazil, which is under construction, beginning its functioning in 2017. The second is located in 

an industrial zone (next of chlor-alkali and paper industries) and at 12.4 km from a big 

petroleum refinery, which was activated fifty-five years ago and still works. Both areas were 

chosen as source for soil substrate because they are threatened by Hg pollution; furthermore, 

geology, soil type and vegetation are alike and allow a comparison of both sites. The factors for 

the choice of these areas can be detailed as follows: (1) the distance lower than 40 km to the 

possible anthropogenic sources of Hg, since the highest rate of deposition occurs in this 

perimeter (Schroeder and Munthe, 1998); (2) the wind direction from the emitting source to the 

forests, South to North; (3) the similarity in the phytophysiognomy of the vegetation in the 

chosen altitudes, being both Atlantic forest - Tropical Lowland Dense Rain Forest; (4) the same 

soil category, classified as Dystrophic Haplic Cambisol, according to Embrapa (2013); and (5) 

same geologic formation, being Santo Aleixo Unit, composed of garnet-hornblende-biotite 

granodioritic, rich in xenolits of paragneisse partially molten and free of mercury concentrations 

in its composition. In our previous studies in these areas, we identified Hg concentrations (in 

litter and soil) associated exclusively with atmospheric deposition (Buch et al., 2015; 2016). 

The soil samples were defaunated through two freeze-thawing cycles and mechanically ground 

and sieved to obtain a 2 mm fraction. Physical and chemical properties of NS were analyzed 

according to the methods described in EMBRAPA (2011) and are shown in Table 12. Only low 

mercury concentrations were detected in the soil samples, no significant levels of other trace 

metals or vestiges of pesticides were detected (Table 12). Background concentrations of Hg 

from the two FCU were considered to be spiked in the tested soils. The artificial soil used was 

proposed by OECD (1984) and adapted by Garcia (2004) and Garcia et al. (2011) as a tropical 

artificial soil (TAS), composed by 70% of fine sand, 20% of kaolinite clay and 10% of 

powdered coconut fiber, the latter representing the organic fraction, replacing the sphagnum 

peat used in artificial soil for temperate regions. When necessary, the TAS pH value was 

adjusted to 6.0 ± 0.5 with calcium carbonate. 

 

 

 

 

Table 12. Physicochemical parameters of tropical artificial soil (TAS) and of natural soils 

(NS) from two Forest Conservation Units of the Rio de Janeiro State, Brazil. 
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Test 

soil 

Depth CEC WHC pH  [Hg] OM Sand  Silt    Clay 

cm 
cmolc kg-

1 

% 
1M KCl 

 
mg kg -1 % % 

NS-P 0-20 8.19 
59 3.98 ± 

0.4 

 0.04 ± 

0.005 
2.45 ± 0.2 50 15 35 

NS-T 0-20 8.33 
64 4.02 ± 

0.3 

 0.15 ± 

0.003 
2.59 ± 0.2 53 15 32 

TAS - 14.98 
52 6.00 ± 

0.5 

 
0.0 

10.00 ± 

0.1 
70 10 10 

P: Três Picos State Park; T: Taquara Municipal Natural Park; CEC: Cation exchange capacity; OM: Organic 

matter; [Hg]: WHC: Water Holding Capacity; Mercury concentration; ±: Standard Deviation. Values are average 

(n=4). 

 

7.2.3 Ecotoxicity tests 

 Increased Hg (II) concentrations were added and hand homogenized to the test soils as 

aqueous solutions of chloride salt (HgCl2, Sigma-Aldrich, St Louis, MO, USA). Mercury 

nominal concentrations were based on previous studies of Lock and Janssen (2001a): 0, 16, 32, 

64, 128, 256 and 512 mg Hg kg-1 dry weight for acute toxicity tests, and 0, 8, 16, 32, 64, 128 

mg Hg kg-1 dry weight for chronic toxicity tests. Controls received just deionized water. All 

test concentrations were prepared with soil moisture content of either 20% (extreme drought), 

50% (normal conditions), or 80% (extreme moisture) of the water holding capacity (WHC; on 

the basis of dry soil mass), which was determined according to ISO 16387 (2014), shown in 

Table 12. For assessments, cylindrical glass jars (10 cm diameter and 8 cm height) were used, 

containing 25 g of prepared soil, to which 0.05 g of ground oats were added as food for 

enchytraeids. Each treatment and controls were replicated four times. The toxicity tests were 

conducted under a 12:12 (light/dark) photoperiod and at temperature of 20 °C ± 2 °C.  

  Chronic and acute assessments were carried out in independent experimental tests and 

according to the standardized guideline ISO 16387 (2014) in order measure the fecundity and 

survival rate by an experimental period of 28 and 14 days, respectively. Ten adults of E. 

crypticus, recognized by amounts of opaque-white eggs in the midbody region, were introduced 

into each glass jar. The treatments were composed by the combination of Hg concentrations 

with the three test soils and moisture conditions (mentioned above). However, exclusively for 

chronic evaluations one additional treatment was inserted, without inoculations of E. crypticus. 

The toxicity tests (chronic and acute) had four replicates. Soil moisture content was adjusted 

each week by replenishing weight loss with the appropriate amount of deionized water. At the 

end of the tests, the enchytraeids were immobilized with alcohol and colored with a few drops 

of Bengal red (1% solution in ethanol) to facilitate the observation and counting. After 1 h, the 
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organisms were colored and the soil solution was spread in a petri dish and observed under the 

binocular for counting. Mortality of adults and the number of juveniles were evaluated. 

 

7.2.4 Mercury concentrations and pH analysis on soils at the end of chronic exposures 

 Measured concentrations of Hg (II) were determined on test soils (mg kg-1) at the 

beginning and at the end of the chronic toxicity tests (28 days). The four replicates of soil 

samples were manually homogenized and a composite sample was analyzed using a Lumex 

RA-915+ device, an atomic absorption spectrometer with a pyrolysis unit (RA-915M), where 

samples matrix were destructed and mercury atoms were counted on an atomic absorption 

spectroscopy (EPA, 2004). Determination of pH values was carried out in a 1:2.5 soil:liquid 

ratio with 1 M KCl, following ISO guideline (ISO, 2014). 

7.2.5 Data analysis 

 Lethal concentration (LCx) causing 10%, 50% and 90% effect, with 95% confidence 

intervals were calculated using probit analysis with PriProbit Software 1.5 (Sakuma, 1998). 

Effect concentrations (ECx) causing 10%, 50% and 90% reduction in chronic tests were 

calculated using non-linear regressions, according to Environmental Canada (EC, 2014). We 

followed the model of Gompertz, expressed by: Y= c*exp ((log(0.5))*(logconc/x^b), Y is the 

number of juveniles, c is the control response, logconc is the log-transformed exposure 

concentration, x is the estimate of 50% effect concentration and b is the scale parameter 

(estimated between 1 and 4). 

 No observed effect concentration (NOEC) and lowest observed effect concentration 

(LOEC) values were determined by ANOVA followed by Tukey’s test. Differences between 

the concentrations were evaluated at probability p < 0.05 level. In addition a three-way ANOVA 

was run using software Minitab® 17.1.0 to determine if there were interaction effects between 

three independent variables on a continuous dependent variable (i.e., if exists differences 

between test soils, moisture levels in soils and mercury concentrations). 

 

 

 

7.3 RESULTS 

7.3.1 Acute toxicity tests 
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 In all control treatments the mortality was less than 4% (except in control treatments at 

20% WHC, showing a lethality of 9%), validating the criteria established by the standard 

guidelines (ISO, 2014). 

 Survival rates of E. crypticus adults in three conditions of moisture were above 60% at 

concentrations of 16 mg kg-1 Hg dry wt in the three test soils (Fig. 16a and Fig. 16b). There was 

a mortality of 85% to 100% of enchytraeids in all treatments at 256 and 512 mg kg-1 Hg dry wt.  

In general, lower toxicity of Hg to E. crypticus was observed in artificial soil (TAS) than 

in the natural soils (NS-T, NS-P) - (Fig. 16a). Statistically significant differences were not 

observed between the two natural soils (Fig. 16a).   
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Figure 16. Mortality rate of Enchytraeus crypticus on spiked soils with mercury. a) Interaction between test soils and mercury concentrations and b) Interaction between soil 

moisture and mercury concentrations. Natural soils (NS) correspond at Taquara Municipal Natural Park (T) and Três Picos State Park (P) and TAS at tropical artificial soil 

(TAS). WHC is water holding capacity. Values are means and standard error (n=4). Columns with different letters indicate significant differences (p < 0.05). Lowercase letters 

indicate differences between mercury concentrations and uppercase indicate differences between the treatments within each mercury concentration.   
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In three test soils, lowest lethal concentrations (causing 10%, 50% and 90% reduction) 

indicated higher mortality of enchytraeids at 80% WHC (Table 14).  

Three-way ANOVA revealed significant differences of interaction between the 

variables analysed mainly in soil-concentration and in moisture-concentration (p < 0.05, Table 

13). However there was no statistically significant difference between soil-moisture and soil-

moisture-concentration (p > 0.05, Table 13).  

 

Table 13.  Three factors ANOVA Analysis in acute and chronic toxicity tests. 

 Toxicity test Source of variation F-Value P-Value 

Acute  

test  

Soil 25.45 0.000 

Soil moisture 25.45 0.000 

Hg Concentration 1193.48 0.000 

Soil X Soil moisture 0.30 0.878 

Soil X Hg Concentration 2.20 0.012 

Soil moisture X Hg Concentration 9.42 0.000 

Soil X Soil moisture X Hg Concentration 0.31 0.999 

Chronic 

test 

Soil 619.46 0.000 

Soil moisture 21.20 0.000 

Hg Concentration 8559.22 0.000 

Soil X Soil moisture 0.70 0.594 

Soil X Hg Concentration 212.40 0.000 

Soil moisture X Hg Concentration 9.54 0.000 

Soil X Soil moisture X Hg Concentration 0.70 0.820 
 

 

Soil moisture based on % of water holding capacity - WHC. 

 

7.3.2 Chronic toxicity tests 

 Mortality rate in control treatments was lower than 20% in all tests, validating the 

criteria established by the standard guidelines (ISO, 2014).  

 Mean number of juveniles of E. crypticus was sharply reduced in concentrations equal 

and/or greater than 16 mg Hg kg-1 dry wt, mainly under extreme conditions of moisture (at 20% 

and 80%), Fig. 17b. Higher inhibition of reproduction was observed in natural than in artificial 

soils (Fig. 17a). 
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Figure 17. Mean number of juveniles of Enchytraeus crypticus on spiked soils with mercury. a) Interaction between test soils and mercury concentrations and b) Interaction 

between soil moisture and mercury concentrations. Natural soils (NS) correspond at Taquara Municipal Natural Park (T) and Três Picos State Park (P) and TAS at tropical 

artificial soil (TAS). WHC is water holding capacity. Values are means and standard error (n=4). Columns with different letters indicate significant differences (p < 0.05). 

Lowercase letters indicate differences between mercury concentrations and uppercase indicate differences between the treatments within each mercury concentration. 
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 The 28-day the average EC50 values of E. crypticus, in chronic tests, ranged from 9 to 

11 mg Hg kg-1 dry wt at 20% WHC, from 10 to 13 mg Hg kg-1 dry wt at 50% WHC and from 8 

to 9 mg Hg kg-1 dry wt at 80% WHC for the three test soils. The average EC10 values ranged 

from 3 to 4 mg Hg kg-1 dry wt at 20% WHC, from 4 to 5 mg Hg kg-1 dry wt at 50% WHC and 

from 4 mg Hg kg-1 dry wt at 80% WHC. And the average EC90 values ranged from 25 to 30 mg 

Hg kg-1 dry wt at 20% WHC, from 28 to 32 mg Hg kg-1 dry wt at 50% WHC and from 17 to 20 

mg Hg kg-1 dry wt at 80% WHC (Table 14). 

 

Table 14. Lethal and effect concentrations (LCx and ECx) causing 10%, 50% and 90% biologic 

responses of Enchytraeus crypticus in acute and chronic tests on natural soils (NS) of Taquara 

Municipal Natural Park (T) and of Três Picos State Park (P) and on tropical artificial soil (TAS) 

spiked with mercury (HgCl2). WHC it is water holding capacity. ECx values corresponding 95% 

confidence limits. 

Test  E. crypticus  NOEC LOEC LC10 LC50 LC90 

Acute 

TAS at 20% WHC <16 16 6 (± 1.1) 38 (± 2.2) 247 (± 3.9) 

NS-T at 20% WHC <16 16 5 (± 0.5) 28 (± 1.6) 164 (± 3.5) 

NS-P at 20% WHC <16 16 5 (± 0.4) 27 (± 1.9) 157 (± 3.4) 

TAS at 50% WHC <16 16  8 (± 1.1) 44 (± 3.1)  249 (± 4.9) 

NS-T at 50% WHC <16 16  5 (± 1.3) 30 (± 2.6)  170 (± 4.5) 

NS-P at 50% WHC <16 16 6 (± 0.8) 30 (± 2.9) 156 (± 7.2) 

TAS at 80% WHC <16 16 5 (± 0.6) 26 (± 1.3) 97 (± 1.5) 

NS-T at 80% WHC <16 16 5 (± 0.9) 20 (± 1.2) 67 (± 1.7) 

NS-P at 80% WHC <16 16 4 (± 0.8) 20 (± 1.8) 65 (± 1.9) 

Test  E. crypticus  NOEC LOEC EC10 EC50 EC90 

Chronic 

TAS at 20% WHC <8 8 4 (± 0.4) 11 (± 0.8) 30 (± 1.1) 

NS-T at 20% WHC <8 8 3 (± 0.3) 10 (± 0.7) 25 (± 1.3) 

NS-P at 20% WHC <8 8 3 (± 0.5) 9 (± 0.9) 25 (± 1.1) 

TAS at 50% WHC <8 8 5 (± 0.7) 13 (±  0.9) 32 (± 1.4) 

NS-T at 50% WHC <8 8 4 (± 0.8) 11 (± 1.1) 28 (± 1.2) 

NS-P at 50% WHC <8 8 4 (± 0.4) 10 (± 1.2) 29 (± 1.8) 

TAS at 80% WHC <8 8 4 (± 0.4) 9 (± 0.7) 20 (± 1.2) 

NS-T at 80% WHC <8 8 4 (± 0.7) 8 (± 1.1) 17 (± 1.1) 

NS-P at 80% WHC <8 8 4 (± 0.6) 8 (± 0.9) 17 (± 1.3) 

 

 Similar responses to those found in acute tests by three-way ANOVA evidenced there 

were significant differences of interaction between the variables analysed mainly in soil-

concentration and in moisture-concentration (p < 0.05, Table 13). However, there was no 
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statistically significant difference between soil-moisture and soil-moisture-concentration (p > 

0.05, Table 13). 

   

7.3.3 Mercury concentrations and pH analysis of test soils at the end of chronic 

exposures 

 There was no significant variation in pH values for each test soil in the treatments 

evaluated, when comparing the start (day 0) and the end (28 d) values of chronic tests. TAS pH 

values ranged from 5.78 ± 0.2 to 5.69 ± 0.4 at 20% WHC; from 5.83 ± 0.3 to 5.77 ± 0.2 at 50% 

WHC and from 5.73 ± 0.2 to 5.65 ± 0.4 at 80% WHC. In NS of Taquara Municipal Natural 

Park the pH values ranged from 3.98 ± 0.2 to 3.93 ± 0.6 at 20% WHC; 3.81 ± 0.4 to 3.75 ± 0.5 

at 50% WHC; and from 3.92 ± 0.3 to 3.93 ± 0.6 at 80% WHC; These pH variations were similar 

of Três Picos State Park (NSP) being from 3.92 ± 0.3 to 3.85 ± 0.2 at 20% WHC; from 3.90 ± 

0.5 to 3.82 ± 0.3 at 50% WHC and from 3.77 ± 0.6 to 3.89 ± 0.3 at 80% WHC. 

 At the end of the reproduction test, reduction of Hg concentrations (mg kg-1) was higher 

in the presence of enchytraeids than in treatments without organisms (Fig.18). Natural soils 

showed higher reduction of Hg concentrations than TAS. Soil moisture contents also influenced 

to these Hg losses on soils, since in treatments with extreme conditions of moisture (at 20% and 

80% WHC) had higher decreases of Hg values (Fig. 18).  
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Figure 18. Mean reduction of mercury concentrations in soils (initial subtracted of final concentrations), in chronic reproduction tests. a) TAS: Tropical Artificial Soil; b) NS-

T T: Natural soils (NS) correspond at Taquara Municipal Natural Park (T); c) NS-P: Natural Soil correspond at Três Picos State Park (P); Enchy: correspond the inoculations 

with enchytraeids; WE: inoculations without enchytraeids; WHC: water holding capacity. Values are means and standard error (n=4). 
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7.4 DISCUSSION 

7.4.1 Effects of soil properties on the Hg toxicity to enchytraeids 

 Hg levels ranging from 0.04 mg kg-1 to 10.0 mg kg-1 have been found in forest soils in 

several locations around the world (Chen et al., 2016; Gosar et al., 2016; Siudek et al., 2016; 

Buch et al., 2015). According to Wang et al. (2003) there is a strong correlation between 

atmospheric mercury concentration and mercury content in Cambisol (same soil class of natural 

soils of this study). Soares et al. (2015) evaluated eighteen tropical soil classes and observed 

that the higher retention and oxidation of atmospheric mercury happens in A horizon than B 

horizon for almost all soil types. For these authors, the organic matter as well as pH and cation 

exchange capacity (CEC) were important soil parameters for the adsorption of mercury. 

Although there was no variability in pH values among each treatment evaluated in chronic tests, 

the natural soils were more acidic than artificial soil. The pH values may influence considerably 

the bioavailability of trace metals to soil fauna (Zhang et al., 2017; Rocha et al., 2011). Some 

studies reported higher sorption of Hg from 4 to 5 pH values, indicating lower bioavalability 

(Kabata-Pendias, 2011; Kwon et al., 2017). Studies have shown that CEC values may be more 

explanatory in cases of contamination by metals than organic carbon and clay contents (Lock 

and Janssen, 2001b). This is because CEC is a measure of the amount of available sorption sites 

and is related to the organic carbon content, clay content as well as other adsorption phases such 

as iron and manganese oxyhydroxides in the soil, which can adsorb more easily to metals 

(Chapman et al., 2013). Our results of CEC in NS were almost half than in TAS, and the organic 

matter content was four times greater in TAS than in NS. However, interactions between higher 

CEC, organic matter and pH values did not result higher Hg toxicity in tropical artificial than 

natural soils. 

 Changes in soil physicochemical properties may negatively affect the performance of 

enchytraeids and lead them to intolerance or lower adaptability in these environments (Kapusta 

and Sobczyk, 2015). E. crypticus tolerates soil pH values ranging from 3.6 to 7.7, the optimum 

condition being within 5.9 to 6.5 (Jänsch et al., 2005a). Temperature and moisture are important 

factors in spatial and temporal distribution of enchytraeids, which have low tolerance to the 

lack of moisture (Maraldo and Holmstrup, 2010; Jänsch et al., 2005b; Plum and Filser, 2005).  

 Future climate simulations for Northern Hemisphere estimate increase of temperature 

and drought by the year 2100 (IPCC, 2007). This warming is also expected in Atlantic Forest 

(southeast Brazil) for the time interval 2011-2099 suggesting temperature and precipitation 
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increase of 3 ˚C and 180-250 mm, respectively (Dias et al., 2016). These future scenarios may 

alter the physical, chemical and biological properties of ecosystems, as a consequence the fate 

of chemical pollutants on soil, affecting organisms that live in it. Different soil moisture 

contents evaluated in this study showed higher mercury toxicity to E. crypticus under high soil 

moisture (at 80% WHC) than in drought conditions (at 20% WHC). González-Alcaraz and van 

Gestel (2015) investigated the effects of Cd, Cu, Pb and Zn on E. crypticus with combinations 

of air temperature (20 and 25 °C) and soil moisture content (30% and 50%) in dilution series 

of three metal-polluted soils (mine tailing, forest and watercourse). After 21 days the 

reproduction of this species was negatively affected by higher bioavailable metal 

concentrations, with reductions up to 98% in the moist soil compared to the control soil at 30% 

WHC. Bioaccumulation of Cd, Pb and Zn was higher in drier conditions when combined with 

the higher temperature of 25 °C. Despite these authors did not investigated the metals toxicity 

under high soil moisture conditions (> 50% WHC), they also observed that extreme moisture 

conditions (e.g. drought condition) affected the enchytraeid performance. For E. crypticus a 

negative effect of drought stress on metal(loid)-polluted agricultural soil was observed reducing 

to more than 80% the reproduction of enchytraeids at 30% WHC (González-Alcaraz and Gestel, 

2016).  

7.4.2 Mercury toxicity to E. crypticus 

 Mercury ecotoxicity to terrestrial invertebrates is still poorly documented, especially for 

enchytraeids. In this study with E. crypticus, the chronic response (reproduction) was more 

sensitive than the acute response (mortality), with LC50 values from 30 to 44 mg Hg kg-1 dry 

wt and reproduction EC50 values from 10 to 13 mg Hg kg-1 dry wt in natural and artificial soils 

at 50% of water holding capacity (WHC), respectively. Lock and Janssen (2001a) reported for 

Enchytraeus albidus LC50 values of 26.1 (23.5-28.6) mg Hg kg-1 dry wt in a 21 day test and a 

total mortality of specimens at 56 mg Hg kg-1 dry wt on artificial soil. In a 42 day reproduction 

assessment test, they observed an EC50 value of 22.0 mg Hg kg-1 dry wt and a total inhibition 

in concentrations above 18 mg Hg kg-1 dry wt (32, 56 and 100 mg Hg kg-1 dry wt). In a different 

study, Fridericia bulbosa showed an LC50 value of 3.87 mg Hg kg-1 dry wt in a 14 day test with 

artificial soil (Yang et al., 2012), revealing much higher sensitivity than the two species of 

Enchytraeus that have been tested so far in mercury acute toxicity tests. However, other 

endpoints as reproduction should be researched and understood to this species. Other 

Oligochaeta were more sensitive to the Hg toxicity than E. albidus and E. crypticus. For 

example, the earthworm Eisenia fetida showed an EC50 of 9.16 mg Hg kg-1 dry wt for cocoon 
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production in a 21-day test in artificial soil with moisture content of 55% of WHC (Lock and 

Janssen, 2001a). Springtails (Collembola) appear to be even more susceptible than 

oligochaetes. Lock and Janssen (2001a) found an EC50 of 3.26 (2.45-4.05) mg Hg kg–1 dry wt 

for Folsomia candida in 28-day test. Buch et al. (2016) established EC50 values from 3.64 to 

3.81 mg Hg kg-1 dry wt and EC50 from 4.43 to 4.47 mg Hg kg-1 dry wt for F. candida and 

Proisotoma minuta, respectively.  

 In general, our results evidenced higher Hg toxicity to enchytraeids in natural than in 

tropical artificial soils, which may be linked to soil microorganisms, present in the (non-

sterilized) natural soils but absent or much less abundant in the artificial soil. These 

microorganisms may have altered the mercury speciation, leading to methylation, and thus 

potentiating Hg toxicity, mainly in soils with high moisture, as has been observed by Harris-

Hellal et al. (2009) and Lázaro et al. (2016). High metal concentration levels might indicate a 

potential risk to soil fauna, but not necessarily, because what counts is the bioavailable 

percentage of the total concentration (González-Alcaraz and van Gestel, 2015). According to 

Peijnenburg et al. (2007) the bioavailability is a fraction of the total amount of a chemical 

present in a specific environmental compartment that, within a given time span, is either 

available or can be made available for uptake by microorganisms from either the direct 

surrounding of the organisms or by ingestion of food. And it happens in a three-step process: 

(1) exposure to an available metal fraction, (2) metal up take by organisms, and (3) effects due 

to the interaction with a biological target.   

 In our subsequent evaluations to the chronic tests the higher Hg loss in soils of all 

treatments inoculated with enchytraeids can be explained by the possible ability of these 

organisms in Hg bioaccumulate. Furthermore, their bioturbation activities could have 

contributed to volatization of Hg (Karaban and Uvarov, 2014; Sechi et al., 2014).  

 According to Schaeffer et al. (2016) the resilience of polluted soils towards stress is 

different from that of non-contaminated soils. In this context ecotoxicological studies with other 

heavy metals (e.g. Cu, Cd, Ni) have provided many explanations about the potential risks to 

soil fauna (Konečný et al., 2014; Rota et al., 2013; Novais et al., 2011; Salminen and Haimi, 

1999). In acute and chronic tests Enchytraeus albidus proved to be more sensitive to inorganic 

selenium than other terrestrial and aquatic animal species (Somogyi et al., 2012). Embryotoxic 

effects of Cd in E. crypticus have been observed by Bicho et al. (2015) showing a high influence 

of this metal on the embryo developmental stage and maturity. 

7.4.3 Mercury critical limits for enchytraeids and soils. 
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 Inorganic form of mercury exerts direct toxic effects on a variety of organisms. The 

knowledge of the sensibility/toxicity of different taxonomic groups is essential to define 

guiding values of Hg loads on soils. In this study, the reproduction was more sensitive than 

mortality endpoint. Reproduction effective concentrations causing 50% and 90% of effect 

represented mercury critical concentrations to enchytraeids. In real scenarios of environmental 

contamination, significant loss of diversity and functionality of E. crypticus already could occur 

from EC50 values (in this study from 10 to mg Hg kg-1 in natural soils at 50% WHC). EC10 

values expressed tolerable levels for these organisms.  

 Using a chemical modelling study of mercury in soils and data of ecotoxicological 

effects (EC50 values) to soil fauna, Tipping et al. (2010) found critical limits of Hg (II) of 3.3 

mg Hg kg−1 on organic matter, corresponding to 0.13 mg Hg kg−1 on soil. At lower 

concentrations, it is assumed that there are no harmful effects on soils organisms. Among EC50 

values (reproduction endpoint) of soil fauna described by these authors are to Enchytraeus 

albidus (data of Lock and Janssen, 2001a), which showed lower sensitivity to the mercury than 

this study with E. crypticus (previously discussed). It is possible that if EC50 values found in 

this study for enchytraeids were again applied to the Hg modelling study of Tipping et al. (2010) 

it would result in even more limiting values of Hg on soils. 

 Currently in Europe and Brazil (where the present research took place) the 

recommended critical load is 0.5 mg Hg kg-1 for soil (Tóth et al., 2016; CONAMA, 2009). 

Despite our EC10 and EC50 values (on average of 4 mg Hg kg-1 and 11 mg Hg kg-1, respectively 

for natural soils at 50% WHC) had been higher than those Hg critical loads recommended by 

these environmental directives. In ecological risk assessment we should consider Hg levels on 

soils equal to or even lower than those established by these directives due to some pertinent 

factors such as: i- potential effect of climate changes in contaminated soil with heavy metals; 

ii- biomagnification along the food chain and iii- differences sensitivity of other taxonomic 

groups (of micro, meso, macro and megafauna). 

7.5 CONCLUSION 

 Climate change will affect soil moisture levels and, together with elevated levels of 

mercury atmospheric depositions can increase the ecotoxicity of this metal in terrestrial 

ecosystems. In this respect the present study provides information that can be considered as a 

step forward in the assessment of the potential risk of mercury in soils.  
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 Our data are in agreement with other studies, noting that enchytraeid performance 

depends on the availability of water. However the vulnerability of these animals not only 

applies to drought stress and also to high moisture conditions. 

 In this study, lethal and effective concentrations (LC and EC) causing 10%, 50% and 

90% effect significantly decreased under extreme soil moisture conditions, mainly at 80% 

WHC. More studies combining metal exposure with changes in environmental conditions (e.g., 

air temperature and soil moisture content) are needed to properly assess and manage the impacts 

of predicted climate change scenarios on the toxicity of heavy metals on soils for the soil fauna.  
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8 FINAL CONSIDERATIONS 

 

 There is no ideal way to carry out ecological risk assessments, but it is important to keep 

in mind what type of ecosystems are to be protected (particular by communities, species, and 

habitats), and if the extent of conservation will be at global or regional scale. Some methods or 

screening steps of the TRIAD approach applied in the present study may predict effects of 

toxicity, which should be pragmatic to provide wider vision of case studies. Site biological 

charcaterization was fundamental to reveal the most predominant and representative taxonomic 

groups of the Forest Conservation Units. 

Chronic tests were more sensitive than behavioral and acute endpoints indicating these 

to be essential tools of ERA (see appendices). Bioaccumulation and earthworm cast analyses 

revealed that mercury accumulates over time.  Higher sensitivity to mercury was observed in 

collembola and enchytraeids and it this may suggest that over time, the mesofauna functionality 

may be affected more than macrofauna (earthworms). This would lead to lower rates of organic 

matter, humus production, nutrient and energy cycling, and production of complexes that cause 

turnover soil aggregation, since these are activities carried out by the mesofauna. Native species 

were more tolerant than exotic species of the meso/macrofauna. In this respect, (as observed in 

chapter I) we may conclude that natural selection processes may be occurring towards species 

and taxonomic groups that slowly accumulate Hg in soil. Climate changes may affect mercury 

toxicity to fauna in terrestrial ecosystems.   

CONAMA (2009) recommends a critical mercury load of 0.5 mg Hg kg-1 in soil. The 

present thesis showed that in soils spiked with mercury the lower effective concentration which 

affected 50% of the test population of Collembola-mesofauna was of 3.32 mg Hg kg-

1(Appendice 3). Although this value was higher than the established by the CONAMA there is 

a need to further restrict the Hg levels in soils, if the purpose is the preservation of soil fauna 

diversity and ensure the soil quality because even lower levels of Hg in soil (e.g. 0.15 ppm) can 

cause bioaccumulation in soil organisms (as observed in this study) and biomagnification along 

the food chain and methylation in soil and in other environmental compartments (observed in 

others studies).  
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10 APPENDICES 

 

10.1 APPENDICE 1 - Effect concentrations to soil fauna in avoidance tests. Values expressed in mg Hg kg-1 dry wt 

    NOEC LOEC EC10 EC50 EC90 

E. andrei              

TAS 64 128 58.8 (±25.9) 128.3 (±46.6) 609.5 (±184.4) 

NS-P 64 128 63.6 (±26.9) 206.2 (±48.8) 668.3 (±199.1) 

NS-T 64 128 50.3 (±26.4) 168.2 (±48.6) 562.4 (±189.9) 

P. corethrurus  

TAS 128 264 114.5 (± 18.1) 266.2 (±25.3) 618.7 (±80.5) 

NS-P 128 264 152.3 (±22.1) 300 (±25.8) 591.3 (±67.8) 

NS-T 128 264 132.14 (±76.7) 294.9 (±91.1) 658.2 (±209.4) 

F. candida 
TAS 1.8 3.2 - 6.24 (4.66-7.82) - 

NS-P 1.8 3.2 - 5.44 (4.13-6.75) - 

P. minuta 
TAS 1.8 3.2 - 7.52 (5.28-9.76) - 

NS-P 3.2 5.6 - 7.90 (5.78-10.02) - 
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10.2 APPENDICE 2 - Lethal concentrations to soil fauna in acute tests. Values expressed in mg Hg kg-1 dry wt  

    NOEC LOEC LC10 LC50 LC90 

E. crypticus  

TAS at 20% WHC <16 16 6 (± 1.1) 38 (± 2.2) 247 (± 3.9) 

NS-T at 20% WHC <16 16 5 (± 0.5) 28 (± 1.6) 164 (± 3.5) 

NS-P at 20% WHC <16 16 5 (± 0.4) 27 (± 1.9) 157 (± 3.4) 

TAS at 50% WHC <16 16  8 (± 1.1) 44 (± 3.1)  249 (± 4.9) 

NS-T at 50% WHC <16 16  5 (± 1.3) 30 (± 2.6)  170 (± 4.5) 

NS-P at 50% WHC <16 16 6 (± 0.8) 30 (± 2.9) 156 (± 7.2) 

TAS at 80% WHC <16 16 5 (± 0.6) 26 (± 1.3) 97 (± 1.5) 

NS-T at 80% WHC <16 16 5 (± 0.9) 20 (± 1.2) 67 (± 1.7) 

NS-P at 80% WHC <16 16 4 (± 0.8) 20 (± 1.8) 65 (± 1.9) 

E. andrei              

TAS 32 64 47.9 (±31.9) 152.9 (±54.8) 488.5 (±204.1) 

NS-P 16 32 36.0 (±19.9) 113.2 (±34.5) 356.1 (±127.8) 

NS-T 16 32 35.3 (±19.6) 110.1 (±22.8) 343.1 (±122.9) 

P. corethrurus  

TAS  32 64 67.8 (±61.9) 202.7 (±98.8) 605.7 (±302.2) 

NS-P 32 64 64.0 (±58.8) 193.9 (±96.7) 587.7 (±296.1) 

NS-T 64 128 97.2 (±88.6) 220.5 (±105.6) 500.0 (±209.7) 

F. candida 

TAS (20ºC) 3.2 5.6 - 6.99 (4.71-9.27) - 

NS-P (20ºC) 1.8 3.2 - 6.12 (3.74-8.50) - 

TAS (24ºC) 3.2 5.6 - 6.71 (5.00-8.42) - 

NS-P (24ºC) 1.8 3.2 - 6.06 (3.62-8.50) - 

P. minuta 

TAS (20ºC) 3.2 5.6 - 7.02 (5.42-8.62) - 

NS-P (20ºC) 3.2 5.6 - 7.16 (3.88-10.44) - 

TAS (24ºC) 3.2 5.6 - 6.87 (6.10-7.64) - 

NS-P (24ºC) 1.8 3.2 - 7.09 (5.28-8.90) - 
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10.3 APPENDICE 3 - Effective concentrations to soil fauna in chronic tests. Values expressed in mg Hg kg-1 dry wt. 

    NOEC LOEC EC10 EC50 EC90 

E. crypticus  

TAS at 20% WHC <8 8 4 (± 0.4) 11 (± 0.8) 30 (± 1.1) 

NS-T at 20% WHC <8 8 3 (± 0.3) 10 (± 0.7) 25 (± 1.3) 

NS-P at 20% WHC <8 8 3 (± 0.5) 9 (± 0.9) 25 (± 1.1) 

TAS at 50% WHC <8 8 5 (± 0.7) 13 (±  0.9) 32 (± 1.4) 

NS-T at 50% WHC <8 8 4 (± 0.8) 11 (± 1.1) 28 (± 1.2) 

NS-P at 50% WHC <8 8 4 (± 0.4) 10 (± 1.2) 29 (± 1.8) 

TAS at 80% WHC <8 8 4 (± 0.4) 9 (± 0.7) 20 (± 1.2) 

NS-T at 80% WHC <8 8 4 (± 0.7) 8 (± 1.1) 17 (± 1.1) 

NS-P at 80% WHC <8 8 4 (± 0.6) 8 (± 0.9) 17 (± 1.3) 

E. andrei              

TAS 0 8 2.8 (±1.1) 10.2 (±1.9) 36.7 (±6.1) 

NS-P 0 8 1.9 (±0.9) 7.0 (±1.8) 25.3 (±4.2) 

NS-T 0 8 1.9 (±0.9) 7.2 (±1.9) 27.5 (±4.6) 

P. corethrurus  

TAS 0 8 2.6 (±2.4) 11.0 (±6.7) 46.3 (±17.7) 

NS-P 0 8 4.5 (±1.2) 12.5 (±1.7) 34.8 (±5.1) 

NS-T 0 8 3.0 (±1.1) 12.9 (±2.3) 56.3(±10.5) 

F. candida 

TAS (20ºC) 1 1.8 - 3.81 (3.67-3.95) - 

NS-P (20ºC) 1 1.8 - 3.40 (3.18-3.2) - 

TAS (24ºC) 0.5 1 - 3.64 (3.48-3.79) - 

NS-P (24ºC) 1 1.8 - 3.32 (3.11-3.54) - 

P. minuta 

TAS (20ºC) 1.8 3.2 - 4.43 (4.28-4.58) - 

NS-P (20ºC) 1.8 3.2 - 4.47 (4.31-4.4) - 

TAS (24ºC) 1.8 3.2 - 4.47 (4.33-4.2) - 

NS-P (24ºC) 1.8 3.2 - 4.58 (4.43-4.73) - 
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