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Resumo 

Os isópodes são organismos de solo que ajudam na decomposição da 

matéria orgânica, desempenhando um papel importante nos ciclos de carbono e 

de nutrientes. Na natureza, os isópodes estão sujeitos a um conjunto de stresses 

que influenciam o seu comportamento, distribuição e balanço energético. Um 

desses stresses, de origem antropogénica, é a contaminação por metais. 

Populações que vivem sob contaminação de metais precisam de utilizar energia 

do seu metabolismo para lidar com esse stress, podendo ser mais afectados por 

stresses adicionais, tais como alterações climáticas. Os cenários de alterações 

climáticas prevêem um aumento na temperatura e de eventos extremos (cheias / 

secas). Estas alterações podem levar a mudanças na biodisponibilidade e 

toxicidade dos metais e a mudanças na resposta dos organismos a 

contaminantes. Quando expostas à contaminação por metais, as populações de 

isópodes tendem a evitar a contaminação; se não tiverem sucesso, precisam de 

desenvolver tolerância a metais, para podere-.m viver e reproduzir-se, através de 

alterações fenotípicas ou genotípicas. 

 Para testar os efeitos das alterações climáticas em populações de isópodes 

expostas a metais, foi estudada uma população de Porcellionides sexfasciatus, 

cujo habitat se localiza perto de uma mina abandonada em São Domingos (Sul de 

Portugal). Essa população (Santana de Cambas – SC), juntamente com uma 

população de referência (Lago – LG), foi sujeita a testes de mortalidade e de 

consumo. No capítulo 2 foi feita uma avaliação do efeito das alterações climáticas 

na mortalidade e consumo. O capítulo 3 avalia como é que as alterações 
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climáticas influenciam a tolerância a metais dessas populações, comparando a 

resposta de ambas quando expostas a um gradiente de cádmio. Os objectivos 

principais desta dissertação são: (1) avaliar se as populações de isópodes que 

vivem em locais contaminados por metais são mais sensíveis às alterações 

climáticas, testando 3 temperaturas (20, 25 and 30°C) e 3 níveis de moisture (20, 

40 and 60%) (capítulo 2); (2) estimar se as alterações climáticas afectam a sua 

tolerância a metais, e se essa tolerância está relacionada com a exposição prévia 

a metais, testando também 3 temperaturas (20, 25 and 30°C) e 2 níveis de 

humidade do solo (20 e 40%) (capítulo 3). 

 No capítulo 2, as populações apenas mostraram diferenças nos 

tratamentos com humidade de solo a 60%, tendo a população SC uma maior taxa 

de sobrevivência. No capítulo 3, a população SC foi mais afectada pela subida de 

temperatura, tornando-se mais susceptível à contaminação por cádmio. Além das 

diferenças entre populações, foi registada uma resposta comum à temperatura: o 

seu aumento estimulou maiores taxas de consumo. Foi também registado que a 

humidade do solo a 60% (ambiente molhado) provocou 100% de mortalidade em 

20 dias, enquanto a humidade do solo a 20% (ambiente seco) não afectou a 

resposta das populações. 

 Este trabalho permitiu concluir que as alterações climáticas afectam as 

populações que habitam locais contaminados, com uma redução da tolerância a 

metais com o aumento de temperatura; afectam a sobrevivência de ambas as 

populações em caso de chuvas intensas; e promovem as taxas de decomposição 

dos isópodes com o aumento da temperatura, pelo menos até aos 30ºC. 
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Abstract 

Isopods are soil organisms that help on organic matter decomposition, 

playing an important role in the carbon and nutrient cycles. In nature, isopods are 

subjected to several stressors that influence their distribution, ecology, behavior, 

and physiology (including their energy balance). One of those stressors, from 

anthropogenic origin, is metal contamination. Populations that live under metal 

contamination need to use energy from their metabolism to deal with metals, 

becoming prone to be more affected by additional stressors such as climate 

variations. With the present climate change scenarios, an increase in temperature 

and in extreme rainfall events (floods / drought) is predicted. These climate events 

can change metals’ bioavailability and toxicity, and may affect isopods’ response to 

contaminants. When facing metal contamination, isopod populations tend to avoid 

contamination; if they fail to do it they will need to develop tolerance to metals, in 

order to live and reproduce, by phenotypic or genotypic alterations.  

In order to test the effects of climate change in metal-exposed isopod 

populations, a Porcellionides sexfasciatus population living near an abandoned 

mine in São Domingos (south of Portugal) was studied. That population (Santana 

de Cambas - SC), along with a reference one (Lago – LG), were subjected to lethal 

and sub-lethal tests (feeding). The main goals of this thesis were: (1) to evaluate if 

isopod populations living under metal contamination are more sensitive to climate 

change, testing in a full factorial experiment 3 temperature (20, 25 and 30°C) and 3 

moisture levels (20, 40 and 60%) (Chapter 2); and (2) to estimate if climate change 

affects isopods’ metal tolerance and if that tolerance is connected with their 
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previous exposure to metals (testing also in a full factorial design, 3 temperature 

(20, 25 and 30°C) and 2 moisture levels (20 and 40%) (Chapter 3). 

Results from chapter 2 showed differences between populations only at the 

60% moisture treatments, with SC having higher survival rates. Besides 

differences between populations, it was registered a common response to 

temperature increase, enhancing food consumption rates. Moisture conditions 

showed that 60% moisture (wet environment) caused 100% mortality after 20 days. 

Results obtained when testing Cd tolerance (Chapter 3) showed that SC 

population was more affected by temperature rise than LG, becoming more 

susceptible to cadmium contamination along temperature rise. In both chapters, 

the 20% moisture treatment (dry environment) did not affect isopods’ response. 

This work allowed to conclude that climate change affected isopod 

populations from metal contaminated sites, with decreased tolerance to cadmium 

with temperature increment; affected isopod survival in cases of extreme rainfall, 

and enhanced consumption food rates (and therefore decomposition ability) with 

temperature increase at least until 30ºC.  
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Chapter I - General Introduction 
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I.1 Metal contamination 

Organisms are exposed to multiple stressors that influence their distribution, 

behavior, physiology and abundance. Those stressors could be natural (e.g. 

climate variations or organic matter availability) or from anthropogenic origin, as 

metal contamination, resulting from mining and smelting activities that originates 

high levels of metals on water and soil. The toxicity of those metals depends on 

metal identity, quantity, bioavailability and the vulnerability of organisms being 

exposed. Essential metals (e.g. copper and iron) are necessary to organisms’ 

development; however, they may become prejudicial in high concentrations. Non-

essential metals (e.g. cadmium and lead), are not used by organisms, been toxic 

even at low concentrations. 

Not all metals present in soil are available for organisms’ intake; they need 

to occur in a bioavailable condition, which is influenced by many factors as pH, 

redox potential, organic matter, soil type, moisture and temperature (Rieuwerts et 

al., 1998). From these factors, pH is the most influent, while climate conditions as 

moisture and temperature play a minor role (Rieuwerts et al., 1998). Regardless of 

that, moisture increase positively affects metals’ solubility, leading to a higher 

bioavailability (Hernandez-Soriano & Jimenez-Lopez, 2012), while temperature 

increase was appointed to be important through alteration of metals kinetics 

(Spurgeon et al., 1997).  

In order to evaluate contamination and environmental hazard to organisms, 

besides metal concentrations, the abiotic conditions should also be accounted for, 

since they affect metals toxicity and organisms’ reaction, and the organism facing 
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the contaminant should be considered (Rieuwerts et al., 1998; Violante et al., 

2010; Anderstanti & Van Gestel, 2013).  

 

I.2 Climate change 

Climate change is an issue debated worldwide, driven by natural causes 

such as solar irradiance, but mainly by human causes: the huge increment on 

greenhouse gas emissions as carbon dioxide (280 ppm in the pre-industrial age to 

379 ppm3 in 2005), methane (715 ppb in the pre-industrial age to 1774 ppb in 

2005) and nitrous oxide (270 ppb in the pre-industrial age to 319 ppb in 2005) 

(IPCC, 2007). Those causes brought an increase in temperature: from 1901 to 

2012 the global mean surface temperature increased 0.89°C; however, from 1951 

to 2012 the increase was about 0.72°C (IPCC, 2013), showing a direct relationship 

with the rise on greenhouse gas emissions.  

Temperature increase leads to a raise of ice melting rates and sea level (1.8 

mm per year over 1961-2003 but about 3.1 mm per year over 1993-2003) and 

changes in precipitations patterns (longer droughts since 1970s in tropics and 

subtropics; increased frequency of heavy precipitation events (IPCC, 2007)). With 

this data, from the last 100 years, it was possible to see changes in temperature, 

precipitation, wind patterns and extreme weather events as drought and heavy 

precipitation. Moreover, the use of models enables the calculation and prediction of 

future climate events: in IPCC report from 2013, an increase on the surface global 

mean temperature from 1.4°C to 5.8°C until 2100 was projected. This warming will 
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possibly exceed the ecosystems’ resilience, due to climate disturbances (e.g. 

flooding, drought, wildfires), aggravated by other global changes as landscape use, 

pollution and habitat fragmentation (IPCC, 2007). This would lead to shifts in 

species geographical ranges, potentially having negative consequences for 

biodiversity. 

In Portugal, an increase from 3°C to 7°C in the summer season, in the next 

100 years, is expected. On top of that, it is also expected an increase in the 

frequency of heat waves, a reduction of 20% to 40% in rainfall leading to drought, 

and also an increase of rainfall during winter (Portuguese Environment Agency, 

2010).  

 

I.3 Climate influence on metal toxicity 

All climate predictions show continued increases in temperature and 

extreme events. But then, how will this climate conditions influence metal toxicity 

and organisms’ response?  

Rainfall modifies soil moisture. A higher percentage of soil moisture means 

an increase in metals solubility, leading to a higher bioavailability of metals 

(Hernandez-Soriano & Jimenez-Lopez, 2012). So, with higher percentage of water 

in soil, we expect higher toxicity from metals. As for soil organisms, moisture 

affects their distribution: low humidity during summer months can lead to higher 

desiccation, leading to organisms’ death or migration. Moreover, it can affect the 

amount of time organisms spend on feeding in exchange to shelter (Dias et al., 
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2012). So, soil drought leads to changes in their abundance and decomposition 

rates (Pflug & Wolters, 2001), jeopardizing the nutrients’ cycle. As for metal 

exposure and moisture variation, no evidence was found showing that metals’ 

exposure increases drought induced mortality (Sørensen & Holmstrup, 2005). 

Temperature affects soil organisms’ response when exposed to metals. An 

increase of 10ºC can double biochemical reactions, and enhance metabolic rates 

(Luoma, 1983). Changes in metabolic rates affect organisms’ growth (Abdel-Lateif 

et al., 1998; Lukkari et al., 2006), food consumption and oxygen consumption 

(Khan et al., 2007) (table I.1). The main question is how the presence of metals 

influences these variations.  

Abdel-Lateif et al. (1998) tested 4 different temperatures (12, 16, 20, 24ºC) 

on isopod growth rate. As expected, isopods subjected to higher temperatures had 

higher growth rates. Additionally, they also tested four cadmium concentrations 

and verified that in the highest ones (0.14 and 0.30 µmol Cd/ g dry litter) the growth 

induced by temperature increase was inhibited due to metals. This condition was 

also registered by Lukkari et al. (2006), in which earthworms subjected to 18ºC, 

showed the same growth in the control soil and the lowest concentration (a mixture 

of 79/ 139 mg of Cu/ Zn per kg soil). But then again, in the highest metal 

concentration (a mixture of 178/ 311 mg of Cu/ Zn per kg soil), growth was 

negatively affected. Spurgeon et al. (1997), using Eisenia fetida exposed to a 

temperature of 15ºC, registered a higher medium lethal concentration (LC50) than 

at 25ºC, suggesting an increase of zinc toxicity with increasing temperature. These 

studies showed that temperature increase leads to higher metal toxicity. 
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Table I.1: Ecotoxicological studies with soil organisms testing metals EC50 (growth and 

reproduction) and LC50 (survival) response with temperature variation. All studies were 

made with laboratory populations. 

Reference Organism 
Measured 
features 

Contamination 
Temp. 

(°C) 

EC50 / 
LC50  

(µg / g) 

Abdel Lateif 
et al., 1998 

Porcellio 
scaber 

(isopod) 
Growth rate 

Food        
Cadmium 

 

12 27.9 

16 51.4 

20 38.6 

24 30.4 

Donker et al., 
1997 

Porcellio 
scaber 

(isopod) 
Growth rate 

Food                  
Zinc 

12 3.4 

16 3.5 

20 2.2 

24 2.6 

Spurgeon et 
al., 1996 

Eisenia fetida 
(earthworm) 

Survival 
Soil                      
Zinc 

 

15 1598 

20 1235 

25 1131 

Voua Otomo 
et al., 2013 

Enchytraeus 
doerjesi 

(potworm) 

Survival 

Soil 

Cadmium 

15 293 

20 262 

25 232 

Zinc 

15 420 

20 518 

25 >640 

Reproduction 

Cadmium 

15 24 

20 35 

25 17 

Zinc 

15 41 

20 112 

25 112 

Sandifer & 
Hopkin, 1997 

Folsomia 
candida 

(collembolan) 
Reproduction Soil 

Cadmium 
15 540 

20 590 

Copper 
15 640 

20 700 

Lead 
15 1570 

20 2970 

Zinc 
15 590 

20 900 
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However, the increase in metabolic rate with temperature (Luoma, 1983) 

can affect both metal uptake and excretion (Heugens et al., 2001). Therefore, 

metal’s bioaccumulation may or may not change, meaning that organisms’ 

susceptibility to metals wouldn’t be affected by temperature raise, since it would 

create a null effect. Nevertheless, organisms do not exhibit the same assimilation/ 

excretion rates. A study carried out by Janssen and Bergema (1991) revealed 

different responses by two different arthropod species when exposed to an 

increase in temperature. While the collembolan Orchesella cincta increased both 

metals’ uptake and excretion, leading to an internal equilibrium, the mite 

Platynothrus peltifer increased its uptake but no differences were found on 

excretion rates. These two examples show that there are organisms more suitable 

to stress tolerance than others. Another explanation is based on the organisms’ 

tolerance to temperature, since they have a thermal tolerance range, outside of 

which they became more vulnerable to temperature variations and to additional 

stressors as metal toxicity (Pörtner, 2001; Heugens et al., 2001; Khan et al., 2007). 

Khan et al. (2007) demonstrated that oxygen consumption in earthworms was 

lowest at 10-12ºC and increased until 18ºC, after which it decreased again, 

evidencing that the metabolism increased with temperature until reaching a critical 

limit (in this case 18 ºC) above which organisms decreased their activity, being 

more susceptible to additional stressors. 

Although the majority of studies points to a direct relation between 

temperature increase and metals toxicity, there are data pointing the other way 

(e.g. Voua Otomo et al., 2013; Sandifer & Hopkin, 1997). While cadmium LC50 
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decreased with temperature increase, zinc’s LC50 increased along with 

temperature (Voua Otomo et al., 2013). This could be explained because Zn, as 

opposed to Cd, is an essential metal. Additionally, Sandifer & Hopkin (1997), 

despite showing that lead medium effect concentration (EC50) increased from 15ºC 

to 20ºC, cadmium, copper and zinc EC50s were the almost the same at both 

temperatures. This could be explained by the organisms’ (Folsomia candida) 

mechanisms to handle metals (e.g. improvement of metals excretion rates). 

However, at 25ºC, it was not possible to calculate any EC50 because organisms’ 

thermal tolerance is achieved becoming more susceptible to additional stressors.  

The majority of the studies points to an increment of metals toxicity with 

temperature – rise of metabolic rates with temperature. Nonetheless, once again, 

that condition varies with metal identity and with the organism.  

 

I.4 Organisms’ response to stressors 

When exposed to stressors, populations can suffer powerful selective 

forces, altering populations’ genetic variability, intergenerational transfer, 

adaptability and survival of future generations (Fox, 1995). In order to survive, 

populations may adjust by phenotypic plasticity or adapt by genetic changes 

leading to populations’ evolution (Gienapp et al., 2008).  

Acclimation processes lie in plastic traits, which help organisms to tolerate a 

stress until a limit is reached. Based on the assumption that organisms have a 

limited budget of energy to live, they will use that energy for survival and 
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reproduction. But living under constant stress, they will reach a point where they 

need to compromise their main objectives, since a slice of their energy budget is 

deviated to detoxification (Stone, 2001; and references therein). Based on this 

assumption, populations that inhabit metal contaminated sites (SC) would be more 

susceptible to other stressors since part of their energy expenditure is already 

being used to tolerate metal contamination.  

Additionally, if the stressor is too strong, it could lead to populations’ 

extermination or to adaptation, in which the most tolerant to that stressor will 

survive. Theoretically, these populations adapted to live under metal 

contamination, will tolerate higher contamination than others that live in 

uncontaminated sites. Lukkari et al. (2006) shows that earthworms with chronic 

exposure to metal contaminated soil tolerate higher soil metal concentrations than 

reference populations. Nonetheless, populations’ adaptation to metal 

contamination could lead to reduced fitness in the absence of metals – loss of 

genetic variability through bottlenecks and inbreeding (Ribeiro & Lopes, 2013). 

Moe et al. (2013) classified individuals as toxicant-tolerant or climate-tolerant. 

When exposed to toxicants, the ones that can survive in those conditions will be 

selected, leading to a decrease of climate-tolerant individuals on that population: 

meaning that the adaptation to one stressor could lead to loss of fitness regarding 

other stressors.  

To summarize, organisms that face metal contamination can avoid or 

tolerate that stress. To tolerate metals they need to develop mechanisms 
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(phenotypic, genotypic or both) that are energy expendable, leading to less energy 

to deal with other stressors, compromising these populations’ sustainability. 

 

I.5 Model organism 

The model organism used in this work was the terrestrial isopod 

Porcellionides sexfasciatus. Isopods are widely used in ecotoxicological tests 

because they fulfill the eligibility criteria – small size, high abundance, simple 

identification, background knowledge on their biology and being responsive to sub-

lethal concentrations of toxicants (Drobne, 1997), ubiquitous distribution, and easy 

maintenance in laboratory. 

These organisms inhabit the soil/ litter compartment. Soils contain about 2/3 

of the total organic carbon in terrestrial systems (Dias et al., 2012), and isopods 

play an important role in the carbon cycle. They are comminutors, feeding mainly 

on organic matter, changing the soil cover in a physical, chemical and biological 

way, stimulating the decomposition of organic matter by soil micro-organisms (Dias 

et al., 2012), thus playing a key role in nutrient cycling. 

It has been explained how metals and temperature affect soil organisms in 

general. As for isopods, they have the distinguishing capacity of hiperaccumulating 

metals in the hepatopancreas, which acts as a detoxification mechanism, being by 

far the most important storage organ of metals (Hopkin & Martin, 1982; Jones & 

Hopkin, 1998; Mazzei et al., 2014). If the hepatopancreas becomes saturated, cell 

disruption occurs and metals are released to the lumen, leading to isopods death 
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(Mazzei et al., 2014). Besides, they have the ability to distinguish and avoid 

contaminated food, increasing their tolerance to metals (Zidar et al., 2005; 

Odendaal & Reinecke, 1999). To increase their tolerance even more, it has been 

proved that isopods that live under chronic stress by metals reproduce earlier and 

increase their reproductive allocation (energy deposited in reproduction that is 

measured by the weight of the brood in comparison to mothers’ weight), having 

more individuals per brood, but smaller than the ones from a reference site 

(Donker et al., 1993).  

Along with decreasing body size due to metal contamination, an universal 

decrease in body size as a response to climate warming was noticed (Gardner et 

al., 2011). As claimed before, an increase in temperature increases ectothermic 

metabolism, leading to higher metabolic rates and, in the majority of cases, to 

increasing metal toxicity. As isopods are sensitive to desiccation, during dry 

summers they will spend more time sheltering and less time eating, compromising 

their survival (Dias et al., 2012). In addition to sheltering (as a defense 

mechanism), they have an aggregation behavior that can diminish the effects of 

temperature increase (Hassal et al., 2010). 

I.6. Aims and thesis structure 

I.6.1. Aims 

The main goal of this thesis was to investigate how climate change will 

affect terrestrial isopod Porcellionides sexfasciatus’ populations living under metal 

contamination. To fulfill the main goal two specific objectives were established: 
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(1) To evaluate the effects of temperature and moisture, according to 

predicted climatic scenarios, in a chronically metal-exposed and a reference 

populations. The main question here was if a background of exposure to metal 

contamination leads to an increased susceptibility to additional stress factors such 

as temperature and moisture increase. This study will help evaluate the response 

of soil organisms, exposed to metal contamination, to additional stressors and to 

understand the effects of climate change on soil processes underlying key 

ecosystem services. 

It’s expected that the metal-exposed population will be more affected by 

climate change: if they are adapted to metal contamination, and that adaptation led 

to fitness loss regarding other stressors, it could be expected less intra-specific 

genetic diversity leading to less tolerance; if metal tolerance is achieved by plastic 

traits, a lower available energy to deal with climate change is expected. 

(2) To estimate the effects of climate change on metal tolerance of a 

chronically metal-exposed and reference populations. This study will increase the 

knowledge on the effects of multiple stressors and their interactions, and the 

knowledge on metal-exposed field populations’ response to stressors.  

For both populations, a decrease on metal tolerance with temperature and 

moisture increase is predicted due to increased metal toxicity; nonetheless, higher 

metal tolerance from the metal-exposed population in the control treatment is 

expected, assuming previous metal tolerance development for inhabiting a metal-

contaminated site. Also, lower tolerance to climate changes in the metal-exposed 
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population, taking into account the assumed lower capacity to handle additional 

stressors, is expected.  

 

I.6.2. Thesis structure 

This study, on the influence of climate change and metal contamination on a 

metal-exposed population, will contribute to find isopods’ response to future climate 

conditions and to evaluate their metal tolerance variation in those conditions, 

considering their history of metal contamination.  

To achieve the described aims, multiple stressor experiments, divided into 2 

chapters, were developed. Along with a general introductory chapter and a final 

discussion there are a total of 4 chapters: 

(1) A general introduction on metal contamination, climate change, isopods and 

their interaction (chapter I). 

(2) An estimation of the effects of climate change on a metal-exposed 

population of Porcellionides sexfasciatus (Chapter II).  

(3) An evaluation of metal tolerance of a metal-exposed population of 

Porcellionides sexfasciatus under future climatic scenarios (Chapter III).  

(4) A general discussion with the major conclusions of this work and a brief 

analysis on the work that can be done to improve these findings (Chapter 

IV). 
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Chapter II - Climate change effects on Porcellionides 

sexfasciatus populations living in metal contaminated 

sites 
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II.1. Abstract  

Isopods play an important role in organic matter decomposition, helping in 

the carbon and nutrients cycles. Climate change may lead to changes in 

decomposition processes since increases in temperature and frequency of extreme 

events are predicted, potentially modifying isopods behavior (including feeding 

behavior) and distribution. Additionally, isopods inhabiting metal contaminated sites 

need to deviate energy to deal with that stress, compromising their fitness. Our 

goal was to assess how climate change affects isopods populations living under 

metal contamination. To evaluate these populations’ response, a population from a 

metal contaminated site (SC) along with an uncontaminated population (LG) were 

subjected to a survival and feeding test, being exposed to different climate 

conditions (temperature: 20°C, 25°C, 30°C; soil moisture: 20%, 40%, 60%) 

accordingly with climate change predictions. It was found that none of the 

populations could survive in moisture levels higher than 60%. Also, the metal-

exposed population had higher food consumption rates than the control population 

at 20°C, but that difference was not found at higher temperatures. Those results 

allowed to conclude that SC populations are less susceptive to wet environments 

(60% moisture), and both populations are not affected by dry environments (20% 

moisture) at least within the tested time. Additionally, it is proposed that the SC 

population can originate a higher organic matter fragmentation rate due to their 

higher food consumption to cover its needs of  more energy to deal with metals 

body burden and both populations were affected by temperature increase, leading 

to higher decomposition rates, potentially altering the carbon and nutrients cycles. 
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II.2. Introduction 

Isopods are well known organisms, with a ubiquitous distribution and a 

notorious importance on the carbon and nutrient cycles: they feed on organic 

matter, shredding it to help the activity of microorganisms during decomposition 

(Dias et al., 2012; Godet et al., 2011). Being ubiquitous organisms they can be 

exposed to several environmental stressors, such as extreme temperature and 

moisture conditions, and pollutants. According to IPCC reports (IPCC, 2013), the 

last 3 decades have been increasingly warmer. This increase in the global mean 

surface temperature is highly connected with the industrial age and the 

intensification of greenhouse gas emissions. Based on these data, an increment of 

1.4°C to 5.8°C until 2100 in the global mean surface temperature and an increase 

of the frequency of extreme events (as drought and floods) is predicted (IPCC, 

2013). 

Those changes in climate will directly affect isopod populations, which could 

alter their contribution to carbon and nutrient cycles. Since they live in direct 

contact with the soil solution phase, they depend on soil moisture to control internal 

water content. Therefore, soil moisture is responsible for their distribution and 

abundance, mainly through their capacity to handle desiccation (Dias et al., 2013). 

Moreover, water content is also temperature dependent, since higher temperatures 

lead to higher water losses (Warburg et al., 1965). Additionally, isopods are 

ectothermic, depending on outer temperatures to regulate their body temperature, 

with a direct influence on ectothermic metabolic pathways, such as excretion 

(Janssen & Bergema, 1991), consumption (Rombke et al., 2011), and growth rates 
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(Donker et al., 1998; Abdel-Lateif et al., 1998) as well as in several reproductive 

traits (Sandifer & Hopkin, 1997; Voua Otomo et al., 2013). 

Additionally, some populations are also exposed to pollutants from 

anthropogenic origin such as metal contamination. In terrestrial ecosystems, 

metals accumulate both in soil and litter compartments, resulting in a continuous 

exposure for soil organisms, with both paths potentially having an additive effect 

(e.g. Vijver et al., 2006). 

Climate change may affect metal bioavailability and therefore their toxicity. 

It’s considered that temperature affects bioavailability by altering metal kinetics, 

favoring uptake by soil organisms (Spurgeon et al., 1997). As for soil moisture 

increase, it positively affects metal solubility, leading also to a higher bioavailability 

(Hernandez-Soriano & Jimenez-Lopez, 2012).  

Theoretically, besides bioavailability increase, populations inhabiting metal 

contaminated sites will be more susceptible to climate variations than reference 

ones, since chronic exposure to high metal contamination can increase their 

susceptibility to additional stressors (Stone et al., 2001).  

The main goal of this study was to infer how having a history of metal 

exposure affects isopods response to climate change. Based on future climate 

scenarios, the effect of temperature and moisture on survival and feeding activity of 

two isopod populations (one from a metal contaminated site and other from a 

reference site) was evaluated.  

It’s expected that the metal-exposed population (SC) will be more affected 

by climate change because their previous exposition to metals could have led to 

fitness loss regarding other stressors and/ or because they are already deviating 



 
 

29 
 

energy to deal with metal contamination, leaving less energy to deal with climate 

change. 

 

II.3. Materials and methods 

II.3.1. Model organism 

Tests were conducted with Porcellionides sexfasciatus from two 

populations: a population with a history of metal exposure and a reference one. 

Sampling was made by hand, collecting approximately 600 individuals at each site. 

Isopods were taken to the laboratory and kept in boxes with soil from their 

respective sampling site in a climate-controlled room at 20°C ± 2°C with a 

photoperiod of 16h light: 8h dark. They were fed with alder leaves (Alnus glutinosa) 

for at least one month before being used in survival and feeding experiments. 

Female isopods were placed in individual containers to make sure only non-

pregnant females were used. 

 

II.3.2. Study site 

Populations were collected at Mina de São Domingos, an abandoned 

cupric-pyrite mine with high levels of metals in soil as well as in litter, located in 

south Portugal. The metal-exposed population collection site (Santana de 

Cambas_SC_37º37’56’’N, 7º31’06’’W), 5Km from the mine pit, receives metal 

inputs mainly through wind. The reference population was collected in a nearby 

place called Lago (LG_37º40’55’’N, 7º30’54’’W), with no metal contamination. Soil 
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and litter metal concentrations, from both sampling sites are present in Table II.1 

(data from Costa et al., 2013). Soil and litter were collected at both sites to 

measure organic matter content (soil was combusted at 500°C for 6h), soil pH (with 

KCl 1M 1:6v/v), water holding capacity (ISO DIS 11268-2), soil texture (according 

to Gee & Bauder, 1986), cation exchange capacity (Tedesco et al., 1995) and to 

perform the survival test.  

 

Table II.1. Soil and litter total metal concentrations (µg/ g) from both sampling sites 

(SC = Santana de Cambas; LG = Lago). Data from Costa et al. (2013). 

Metals 

Soil  Litter 

SC LG  SC LG 

    

Cu 933 34  302 22 

Fe 94413 54663  50935 31068 

Zn 320 77  283 64 

Cd 3.1 <2.8  4 <2.8 

Pb 3276 54  1192 <45 

 

II.3.3. Test conditions 

For both survival and feeding experiments, isopods were individually placed 

in boxes with 8 cm diameter, 4.5 cm height; the lid of the boxes were perforated to 

allow air exchange. Tests were performed in temperature-controlled cameras with 

a photoperiod of 16h light: 8h dark. Three different temperatures (20ºC [control], 

25ºC and 30ºC) and three different soil moisture contents (20%, 40% [control] and 

60% of the water holding capacity) were tested. A total of 9 treatments (3 

temperatures; 3 moistures) were setup, in which isopods were subjected to a 
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combination of temperature and moisture conditions. For each treatment, 20 

replicates (10 males and 10 females) per population were setup. Soil moisture was 

adjusted using distilled water by weighting the boxes every other day.  

For the survival experiment 40 g of the population respective soil were 

placed in each test container. Soil was previously defaunated by two 

freeze/thawing cycles, and sieved with a 5 mm mesh sieve. No food was offered; 

therefore isopods fed only on soil organic matter. Each container was checked 

every day for dead individuals, for a total of 32 days. 

For the feeding experiment, instead of soil, 30 g of pure sand were placed in 

each container to avoid having organic matter in the test medium. In this 

experiment, only two moisture conditions (20% and 40%) were tested. Isopods 

were fed with alder leaf discs (made with a cork borer with 16 mm diameter). The 

substrate was renewed every week to remove fecal pellets, and fresh food was 

added. To determine food consumption, alder leaf discs’ dry weight was measured 

at the beginning and at the end of every week; also, isopods were weighted at the 

beginning of the experiment, which lasted for 28 days.  

 

II.3.4. Data analysis 

Survival data was fitted to an exponential model to calculate medium lethal 

time (LT50): 

Mortality=a*EXP(LOG((a-a*0.5-b*0.5)/a)*(Days/c))+b)  

Treatments were compared using the likelihood ratio test. Food consumption rate 

was calculated as:  
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Consumption = dry leaf consumption / 28 days / isopod initial weight.  

Due to lack of homogeneity of variance, consumption values were transformed into 

ranks and a Friedman test was performed. Treatments were compared by post-hoc 

analysis, with Wilcoxon signed-rank tests, using a False Discovery Rate (FDR) 

correction with the Benjamini–Hochberg method (Benjamini & Hochberg, 1995) to 

obtain a realistic p value (p < 0.031). All analyses were performed using the 

Statistica 7 software (StatSoft, Inc., 2004). 

 

II.4. Results 

II.4.1. Soil and litter analysis 

Cation exchange capacity (CEC), pH, organic matter content (OM), water 

holding capacity (WHC) values, as well as soil texture were similar between 

collection sites (table II.2). 

 

Table II.2: Values for cation exchange capacity (CEC), pH, organic matter (OM, %), 

water holding capacity (WHC, %) and soil texture from both sampling sites (SC = 

Santana de Cambas; LG = Lago). 

 
SC 

 
LG 

  

CEC 13.32  8.67 

pH 6.2  6.8 

OM 9.8  7.8 

WHC 47.9  42.3 

Texture sandy loam  sandy loam 
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II.4.2. Survival experiment 

During the experiment, treatments with 20% and 40% soil moisture content 

did not originate 50% mortality of the isopods. Therefore, it was not possible to 

calculate LT50 values for these treatments. At 60% moisture level, 100% mortality 

was achieved before 20 days allowing LT50 values to be calculated. For all 

treatments allowing the calculation of LT50 values, the model used explained more 

than 98% of the data variability. LT50 values were significantly higher for SC 

population in all temperatures tested (table II.3). Additionally, analysing individually 

each population for moisture and temperature, no differences on moisture 

conditions were found. As for temperature, LT50s from SC population increased 

from 20°C (1.9 days) to 30°C (3.45 days) with the 25°C treatment showing a higher 

LT50 value (5.16 days). At LG, LT50s were not significantly different (Fig. II.1). 

 

Table II.3: LT50s (days) and confidence intervals, calculated by fitting data into an 

exponential model for Porcellionides sexfasciatus’ survival test with moisture and 

temperature treatments (SC = Santana de Cambas; LG = Lago). The test last for 32 

days. 

Pop. Moist. (%) 20ºC 25ºC 30ºC 

LG 20 >32 >32 >32 

SC 20 >32 >32 >32 

LG 40 >32 >32 >32 

SC 40 >32 >32 >32 

LG 60 0.38 (0.35-0.40)a,1 0.46 (0.36-0.55)a,1 0.31 (0.29-0.33)a,1 

SC 60 1.9 (1.52-2.27)b,1 5.16 (3.92-6.40)b,2 3.45 (2.93-3.97)b,3 

a,b 
Significant differences between populations at each temperature; 

1,2,3 
Significant differences 

between temperatures within the same population. 
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II.4.3. Feeding experiment 

Isopods from both populations presented different initial weight values 

(Kruskall–Wallis H test, H=5.99, p<0.02), with individuals from Santana de Cambas 

being lighter (15.61 ± 0.34 mg) than those from Lago (17.58 ± 0.49 mg). 

There were statistical differences between treatments (Χ2(11) = 50.0598, p 

< 0.001). Differences between populations were only found at 20°C/40% WHC 

treatment: the population from Santana de Cambas presented higher consumption 

rates than the one from Lago (Z = 2.438, p < 0.02) (table II.4).  

Regarding intra-population analyses, at the two moisture conditions tested, 

no differences were found. Nonetheless, both populations present a significantly 

lower consumption rate at 20°C when compared with the other two temperatures 

tested at both moisture regimes. Furthermore, the population from Lago had 

significantly higher consumption rates at 30°C than at 25°C, at 20% moisture.  

 

Table II.4: Food consumption rates per treatment with respective standard deviation, for 

the two populations of Porcellionides sexfasciatus (SC = Santana de Cambas; LG = Lago). 

The test lasted for 28 days. Food consumption rates were calculated by grams of food 

eaten by day per isopod initial weight.   

 

SC  LG 

20% 40% 20% 40% 

20°C 0.036 ± 0.0141 0.037 ± 0.014a,1  0.033 ± 0.0091 0.027 ± 0.013b,1 

25°C 0.054 ± 0.0102 0.053 ± 0.0162  0.050 ± 0.0132 0.050 ± 0.0112 

30°C 0.064 ± 0.0222 0.067 ± 0.0192  0.073 ± 0.0193 0.068 ± 0.0182 

a,b 
Significant differences between populations. 

1,2,3 
Significant differences between temperatures within the same population and moisture 

condition. 
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At almost all moisture conditions, populations’ consumption rates increased 

with temperature, showing a higher increase between 20°C and 25°C than 

between 25°C and 30°C (Fig.II.2). 

 

 

 

Figure II.2: Food consumption increase (%) along a gradient of temperature for both 

populations (SC = Santana de Cambas; LG = Lago) and moisture conditions. At almost all 

conditions, food consumption increase is higher from 20°C to 25°C than from 25°C to 

30°C. Consumption was calculated by food eaten per day by isopod initial weight. The test 

last for 28 days. 

 

II.5. Discussion 

Before we conducted the experiments, females had an isolation period to 

avoid the use of pregnant ones; based on the assumption that organisms live 

under a controlled energy budget, females would use energy for reproduction 

leaving less energy available for survival purposes (Calow, 1991). Also, the use of 
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only one isopod per box was to avoid aggregation behavior, employed by the 

isopods to escape desiccation (Hassal et al., 2010), to account for each isopod as 

a replicate, and to avoid competition. 

The survival experiment showed differences between populations in the 

treatments with 60% WHC and between temperatures in the SC population. 

Populations’ differences were not in accordance with the expected higher 

susceptibility of the metal-exposed population to additional stressors. On the 

contrary, the SC population showed higher tolerance to 60% WHC condition than 

the LG population.  Maybe, the mechanisms providing metal tolerance could be the 

same that offers flooding tolerance.   

As for temperature differences within SC, it could be expected higher 

survival in the treatments with higher temperatures, because it would diminish soil 

moisture with higher temperature increase. But soil moisture did not present more 

than a 5% variation in all treatments. 

Despite the differences between populations, this data allowed us to 

conclude that isopods’ survival is strongly affected at 60% WHC regardless of their 

origin. Isopods perform gas exchanges through internal lungs that are located in 

the ventral surface and through the integument (Schmidt & Wägele, 2001). When 

subjected to high moisture conditions (soil slightly soaked), isopods can face 

hypoxia (Schmitz & Harrison, 2004) compromising survival. In natural conditions, in 

case of extreme events as massive rainfall periods, isopod populations could be 

extremely reduced. Based on these results, (100% mortality after 20 days), the 

feeding test and the tests made in chapter III were not performed with the 60% 

WHC treatment. 
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At 20% moisture, as well as in the control (40% moisture), none of the 

populations achieved 50% mortality, demonstrating that a shortage of water is not 

prejudicial to Porcellionides sexfasciatus. Nonetheless, we could hypothesize that 

differences would be found with a prolonged test. Since isopods from SC are 

smaller than LG, they may be more affected by dry environments because isopods 

with less body surface area have less desiccation resistance (e.g. Dias et al., 

2013). 

Food consumption was measured by food eaten per day, taking into 

account the isopods initial weight, to reduce size influence on food consumption. 

However, we only found differences between the reference and the metal-exposed 

population at the control treatment (20°C: 40%), in which SC had higher 

consumption than LG. This was expected considering energy needs: theoretically, 

populations inhabiting metal contaminated sites, in order to handle toxicants, need 

more energy (Calow, 1991). Nonetheless, the higher consumption from SC seems 

to be masked by the temperature increase: temperature has a heavy influence in 

ectothermic metabolism, influencing metabolic rates (Pörtner, 2001) leading to 

higher food consumption rates with temperature rise (Rombke et al., 2011; Jager et 

al., 2003). 

In this study, the increase in consumption observed from 20°C to 25°C is 

higher than from 25°C to 30°C, allowing us to assume that consumption rates will 

increase until a maximum value. To find that limit it would be necessary to test 

more temperatures. The substantial increase in consumption with temperature 

seen in this study agrees with Rombke et al. (2011) that tested feeding behaviors 

along a temperature gradient. Porcellio scaber increased its consumption by 
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almost 100% from 20°C to 28°C; however, the same was not observed in P. 

pruinosus, showing that the temperature-consumption relation is species-specific. 

In this work, the survival test allowed a large-scale view, finding that climatic 

variations, such as high moisture conditions (60%), affect populations’ 

perseverance; the feeding test helped to find how temperature increase affects 

carbon and nutrient cycles, by positively influencing organic matter consumption. 

However, in natural conditions, isopods are subjected to metal 

contamination from both soil and litter (Drobne, 1997), instead of uncontaminated 

soil and food as in this experiment. In nature, isopods need to find a relation 

between food consumption and survival due to an increase in metals body burden 

with exposure time (Vijver et al., 2006). However, the use of food from their 

collection site would not allow for a direct comparison between tests.  

Even so, it may be concluded that extreme events as intensive rainfall 

periods can have a strong negative effect on isopods survival, and that 

temperature increase is beneficial for isopods’ mediated organic matter 

decomposition, enhancing the carbon and nutrients cycles at least until 30ºC. 
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Chapter III - Climate change effects on cadmium tolerance 

of Porcellionides sexfasciatus populations living under 

metal contamination  
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III.1. Abstract 

Terrestrial isopods play an important role in organic matter decomposition. 

Isopods living under metal contamination can either avoid metals or tolerate them. 

Metal tolerance can be achieved by phenotypic or genotypic changes. Supposedly, 

metal-exposedpopulations will develop metal tolerance and be more tolerant to 

metals than populations without a metal exposure history; such tolerance can be 

affected by climatic variations. Also, increases in soil moisture and temperature 

lead to an increment of metal toxicity. This chapter evaluated cadmium tolerance of 

Porcellionides sexfasciatus (terrestrial isopod) populations in different climate 

change scenarios. The goal was to find how climate change affects isopods’ metal 

tolerance and if that tolerance is related to isopods’ background. It was found that 

cadmium toxicity increases with temperature in the metal-exposed population, 

showing that previous exposure to metals leads to higher susceptibility to other 

stressors; also, the metal-exposed population did not develop higher tolerance to 

metals than the reference population. 

 

III.2. Introduction 

Terrestrial isopods are soil organisms responsible for the fragmentation of 

organic matter, acting as catalysts for microbial communities during decomposition 

(Drobne, 1997). Thus, they play an important role on carbon and nutrient cycles 

(Drobne, 1997; Dias et al., 2012). Besides, they are good models for 

ecotoxicological tests because of their wide distribution, simple identification, and 
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background knowledge (Drobne, 1997). They are also recognized as bioindicators 

of metal pollution (Dallinger et al., 1992; Paoletti & Hassal, 1999) for their capacity 

to store metals in the hepatopancreas (Hopkin & Martin, 1982). 

In nature, isopods are exposed to stressors as temperature, moisture, pH, 

organic matter availability, UV exposition and metal contamination (anthropogenic 

origin). When living under metal contamination, isopods can avoid or limit their 

exposure to metals (Zidar et al., 2005). If they fail to avoid exposure, they need to 

tolerate metals at the expense of their development, disturbing physiological 

processes and leading to changes in populations (Callow, 1991). Those changes 

can be phenotypic, genetic or both (Gienapp et al., 2008). Phenotypic tolerance is 

achieved by changes in plastic traits (phenotypic plasticity), physiological changes 

(acclimation) or by maternal effects. Genetic adaptation is based mainly on the 

survival of the fittest through selection of the most tolerant to metal contamination. 

This can lead to a reduction of genetic variability and, in some cases, to loss of 

fitness of the population as a consequence of energy re-allocation to detoxification 

processes (Ribeiro & Lopes, 2013). 

  In metal-contaminated sites, metal exposure occurs by two pathways: soil 

and litter. Since isopods feed on organic matter, it acts as the most direct source of 

contamination (Vijver et al., 2006; Godet et al., 2011). Thus, metal exposure can 

affect food consumption, changing decomposition rates, affecting nutrients and 

carbon cycles (Farkas et al., 1996; Drobne & Hopkin, 1994). This makes food 

consumption a relevant endpoint when studying the effects of metal contamination 

on isopods’ role in nature (Costa et al., 2013). Non-essential metals, such as 
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cadmium (Cd) present a huge risk for those populations; organisms’ metal uptake 

is driven by consumption of contaminated litter, and through passive adsorption by 

body wall (Spurgeon et al., 1997; Pejnenburg et al., 2012). Since Cd it’s not used 

in any physiological process, isopods accumulate it along exposure time (Vijver et 

al., 2006), creating granules in the hepatopancreas. Moreover, it is believed that 

the energy needed for excretion would be higher than the energy used to store it 

(Hopkin & Martin, 1982). The lack of mechanisms for cadmium detoxification leads 

to cadmium body burden increase; when the maximum accumulation capacity is 

achieved, cell disruption occurs and cadmium is released into the lumen (Mazzei et 

al., 2014) leading to isopods death. 

Despite metal concentrations, organisms’ metal toxicity change with time, 

derived from changes in natural conditions (e.g. pH, temperature, moisture), that 

affect metals’ bioavailability and organisms’ sensitivity to toxic chemicals 

(Spurgeon et al., 1997). Therefore, it’s important to find out how those changes 

affect organisms tolerance to metals. According to IPCC reports (IPCC 2013), 

there has been a huge increase in the global mean surface temperature over the 

last century, wherein the majority of that increment was in the last 60 years (0.72°C 

of the 0.89°C [1901-2012]). Based in data from previous years, it’s predicted an 

increase in temperature (1.4°C to 5.8°C until 2100) and frequency of extreme 

events, meaning less but more intensive raining periods, leading to floods and 

droughts (IPCC, 2013).  

These changes will induce modifications in isopod communities. The higher 

temperatures are expected to increase isopod metabolic rates, since they are 
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ectothermic, leading to higher food consumption (Rombke et al., 2011) and higher 

growth rates (Abdel-Lateif et al., 1998). As for rainfall, it’s pointed to be the main 

reason for soil organisms’ distribution (Dias et al., 2012), since they depend on 

moisture to avoid desiccation, and also affect feeding behaviors since organisms 

spend  less time feeding in exchange to shelter (Dias et al., 2012). Nonetheless, 

when inhabiting metal contaminated sites, those responses can diverge, since 

isopods may need to deviate energy from their physiological processes to deal with 

metals (Calow, 1991). 

Subsequently, this chapter is focused on evaluating the effect of climate 

change on metal tolerance of two populations of the isopod Porcellionides 

sexfasciatus:  a reference one and other with a history of metal exposure. The 

main goal was to evaluate how climate change affects metal tolerance and to find if 

the historically metal-exposed population is more affected by additional stressors.  

In the control treatment (20°C: 40%) it is expected higher metal tolerance by 

the metal-exposed population considering their history of metal contamination. 

With temperature and moisture increase, it is expected higher metal toxicity and 

thus, a decrease on metal tolerance on both populations. Nonetheless, taking into 

account the lower capacity to handle additional stressors from the metal-exposed 

population, lower tolerance of that population is expected. 
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III.3. Materials and methods 

III.3.1.Model organism 

Tests were conducted with F1 generation of the isopod Porcellionides 

sexfasciatus from two populations: a population with a history of metal exposure 

and a reference one. Sampling was made by hand, collecting approximately 600 

individuals in each site. Isopods were taken to the lab and kept in a climate-

controlled room at 20°C ± 2°C with a photoperiod of 16h light: 8h dark. They were 

fed with alder leaves (Alnus glutinosa) and kept in boxes with soil from their 

sampling site. F1 generation was born under laboratory conditions and sorted after 

birth to separate females from males to make sure that only non-pregnant females 

were used. F1 generation spend at least three months under lab conditions before 

being used in the following experiments. 

 

III.3.2.Study site 

Populations were collected in Mina de São Domingos, an abandoned 

cupric-pyrite mine with high levels of metals in soil as well as in litter, located in 

south Portugal. The metal-exposed population collection site (Santana de 

Cambas_SC_37º37’56’’N, 7º31’06’’W), 5Km from the mine pit, receives metal 

inputs mainly through wind. The reference population was collected in a place 

nearby called Lago (LG_37º40’55’’N, 7º30’54’’W), with no metal contamination. 

Soil and litter metal concentrations, from both sampling sites are present in Table 

III.1 (data from Costa et al., 2013). 
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III.3.3. Test conditions 

Survival and feeding experiments were developed using cadmium 

(CdCl2.2.5H2O, 98% purity, from Fluka) mixed into soil and leaves, respectively. 

Preliminary tests were performed to obtain the proper Cd concentrations to 

calculate the medium lethal concentrations (LC50s) and the medium effect 

concentrations (EC50s).  

For both tests, isopods were placed in individual boxes with 8 cm diameter, 

4.5 cm height; the lid of the boxes were perforated to allow air exchange. Tests 

were performed in temperature-controlled cameras with a photoperiod of 16 h light: 

8 h dark. Three different temperatures (20ºC, 25ºC and 30ºC) and two different soil 

moistures (20% and 40% of the water hold capacity) were tested. A total of 6 

treatments per concentration (3 temperatures; 2 moistures) were setup, in which 

isopods were subjected to a combination of temperature and moisture. Soil 

moisture was adjusted using distilled water by weighting the boxes every other 

Table III.1: Soil and litter total metal concentrations (µg/g) from both collection sites 

(SC = Santana de Cambas; LG = Lago). Data from Costa et al. (2013). 

Metals 

Soil  Litter 

SC LG 
 

SC LG 

    

Cu 933 34  302 22 

Fe 94413 54663  50935 31068 

Zn 320 77  283 64 

Cd 3.1 <2.8  4 <2.8 

Pb 3276 54  1192 <45 
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day. For each treatment 6 replicates (3 males and 3 females) were setup per 

population; a total of 288 isopods of each population were used. 

For the survival experiment, in each combination of temperature and 

moisture, 7 metal concentrations were tested (nominal concentration of 400, 600, 

700, 800, 900, 1000, 1300 µg Cd/ g soil dry weight) mixed on Organization for 

Economic Co-operation and Development (OECD) soil according to OECD-226 

(2008). Every day each container was checked and mortality was accounted for; 

the test ended after 28 days.  

For the feeding experiment, alder leaf discs (≈ 16 mm) were contaminated 

with 7 cadmium concentrations (nominal concentration of 100, 200, 250, 300, 350, 

400, 800 µg Cd/ g leaf dry weight). Leaf discs’ dry weight was measured; only 

discs with 15 ± 1 mg were used, being placed in capsules, contaminated with a 

cadmium solution (1ml) and dried at room temperature for two days. After this 

process leaf discs were re-weighted and rehydrated.  In each container 30 g of 

sand, one alder leaf disc and one isopod were placed. The medium was renewed 

every week with new sand and fresh food. The leaves removed after each week 

were dried and weighted; isopods were weighted at the beginning and at the end of 

the experiment (after 28 days).  

 

III.3.4. Data analysis 

The median lethal concentration (LC50) was calculated from the survival 

experiment, fitting the data to a Gompertz model: 

Survival=maximum response x exp((LOG(0.5)) x (time/LC50)^slope)   
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and LC50s were compared using the likelihood ratio test. 

From the feeding test, food consumption rate was calculated as:  

Consumption = dry leaf consumption / 28 days / isopod initial weight. 

Median effective concentration (EC50) was calculated for each treatment by fitting 

the data to a Gompertz model: 

Consumption=maximum x exp((LOG(0.5)) x (metal conc/EC50)^slope)  

and treatments were compared using the likelihood ratio test. Statistical analyses 

were performed with Statistica 7 software (StatSoft, Inc., 2004). 

 

III.4. Results 

III.4.1. Survival experiment 

During the experiments, in some climate treatments the lower Cd 

concentration tested led to 100% mortality making it impossible to calculate any 

LCx; thus, in those cases, the LC50 was considered to be below 400 µg/ g (Table 

III.2). There were no differences between populations, and temperature was the 

major factor affecting LC50 values, with a tendency to lower LC50 as temperature 

increases. Intra-population analyses showed differences only in SC population 

between 20°C and 25°C from both moisture treatments. For all treatments, no 

differences were found between moisture conditions.  
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Table III.2.: LC50 values and confidence intervals (µg Cd/ g soil), calculated by fitting the 

data into a Gompertz model for Porcellionides sexfasciatus’ survival test (SC = Santana de 

Cambas; LG = Lago). Two moisture conditions and three temperatures were tested under 

a cadmium gradient (0, 400, 500, 600, 700, 800, 900, 1300 µg Cd/g soil). The test last 28 

days. 

 
SC 

 
LG 

 
20°C 25°C 30°C 

 
20°C 25°C 30°C 

20% 
803  

(421-1184)a 

432  

(90-774)b 
< 400 

 

721  

(72-1371) 

550  

(198-902) 
< 400 

40% 
664  

(525-803)1 

403  

(307-500)2 
< 400 

 

801  

(290-1312) 
< 400 < 400 

a,b 
 Significant differences in SC population between temperature in the 20% moisture treatments. 

1,2 
Significant differences in SC population between temperature in the 40% moisture treatments. 

 

III.4.2. Feeding experiment 

No differences between treatments on food consumption EC50 values were 

observed (table III.3); despite the different climate conditions, both populations 

showed similar EC50s. 

Table III.3.: EC50 values and confidence intervals (µg Cd/ g dry leaf), calculated by fitting 

the data into a Gompertz model for Porcellionides sexfasciatus’ feeding experiment (SC = 

Santana de Cambas; LG = Lago). Two moisture conditions and three temperatures were 

tested under a cadmium gradient (0, 100, 200, 250, 300, 350, 400, 800 µg Cd/ g dry leaf). 

The test last 28 days. 

Population Moisture 20°C 25°C 30°C 

SC 
20% N.C. 210 (130-290) 163 (94-232) 

40% N.C. 168 (98-238) 135 (62-208) 

     

LG 
20% 123 (20-227) 252 (64-440) 222 (172-271) 

40% 252 (134-369) 234 (168-300) 191 (125-257) 

N.C.: Not possible to calculate 
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III.5. Discussion 

Some of the studies comparing isopods populations with a history of metal 

exposure (Donker, 1992; Donker et al., 1993; Jones & Hopkin, 1998; Knigge & 

Khöler, 2000; Godet et al., 2012) suggest changes on organisms’ physiology 

driven by metal contamination.  However, there is only one study testing metal 

tolerance (with copper) in Porcellionides sexfasciatus populations (Costa et al., 

2013) in which it was not found evidence of increased copper tolerance by the SC 

population. 

In this study, temperature rise lead to a LC50 decrease in the SC population. 

The increased toxicity with temperature has already been described in other 

studies: Voua Otomo et al. (2013), with a 28-day experiment with Enchytraeus 

doerjesi using cadmium, registered a LC50 decrease with increasing temperature 

from 293 µg/ g at 15°C to 231 µg/ g at 25°C; Cedergreen et al. (2013), when 

studying Enchytraeus crypticus also found an increase in the uptake of Cd with 

time exposure and with temperature increase. The increased toxicity with 

temperature can be associated with two major factors: metal bioavailability and 

organisms’ metabolic rates. The former has been proposed by the alteration of 

metals kinetics with temperature increase favoring uptake (Spurgeon et al., 1997). 

Changes in organisms’ metabolic rates are a widely accepted explanation since 

they are ectothermic and depend on outer temperatures to regulate their 

metabolism (Sandifer & Hopkin, 1997; Abdel-Lateif et al., 1998). Higher metabolic 

rates will lead to higher activity, traducing in higher uptake rates. If excretion rates 

did not follow this increase, metals will accumulate inside isopods and increase 
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metals body burden. Additionally, Cd is a non-essential metal, not used by 

organisms, accumulating with time exposure (e.g. Vijver et al., 2006). 

That same significant result was not achieved in LG population mainly due 

of the huge confidence intervals given by the model and the 100% mortality in the 

lower concentration tested (400 µg/ g) in three of the six treatments. Nonetheless, 

at 20% moisture level, from 20°C to 25°C, LG population LC50s were not different, 

whilst SC LT50s decrease, showing that this population is more affected by an 

increase in temperature. This confirms our working hypothesis that the history of 

metal exposure in the SC population compromised their capacity to handle other 

stressors. These findings are in accordance with Stone et al. (2001), in which the 

carabid beetle Pterostichus oblongopunctatus with chronic exposure to metal 

contamination was more susceptible to additional stressors than reference 

populations.  

In the feeding experiment it was not detected any influence by any of the 

tested parameters (populations’ history, moisture or temperature). Despite the 

observed tendency of EC50 values to decrease with temperature increase, no 

significant differences were found, mainly because of the huge confidence intervals 

given by the variability in food consumption rates within each metal concentration.  

Also, it was expected that the population from SC had higher metal 

tolerance than LG due to its history of metal contamination. That expectation would 

agree with previous studies with populations living under metal contamination: 

Posthuma (1992), studying Orchesella cincta exposed to cadmium, found 
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significantly lower growth reduction in the metal-exposed population than in 

animals from reference sites; Donker & Bogert (1991) showed decreased 

consumption and growth in a reference population of Porcellio scaber while 

exposed to cadmium, while isopods from metal contaminated sites were not 

affected. In both studies the excretion efficiency was pointed has the responsible 

parameter for increased tolerance. Nonetheless, in this study, both populations had 

the same tolerance to Cd contamination. Metal-contamination besides species 

specific is also metal-specific and soil cadmium levels of the contaminated site (3.1 

µg/g) were almost the same as in the reference place (considering that those 

values are near 2.8 µg/g). Since different metals induce different changes in 

isopods organisms, mainly in hepatopancreas (Mazzei et al., 2014), the pathways 

to deal with Cd were even for both populations. 

Nevertheless, this study provided data on cadmium toxicity of Porcellionides 

sexfasciatus under different environmental conditions. Since the use of isopods 

has been suggested as bioindicators of environmental hazard of metals (Dallinger 

et al., 1992; Paoletti & Hassal, 1999; Mazzei et al., 2014), this study provides 

important information, since metal contamination is both metal and species-

specific, and varies with environmental factors. Therefore, these specie-specific 

analyses are important before biomonitoring programs (Mazzei et al., 2014). 

Additionally, this multiple-stressor analysis mimics better real conditions, where 

instead of just one variable affecting a population, multiple variables and its 

interactions are explored, discovering synergistic or antagonistic effects instead of 

just considering the sum of individual effects. 
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From this study, it is concluded that with future climate scenarios, in which a 

temperature increase is predicted, the toxicity of cadmium is enhanced, being the 

metal-exposed isopods populations the ones more affected to these climatic 

changes. As for moisture conditions, a dry environment (20% moisture) does not 

seem to cause changes in the toxicity of Cd in Porcellionides sexfasciatus 

populations regarding survival or food consumption.  

The tests developed in this chapter gave a better understanding on how 

future changes in climate will influence isopods’ tolerance to metals, if that 

influence is connected with their background and if that background (living in a 

metal contaminated site) affects their feeding rates, and thus, their role as 

comminutors affecting litter decomposition and nutrient cycling.  
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Chapter IV - General discussion 
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In all climate change scenarios, an increase in temperature is predicted 

(IPCC, 2013). Consequences of this increase, for ectothermic organisms as 

isopods, have already been studied, with an increase in metabolic rates with 

temperature being proposed (Römbke et al., 2011). Considering that in the feeding 

experiment (Cap. II.4.3), the increase in food consumption rates was driven by the 

increase in metabolic rates, both populations increased food consumption rates 

with temperature. Furthermore, the raise in temperature was expected to enhance 

metal toxicity. In the survival test (Cap. III.4.2) that assumption was confirmed with 

LC50 decreasing with temperature (in the SC population, the metal toxicity 

increased at least 64% [from 403 to 664 µg/ g] from 20°C to 25°C). This same 

result was not verified in the LG population, showing that a history of metal 

exposure (SC) increases susceptibility to additional stressors (Stone et al., 2001). 

However, in the feeding test (Cap. III.4.3), despite the slight decrease of EC50 with 

temperature increase, no significant differences were found.  

Besides temperature increase, an increase in extreme rainfall events is also 

predicted (IPCC, 2013). This study showed that high moisture conditions (i.e. 60% 

of the soil water holding capacity) are extremely prejudicial for isopods’ survival 

and can lead to a large local population reduction (Cap. II.4.2). As for dry 

environments (i.e. 20% of the soil water holding capacity), they appear to be not 

harmful for isopods survival or food consumption rates (at least for the test 

species). These changes in isopods’ survival and feeding rates driven by climate 

variation can compromise (in the case of extreme rainfall) or enhance (with 
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temperature increase) decomposition, leading to changes in isopods’ function in 

ecosystems by modifying carbon and nutrients cycles. 

Our experiments go beyond simple species-contaminant analysis, 

accounting for multiple stressors’ interactions. Organisms have different pathways 

to deal with contaminants, and those contaminants can interact with each other 

and use the same organisms’ uptake routes: leading to additive (Vijver et al., 2006; 

Zidar et al., 2009), synergistic (Sørensen & Holsmstrup, 2005) or antagonistic 

(Odendaal & Reinecke, 2004; Zidar et al., 2009) effects and thus, to different 

tolerance to metals. Therefore, multiple-stressor interactions must be accounted 

for, in order to a better understanding of the interaction between the organism, 

abiotic factors and stressors.  

Additionally, in order to find more accurate results on metal tolerance 

(Cap.III.4.3) (decrease EC50s confidence intervals) on the feeding behavior of 

isopods, a smaller scale on cadmium contamination should be used.  Also, the 

survival and feeding experiments (Cap.III) were developed with artificial soil and 

food, contrarily to natural conditions, where isopods are exposed to more than one 

metal which interact with each other. In order to study the real effects of climate 

change in these populations, field studies would be more suitable than lab ones, to 

take into account such interactions. 
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