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                              Abstract of the Dissertation 

Community and population characteristics of soil arthropods along a 

heavy metal gradient in urban brownfields 

                             By: Sahil Wadhwa 

                                 Dissertation Director: Claus Holzapfel, Ph.D. 
 

The rapid urban development over the last several decades is one of the main reasons of 

declining native biodiversity. With increasing urbanization, it is therefore important to 

include urban areas in biodiversity conservation efforts. While the contribution of 

managed urban habitats towards biodiversity conservation is recognized, brownfields, a 

potentially important urban habitat are often ignored in conservation planning. 

Brownfields are the unmanaged, often polluted (due to former industrial use), and 

abandoned habitats with spontaneously grown vegetation. Studies have shown that 

brownfields can function as reservoirs of biodiversity in urban areas. However, in order 

to maintain and increase the diversity in these habitats and in urban areas overall, it is 

crucial to understand how factors such as metal contamination shape biodiversity in 

brownfields. The objective of this thesis is to examine the community and population 

characteristics of soil arthropods in relation to metal contamination in urban brownfields. 

To accomplish this objective, I investigated effects of metal contamination on the: (1) 

diversity of epigeic invertebrate community in an urban brownfield, (2) abundance 

patterns and composition of terrestrial isopods assemblages in an urban brownfield, (3) 

fluctuating asymmetry in the populations of terrestrial isopod and hardwood trees in an 
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urban brownfield, and (4) growth and metal body burdens of a terrestrial isopod, 

Philoscia muscorum. The results showed that the overall diversity of soil invertebrate 

assemblage was not negatively affected by soil metal contamination. However, negative 

effects of metal contamination were observed both on the community and on most of the 

isopod species (3 out of 4) found at the brownfield site. The results suggest that most of 

the soil invertebrate taxa might have developed adaptive tolerance mechanisms to survive 

at metal contaminated sites which imply that metal contamination at the brownfield site 

might not be limiting the food availability for animals on higher trophic levels. On the 

other hand, these results also highlight the higher sensitivity of isopods to metal 

contamination which might result from greater accumulation of metals in isopods than 

other soil invertebrates. Interestingly, differences in sensitivity to metal contamination 

were also found between different isopod species at the brownfield site. Based on results 

of this study, it is recommended that isopods at family level (Oniscidae) and species level 

(P. muscorum) can be used as a bio-indicator of metal pollution in terrestrial ecosystems. 

The results of litter feeding study showed a significant reduction in growth of isopod P. 

muscorum following exposure to metal contaminated food and soil. Moreover, weight 

change in isopods was found to be more negatively affected by contamination of soil than 

contamination of the leaf litter. These results are significant for showing the importance 

of soil as a route of metal exposure in isopods. Overall, results show that despite the 

metal pollution, brownfields can function as an important habitat for soil arthropods and 

therefore can contribute to urban biodiversity conservation. The results of this study can 

be used for designing restoration and management plans for brownfields. 
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 Chapter One: Introduction 

Urbanization has increased notably over the last several decades and it is estimated that 

more than half of the world’s population lives in urban cities as compared to only 30% in 

1950 (Desa 2011). This number is even greater for developed countries such as the 

United States, where 80% of the total populations live in urban areas (Ahmed Obaid 

2007). It is expected that by 2030, the global urban population will reach 5 billion, which 

is about 60% of the projected total global population of 8.3 billion by that time (Ahmed 

Obaid 2007). The rapid urban expansion and associated human activities pose a massive 

threat to biodiversity conservation (Antrop 2004; Hansen et al. 2005). Increasing 

urbanization is considered to be one of the main reasons of declining native species 

diversity as it alters natural ecosystems resulting in environmental changes, for instance, 

habitat fragmentation, introduction of invasive species, and increased pollution (Koh and 

Sodhi 2004; Lessard and Buddle 2005; McKinney 2002, 2006).  Biodiversity is an 

important component of an ecosystem that promotes functional diversity and improves 

ecological stability by influencing the resistance to environmental change (Chapin Iii et 

al. 2000) and therefore needs to be conserved in all aspects and scales (Hill 2005). 

Considering the current urban population growth as a major global trend, preserving and 

enhancing biodiversity in urban areas is of paramount importance in order to decelerate 

the rapid rate of biodiversity loss (Alvey 2006).  

 One of the key strategies to conserve urban biodiversity is to not only develop and 

protect green spaces within urban areas but also to utilize unused urban habitats 

(Kattwinkel et al. 2011). While many urban biodiversity conservation approaches tend to 
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focus on managed urban habitats (such as parks, gardens, rooftops), urban brownfields, a 

potentially important urban habitat, are often ignored in urban conservation planning 

(Harrison and Davies 2002; Muratet et al. 2007). Urban brownfields are unmanaged 

green spaces that occur commonly in the vacant urban landscapes as a result of past 

derelict industrial activities, commercial facilities, rail-yards or railroads, etc. (Gorman 

2003). Brownfields are characterized by heterogeneous habitats present at different 

successional stages and soils that are often contaminated by heavy metals such as zinc, 

lead, cadmium and arsenic owing to their past industrial or commercial use (Gallagher et 

al. 2008; Gallagher et al. 2011; Leigh and Coffin 2000; Wood and Pullin 2002). The 

potential heavy metal contamination of brownfield soils and the associated threat of 

liability is one of the major deterrents to the redevelopment efforts as private and public 

investors are reluctant to invest substantial amount of money to conduct extensive soil 

contamination surveys and to finish the cleanup process. Despite the fact that these sites 

are left abandoned without any redevelopment work and are being referred to as “urban 

wastelands” or “urban problem”, studies have shown that brownfields can still function 

as valuable reservoirs of biodiversity (Eyre et al. 2003; Tropek et al. 2008). However, in 

order to preserve, maintain and increase the diversity in these habitats and in urban areas 

overall, it is crucial to understand how factors such as heavy metal contamination shape 

biodiversity in these abandoned areas. Preserving and promoting biodiversity in urban 

brownfields will not only help to offset the high loss of biodiversity in urban landscapes 

but it will also provide other services such as improving the quality of life of local 

residents (Rohde and Kendle 1994) and providing a recreational source for urban 

residents (Gunnarsson et al. 2009).  
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 Studying the soil arthropod community structure and examining the influence of 

soil metal contamination on arthropod population in brownfields is important from the 

perspective of conserving biological diversity as arthropods comprise of the most diverse 

taxa in an ecosystem, they play a vital role in important ecosystem processes such as 

degradation of organic matter  and nutrient cycling (McIntyre 2000). Soil arthropods are 

also a logical choice for monitoring the impacts of soil metal contamination in terrestrial 

ecosystems as they are sensitive to the presence of metal contaminants in the soil 

environment, are abundant, relatively large sized and therefore are easy to sample, and 

are present at different trophic levels of food chains (McIntyre 2000; da Silva Souza et al. 

2014).  

 Soil arthropods in metal contaminated environments  can acquire metals by 

different means including ingestion of contaminated soil particles, feeding on metal 

contaminated diet (leaf litter or prey), and/or through dermal absorption because of their 

close contact with contaminated soil and litter (Godet et al. 2011; Heikens et al. 2001; 

Vijver et al. 2005). Although, metals such as zinc (Zn), copper (Cu), manganese (Mn) 

and iron (Fe) are essential for normal growth and several metabolic processes in 

arthropods, exposure to metal concentrations higher than are required can result in acute 

or chronic toxicity (Chen et al. 2011; Drobne and Hopkin 1995). On the other hand, 

metals such as arsenic (As), lead (Pb), and cadmium (Cd) are non-essential and are highly 

toxic even if the arthropods are exposed to very small concentrations (Chen et al. 2011; 

Cohen 2015; Žaltauskaitė and Sodienė 2010). Evidence from eco-toxicological studies 

has shown that short term exposure to elevated metal concentrations in soil invertebrates 

can result in impaired growth, reduction in reproductive output or energy levels, and 
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structural and behavioral changes (Godet et al. 2011; Vijver et al. 2005; Drobne and 

Hopkin 1995; Mazzei et al. 2014; Schill and Kohler 2004; Zidar et al. 2004). Most of 

these risk assessment studies have been conducted in laboratory settings, with 

experimental designs including exposure to single or only few elements, investigating 

metal impacts at a species level. Since, soil arthropods in contaminated ecosystems (field 

conditions) are exposed to different metals at the same time, different taxonomic groups 

of invertebrates can differ in their susceptibility to metal contamination, it is difficult to 

extrapolate results of these studies (based on single element exposures in a single species 

over a short period of time in laboratory settings) on to the field conditions.  

 Few field studies have investigated effects of heavy metal pollution on soil 

arthropod communities including a shooting range, old smelter wastes site, and 

abandoned uranium mining areas (Antunes et al. 2013; Migliorini et al. 2004; Nahmani 

and Lavelle 2002). In brownfield settings, some of the studies have assessed the role of 

local and landscape factors including age, soil and vegetation structure on diversity of 

phytophagous invertebrates (leafhoppers and grasshoppers) in brownfields (Kattwinkel et 

al. 2011; Strauss and Robert Biedermann 2006). Other studies have surveyed particular 

insect taxa such as carabid beetles (Schwerk 2000) or studied diversity of leafhopper and 

grasshoppers (Strauss and Robert Biedermann 2006; Eckert et al. 2017; Sanderson 1992); 

however, the structure of soil arthropod communities or the influence of factors such as 

metal contamination on these invertebrate communities has not been studied in urban 

brownfields. 
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 The objective of this study is to assess the community and population 

characteristics of soil arthropods in relation to heavy metal contamination in urban 

brownfields at the Liberty State Park (LSP) in New Jersey, USA.  

In chapter 2, changes in the abundance, evenness, and assemblage composition of soil 

arthropods were studied along a heavy metal gradient at LSP. Particular attention was 

paid to six major soil invertebrate taxa: Oniscidae (isopods), Diplopoda (millipedes), 

Haplotaxida (earthworms), Araneae (spiders), Carabidae (ground beetles), and 

Staphylinidae (rove beetles). I tested the hypothesis that the abundance of different soil 

invertebrate taxa decreases with increasing soil metal load resulting in changes in the 

community structure along the soil metal gradient. In addition, I also aimed to find an 

indicator group(s) of metal pollution at the brownfield site.  

 In chapter 3, I examined the effects of metal contamination on populations of terrestrial 

isopods in urban brownfields. Differences in species richness, abundance patterns of 

different species, and changes in community composition of isopods were studied in 

relation to soil metal contamination at sites along the metal gradient. I also aimed to find 

an indicator isopod species of metal pollution at the brownfield site. In addition, 

abundance of isopod species and community composition of isopods were compared 

between different urban habitats including managed park areas, unmanaged metal 

contaminated brownfields, and unmanaged non-polluted areas (reference site) at LSP. 

In chapter 4, I studied fluctuating asymmetry (FA) as an indicator of heavy metal stress in 

the populations of terrestrial isopods and hardwood trees at LSP. For this study, effects of 

metal contamination on FA of different morphological traits in populations of a terrestrial 
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isopod (Philoscia muscorum) and in leaves of hardwood trees (Betula populifolia and 

Populus deltoides, dominant trees at LSP) collected from three low and high soil metal 

load sites were analyzed.    

In chapter 5, Impacts of metal contamination on the population dynamics of the terrestrial 

isopod, P. muscorum were studied. To this end, I examined the effects of metal 

contaminated soil and leaf litter on the growth and metal accumulation in the terrestrial 

isopod, P. muscorum raised in a growth chamber over a period of fourteen days. 
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Chapter Two: Abundance and temporal dynamics of epigeic 

invertebrate communities in a heavy metal-contaminated urban 

brownfield 

Abstract:  

 

The aim of this study was to examine the effects of metal pollution on the abundance, 

evenness, and community composition of six major soil invertebrate taxa: Oniscidae 

(isopods), Haplotaxida (earthworms), Diplopoda (millipedes), Araneae (spiders), 

Carabidae (ground beetles), and Staphylinidae (rove beetles) along a soil metal gradient 

in urban brownfields at Liberty State Park (LSP) in New Jersey, USA. Soil invertebrates 

were sampled using pitfall traps from a reference ("clean"), three low soil metal load 

(LML), and three high soil metal (HML) sites in 2013 (June-October) and 2014 (May-

September). Among all the six invertebrate taxa, Oniscidae (isopods) were by far the 

most abundant taxa at each study site. The most active period for millipedes, carabids, 

and isopods was early summer (May-June), whereas, isopods were most abundant during 

late summer (August). Overall, my results revealed that invertebrate assemblage at the 

study site was not affected by soil metal contamination; however, negative effects of 

metal contamination on isopods were seen at the site. During both periods of sampling (in 

2013 and 2014), abundance of isopods declined along the metal gradient, whereas, 

abundance levels of all the invertebrate taxa except Onicidae (isopods) were quite 

balanced between all the sites. Declining abundance of isopods along the metal gradient 

might be related to metal toxicity resulting from exposure to elevated concentrations of 

metals in leaf litter or soils at metal contaminated sites as shown by the results of 

Canonical correspondence analysis (CCA). Possible reasons for the lack of negative 

impacts of metal contamination on the invertebrate assemblage including development of 
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metal resistance by invertebrates inhabiting the metal contaminated sites and/or 

methodological bias are discussed. The results of this study demonstrate that terrestrial 

isopods (at a family level: Oniscidae) can be used a bio-indicator of metal pollution in 

brownfields (or terrestrial ecosystems). Experimental studies in laboratory must be done 

to assess the toxicity of heavy metals using individual isopod species from this study site.  

1. Introduction 

 

During the second half of the twentieth century, most of developed countries around the 

world experienced a massive wave of de-industrialization (Callis and Cavanaugh 2009; 

Jameson 1991; Keating 2010). This phenomenon of industrial abandonment was a result 

of different factors including loss of production/ manufacturing jobs (due to shift towards 

automation) and relocation of industries to other countries with available cheap labor 

(Molle 2002; Sleuwaegen and Pennings 2006). This economic decline due to de-

industrialization impacted large areas of lands in several countries around the world and 

has left an extensive of abandoned and derelict landscapes known as brownfields (de 

Noronha Vaz et al. 2012; Kirkwood 2003; Nassauer and Raskin 2014). For example, it is 

estimated that there are about 500,000–1,000,000 brownfields in the US (Davis 2002). A 

survey conducted across 70 major metropolitan areas in United States reported that, on an 

average, 15% percent of urban landscape is vacant or derelict (Pagano, 2000). Similarly, 

survey results across the European Union have also shown presence of close to one 

million abandoned brownfield sites (Oliver et al. 2005). Due to their past industrial use, 

brownfields soils are often contaminated with metals such as zinc, lead, copper, 

cadmium, and arsenic (De Sousa 2008; Gallagher et al. 2008a; Leigh and Coffin 2000). 

Since, metal cleanup process is extremely expensive; brownfields are mostly left 
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abandoned and are not redeveloped (Chang and Sigman 2007; McCarthy 2002). These 

metals present in the soil are often bound to organic matter or occluded by carbonates, 

iron-manganese oxides, and primary or secondary minerals (Adriano 1986; Ross 1994). 

However, when detached from these particles, metals entering soil solution can 

potentially become bio-available for uptake by plants and other soil-dwelling organisms 

(Neilson and Rajakaruna 2015). Considering the presence of large number of brownfields 

in several countries around the world and the potential metal contamination of soils at 

these sites, brownfields form a major source of metal pollution in terrestrial ecosystems 

posing a significant threat to humans and other life forms (Gallagher et al. 2008a; 

Jennings et al. 2002; Ren et al. 2014; Staszewski et al. 2015).  

Soils and soil surfaces host highly diverse invertebrate communities which are 

involved in important ecosystem functions such as decomposition of organic matter, 

nutrient cycling, and regulation of microbial activity (Cortet et al. 1999; Lee and Foster 

1991; Snyder and Hendrix 2008). These soil and epigeic invertebrates are sensitive to 

metal contamination of soils due to their close proximity with metals in soils and 

therefore can take up metals through dermal absorption or by ingestion of soil particles 

(Heikens et al. 2001; Lanno et al. 2004; Vijver et al. 2005a; Vijver et al. 2005b). In 

addition, in metal contaminated environments, invertebrates can also acquire metals 

through their diet (e.g. contaminated leaf litter, invertebrates with high metal 

concentrations) (Heikens et al. 2001; Godet et al. 2011; Hopkin and Martin 1985). 

Although, invertebrates need essential metals such as zinc (Zn), copper (Cu), iron (Fe), 

and manganese (Mn) in small amounts for various physiological and metabolic functions, 

exposure to elevated concentrations is harmful (Cohen 2015; Drobne and Hopkin 1995; 
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Hopkin and Hames 1994; Lukkari et al. 2005). On the other hand, metals such as lead, 

arsenic, cadmium, and aluminum are not required by invertebrates and are toxic even in 

very small amounts (Maryanski et al. 2002; Mozdzer et al. 2003; Spurgeon et al. 1994). 

Studies have shown that metal toxicity can negatively affect abundance, diversity and 

may alter the distribution of soil invertebrates (Hopkin and Hames 1994; Nahmani and 

Lavelle 2002; Spurgeon and Hopkin 1996), which in turn may impact important soil and 

ecosystem functions. Hence, soil invertebrates are considered as bio-indicators for 

evaluating impacts of metal contamination on ecosystems.  

  I examined the effects of heavy metal contamination on the composition 

of the epigeic soil invertebrate community along a metal gradient in an urban brownfield 

located in Liberty State Park (LSP), Jersey City, New Jersey, USA. The goals of this 

study were to compare abundance, evenness and assemblage composition of six major 

soil invertebrate taxa: Oniscidea (isopods), Diplopoda (Millipedes), Haplotaxida 

(earthworms), Araneae (spiders), Carabidae (ground beetles), and Staphylinidae (rove 

beetles) among different sites along the soil metal gradient at LSP, New Jersey. Epigeic 

soil communities were selected since soil invertebrate communities are important for the 

formation of organic soil layer, and important to the higher levels of the food chain (are 

chief source for higher predators that hunt on the soil surface e.g. many birds, shrews and 

some rodents). Earthworms, isopods and millipedes are prominent terrestrial detritivores 

that perform important ecosystem services such as decomposition of organic matter 

(Cárcamo et al. 2000; El-Wakeil 2015; Hättenschwiler et al. 2005; Liu and Zou 2002). 

Spiders are highly abundant and diverse group of predatory invertebrates in natural and 

urban ecosystems, which play a vital role in food webs both as predators and prey 
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themselves (Jung et al. 2008; Moulder and Reichle 1972). Ground beetles and Rove 

beetles are the most abundant litter and soil surface dwelling beetle taxa, which comprise 

different feeding habits but predominantly are generalist predators (Hanski and 

Hammond 1986; Nitzu et al. 2008). The soil invertebrates were collected using pitfall 

traps in 2013 (June-October) and 2014 (May-September). We hypothesize that 

abundance of different soil invertebrate taxa decreases with increasing soil metal load 

resulting in changes in the community structure along the soil metal gradient.  

2. Methods 

2.1. Study site  

 

This study was conducted at an urban brownfield study site in Liberty State park (LSP), 

New Jersey, USA, located on the west bank of Upper New York Bay (centered at 40
o
 42’ 

14” N and 74
o
 03’ 14” W). The park used to be an intertidal mudflat before it was filled 

with construction debris and refuse (between 1860 and 1919) from New York City to use 

it as a rail yard by Central Rail Road of New Jersey (CRRNJ). After CRRNJ discontinued 

its operations in 1969, the State of New Jersey acquired this property to develop it as a 

park (for recreational purposes), which opened in 1976. Before opening to the public, 

most of the park’s area was capped with clean soil. However, approximately 41 ha of the 

area was fenced off from public use and was left isolated, and undisturbed that served as 

the study site. Due to the previous use of the area for railroad transportation and coal 

storage purposes, soils at the site are contaminated with unevenly distributed metals 

including zinc (Zn), arsenic (As), lead (Pb), copper (Cu), chromium (Cr) and vanadium  

(V), which occur at concentrations that are higher than ambient concentrations of metals 
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Fig. 1: Location of the reference and metal contaminated site within Liberty State Park, 

New Jersey, USA. Source: "Liberty State Park, New Jersey." 40
o
42`16.94`` N 

74
o
03`14.73``W. Google Earth. August 11, 2015.  

in New Jersey (Gallagher et al. 2008a). Over the last five decades, despite the metal 

contamination of soils, the brownfield area has been naturally colonized by vegetation 

succession, which includes dominant hardwood trees (Betula populifolia, Populus 

deltoides), shrubs (Rhus typhina, R. glabra, and R. copallinum) and many native and non-

native forbs and grasses (Solidago spp., Eupatorium spp., Artemisia vulgaris, etc.) 

(Gallagher et al. 2008a). The soil metal concentrations at different sites within the 

brownfield were characterized by Gallagher et al. (2008a). A total soil metal load (TML) 

was compiled for each site by performing a rank order transformation on different metal 

species concentrations at a site (Juang et al. 2001). Using a reverse function of linear 
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regression, these results were back transformed between the metal data and the ranks as 

described by Wu et al. (2006). The rank-ordered values were then summed up to develop 

a total soil metal load index, with a range between 0 (low) and 5 (high). The TML scale is 

used as a relative index for comparing soil metal contamination levels between different 

sites. Previous studies at this site have defined a critical soil metal threshold level of 3.0, 

above which plant productivity and growth have been significantly impacted by soil 

metal contamination (Dahle et al. 2014; Gallagher et al. 2008b; Renninger et al. 2013). 

Moreover, presence of soil metal contaminants has also influenced the development and 

trajectory of vegetative assembly, with hardwood trees such as Betula populifolia and 

Populus spp. dominating the sites with higher total soil metal load (Gallagher et al. 

2008a; Gallagher et al. 2011).  

For this study, we sampled soil invertebrates from seven sites, which included one 

reference site, three low soil metal load (LML), and three high soil metal load (HML) 

sites (Fig. 1). The three LML sites (LML-1 = site 48, LML-2 = site 41, and LML-3 = site 

47) have total soil metal load lower than threshold level of 3.0, and HML sites (HML-1 = 

site 10, HML-2 = site 14/16, and HML-3 = site 25) have TML greater than 3.0 (see 

Gallagher et al., 2008a).  Adjoining the fenced area, there is an 18- acre site that was used 

as a stockpile area for clean fill during construction of the western section of the park in 

the 1990’s (Fig. 1). There remains several feet of clean fill in this area, which serves as 

the reference site for the study. The vegetation at this reference site is similar to the metal 

contaminated sites inside the fenced area. The total soil metal load, concentrations of 

different metals at the reference, 3 LML and 3 HML sites are listed in Table 1. 
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Table 1: Soil characteristics including concentrations (µg/g) heavy metals (means with 

standard deviation in parentheses), soil pH, total soil metal load (TML) for the reference, 

three low soil metal load (LML-1= site 48, LML-2= site 41, and LML-3 = site 47) and 

three high soil metal load (HML-1= site 10, HML-2= site 14/16, and HML-3 = site 25) 

sites at Liberty State Park, New Jersey, USA.  

 

Site As Cr Cu Pb Zn soil pH TML 

Reference
c
 -- 14.0 

(0.59) 

13.9 

(3.42) 

2.0 

(1.22) 

39.4 

(4.17) 

6.84 -- 

 

48
a
 

(LML-1) 

 

13.33 

(7.44) 

 

20.87 

(24.95) 

 

95.15 

(22.07) 

 

244.57 

(103.24) 

 

22.08 

(15.36) 

 

5.90 

 

1.56 

 

41
a
 

(LML-2) 

 

14.88 

(4.79) 

 

10.90 

(5.43) 

 

76.86 

(29.64) 

 

96.58 

(34.02) 

 

156.75 

(116.81) 

 

7.0 

 

1.64 

 

47
b
 

(LML-3) 

 

4.3 

 

15.9 

 

31.3 

 

46.5 

 

41.8 

  

0.31 

 

10
a
    

(HML-1) 

 

282.57 

(155.43) 

 

91.58 

(59.50) 

 

379.18 

(32.36) 

 

737.95 

(166.50) 

 

192.65 

130.53) 

 

5.4 

 

3.59 

 

14-16
a
 

(HML-2) 

 

68.13 

(24.15) 

 

334.56 

(141.83) 

 

202.58 

(46.42) 

 

857.53 

(143.85) 

 

237.97 

(42.95) 

 

4.80 

 

3.56 
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25
a 

(HML-3) 

 

384.41 

(253.15) 

 

50.5 

(39.71) 

 

2200.38 

(265.02) 

 

6673.22 

(1603.66) 

 

2326.77 

(2046.85) 

 

4.6 

 

4.31 

a measured in 2005 (Gallagher et al., 2008a) 

b measured in 1995 (Gallagher et al., 2008a) 

c measured in 2015 

 

2.2. Sampling  

 

 Soil invertebrates were sampled from different sites (reference, LML, and HML- Fig. 1) 

along the metal gradient at LSP during 2013 (June-October) and 2014 (May-September) 

using pitfall traps. For both periods of sampling, four traps were deployed (15-20 m apart 

from each other) at each of the study site. The pitfall traps consisted of a plastic cup with 

a diameter of 10.5 cm and a height of 8 cm. Each trap was placed in soil such that the rim 

of the cup was at level with the soil surface. In order to minimize the location bias across 

different sites, trap locations were selected in similar vegetation types. Each trap was 

placed in a bare area closer to a vegetation patch dominated by mugwort (Artemisia 

vulgaris), a non-native herbaceous perennial plant that is a common plant in urban 

brownfield vegetation. To capture the soil invertebrates, a mixture of propylene glycol 

and water (70:30) was placed in the trap (filled halfway). Individual traps were covered 

with a small wooden board (to prevent from rain and falling leaves) raised 2-3 cm above 

the trap with nails in each corner. Pitfall traps were maintained for 7 days for every 

month during sampling periods in 2013 and 2014. Samples collected from the field were 

preserved in 70% ethanol in the laboratory.  The soil invertebrates were identified at the 



20 
 

 

order, class and family level using keys provided in Marshall (2006), Jordal (2015), and 

Eaton and Kaufman (2007) in the laboratory. 

2.3. Data Analysis  

 

The data analysis and statistical tests in this study were performed using SPSS version 

21.0 for Windows (SPSS, Chicago, IL). Before the analysis, the data were ln(x+1) 

transformed to account for the zero values in the data set and to improve the normality for 

parametric testing. One-way ANOVA analysis (using data from individual traps) with 

post-hoc Tukey tests was performed to test the differences in overall abundance of 

different invertebrate taxa between reference, LML, and HML sites, evenness (Shannon 

equitability index, EH), and diversity (Shannon diversity index, H) between sampling 

sites (reference, LML, and HML). Repeated measures ANOVA analysis was performed 

to compare the temporal variation in abundance levels of different invertebrate taxa at the 

reference, LML, and HML sites for sampling periods in 2013 (June to October) and 2014 

(May to September). 

Canonical correspondence analysis (CCA) was performed using the CANOCO 

package for Windows 4.5© (Ter Braak and Smilauer 2002) to investigate the effects of 

soil metal concentrations, total soil metal load (TML), and site characteristics (soil pH, 

soil moisture) on the distribution of different soil invertebrate taxa. The two data sets: 

abundance data for different invertebrate taxa at sampling sites (response variables) and 

environmental variables (predictors: soil pH, soil moisture, sampling month, total soil 

metal load, soil metal concentrations, and metal concentrations in leaf litter of Populus 

spp. at all the sampling sites) were first converted into CANOCO 4.0 format with utility 
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program CanoImp. To determine relationships between response and predictor variables, 

CCA was performed using CANOCO 4.5 for Windows. 

3. Results 

 

3.1. Abundance of invertebrate taxa: A total of 12,877 soil invertebrates belonging to 

six different taxa: Oniscidea (isopods), Diplopoda (millipedes), Haplotaxida 

(earthworms), Araneae (spiders), Carabidae ground beetles), and Staphylinidae (rove 

beetles) were collected with pitfall traps during both periods of sampling in 2013 (June-

October) and 2014 (May-September). Among the six taxa, Oniscidea was by far the most 

abundant taxa at the reference, LML and HML sites during 2013 and 2014 (Fig. 2).  
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Fig 2: Percent relative abundance of different soil invertebrate groups at the reference, 

low soil metal load (LML) and high soil metal load (HML) sites for sampling periods in 

(a) 2013 (June-October) and (b) 2014 (May-September) at Liberty State Park (LSP), New 

Jersey, USA. 
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In terms of comparisons of the overall abundance levels for different invertebrate 

taxa along the metal gradient, significant differences were only observed for isopods, as 

their abundance showed a significant decline along the metal gradient during both periods 

of sampling in 2013 (p= 0.01, df= 2, F= 4.488) and 2014 (p =0.00, df= 2, F= 21.93) (Fig. 

3a). In 2013, abundance of isopods at the reference site was higher than the HML sites 

(p=0.01, post hoc Tukey tests), however, abundance levels at the LML sites did not differ 

(p>0.05, post hoc Tukey tests) neither with those recorded at the reference nor at the 

HML sites (Fig. 3a). In 2014, isopod abundance levels sampled at the reference site were 

higher (p<0.05) than those at metal contaminated sites (LML and HML) (Fig. 3a). All the 

other invertebrate groups did not show significant differences in abundance among the 

sites with different metal loads (All ps<0.05, Fig. 3b-f).  
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Fig. 3: Average abundance (±1 SE) of (a) isopods, (b) millipedes, (c) earthworms, (d) 

spiders, (e) ground beetles, and (f) rove beetles sampled with pitfall traps from the 

reference, low metal load (LML) and high metal load (HML) sites in 2013 (June-

October) and 2014 (May- September). Letters (a, b and c) and (a*,b*, and c*) indicate 

significant (p≤ 0.05) abundance differences based on post hoc Tukey multiple 

comparison tests for data sampled in year 2013 and 2014 respectively. Bars with no 

letters are not significantly different (p>0.05).  
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3.2. Diversity index and evenness 

 

 Regarding the Shannon-Weaver index (H) and Shannon equitability index (EH), 

significant differences were not observed for both indexes between the reference, LML, 

and HML sites in 2013 (Fig. 4a & 4b). However, values of both indexes at the reference 

site were lower (p<0.05) than those observed at the LML sites in 2014 (Fig. 4a & 4b). 
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Fig. 4: Soil invertebrate community data metrics; Shannon-Weaver index (H) and 

Shannon’s equitability index (EH) values for reference, low soil metal load (LML), and 

high soil metal load (HML) sites along the metal gradient at LSP for sampling periods in 

2013 and 2014. Different letters indicate significant differences observed in the 2014 

sampling data based on the results of post hoc Tukey tests. Differences in the indexes 

between the sites were not observed for the 2013 data. 
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3.3. Temporal dynamics in abundance 

 

 Monthly abundance means of different invertebrate taxa sampled at the reference, LML 

and HML sites in 2013 (June-October) and 2014 (May-September) are shown in Fig. 5.  

Although, results of the repeated measures ANOVA analysis revealed that 

abundance levels for most of the invertebrate taxa except Oniscidae (isopods), and 

Haplotaxida (earthworms) at the LML sites in 2013, and Staphylinidae (rove beetles) at 

the LML and HML sites in 2013 did not vary significantly over the sampling periods in 

2013 and 2014 at the LML and HML sites (Table. 2, due to statistically insufficiency, I 

could not perform this analysis for data collected from the reference site). Abundance 

levels for some of the taxa did show single peak activity during the sampling periods, for 

example, abundance of both Carabidae and Diplopoda peaked (although statistically non-

significant) during early summer in 2013 (June) and 2014 (May and June) (Fig. 5b, 5b*, 

5e, & 5e*). Similarly, Oniscidae (isopods) also showed a single peak activity (5a & 5a*); 

for instance, number of isopods trapped in August were higher than the months of June, 

July, and September (p<0.05, post hoc tests, Table. 2) at the LML sites in 2013. Similar 

peaks (statistically non-significant) in the abundance of isopods for the month of August 

were also noticed at the reference sites during 2013 and 2014 (Fig. 5a & 5a*).  

With regards to the third type of detritivores, Haplotaxida (earthworms), 

abundance levels seemed to peak during early (May and June) and late summer 

(September). The results of the post hoc analysis showed that earthworm abundance in 

July, 2013 at the LML sites was lower (p<0.05) than September, 2013 (Table. 2). In 
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addition, earthworm abundance levels in October, 2013 at the LML sites were also lower 

(p<0.05) than both June and September of 2013 (Table. 2). 

In case of Staphylinidae (rove beetles), the monthly abundance patterns varied 

during the two study years (Fig. 5e and 5e*). For example, in 2013, highest activity was 

observed in August at the reference, LML and HML sites. Accordingly, results of the 

post hoc tests revealed that abundance levels in August were significantly higher 

(p<0.05) than those observed in all other months (June, July, September, and, October) at 

the LML and HML sites in 2013 (Table. 2).  On the contrary, abundance levels of 

Staphylinidae did not vary between the sampling months in 2014 (Table. 2).  
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Fig. 5: Seasonal variation in abundance (Avg. ± 1 SE) of different invertebrate taxa: (a) 

Oniscidea (isopods), (b) Diplopoda (millipedes), (c) Haplotaxida (earthworms), (d) 

Araneae (spiders), (e) Carabidae (ground beetles), and (f) Staphylinidae (rove beetles) 

sampled with pitfall traps at the reference, low soil metal load (LML), and high soil metal 

load (HML) sites for sampling periods in 2013 (June-October) and 2014 (5a*-5e*) (May-

September). 

Table 2: Summary table of the Repeated measures ANOVA analysis, where effects of 

months (time) on abundance of different invertebrate taxa: Oniscidea (isopods), 

Diplopoda (millipedes), haplotaxida (earthworms), Araneae (spiders), Carabidae (ground 

beetles), and Staphylinidae (rove beetles) at the reference, low soil metal load (LML) and 

high soil metal load (HML) sites were analyzed for sampling periods in 2013 (June-

October) and 2014 (May-September). 

 

Invertebrate taxa (Sampling site, sampling 

year) 

Wilk's Lambda (post hoc results) 

Oniscidea (Reference, 2013)*  

Oniscidea (Low metal load, 2013) 0. 190, F (4, 8) = 8.51, p =0.00 

(June-Aug: 0.04, July-Aug: 0.03, Aug-

Aug: 0.00, Aug-Oct=0.01 ) 

Oniscidea (High metal load, 2013) 0.475, F (4, 8) = 2.213, p = 0. 13 

 

Oniscidea (Reference, 2014) *  

Oniscidea (Low metal load, 2014) 0.004, F (4, 4) = 5.857, p = .29 

Oniscidea (High metal load, 2014) 0.381, F (4, 4) = 1.623, p = 0.32 

Diplopoda (Reference, 2013) *  

Diplopoda (Low metal load, 2013) 0.637, F (4, 7) = 1.097, p = 0.42 

Diplopoda (High metal load, 2013) 0.502, F (8, 4) = 2.034, p =0.18 

Diplopoda (Reference, 2014) *  
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Diplopoda (Low metal load, 2014) 0.621, F (4, 6) = 0.919, p = 0.48 

Diplopoda (High metal load, 2014) 0.200, F(4, 4) = 4.603, p =0.08 

Haplotaxida (Reference, 2013) *  

Haplotaxida (Low metal load, 2013)  0.205, F (4, 7) = 6.806, p = 0.01 

(July-Sept: 0.01, June-Oct: 0.02, Sept-

Oct: 0.01) 

Haplotaxida (High metal load, 2013) 0.460, F (8, 4) = 2.352, p = 0.14 

Haplotaxida (Reference, 2014) *  

Haplotaxida (Low metal load, 2014) 0.319, F (4, 5) = 2.667, p = 0. 15 

Haplotaxida (High metal load, 2014) 0.424, F (4, 4) = 1.360, p = 0.38 

Araneae (Reference, 2013) *  

Araneae (Low metal load, 2013)          0.346, F (4, 7) = 3.301, p = 0.08 

Araneae (High metal load, 2013) 0.620, F (4, 6) = 0.920, p = 0.41 

Araneae (Reference, 2014) *  

Araneae (Low metal load, 2014) 0.256, F (4, 6) = 4.350, p = 0.6 

Araneae (High metal load, 2014) 0. 161, F (4, 4) = 5.230, p = 0.08 

Carabidae (Reference, 2013) *  

Carabidae (Low metal load, 2013) 0.329, F (4, 7) = 3.567 p = 0.07 

Carabidae (High metal load, 2013) 0.672, F (4, 6) = 0.773, p = 0.47 

Carabidae (Reference, 2014) *  

Carabidae (Low metal load, 2014) 0.28, F (4, 5) = 3.156, p = 0.12 

Carabidae (High metal load, 2014) 0.74, F (4, 4) = 0.351, p = 0.83 

Staphylinidae (Reference, 2013) *  

Staphylinidae (Low metal load, 2013) 0. 141, F (4, 7) = 8.276, p = 0.00 

(June- Aug: 0.00, July-Aug: 0.01, July-

Oct: 0.02, Aug-Sept: 0.00, Aug-Oct: 

0.00) 
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Staphylinidae (High metal load, 2013) 0.127, F (5,4) = 8.612, p = 0.02 

(June-Oct: 0.02, Aug-Sept: 0.03, July-

Oct: 0.02, Aug-Oct: 0.00) 

Staphylinidae (Reference, 2014) *  

Staphylinidae (Low metal load, 2014) 0.22, F (4,5) = 4.266, p = 0.08 

Staphylinidae (High metal load, 2014) 0.457, F (4, 4) = 1. 187, p = 0.44 

 

* Multivariate tests could not be performed because of insufficient residual deg. of 

freedom 

3.4. Community composition  

 

The community composition and underlying environmental factors were explored by 

canonical correspondence analysis (Fig. 6), which was chiefly used to evaluate the 

distribution pattern of different invertebrate taxa at sites along the metal gradient. The 

model was significant (F= 6.052, p = 0.002), the sum of all canonical eigenvalues was 

0.117 (axis-1: 0.073, axis-2: 0.037, axis-3: 0.005, and axis-4: 0.001), all four canonical 

axes explained 16.0 % of the variability in invertebrate taxa abundance distribution. 

Results of CCA showed that soil metal load (TML), concentrations of zinc in Populus 

spp. leaves, and concentrations of zinc, copper and lead in soil have negative correlations 

with the abundance distribution of isopods and opposing to this positive correlation with 

the abundance distribution of rove beetles (Staphylinidae) and the other separate taxa 

(Fig. 6). In addition, abundance distributions for earthworms, ground beetles, and 

millipedes were affected by the sampling month, as abundances tended to decrease from 

the beginning of the sampling season towards the end (Fig. 6).  
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Fig. 6: Canonical correspondence analysis (CCA) plot of distribution of different 

invertebrate taxa in relation to different variables including soil pH, soil moisture, and 

total soil metal load,  metal concentrations in soil and leaves of Populus spp. at various 

sites along the metal gradient at Liberty State Park. 

4. Discussion 

 

The results of this study did not support my hypothesis that diversity of soil invertebrate 

assemblage decreases with increasing soil metal load as determined by the Shannon-

Wiener index (Fig. 4a). Although, the negative effects of metal contamination were not 

seen on the invertebrate assemblage, distribution of isopod communities was negatively 
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affected along the metal gradient at the brownfield site (Fig. 6). The abundance of 

isopods declined with increasing soil metal load (Fig. 3a & 3a*) both in 2013 and 2014, 

whereas, abundance of other five taxa (Diplopoda, Haplotaxida, Araneae, Carabidae, and 

Staphylinidae) did not vary significantly (p>0.05) along the metal gradient both in 2013 

and 2014 (Fig. 3a-3e & 3a*-3e*). Possible explanations for the limited effect of metal 

pollutants on abundances of most arthropod groups could be the use of adaptive defense 

mechanisms to minimize the harmful effects of metals by soil invertebrates inhabiting the 

metal contaminated sites (Vijver et al. 2005a; Hopkin 1990; Janssen et al. 1991). The 

lack of sensitivity of most of the invertebrates groups except isopods to metal 

contamination might also be related to the taxonomical rank (methodological bias) 

selected in this study (class, order and family) that might not have provided adequate 

resolution for detecting species level differences between the study sites.   

4.1. Shannon-Weaver diversity index (H) 

 

Based on the findings of previous eco-toxicological studies showing negative 

effects of metals (e.g. increased mortality, growth inhibition) in different soil 

invertebrates (Drobne and Hopkin 1995; Godet et al. 2011; Lukkari et al. 2005; Mozdzer 

et al. 2003), it was expected that diversity of invertebrate assemblage decreases in 

response to the soil metal contamination. However, the Shannon-Weiner diversity index 

values in this study did not vary along the metal gradient in 2013 (June-October) (Fig. 

4a). Moreover, the Shannon-Weiner diversity index values estimated for the metal 

contaminated sites (LML and HML) were even higher than the reference (“clean”) site in 

2014 (May-September) (Fig. 4a). These strong effects on the soil invertebrate community 

were largely driven by higher evenness values (Shannon’s equitability index, (EH)) at the 
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metal contaminated sites (LML and HML) as compared to the reference site (Fig. 4b). 

The higher evenness at the metal contaminated sites was a result of a significant decline 

in the abundance of isopods at these sites (compared to reference site, Fig. 3a) leading to 

relatively reduced dominance of isopods at the LML (78%) and HML (74%) sites than 

the reference site (91%) (Fig. 2), as abundance levels of all the other taxa appeared to be 

fairly similar between all the sites in 2014 (Fig. 3b*-3e*). 

4.2. Abundance patterns of terrestrial isopods (Oniscidae) along the metal gradient 

 

  In comparison to other groups of soil invertebrates, isopods are characterized by 

higher accumulation of metals, for instance, Heikens et al. (2001) compared metal 

concentrations accumulated in isopods, earthworms, and beetles sampled from sites 

contaminated with Cd, Cu, Pb and Zn and found highest metal concentrations in isopods 

with earthworms accumulating intermediate metal concentrations among the three 

invertebrate groups. Higher accumulation of metals in isopods as compared to other 

invertebrates might be due to differences in the metal exposure routes, and/or differences 

in their metal regulation capabilities. For instance, isopods mostly feed on the organic 

matter and therefore have more intensive contact with contaminated litter or soil, 

whereas, beetles which are herbivores or second-order consumers acquire metals mainly 

through their food and are not in such direct contact with the soil (Butovsky 2011). In 

another study, Hunter et al. (1987) also found highest concentrations of metals (Cu and 

Cd) in isopods as compared to earthworms, spiders, ground beetles and rove beetles 

sampled from contaminated and semi-contaminated grasslands close to a copper refinery. 

In a laboratory study, Graf et al. (1997) exposed a terrestrial isopod (Porcellio scaber) 

and millipedes (Julus scandinavius) to metal contaminated food (leaf litter) and soil for 
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three weeks and found higher metal concentrations in isopods than millipedes. The 

authors explained that lower metal concentrations in millipedes were due to the efficient 

elimination of excess metals via exfoliation of the midgut epithelium. In comparison, 

isopods store metals in the hepatopancreas, which are not molted, thus, resulting in 

relatively greater accumulation of metals (Hubert 1979). In fact, metal sequestration in 

hepatopancreas is used as a detoxification mechanism by isopods as it provides a barrier 

for metals, protecting other organs from toxic effects of metals (Hopkin 1990; Hopkin 

and Martin 1982). However, studies have shown that metal accumulation at extremely 

higher concentrations (greater than the storage capacity) can lead to metal poisoning as a 

result of metals interfering with important biochemical reactions (Hopkins 1990). In this 

study, it is likely that exposure to higher concentrations of metals at HML sites, 

especially Zn, Cu, and Pb in soils and Zn in leaves of hardwood trees (Betula populifolia 

and Populus spp., dominant at HML sites at LSP) might have contributed to an 

accumulation of metals at extremely higher concentrations (in hepatopancreas), leading 

to reduced abundance of isopods along the metal gradient (Fig 3a & 6). 

4.3. Abundance patterns of non-isopod invertebrate taxon along the metal gradient 

 

In the present study, non-isopod invertebrate taxon (Diplopoda, Haplotaxida, Araneae, 

Carabidae, and Staphylinidae) does not seem to be affected by metal contamination, as 

their abundance levels were quite similar between the investigated sites (Fig. 3b-3e). The 

lack of negative effects of metal contamination on distribution of these taxa might be 

related to the development of efficient detoxification and/or excretion mechanisms to 

neutralize the lethal metal effects by soil invertebrates at the metal contaminated sites. 

Studies have shown that soil invertebrates inhabiting metal contaminated areas can 
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develop adaptive mechanisms (detoxification and/or excretion) enabling them to cope up 

with adverse effects of metals. One of the common strategies is internal 

compartmentalization of metals (in inert form) in specific organs. For example, 

earthworms and millipedes are known to sequester metals in the posterior alimentary 

canal and in epithelial cells of the midgut gland respectively, thereby, preventing the 

passage of large concentrations of metals into other tissues (Davis 2002; Kania and 

Lechowski 2014; Köhler and Alberti 1992; Köhler et al. 1995; Morgan and Morgan 

1990). Similarly, predatory invertebrates such as spiders have been shown to store metals 

in midgut glands (Brown 1982; Hopkin 1989; Wilczek and Babczynska 2000). In 

addition, spiders are also able to remove excess metal concentrations by intensifying 

metal excretion with feces (Wilczek and Babczynska 2000). Among soil invertebrates, 

beetles are known to have the lowest concentrations of accumulated metals (Butovsky 

2011; Heikens et al. 2001), which may be due to their ability to store metals in midgut 

epithelium, which gets renewed with molting,  allowing them to get rid of excess of 

metals (Hopkin 1989).  

In addition to efficient detoxification and excretion mechanisms, the apparent 

insensitivity of some of the predatory taxa to metal contamination than isopods might 

also be related to a lesser direct contact with metals resulting in relatively lower 

accumulations of metals in the predatory invertebrates than isopods (Heikens et al. 2001). 

As discussed previously, these differences in metal exposures might occur due to 

different feeding preferences of the invertebrates. For instance, isopods inhabit the 

contaminated leaf litter and mostly feed on the soil organic matter and therefore are 
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exposed to higher concentrations of metals than predatory invertebrates such as ground 

beetles, which have a less intensive contact with metals.    

Another explanation for lack of sensitivity of non-isopod invertebrate taxa to 

metal contamination could be the taxonomical rank used in this study (class, order and 

family) which might not have provided adequate resolution for detecting the impacts of 

metal contamination. Studies have shown that different species present at the same site 

can differ from each other in terms of their sensitivity to metal pollution because of the 

differences in physiological processes employed for metal detoxification and excretion 

(Dallinger 1993), or due to behavioral and ecological differences that might influence the 

exposure to heavy metals (Van Gestel et al. 1992). Such inter-specific differences can 

affect distribution of species such that sensitive species are eliminated from metal 

contaminated sites and available empty niche(s) are occupied by the metal tolerant 

species (Spurgeon and Hopkin 1996; Wilczek and Babczynska 2000; Beyrem et al. 2007; 

Read et al. 1998). In such a case, even if metal sensitive species belonging to a particular 

family or order is/are absent from a metal contaminated site, overall abundance examined 

at family or order level might not be significantly affected. Therefore, it is possible that 

effects of metal contamination on soil invertebrates might be more detectable at a lower 

taxonomical rank (e.g. species level) than the ones used in this study (family, order or 

class). Although, it might be better to study the effects of metal contamination on the 

invertebrate communities at a lower taxonomical level, it is important to note that 

previous studies have actually found significant effects of metal contamination on soil 

invertebrate communities using the same taxonomic level (family, order, or class) as used 

in this study (Nahmani and Lavelle 2002; Migliorini et al. 2004). Moreover, one also 
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needs to consider that for most of the soil invertebrates, identification at species level 

(lower taxonomic rank) is extremely time consuming making this approach less suitable 

for risk assessment studies (Nahmani et al. 2006). 

4.4. Monthly abundance patterns of different invertebrate taxa 

 

The three detritivores taxa (Isopoda, Diplopoda, and Haplotaxida) examined in 

this study showed relatively different patterns of seasonal activity (Fig. 5). For instance, 

the most active period for isopods was late summer (around August), whereas, millipedes 

were most active during early summer (May and June) (Fig. 5b & 5b*). In comparison, 

abundance levels of earthworms peaked both in late (September) as well as during early 

summer (May and June) (Fig. 5c & 5c*). The increase in numbers for isopods in August 

during both years of sampling (Fig. 3a & 3a*) might be explained by their breeding 

patterns. Terrestrial isopods, Philoscia muscorum and Armadillidium vulgare (commonly 

found isopods species at LSP, Chapter 3), breed in late spring or early summer and the 

gestation periods generally last from eight to twelve weeks (Beauché and Richard 2013; 

Zimmer 2004). It is possible that the abundance peaks observed during late summer or 

early fall in this study might be due to recruitment of young juveniles in the population 

(juveniles were also noticed in the pitfall traps during the month of August; personal 

observation).  

The monthly abundance pattern of earthworms observed in this study (peak 

activity during early and late summer) in 2013 and 2014 (Fig. 5c & 5c*) might be 

explained by considering the life cycle of an epi-endogeic (inhabits litter and top layers of 

the soil) earthworm species: Amynthas agrestis. Biological surveys conducted at LSP in 
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2014 showed that A. agrestis was the only earthworm species found at this study site 

(Henshue, 2015). Originally from Asia, A. agrestis is an invasive species in North 

America and is commonly found in disturbed as well as relatively disturbed areas (Gates 

1982; Reynolds and Wetzel 2004). A. agrestis follows an annual life cycle where coccons 

are produced in late summer or early fall, overwintering occurs in the coccon stage, and 

adults emerge in the spring and mature during the summer (Uchida et al. 2004). It is 

likely that abundance peak levels observed during late summer (in August or September) 

at LSP could be due to increased activity of matured adults. The early summer abundance 

peak observed during 2014 (Fig. 5c*) can be attributed to the presence of large numbers 

of juveniles in the pitfall traps sampled in the months of May and June, 2014 (personal 

observation). 

The abundance patterns for millipedes observed in this study are in general 

agreement with findings of Grelle et al. (2000) who sampled millipedes using pitfall traps 

(February to November, 1995) from a metal contaminated area close to a zinc and lead 

smelting site. Grelle et al. (2000) observed that millipedes were most active during the 

months of April and May, followed by a significant decline during the summer. Other 

studies have also reported similar results, for example, Riutta et al. (2012) sampled 

millipedes from a temperate deciduous forest and found higher abundance in the month 

of May as compared to September. Increased activity during spring as compared to 

summer in millipedes might be related to their sensitivity to higher temperatures (David 

and Handa 2010; Hassall et al. 2010), which can have a regulatory influence on their 

seasonal patterns in temperate regions (Crawford 1992).   
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Although the monthly abundance levels of Carabidae did not differ significantly 

over the sampling periods in 2013 and 2014 (Table. 2), the average trap catch was 

greatest during May and June (initial months of sampling) as compared to the other 

months of the sampling period (also evident from the results of CCA, Fig. 6). It is known 

that seasonal activity of ground beetles can be influenced by their breeding patterns, for 

instance, spring breeding carabids are active during spring or early summer and 

overwinter as adults, whereas, fall breeders are active during autumn and overwinter as 

larvae (Wang et al. 2014; Yu et al. 2006). Considering these lifestyles, my results suggest 

that most of the Carabidae species obtained in the pitfall traps from LSP might be spring 

breeders. It has been suggested that northern regions of the world tend to have more 

spring breeders as this life style provides offspring’s with sufficient time to develop 

before the winter (Anderson, 1984; Niemela et al., 1992). 

 Studies have found that found that overall abundance of Staphylinidae in 

temperate eastern hardwood forests generally peak during early and mid-summer 

(Levesque and Levesque 1986a, b). Abundance levels of Staphylinidae (rove beetles) 

observed in this study exhibited peak activity during late summer (August) in 2013. 

Moreover, no differences in the abundance levels between different sampling months 

were observed in 2014. These differences might be related to seasonal phenology of 

individual species, which can influence local abundance levels, for example, some 

species are more active during early summer as compared to others being more active 

during late summer (Pohl et al. 2008). In addition, changes in ephemeral microhabitats 

can also result in year to year variation in their overall abundance levels. Based on the 

data collected from this study, it is difficult to predict how much of the seasonal or yearly 
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variation in the abundance can be attributed to individual species phenology or to 

changes in the microhabitat conditions (Pohl et al. 2008). Future studies (using higher 

taxonomical resolution, e.g. species) evaluating the role of microhabitat conditions on 

specific species abundance might be helpful to understand these differences in monthly or 

yearly abundance patterns of Staphylinidae at this study site.  

Abundance patterns of Araneae (spiders) did not vary over the sampling period 

during both years (2013 and 2014) (Table. 2). The lack of a significant variation in the 

monthly abundance levels of spiders might be indicative of temporal partition of 

resources by different spider species at this study site, thereby reducing interspecific 

competition (Berry 1971; Breymeyer 1966). 

In summary, significant negative effects of soil metal contamination on the soil 

invertebrate assemblage were not observed for the majority of sampled taxa, and only one 

Oniscidae (isopods) were adversely impacted by the metal contamination of soils at the 

brownfield site. Based on these results, it is recommended that terrestrial isopods (at the 

family level: Oniscidae) can be used as a bio-indicator of heavy metal pollution in 

terrestrial ecosystems. Since, isopods play important role in the decomposition of organic 

matter, changes in isopod abundance as a result of metal contamination might have 

negative impacts on the overall recycling of nutrients in brownfields. The apparent 

insensitivity of all the invertebrate taxa (examined in this study except Oniscidae) to 

metal pollution might be indicative of effective tolerance mechanisms developed by 

invertebrates inhabiting the metal contaminated sites. Although these results were not 

expected, the overall lack of the negative effects of metal contamination on most of the 

soil invertebrate taxa suggests that metal contamination might not be affecting the 
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availability of food for animals belonging to the higher trophic levels of the food chain. 

The results of the present study provide evidence that brownfields can function as 

important habitats for different soil invertebrates groups. The present study also provides 

the groundwork for further assessments of the soil arthropod communities in the 

brownfields at LSP.  
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Chapter Three: Abundance patterns and composition of terrestrial 

isopod assemblages along a heavy metal gradient in urban brownfields 

 

Abstract 

 

Abundance patterns and composition of terrestrial isopods assemblages (Oniscidea) were 

examined along a heavy metal contamination gradient in urban brownfields at Liberty 

State Park (LSP), Jersey City, New Jersey, USA. Isopods were sampled using pitfall traps 

from a reference site, three low soil metal load (LML), and three high soil metal load 

sites (HML) at LSP during 2013 (June-October) and 2014 (May-September). In addition 

to unmanaged sites along the metal gradient, isopods were also sampled from the 

managed areas of the park in 2014 (July-September). I hypothesized that: (1) abundance 

of isopods decreases with increasing soil metal contamination, (2) species richness 

decreases with increasing soil metal load resulting in changes the community 

composition along the metal gradient, and (3) unmanaged polluted sites such as 

brownfields can provide better habitats for isopods than urban managed habitats (e.g., 

formal parks, formal gardens, etc.). A total of 10,417 individuals belonging to four 

different isopod species: Philoscia muscorum, Armadillidium vulgare, Armadillidium 

nasatum, and Trachelipus rathkii were captured from all sites (reference, LML, HML, 

and managed) during all sampling periods in 2013 and 2014. Among the four species, P. 

muscorum dominated the pitfall traps at all sites (reference, LML and HML) regardless of 

metal concentration. Interestingly, one of the species, A. nasatum was completely absent 

at metal contaminated sites (LML and HML), hence, a decrease in species richness and a 

change in community composition was observed at sites along the metal gradient. 
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Overall, results of this study partly supported my first hypothesis as effects of metal 

pollution on isopod abundance were not the same for all four species. Considering the 

abundance comparisons (per trap) for each of the four species captured along the metal 

gradient and results of canonical correspondence analysis (CCA), A. nasatum and P. 

muscorum were most affected by metal contamination whereas A. vulgare was the most 

tolerant species. Various mechanistic hypotheses including metal poisoning resulting 

from accumulation of metals, differences in critical concentrations of hepatopancreas 

among different isopod species, effects of metal exposure on processes such as growth 

and reproduction in isopods are discussed to explain the observed inter-species variation 

in sensitivity to metal contamination. Regarding the managed areas, my third hypothesis 

was not supported as abundance of isopods did not differ between urban managed areas 

and unmanaged metal contaminated (LML and HML) brownfield sites. However, 

management practices had an effect on relative abundance of isopods, as A.vulgare was 

the dominant species at managed areas. A change in relative abundance pattern of isopod 

species observed at managed sites might be reflective of the isopods ability to adapt to 

temperature changes and moisture losses at managed areas which could be related to 

habitat structure (frequent open areas). Overall, lower abundance levels of isopods at 

metal contaminated brownfield (unmanaged sites) and managed areas in comparison to 

unmanaged and non-polluted reference site indicate that isopods are affected by different 

forms of stress at these two habitats, for example, soil metal contamination at brownfields 

and management practices in the managed areas.  
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1. Introduction 

 

 The economic decline and de-industrialisation in several urban areas throughout the 

world has resulted in an increase in abandoned post-industrial sites referred to as 

“brownfields”. Due to former industrial activities, brownfield soils are often 

contaminated with trace metals such as zinc, chromium, arsenic, lead, and copper (Dudka 

et al. 1996; Gallagher et al. 2008a). Unlike organic matter, metals are not biodegradable 

and therefore persist in soil and trophic chains for a long time (Noll 2003). Exposure of 

trace metals to soil organisms at concentrations greater than required can negatively 

affect their abundance and diversity ultimately posing threat to ecosystem health (Caussy 

et al. 2003; Creamer et al. 2008; Pedersen et al. 1999). 

Within the vast diverse group of soil organisms, terrestrial isopods (Isopoda: 

Oniscidea) are one of the dominant soil dwelling arthropods (David and Handa 2010) and 

are commonly used in eco-toxicological risk assessments studies. They are prominent 

terrestrial detritivores and play a significant role in the decomposition process (El-Wakeil 

2015) through fragmentation and digestion of the leaf litter and by enhancing microbial 

activity (Jia et al. 2015; Zimmer 2002). Isopods are considered as bio-indicators of metal 

pollution in terrestrial environments (Drobne 1997; Köhler et al. 1996) due to their ability 

to accumulate large amount of metals (in hepatopancreas in form of intracellular 

granules) (Schill and Kohler 2004), which reflect the concentrations of metal of the 

soils/habitat (Köhler et al. 1996; Pouyat et al. 2015). The published literature on effects 

of metal contamination in isopods covers a wide range of topics including influence on 

body size and weight, energy levels in hepatopancreas, molting cycle frequency, survival 

rates, and body processes such as reproduction and growth (Calhôa et al. 2012; Drobne 
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and Štrus 1996; Godet et al. 2011; Hopkin 1990; Jones and Hopkin 1996, 1998; Mazzei 

et al. 2013; Odendaal and Reinecke 2004; Witzel 1998). Structural, morphological and 

behavioral changes, for example, alterations in structure of hepatopancreas, fluctuating 

asymmetry levels of bilateral traits, feeding activity, discrimination between 

contaminated and non-contaminated food/soil have also been examined in isopods in 

response to metal contamination (Schill and Kohler 2004; Loureiro et al. 2006; Mazzei et 

al. 2014; Peters et al. 2001; Zidar et al. 2005; Zidar et al. 2003; Zidar et al. 2004; 

Žnidaršič et al. 2003). Other studies have documented the role of detoxification 

mechanisms such as expression of metallothioneins and heat shock proteins in relation to 

metal contamination (Donker et al. 1990; Mazzei et al. 2015; Žnidarŝiĉ et al. 2005). 

Interestingly, the majority of studies examining the effects of metal pollution on isopods 

have been conducted under laboratory conditions, which generally involves exposing 

isopods to artificially contaminated (usually with a single metal element) substrate and/or 

food (Godet et al. 2011; Loureiro et al. 2006; Zidar et al. 2003). In comparison, 

organisms are exposed to a mixture of contaminants in natural field conditions. 

Therefore, it is difficult to extrapolate results of experimental studies to expected field 

effects and studies on field populations are important and necessary. However, despite 

the suitability of isopods as indicators of metal contamination, very few field studies have 

examined the impact of metal pollution on isopods in field sites (Jones and Hopkin 1998; 

Hussein et al. 2006). Specifically information on diversity within isopod populations and 

communities in abandoned urban habitats such as brownfields is still scarce. 

 I examined species richness, abundance patterns and community composition of 

terrestrial isopods along a heavy metal gradient in urban brownfields located at the 
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Liberty State Park (LSP), Jersey City, New Jersey, USA. Metals such as zinc, copper, 

iron, and manganese are required by isopods for various physiological and metabolic 

functions; however, they are potentially harmful (for growth or reproduction) if present at 

concentrations higher than optimal (Calhôa et al. 2012; Godet et al. 2011). Isopod species 

can also differ in their susceptibility to metal stress (Hopkin 1990). Such differences can 

possibly eliminate the sensitive species at sites with higher metal load, thereby reducing 

species richness. Therefore, I hypothesized that: (1) abundance of isopods should 

decrease with increasing soil metal load, and (2) species richness should decrease with 

increasing soil metal load resulting in changes in community composition of isopods 

along the heavy metal gradient. In addition, I also compared the abundance of isopods 

between polluted "wild" urban habitats (brownfields) with "clean" managed garden sites. 

It is expected that polluted sites such as brownfields can provide better habitats for 

isopods than urban managed habitats such as formal parks, formal gardens, etc. 

(Bonthoux et al. 2014; Gardiner et al. 2013). Considering the ecological importance of 

isopods, studying their abundance patterns in managed as well as in unmanaged urban 

habitats such as brownfields will help us to assess these areas for biodiversity 

conservation and to formulate better redevelopment strategies for these habitats. 

2. Materials and methods 

2.1. Study Site  

 

Terrestrial isopods in this study were sampled from urban brownfields located in LSP 

(Fig. 1). Located on the west bank of Upper New York Bay (centered at 40
o
 42’ 14” N 

and 74
o
 03’ 14” W), LSP used to be an intertidal mudflat and a salt marsh. Starting in the 

late 1800’s, the Central Rail Road of New Jersey (CRRNJ) developed it to use as a rail-
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yard and for transportation and storage of commodities including coal. Prior to its 

development, the area was filled with construction material, and debris from New York 

City and the surface was stabilized with cinder and ash materials. LSP was developed in  

 

 

Fig. 1: Location of the reference and metal contaminated sites (Low soil metal load 

(LML) and High soil metal load (HML)) within Liberty State Park, New Jersey, USA. 

Source: "Liberty State Park, New Jersey." 40
o
42`16.94`` N 74

o
03`14.73``W. Google 

Earth. August 11, 2015.  

 

 

1970's after CRRNJ discontinued its operations in 1967; however, a 251-acre area located 

in the center of the park was left isolated and unmanaged. This area is classified as an 

urban brownfield as soil metal concentrations in this abandoned area are higher than 

ambient levels resulting from its past industrial use (Gallagher et al. 2008a). This 
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brownfield area with restricted public access served as one of the field sites in this study. 

In addition there is an adjoining 18-acre site that was used as a stockpile area for clean 

fill during construction of the western section of the park in the 1990’s (Fig. 1). There 

remains several feet of clean fill in this area which served as the reference site for the 

study. Over the last five decades, the entire study site has been reclaimed by spontaneous 

vegetation succession, which includes dominant hardwood trees (Betula populifolia, 

Populus spp.), shrubs (Rhus typhina, R. glabra, and R. copallinum) and many native and 

non-native forbs and grasses (Solidago spp., Eupatorium spp., Artemisia vulgaris, etc.) 

(Gallagher et al. 2011). 

 Based on a sampling conducted in 2005, Gallagher et al. (2008a) examined the 

distribution of different metals (arsenic, chromium, copper, mercury, lead, vanadium and 

zinc) in soils at LSP (Table 1). A cumulative index of soil metal contamination was 

generated by performing logarithmic and rank order transformations on soil metal data 

sampled from different sites as described in Mc Grath et al. (2004) and Juang et al. 

(2001). Individual rank transformed metal concentrations were then summed (Juang et al. 

2001) to develop the total soil metal load (TML) index, scaled between 0 and 5. Using 

the reverse function of the linear regression, the results were back transformed between 

the original data and the ranks (Wu et al. 2006). Finally, the data were krigged and a total 

soil metal load (TML) distribution map for the study area was generated (Gallagher et al. 

2008a). The TML map represents a well-defined gradient from comparatively lower soil 

metal concentrations areas to areas of higher concentrations. Previous studies at LSP 

have reported a critical total soil metal load threshold value of 3.0 above which plant 

productivity and seed viability have been significantly influenced (Gallagher et al. 2008a; 
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Gallagher et al. 2011; Gallagher et al. 2008b). In addition, significantly slower growth 

rates of Betula popufolia and Populus deltoides (dominant tree species at LSP) have been 

shown at sites with TML greater than the critical threshold value of 3.0 (Dahle et al. 

2014; Heidi et al. 2012). Furthermore, development of vegetative assemblage at LSP is 

also influenced by soil metal load as the sites with higher TML (greater than 3.0 or 

above) are dominated by metal tolerant hardwood trees such as Betula populifolia and 

Populus spp.  

 For studying the abundance patterns of isopods along the soil metal gradient, I 

sampled isopods from a reference area, three low soil metal load (LML) sites (LML-1 = 

site 48, LML-2 = site 41, and LML-3 = site 47), and three high soil metal load (HML) 

sites (HML-1 = site 10, HML-2 = site 14/16, and HML-3 = site 25) (Fig. 1). The metal 

contaminated sites (LML and HML) at LSP were selected based on the their respective 

TML values, for example, sites with total soil metal load greater than 3.0 were selected as 

high total metal load sites and sites with total soil metal load less than 3.0 were selected 

as low total metal load sites. 

 In order to compare isopod abundance between managed and unmanaged urban 

habitats (such as metal contaminated brownfields and unmanaged reference site), isopods 

were also sampled from managed areas of LSP. The managed area is sandwiched 

between the fence bordering brownfield sites and the lawn area, which is commonly used 

by public for recreational purposes (Fig. 1). The lawn area is maintained (involved 

cutting grass every 2-3 weeks) by the LSP staff. The ground surface in the managed areas 

is mostly covered with woody mulch and vegetation in this area includes planted trees 

such as Ilex spp., Juniperus spp., Acer rubrum, Liquidambar spp., Quercus bicolor, and 
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Quercus palustris, shrubs (Cornus amomum , Myrica pensylvanic) and herbaceous plants 

(Achillea millefolium). The vegetation and mulch at the site are maintained by the 

generosity of the New Jersey Tree foundation.   

Table 1: Soil characteristics including concentrations (µg/g) heavy metals (means with 

standard deviation in parentheses), soil pH, total soil metal load (TML) for the reference, 

three low soil metal load (LML-1= site 48, LML-2 = site 41, and LML-3 = site 47), and 

three high soil metal load (HML-1 = site 10, HML-2= site 14/16, and HML-3 = site 25) 

sites at Liberty State Park, New Jersey, USA.  

 

Site 

 

As 

 

Cr 

 

Cu 

 

Pb 

 

Zn 

 

soil 

pH 

 

TML 

Reference
c
 -- 14.0 

(0.59) 

13.9 

(3.42) 

2.0 

(1.22) 

39.4 

(4.17) 

6.84 -- 

 

48
a
 

(LML-1) 

 

13.33 

(7.44) 

 

20.87 

(24.95) 

 

95.15 

(22.07) 

 

244.57 

(103.24) 

 

22.08 

(15.36) 

 

5.90 

 

1.56 

 

41
a
 

(LML-2) 

 

14.88 

(4.79) 

 

10.90 

(5.43) 

 

76.86 

(29.64) 

 

96.58 

(34.02) 

 

156.75 

(116.81) 

 

7.0 

 

1.64 

 

47
b
 

(LML-3) 

 

4.3 

 

15.9 

 

31.3 

 

46.5 

 

41.8 

  

0.31 
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10
a
   

(HML-1) 

282.57 

(155.43) 

91.58 

(59.50) 

379.18 

(32.36) 

737.95 

(166.50) 

192.65 

130.53) 

5.4 3.59 

 

14-16
a
 

(HML-2) 

 

68.13 

(24.15) 

 

334.56 

(141.83) 

 

202.58 

(46.42) 

 

857.53 

(143.85) 

 

237.97 

(42.95) 

 

4.80 

 

3.56 

 

25
a 

(HML-3) 

 

384.41 

(253.15) 

 

50.5 

(39.71) 

 

2200.38 

(265.02) 

 

6673.22 

(1603.66) 

 

2326.77 

(2046.85) 

 

4.6 

 

4.31 

a measured in 2005 (Gallagher et al., 2008a) 

b measured in 1995 (Gallagher et al., 2008a) 

c measured in 2015 

 

2.2. Sampling  

 

       Isopods were sampled from all field sites (reference, LML, and HML) during June-

October in 2013 and from May-September in 2014. Sampling at the managed sites was 

conducted during July-September, 2014. In this study, pitfall traps were used to sample 

terrestrial isopods. Pitfall traps is one of the most frequently used methods for sampling 

ground dwelling arthropods (Phillips and Cobb 2005; Santos et al. 2007; Standen 2000) 

and is widely used in ecological research to address a number of questions such as  

evaluating differences in population size of soil arthropods in time or space, estimating 

relative abundance of species within a given habitat or studying the effect of a 

disturbance on biodiversity of an ecosystem (Noemí Mazía et al. 2006; Pekár 2002). The 

advantages of using pitfall traps are that they are  simple, inexpensive, and work even in 
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the absence of an observer (Pekár 2002), which means data are not influenced by 

individual  knowledge or fatigue. Furthermore, these traps are easy to install and, once 

placed, sampling can be continued for a short or long period of time with minimal 

disturbance to the habitat. At each site, four pitfall traps (15-20 m apart from each other) 

made of plastic cups (10.5 cm x 8 cm), were placed in the soil such that the rim of an 

individual cup was at level with the soil surface. To minimize variation in the location of 

pitfall traps across different sites, each trap was placed in a bare area closer to a 

vegetation patch composed of the herbaceous mugwort (Artemisia vulgaris). Since the 

managed area is  continuous along the fence, six (6) pitfall traps were placed in the soil 

(15-20 m apart from each other) along a transect (2.5-3.0 m away from the fence). Each 

trap at all the sites was filled halfway with a solution of propylene glycol and water 

(70:30) and was covered with a small wooden board (to prevent from rain and falling 

leaves) raised 2-3 cm above the trap with nails in each corner. The traps were placed in 

the field for one week once per month. Samples collected from individual pitfall traps 

were preserved in 70% ethanol in the laboratory. All individuals were identified to 

species level using an identification key. 

(http://udel.edu/~mcdonald/genetics_isopod_key.pdf). 

2.3. Soil moisture measurements 

 

Soil moisture measurements were taken in August and September 2013. In August, soil 

samples were collected from 3 LML and 3 HML sites. At each of the 6 sites, four soil 

samples were taken randomly from each site using a soil auger (13 cm x 6 cm). In 

September of 2013, we collected soil samples from the reference, 3 LML and 3 HML 

sites. At each of the 7 sites, four soil samples were collected with each sample taken at a 
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distance of 1 m from the locations of pitfall traps at the site using a soil core. Both in 

August and September, soil samples taken in the field were placed immediately in zip-

lock bags and were later weighed in the laboratory and then were dried in an oven at 

60
o
C for 48 hours. Dried soil samples were weighed to estimate the total soil moisture 

content in each sample. Small stones and plant material from individual dried soil sample 

were separated using a 2 mm sieve to estimate the net amount of soil per sample. Finally, 

net dried soil was weighed again to estimate the percentage soil moisture content present 

per net amount of soil in each sample.  

2.4. Data analysis 

 

Data analysis and statistical tests in this study were performed using SPSS version 21.0 

for Windows (SPSS, Chicago, IL). Before the analysis, the data were ln (x+1) 

transformed to account for the zero values and to improve normality for performing 

parametric tests. One-way ANOVA analysis with post-hoc Tukey test was performed to 

compare (a) differences in abundance per trap for each isopod species among reference, 

LML and HML sites, (b) differences in number of individuals collected per trap among 

reference, LML and HML sites and managed areas, and (c) percentage soil moisture 

differences between reference, LML and HML sites. Bivariate correlation analysis was 

done to analyze correlations between percentage soil moisture for each pitfall trap 

(estimated within 1 m distance of the trap) and number of individuals of isopod species 

collected from each trap at all the sites in September 2013.  

Canonical correspondence analysis (CCA) was performed using CANOCO 

package for Windows 4.5© (Ter Braak and Šmilauer, 2002)  to relate the distribution of 
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different isopod species with different environmental factors including soil metal 

concentrations, metal concentrations in leaf litter (for Populus spp.), soil pH, soil 

moisture, and month of sampling.   

3. Results 

3.1 Isopod species sampled 

 

A total of 10,417 individuals belonging to four different isopod species: (1) Philoscia 

muscorum (Scopoli, 1763), (2) Armadillidium vulgare (Latreille, 1804), (3) 

Armadillidium nasatum (Budde-Lund, 1885), and (4) Trachelipus rathkii (Brandt, 1833) 

were collected from all sites (reference, LML, HML, and managed) during all sampling 

periods in 2013 and 2014 (Fig. 2). Out of these four species, A. nasatum was only 

captured from the reference site and not even a single individual was collected from all of 

the metal contaminated sites (LML and HML sites) or in the managed areas during both 

periods of sampling in 2013 and 2014 (Fig. 3). Among the other three species, P. 

muscorum was the dominant species at the reference and metal contaminated sites, 

whereas A. vulgare dominated at the managed areas (Fig. 3).              
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           a                             b                                   c                               d 

Fig. 2: Four isopod species: (a) Philoscia muscorum, (b) Armadillidium vulgare, (c) 

Armadillidium nasatum, and (d) Trachelipus rathkii collected with pitfall sampling from 

different sites in Liberty State Park, New Jersey.  
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Fig. 3: Percentage relative abundance of different isopod species sampled from reference  

low metal load, high metal load, and managed sites during (a) 2013 and (b) 2014 

(Sampling at LML, HML and reference sites was done from June to October in 2013 and  

from May to September in 2014.  Sampling at the managed sites was done from July to 

September in 2014. 
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3.2 Abundance along metal gradient 

 

Overall, abundance per trap of three isopod species: P .muscorum (in 2013: p=0.03, df=2, 

F= 3.50; in 2014: p=0.00, df=2, F=17.290); A. vulgare (in 2013: p=0.01, df=2, F=6.496; 

in 2014: p=0.01, df=2, F=4.285), and T. rathkii  (in 2013: p=0.02, df=2, F=3.910, in 

2014: p=0.00, df=2, F=18.540) varied significantly along the heavy metal gradient during 

both periods of sampling in 2013 and 2014 (Fig. 4). Abundance of P. muscorum showed 

a declining trend along the gradient (Fig. 4). The results of post hoc Tukey tests revealed 

that abundance levels of P. muscorum at the reference site were significantly higher than 

in the HML sites in 2013 and metal contaminated sites (LML and HML) in 2014 (Fig. 4). 

In case of T. rathkii, significantly higher (p<0.05) abundance levels were observed at the 

reference site as compared to metal contaminated sites (LML and HML) in 2013 and 

2014 (Fig. 4). 
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Fig 4: Average abundance (±1 SE) of P. muscorum, A. vulgare, and T. rathkii, sampled 

with pitfall traps from reference (Ref.), low metal load (Lml) and high metal load (Hml) 

sites and managed areas (Mngd.) during (a) 2013 (June-October), (b) 2014 (May- 

September), and (c) 2014 (July-September). Sampling at managed areas was done only in 
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2014 from July to September. Letters a, b and c indicate significant (p≤ 0.05) differences 

based on post hoc Tukey multiple comparison test.  

 

A comparison of A. vulgare abundance between different sites along the metal 

gradient showed a different abundance pattern as compared to the other two species. 

During 2013 and 2014, abundance levels of A. vulgare at the reference site and the HML 

sites did not differ (Fig. 4). Abundance levels recorded for A. vulgare were not different 

between LML and HML sites in 2013, however, significantly higher abundance were 

observed at HML sites than LML sites in 2014 (Fig. 4). 

3.3. Abundance at managed areas 

 

Overall, abundance levels of P. muscorum and T. rathkii observed at managed areas were 

significantly lower than the reference site and did not differ significantly from metal 

contaminated sites (LML and HML). However, this was not the case for A. vulgare 

(species dominant at managed areas); its abundance levels at the managed areas were 

higher than the LML sites but were not significantly different from those observed at the 

reference site and HML sites (Fig. 4).  

3.4. Canonical correspondence analysis 

 

Isopod species distribution at sites along the metal gradient was evaluated with Canonical 

correspondence analysis (CCA plot, Fig. 5). The model was significant (F = 19.215, p = 

0.002), the sum of all canonical eigenvalues was 0.217 (axis-1: 0.147, axis-2: 0.059, and 

axis-3: 0.011), all three canonical axes explain 31.5% of the variability in species 

abundance distribution. Results of CCA showed that concentrations of zinc in Populus 
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spp. leaves, and concentrations of zinc, copper and lead in soil have positive correlations 

with the abundance distribution of A. vulgare, but negative correlations with abundance 

distribution of A. nasatum and P. muscorum (Fig. 5).  

 

 

Fig. 5 Canonical correspondence analysis (CCA) plot of distribution of terrestrial isopods 

in relation to different variables including soil pH and metal concentrations in soil and 

leaves of Populus spp. at various sites along the metal gradient at Liberty State Park. 

3.6. Percentage soil moisture  

 

Soil moisture estimates for August 2013 showed that percentage soil moisture at HML 

sites was significantly higher than LML sites (p<0.05, two-tail t-test) sites (Fig. 6a). Soil 
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moisture values for September varied significantly (p= 0.00, df=2, F=12.095) along the 

heavy metal gradient. Results of post hoc Tukey tests revealed that percentage soil 

moisture per net amount of soil estimated for HML sites was higher as compared to LML 

and reference site (N=11, p=0.00). However, soil moisture values at LML sites did not 

differ with the reference site (Fig. 6b). 
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Fig. 6 (a): Average percentage soil moisture (August, 2013) estimated per net amount of 

soil at low metal load and high metal load sites, (b): average percentage soil moisture 

(September, 2013) estimated per net amount of soil at the reference low metal load 

(LML) and high metal load sites (HML) at Liberty State Park.  

3.7. Correlation with soil moisture   

 

 No significant correlation was found between percent soil moisture (estimated by taking 

soil sample within 1 m distance of each trap) and the number of P. muscorum (p=0.34, 

Pearson correlation coefficient= -0.17), A. vulgare (p=0.47, Pearson correlation 
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coefficient= 0.13), and T. rathkii (p=0.64, Pearson correlation coefficient= -0.08) 

individuals collected in each trap (total of 26 traps) at all the seven sites (1 reference, 3 

LML and 3 HML)  in September 2013. 

4. Discussion 

 

Using the pitfall traps, four terrestrial isopod species: P. muscorum, A. vulgare, A. 

nasatum, and T. rathkii were identified in the urban brownfield sites at LSP. All four 

isopod species are non-native and have been introduced to the USA from Europe and are 

fairly common in the Northeastern United States (Gruner 1966; Hornung and Szlávecz 

2003; Jass and Klausmeier 2000; Schultz 1982; Schultz 1961). Abundance of some 

isopod species: A. nasatum, P. muscorum, and T. rathkii decreased with increasing soil 

metal load, whereas abundance levels for A. vulgare did not vary between the "clean" 

reference and high soil metal load sites (Fig.4). Since the effects of metal pollution on 

isopod abundance were not the same for the four species, results of this study partially 

support our first hypothesis that abundance of isopod species decreases with increasing 

soil metal load (Fig .4). Isopod community composition at the study site also changed 

along the soil metal gradient, as reference site supported relatively greater number of 

isopod species (all four) than the metal contaminated (LML and HML) sites (three) (Fig. 

3). The results of this study indicate an inter-species variation in sensitivity to metal 

contamination in isopods. This species-specific response to metal contamination might be 

explained by: (a) differences in the physiological processes involved in metal 

accumulation and detoxification (Schill and Kohler 2004; Hopkin 1990; Jones and 

Hopkin 1996), and (b) effects of metal exposure on processes such as growth and 

reproduction. 
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4.1. Isopod abundance along the heavy metal gradient 

 

Among the four species, P. muscorum was the most dominant species at all the 

sites along the metal gradient (Fig. 4). Abundance levels of P. muscorum tended to 

decrease along the metal gradient although these differences were not statistically 

significant (Fig. 4) between the metal contaminated sites (LML and HML). One 

explanation for this declining trend in abundance along the metal gradient could be 

increased mortality, especially of the older members of the population at the HML sites. 

This might occur due to metal toxicity resulting from exposure to higher concentrations 

of metals at HML sites. Many studies have demonstrated the ability of isopods to 

accumulate metals such as zinc, lead, and copper when exposed to contaminated litter 

and soils (Godet et al. 2011; Zidar et al. 2003; Donker et al. 1996; Udovic et al. 2009; 

Vijver et al. 2006). Metals are assimilated over the life time and are mainly stored in 

hepatopancreas in insoluble intracellular granules (Hopkin 1990; Hopkin and Martin 

1982). Hepatopancreas expand in their volume with each molting process, which occurs 

more frequently in early life of isopods and is sufficient to store accumulated metals. 

However, the rate at which molting occurs decreases with increasing age and therefore, 

the capacity of hepatopancreas to store metals also becomes limited. Individuals can 

begin to die of metal poisoning if accumulated concentrations exceed the storage capacity 

(critical concentration), resulting in metals interfering with important biochemical 

reactions. Hopkins (1990) reported evidence for this suggestion in a laboratory study 

which showed presence of excessive amounts of zinc in different body organs of 

moribund isopods (Oniscus asellus  and Porcellio scaber) individuals as compared to the 

healthy ones. In addition, Hopkins (1990) also reported that P. scaber and O. asellus 
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individuals (especially older members) in populations closer to a smelting area died due 

to zinc poisoning as assimilated metal concentrations in hepatopancreas exceeded the 

storage capacity. In our study, it is possible that exposure to higher concentrations of 

metals at HML sites especially Zn, Cu, and Pb in soils and Zn in leaves (Fig. 5) of 

hardwood trees (Betula populifolia and Populus spp.; dominant at HML sites at LSP) 

might have adverse effects on populations of P. muscorum, resulting in a declining 

abundance trend along the metal gradient.  

Another probable reason for the observed declining trend in abundance of P. 

muscorum along the metal gradient may lie in the physiological mechanism of metal 

detoxification. To cope up with metal stress, organisms inhabiting metal contaminated 

areas can evolve physiological adaptations such as intensifying detoxification 

mechanisms that could limit the energy allocation for processes such as reproduction 

or growth (Sibly and Calow 1989). Many studies have reported negative effects of 

metal contamination on growth and reproduction in isopods including reduced rate of 

juvenile production in relation to metal contamination (Calhôa et al. 2012; Godet et al. 

2011; Odendaal and Reinecke 2004; Beyer and Anderson 1985; Farkas et al. 1996). In 

one of our studies, I also observed reduction in the growth rate of P. muscorum 

exposed to soil and poplar leaf litter collected from one of the HML sites (site 25) 

(Chapter 4). Growth inhibition, particularly in females can negatively affect population 

abundance levels due to a positive association between fecundity/natality and size of 

the female (Alikhan 1995; Sutton et al. 1984). In this study, it is likely that a negative 

impact on reproduction and/or growth is a reason for the declining abundance trend of 

P. muscorum along the metal gradient. 
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One of the main findings of this study was the decrease in the number of species 

at metal contaminated sites (LML and HML) as compared to the "clean" reference sites 

(Fig. 3). I observed that A. nasatum was not present at the metal contaminated sites (LML 

and HML), indicating that this species might be extremely sensitive to metal 

contamination as compared to the other three species. Considering the lower abundance 

levels of T. rathkii at metal contaminated sites (LML and HML) as compared to the 

reference site, it is also reasonable to assume that T. rathkii might be relatively more 

sensitive to metal contamination than P. muscorum. Increased sensitivity of A. nasatum 

and T. rathkii relative to P. muscorum might be indicative of lower critical concentration 

levels (concentration at or above which metal poisoning can occur) of metals 

accumulated in hepatopancreas in these species. Evidence for species-specific differences 

in sensitivity to metal contamination has been reported by Hopkins (1990b) who analyzed 

zinc concentrations in hepatopancreas of isopods P. scaber and O. asellus fed with metal 

contaminated litter collected from a smelter site. Based on the comparison in 

concentrations of zinc between body tissues of healthy and dead individuals of both 

species, Hopkins (1990b) reported that isopods died of zinc toxicity resulting from zinc 

concentrations exceeding the storage capacity of hepatopancreas (critical concentration). 

In addition, Hopkins (1990b) noted that O. asellus was more sensitive to zinc poisoning 

than P. scaber as critical concentrations of zinc in hepatopancreas of O. asellus were 

significantly lower than P. scaber. Similar results were found in field populations of both 

species, where concentrations levels of zinc observed in moribund individuals were 

higher than their respective critical concentration levels. 
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My results showed that abundance levels of A. vulgare at HML sites did not differ 

significantly with reference site in 2013 and 2014, and were higher as compared to LML 

sites in 2013 (not statistically significant) and 2014 (p<0.05) (Fig. 4). Clearly, A. vulgare 

appears to be the most tolerant of all four isopod species to the metal contamination (Fig. 

4 and 5). Higher abundance levels of A. vulgare at HML sites could be related to a 

change in the reproductive characteristics in response to metal exposure at these sites. In 

contaminated environments, some species under the selection pressures for increased 

resistance to metal stress have been shown to evolve altered reproduction strategies 

(Jones and Hopkin 1996; Sibly and Calow 1989). For example, Donker et al. (1996) 

reported evidence of early reproduction and increased reproductive effort in populations 

of a terrestrial isopod P. scaber from a zinc smelter and a lead mine site as compared to 

reference sites. In an example of stress factors other than heavy metals, higher abundance 

of isopods was observed at sites contaminated with petrochemical wastes than reference 

sites which could have occurred due to an increased reproductive allocation caused by the 

exposure to toxicants (Faulkner and Lochmiller 2000). Studies conducted in laboratory 

have also reported increased reproductive stimulation in population of isopods (O. 

asellus) following the exposure to polycyclic aromatic hydrocarbons (Van Brummelen et 

al. 1996).  

4.2. Isopod abundance and other soil parameters (moisture and pH)  

 

 The average percent soil moisture levels recorded at our study sites (13-23%, Fig. 

6a and 6b) lie within the preferred range and are not considered unfavorable for growth 

of isopods (Little 1983). Therefore, it seems unlikely that soil moisture could have 

accounted for the differences in isopod species abundance observed along the metal 



77 
 

 

gradient. This was also evident from the results of the correlation analysis, which showed 

that abundance of isopods species per trap was not correlated with soil moisture. 

 Terrestrial isopods are also sensitive to variations in soil pH (Soejono 

Sastrodihardjo and Van Straalen 1993; Van Straalen and Verhoef 1997). Among the 

isopod species sampled in this study from different sites along the metal gradient,  P. 

muscorum has been shown to have a broadly dispersed preference for pH (5.6-6.1), 

whereas, A. vulgare is a weakly alkalophilous species with preference for pH 7.0 (Van 

Straalen and Verhoef 1997). Since, in this study we observed lower abundance levels of 

P. muscorum at LML sites (soil pH=5.9-7.0) than reference site in 2013 (not statistically 

significant) and 2014 (Fig. 4), and similar abundance levels of A. vulgare at reference 

(soil pH= 6.84) and HML sites (soil pH= 4.6-5.4) in both 2013 and 2014 (Fig. 4), it is not 

wrong to assume that the abundance patterns for isopods observed at sites along the metal 

gradient cannot be explained by differences of soil pH between the study sites.  

4.3. Isopod abundance at the managed areas 

  

The pitfall trap samples in the managed area were dominated by A. vulgare as 

compared to P. muscorum which dominated at all the sites along the metal gradient 

(Fig. 3). My results indicate that management practices have a clear impact on the 

relative abundance of the isopods, consequently changing the dominant species in this 

area of the park. Moreover, managed sites also supported lower abundance levels of P. 

muscorum and T. rathkii than reference sites (Fig. 4), however, their abundance did not 

vary between managed and metal contaminated sites (Fig. 4). In contrast, abundance 

of A. vulgare did not differ significantly between “clean” reference site, HML, and 
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managed sites (Fig. 4). The observed abundance patterns of isopod species at managed 

sites and the differences in their relative abundance between managed sites and sites 

along the metal gradient might be related to conditions of increased exposure to 

sunlight (due to habitat structure) at managed areas and also to the degree to which 

isopods species are specialized in adapting to these conditions. The managed areas 

sampled in this study have frequent open spaces between vegetation that might allow 

for direct exposure to direct sunlight and possibly lesser shaded micro-sites as 

compared to vegetated areas at reference and metal contaminated sites. Among the 

different species captured from managed areas, A. vulgare is better suited to deal with 

high temperatures than P. musrocum (a runner) and T.rathkii  as it is a rolling species 

and has the ability to burrow through several centimeters in the soil in comparison to P 

.muscorum and T. rathkii whose bodies are not well adapted to burrowing (Sutton 

1968). Furthermore, A. vulgare is also better adapted to reduce moisture losses because 

of well-developed pleopodal lungs as compared to the other two species P. 

muscorum and T. rathkii (Dias et al. 2013). Since isopods are sensitive to temperature 

and moisture changes, abundance patterns of different species observed at managed 

areas might be reflective of the physiological differences among isopods, allowing 

them to cope up with the different soil moisture and temperature conditions at these 

sites. 

 In summary, results of this showed that isopod assemblages at the urban 

brownfield site are strongly affected by metal pollution. Although, abundance patterns 

of isopods showed inter-species variability in relation to metal contamination, 

abundance of the most dominant isopod species P. muscorum at the brownfield site 
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declined significantly along the metal gradient. Based on these results, it is 

recommended that P. muscorum be used as a suitable indicator for monitoring metal 

pollution in terrestrial ecosystems. The negative effects of metal contamination in 

isopods (possibly due to increased accumulation of metals) present a greater risk of 

metal transfer across the food chain (particularly for carnivorous invertebrates e.g. 

spiders and centipedes or vertebrates whose diet includes isopods) at the brownfield 

site. This could be particularly significant at highly polluted sites where isopods are 

exposed to greater concentrations of metals in the soil as well as leaf litter. In this 

context, studying metal accumulations by different isopod species is important to 

understand the risks of trophic metal transfer at the brownfield site. Compared to urban 

unmanaged "clean" site, management practices at the managed areas of the park seem 

to have a negative effect on the abundance levels of isopods (for most species). In 

addition, habitat modifications as a result of management practices also affected the 

relative abundance of different isopods in managed areas. The abundance of A. vulgare, 

which is better suited to deal with changes in temperature and moisture losses increased 

while abundance of P. muscorum and T. rathkii which are comparatively more sensitive 

to temperature and moisture changes decreased at the managed areas (Dias et al. 2013; 

Sutton 1968). Based on these results, it is recommended that extensive modification of 

the managed areas at LSP be avoided.  
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Chapter Four: Exposure to heavy metal stress does not increase 

fluctuating asymmetry in population of isopod and hardwood trees
4
 

Abstract  

 

Fluctuating asymmetry (FA) refers to random, small and non-directional deviations from 

ideal bilateral symmetry is proposed as a bio-indicator of abiotic stress in both animals 

and plants. We investigated the effect of heavy metal stress on FA levels of 

morphological traits in a terrestrial isopod (Philoscia muscorum) as well as in the leaves 

of two hardwood tree species: Gray Birch (Betula populifolia) and Eastern Cottonwood 

(Populus deltoides), in an urban brownfield in New Jersey. FA levels measured for five 

traits (length of two segments of antennae and three segments of the seventh legs) were 

compared in male and female populations of P. muscorum sampled from three low and 

three high soil metal load sites within the brownfield. FA levels measured for leaf width 

(perpendicular distance from a midpoint on midrib to the widest point of the lamina in 

right and left half in a leaf) were compared for both Gray Birch and Eastern Cottonwood 

leaves collected from the same low and high soil metal load sites. Contrary to the 

hypothesis that FA increases with higher heavy metal stress in isopods and trees, our 

results revealed that true asymmetry in Gray Birch and for some isopod traits (2nd 

antenna article, 3rd antenna article and merus of males and females, carpus and prodopus 

 

 

4
Wadhwa, S., Gallagher, F. J., Rodriguez-Saona, C., and Holzapfel, C. 2017. Exposure to 

heavy metal stress does not increase fluctuating asymmetry in populations of isopod and 

hardwood trees. Ecological Indicators, 76, 42-51. 
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in females) did not differ between low and high metal contaminated sites. Furthermore, 

FAs measured in Eastern Cottonwood leaves and other isopod traits (carpus and prodopus 

in males) were found to be even lower at high metal contaminated sites than the low 

metal load sites. The overall effect of metal stress was shown as reduction in growth 

(measured as body size for a given head width in an individual) of isopods at high metal 

load sites as compared to the low metal load sites. Various hypotheses including 

induction of detoxification mechanisms in response to metal stress, selection against 

individuals with presumably lower fitness (high FA), difference in sensitivity of traits to 

stress, and plasticity are discussed to explain the observed lack of a significant 

association between FA and heavy metal stress in isopods and trees.  

Keywords : Philoscia muscorum, Betula populifolia, Populus deltoides, urban 

brownfield, metal contamination, fluctuating asymmetry 

 

1. Introduction 

 

 Soil contamination with metals is a widespread environmental problem in urban 

and post-industrial regions throughout the world (Alloway 1995; Mireles et al. 2012; 

Yaylalı-Abanuz 2011). Metals such as zinc, lead, copper, arsenic, are often present in 

urban soils at concentrations greater than background and  regulatory levels (Ge et al. 

2000). Industrial activities, energy production, construction activities, traffic and 

vehicular emissions, and municipal wastes are main sources of heavy metals in urban 

soils (Wei and Yang 2010; Wong et al. 2006). Most of these metals persist in the soils for 

long time as they are not biodegradable. Therefore they have the potential to alter the 

physical, chemical and biological properties of the soils (Friedlova 2010; Pouyat et al. 

2010) ultimately having adverse effects on urban ecosystems. Considering the growth of  
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urban landscapes, their complexity and input of metals from a variety of sources; 

monitoring the impacts of metal induced stress on urban ecological health is an 

increasing challenge for biologists and environmental scientists (Li et al. 2013).  

 To assess the effect of metal induced stress on ecosystem health, previous studies 

have focused on quantifying metal concentrations in soils or in tissues of various plants 

and animals (Ge et al. 2000; Gallagher et al. 2008a; Manta et al. 2002; Sawidis et al. 

2011; Tomašević et al. 2004), and on examining changes in species richness or diversity 

of different taxa of plants and animals (Fountain and Hopkin 2004; Murray et al. 2000). 

Most of the methods employed in these studies are often quite expensive, invasive, and 

time consuming. Over recent years, examining fluctuating asymmetry (FA) in 

populations of plants and animals has been proposed as an attractive, inexpensive, yet 

efficient, non-invasive and reliable method for monitoring heavy metal stress (Beasley et 

al. 2013; Lazić et al. 2013).  FA refers to the small, non-directional deviations from ideal 

bilateral symmetry of morphological traits in organisms (Valen 1962). High levels of FA 

in a population is considered as an indication of increased developmental instability (DI); 

the inability of an individual to buffer development against environmental or genetic 

disturbances to produce a symmetric form (Lerner 1954; Waddington 1942). The 

underlying premise is that under increased levels of stress, organisms struggle to maintain 

necessary levels of developmental precision resulting in a more reliable relationship 

between FA and DI (Sommer 1996). Numerous studies have shown that abiotic stress 

such as increased heavy metal contamination, chemical pollution, increased human 

disturbances (e.g., habitat fragmentation), and changes in microclimate (Lazić et al. 2013; 

Chang et al. 2007; Helle et al. 2011; Kozlov et al. 1996; Mal et al. 2002; Vilisics et al. 
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2005) can disrupt developmental processes that in turn may result in increase of FA in 

both plants and animals.  

 The objective of this study is to quantify effects of heavy metal soil contamination 

on FA in populations at two distinct trophic levels, that of a terrestrial isopod: Philoscia 

muscorum (common striped woodlice) and two hardwood trees species: Betula 

populifolia (Gray Birch) and Populus deltoides (Eastern Cottonwood). In metal 

contaminated environments, plants take up metals from the soils and store it in various 

tissues including leaves (Castiglione et al. 2009; Gallagher et al. 2008b). Eventually, 

metals can be transferred to invertebrates directly through feeding on contaminated leaf 

litter (e.g. isopods) or indirectly via different tropic interactions resulting in accumulation 

of heavy metals in their body (Jelaska et al. 2007; Peterson et al. 2003). Studies have 

shown that metal accumulation at higher concentrations than required can negatively 

impact growth, reproduction, physiology, or body symmetry (Mal et al. 2002; Ambo-

Rappe 2011; Arena et al. 2013; Di Baccio et al. 2003; Todeschini et al. 2011) in both 

plants and invertebrates. Since metal stress can have detrimental effects on different 

components of an ecosystem including producers and decomposers, in this study we 

expect to find a positive relationship between FA and metal stress in case of both 

hardwood trees (primary producers) and isopods (decomposers). In this study, we 

examined FA: (a) in five different traits (length of two segments of antennae and three 

segments of seventh leg) in males and female isopod populations, and (b) for leaf width 

in Gray Birch and Eastern Cottonwood collected from low and high soil metal load sites 

at post-industrial landscapes preserved in Liberty State Park (LSP), Jersey City, New 

Jersey (USA). In addition to FA, we also compared the growth rate (ratio of body size to 
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head width) of isopods between low and high metal load sites. We tested the hypothesis 

that symmetry of: (a) morphological traits in isopods and (b) leaves of Gray Birch and 

Eastern Cottonwood increases with heavy metal pollution. 

2. Material and methods 

 

2.1. Study site 

 

 The study was conducted  in Liberty State Park (LSP), Jersey City, New Jersey  on the 

west bank of Upper New York Bay (centered at 40
o
 42’ 14” N and 74

o
 03’ 14” W).  The 

area originally was an intertidal mudflat before it was filled in the 1800’s with debris 

from construction projects and refuse from New York City region. Developed by Central 

Rail Road of New Jersey (CRRNJ), the area was used as a rail yard and for the transport 

and storage of coal and other goods. After CRRNJ discontinued its operations in 1967, 

the State of New Jersey purchased this area to develop it as a state park. While most of 

the area was capped with clean soil, the central area of the park, approximately 41 ha was 

fenced off and left isolated and undisturbed that serves as our study site. Over the last 

five decades, the site has been reclaimed by spontaneous vegetation succession which 

includes dominant hardwood trees (Betula populifolia, Populus deltoides), shrubs (Rhus 

typhina, R. glabra, and R. copallinum) and many native and non-native forbs and grasses 

(Solidago spp., Eupatorium spp., Artemisia vulgaris, etc.) (Gallagher et al. 2011). Due to 

its industrial history, soils at the site are unevenly polluted with metal contaminants 

including Arsenic (As), Chromium (Cr), Copper (Cu), Lead (Pb), Vanadium (V), and 

Zinc (Zn) (Gallagher et al. 2008a). Based on the concentrations of these metals in soil, 

Gallagher et al. (2008a) developed a total metal load index (TML) index. The TML 
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represented a rank order transformation of the normalized soil metal concentration and 

has a range from 0 (low) to 5 (high). The scale is used as a relative index to compare soil 

contamination levels between different sites (see Fig. 1 in Gallagher et al. 2008b). 

Previous work at LSP has shown that plant productivity and growth are negatively 

impacted by the heavy metal stress at sites with a threshold TML level of 3.0 and above 

(Gallagher et al. 2008a; Dahle et al. 2014; Renninger et al. 2013). It has been shown that 

the metal loads also had an influence on the  assemblage and trajectory of the vegetation, 

with hardwood trees (Gray Birch and Eastern Cottonwood) being more dominant at sites 

with higher soil metal load (Gallagher et al. 2008b; Gallagher et al. 2011) (see Fig.1 in 

Gallagher et al. 2008b). For the purpose of this study, we selected three low metal load 

(LML) sites (with TML <3.0, LML-1: site 48, LML-2: site 41, LML-3: site 47) and three 

high metal load (HML) sites (TML> 3.0, HML-1: site 10, HML-2: site 14/16, HML-3: 

site 25) (Fig.1). The soil metal load levels and concentrations of heavy metals at 3 LML 

and 3 HML sites are shown in Fig. 2.   
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Fig. 1: The study site (A) in Liberty State Park on the west bank of Upper New York Bay 

(centered at 40
o
42'14''N; 74

o
03'14''W), (B) The Statue of Liberty, (C) Ellis Island, and 

(D) location and Total soil metal load (TML) of all the six sites (3 low meal load [blue] 

and 3 high metal load sites [red]) within Liberty State Park (from Gallagher et al. 2011). 
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Fig. 2: (I) Soil metal concentrations (average value with standard deviation, x-axis is in 

log scale), and (II) total soil metal load for low metal load (LML) and high metal load 

sites (HML) study sites 

Soil metals µg/g (2005) 

* Sampled in 1995, one sample was analyzed from this site. 
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2.2. Choice of organisms and data acquisition 

 

Terrestrial isopods (Isopoda: Oniscidea sp.) were selected for the FA analysis as they are 

one of the most abundant soil dwelling arthropods (David and Handa 2010). They have 

remarkable ability to accumulate large amounts of heavy metals in their body (in 

hepatopancreas) (Gál et al. 2008) and play an important role in the litter decomposition 

process. Based on pitfall sampling, we found that Philoscia muscorum was the most 

dominant of all the isopods species at our study sites. The species is common in the Mid-

Atlantic region of the United States and primarily feeds on the decaying leaf litter 

(Hassall and Jennings 1975). Isopods were sampled using pitfall traps during June-July of 

2013 and May of 2014. For FA analysis, 18-25 male and 19-26 female individuals were 

selected from each of the six study sites (for a total of 279 individuals, 141 male and 138 

female individuals from six sites). Sampled isopods were individually stored in 

polypropylene vials with 3 ml of 70% ethanol in the laboratory. For FA analysis, five 

traits were measured: (1) length of two antennae segments (Fig. 3a): article 2 and article 

3, and (2) length of three segments of seventh leg (pereiopod) merus, carpus and 

prodopus from the collected specimens (Fig. 3b). As reported by previous studies 

(Villisics et al. 2005), these traits were selected as they are not difficult to measure and 

also the measurements are repeatable. In addition, to the two antennae and three 

pereipodal segments, head width of each individual was also measured to correct for the 

size dependence. To examine the impact of metal contamination of soils on the growth 

rate of isopods, maximum body length (length from middle point on the head to 

pleotelson) of randomly selected isopods from LML (N=54) and HML (N=62) sites was 

recorded. To compare the growth rate of isopods between LML and HML sites, growth 
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rate of each individual was estimated as the ratio of body size to the head width (or body 

size for a given age, using head width as a proxy for age (Donker et al 1993; Jones and 

Hopkin, 1998). For all the P. muscorum individuals, images of the selected antennae and 

pereopodal traits (right and left sides) were taken with Infinity-1 digital camera connected 

with a NIKON - SMZ745T stereomicroscope (Nikon Europe, Düsseldorf, Germany). 

Selected traits were measured using Image J morphometrical software 

(http://imagej.nih.gov/ij/).                                      

 

 

                           (I)                                     (II)                                       (III) 

Fig. 3 (I) Philoscia muscorum antenna segments (a: basis; b: article 1; c: article 2; d: 

article 3; e: flagellum 1; f: flagellum 2; g: flagellum 3), (II) P.m. pereiopod segments (, 

and (III) leaf-width in right and left half of an Eastern Cottonwood leaf. Lines in the 

antennal segments (c and d) and pereipodal segments and in the leaf indicate the 

measured lengths of selected segments. 
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 Leaves of Gray Birch (Betula populifolia) and Eastern Cottonwood (Populus 

deltoides), the dominant hardwood trees at the study sites, were selected for FA analysis. 

Previous work at these sites has shown that these two trees tend to accumulate heavy 

metals in plant tissues, specifically zinc in leaves (Gallagher et al. 2008b). In addition, 

long term growth rate of both Gray Birch and Eastern Cottonwood is negatively impacted 

by heavy metal stress at HML sites as compared to LML sites (Dahle et al. 2014; 

Renninger et al. 2013). For the FA analysis, we collected 92-105 leaves of Gray Birch 

and Eastern Cottonwood respectively from each of three LML and three HML sites at 

LSP in May 2014. At each site, leaves were collected randomly from six-seven trees 

(Gray Birch was absent at 2 sites: site 10, HML1 and site 47, LML3). In the laboratory, 

leaves were pressed in a herbarium press and then scanned at 800 dpi with a scanner 

(EPSON perfection V30, Seiko Epson Inc., Long Beach, CA, USA). For FA analysis, 

leaf width of the right (R) and left sides (L) was measured for each sampled leaf using 

Image J morphometrical software (http://imagej.nih.gov/ij/). Leaf width on either side 

(right or left) of a leaf is defined as the perpendicular distance from a midpoint on midrib 

(mid-point between the base and the tip) to the leaf margin on that side (right or left) (Fig. 

3c).  

2.3. Data analysis 

 

 For all the traits examined in isopods and trees, asymmetry index (A.I) was 

calculated as the right minus left side value of the trait. In order to assess if variation 

between sides is greater than differences due to measurement error (ME), two-way 

ANOVA (as recommended by Palmer and Strobeck, 1986) was performed for each trait, 

gender and site. This analysis also tests the presence of directional asymmetry (DA), non-
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directional asymmetry (refers to FA or antisymmetry), and differences due to size/shape 

within the individuals. In addition to two-way ANOVA, DA was also evaluated using 

one sample T-test against a mean of zero. Results of two-way ANOVA tests showed 

significantly higher variation for MSSI (mean squares of the side X individuals) than 

MSME (mean squares of the measurement error) (p < 0.05) for all tests performed 

(isopods and leaves). In addition, no significant differences between sides were observed 

indicating absence of DA (p>0.05). Results of the one-sample t-test performed for each 

trait, gender and site also revealed absence of DA (p> 0.05) in almost all the tests realized 

(for isopods and leaves) except for only 2 out of 60 tests (2nd antenna article and carpus 

in females from LML-1) and 2 out of 10 tests (Eastern Cottonwood from HML-2 and 

Gray Birch from LML-2) in isopods and tree species respectively.  

 With regards to antisymmetry, we found some of the FA indices (3 out of 60 

ANOVA tests performed for each trait, site and gender) were influenced by 

antisymmetry. It is important to consider that if a trait shows presence of antisymmetry, 

some part of this between side variation might have a genetic component, therefore, these 

between side differences might not be necessarily attributable to developmental noise 

(Palmer and Strobeck, 1992). As a result, deviations of A.I values from normality were 

also checked with Kolmogorov–Smirnov test for each trait, gender and site. Normal 

distribution of right minus left (R-L) value differences (p> 0.05) were observed for all 

traits in both the data sets (isopods and tree leaves).  

To test for the size dependence of FA in the data, regression analysis was 

performed between |R−L| (absolute value of right minus left trait value) and width of the 

head capsule (a measure of body size) for each trait, gender and site (method following 
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Palmer 1996). Similarly, regression was tested between leaf width and |R−L| (absolute 

value of right side width minus left side width value). Since significant positive 

relationships were found in 18 out of the 60 regression tests performed for the isopod 

data and 7 out of 10 tests performed for leaves data, FA indexes were calculated with trait 

size correction as: FA = |R−L|/ ((R + L)/2) following Palmer and Strobeck (1986). 

 FA values measured for all the traits were analyzed in two different ways. Firstly, 

FA values estimated for each trait were compared separately for male and female isopods 

between all the six sites using one-way ANOVA with post-hoc Tukey test. Similar 

analysis was performed to compare FA levels for leaf width in Gray Birch and Eastern 

Cottonwood among all sites. For the second approach, trait specific FA values were 

grouped together from LML and HML sites for male and female isopod populations and 

Gray Birch and Eastern Cottonwood leaves. One-way-ANOVA with post-hoc Tukey 

tests was performed to compare the differences among male and female populations from 

LML and HML sites. To determine differences in growth rate (ratio of body size to head 

width) and head width of isopods between LML and HML sites (combined data) two tail 

t- tests were performed. 

 Finally, to test the differences in FA in P. muscorum populations, a general linear 

model analysis (GLM) was performed between genders (male and female) and total soil 

metal loads (HML and LML) with gender and total soil metal load as fixed factors and 

traits as random factors. Similar GLM analysis was performed for leaf width between tree 

species and soil metal loads. Tests for normality, two tail and one sample t-tests, analysis 

of variance (ANOVA) with Tukey tests, and GLM analysis were performed on the data 

sets using  SPSS version 21.0 for Windows (SPSS, Chicago, IL). 
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 3. Results 

3.1. Fluctuating asymmetry in P. muscorum populations in relation to metal load   

   

Overall there was no significant effect of metal load on the magnitude of FA when all 

traits are considered (Table 1), however as indicated by the significant three-way 

interaction revealed in the GLM analysis, FA for some traits varied in relationship to both 

metal load and gender. Accordingly, when individual traits were compared for male and 

female populations, only few FA values differed between metal loads (Fig. 5). These 

included FA measurements for the pereiopodal segment, carpus of males from HML sites 

that were significantly lower than both males and females from LML sites (Fig. 5). FA 

levels measured for prodopus in males from LML sites was also significantly greater than 

males from HML sites (Fig. 5) (p<0.05). 

                Comparing the individual traits in male populations across all six sites, the 

differences that were found for males were the FA values estimated for carpus in 

individuals from site LML-1 that were higher than individuals from sites HML-1, HML-2 

and HML-3, respectively (p<0.05, Fig. 4). In addition, FA values observed for prodopus 

were significantly higher in individuals from site LML-2 than individuals from sites 

HML-1, HML-2 and HML-3, respectively (p<0.05, Fig. 4). 

 For females in the populations of P. muscorum, FA measured for the 2nd article 

of antenna, merus, carpus, and prodopus did not differ (p>0.05, Fig. 4) between all of the 

six sites (3 LML and 3 HML sites). In case of the 3rd antenna article, FA values 

estimated in females from site LML-1 were significantly greater than individuals from 

site HML-2 (p<0.05, Fig. 4).  
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Fig. 4: Fluctuating asymmetry values (mean ± SE) observed for different traits: (a) 2nd 

and the (b) 3rd articles of antenna and merus (c), carpus (d) and propodus (e) of the 7th 

pereiopods in P. muscorum collected from the three low metal (L1, L2, and L3) and the 

three high metal load (H1, H2 and H3) sites in brownfields at Liberty State Park. 

Different letters indicate significant differences (P < 0.05) between sites tested by one-

way ANOVA with post hoc Tukey for each trait among males and females respectively 

from all six sites                   
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Fig. 5 Fluctuating asymmetry values (mean ±SE;) values observed for different traits: (a) 

2nd and the (b) 3rd articles of antenna, and (c) merus, (d) carpus and (e) propodus of the 

7th pereiopods in P. muscorum collected from brownfield sites at Liberty State Park and 

grouped by habitat type (low metal load and high metal load) and by gender (male and 

female). Different letters indicate significant differences (P < 0.05, one-way ANOVA, 

post-hoc Tukey tests) between different groups.  

 

3.2. Head width to body length ratio analysis in population of P.muscorum 

 

 The ratio of body size to head width was significantly higher in isopod 

populations collected from LML sites than from HML sites (Fig. 6a). The results showed 

that growth (measured as ratio of body size and head width in an individual) of isopods is 

significantly reduced at HML sites as compared to LML sites (p<0.05, two-tail t-test). 

However, the head-width in the isopod populations from low metal load and high metal 
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load sites were not significantly different from each other (p >0.05 two tail t-test) (Fig. 

6b).  

 

                                                    (a)                                                (b)  

Fig. 6 (a) Head width to body length ratio in P. muscorum individuals collected from low 

metal load (N=54) and high metal load sites (N=62) (b) Head width of P. muscorum 

individuals collected from low metal load (N=54) and high metal load sites (N=62). 

Different letters indicate the significant differences (P < 0.05, two-tailed t-test) between 

isopod populations from low metal and high metal load sites. 
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Table 1: Results of the GLM (general linear model) analysis of fluctuating asymmetry 

among 5 traits (article c and article d of antenna and merus, carpus and prodopus of the 

7
th

 pairs of pereipods) observed for P.muscorum between genders (male and female) and 

between two habitats (low metal load and high metal load). 

 

 

  *Significant differences: p < 0.05 

 

  3.3. Fluctuating asymmetry in leaves of Gray Birch and Eastern Cottonwood 

 

Results of the one way ANOVA analysis with Tukey post hoc tests revealed no 

significant differences between  FA values calculated in leaves of Gray Birch and Eastern 

Cottonwood between at the six sites (Fig. 7a) (p >0.05). However, for the data combined 

on basis of soil metal load (HML and LML), FA was higher in Eastern Cottonwood 

leaves from HML than LML sites (p<0.05, two-tail t-test) (Fig. 7b). No differences were 

found between Gray Birch leaves from LML and HML sites (p>0.05, two-tail t-test) (Fig. 

6b). GLM analysis performed on FA measured in Gray Birch and Eastern Cottonwood 

leaves for lumped LML versus HML sites showed that differences in FA values were 

dependent on the total soil metal load (p<0.05) but  not on  species alone (p>0.05, Table 

2). 

Source of Variation Df MS F-test 

Intercept 1 7.995 85.825* 

Habitats (H, fixed) 1 0.016 1.103 

Gender (G, fixed) 1 0.004 0.829 

Traits (T, random) 4 0.093 18.464 

G x H 1 0.001 0.350 

G x T 4 0.005 0.364 

H x T 4 0.014 0.984 

H x G x T 4 0.014 2.922* 

Error 1330 0.005  
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                                           (a)                                                                          (b)  

Fig. 7: (a) Fluctuating asymmetry values (mean ±SE;) for leaf width of Populus deltoides 

and Betula populifolia collected from three low metal load (L1, L2 and L3) and three 

high metal load (H1, H2 and H3) sites and grouped on the basis of habitat type (low 

metal load and high metal load) and according to tree species. 6(b) fluctuating asymmetry 

values (mean ±SE;) values observed for leaf width observed in Populus deltoides and 

Betula populifolia  and grouped on the basis of habitat type (low metal load and high 

metal load) and according to tree species. Different letters indicate the significant 

differences (P < 0.05, two-tailed t-test) between Populus deltoides leaves sampled from 

low metal and high metal load sites. 
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Table 2: GLM (general linear model) analysis for fluctuating asymmetry in leaves of 

Gray Birch and Eastern Cottonwood from two habitats (low metal load and high metal 

load) 

   

*Significant differences: p < 0.05 

4. Discussion 

 

 The magnitude of asymmetry and in particular fluctuating asymmetry (FA) has 

been proposed as a reliable indicator of abiotic stress in different organisms including 

plants (Kozlov et al. 1996; Mal et al. 2002; Jari and Mikhail V 2001) and invertebrates 

(Chang et al. 2007; Vilisics et al. 2005; Peters et al. 2001). Therefore, we had 

hypothesized that FA levels for antenna and pereiopod segments in isopods and for leaf 

width in trees increase with higher metal stress. In contrast, the results of this study 

showed that FA in isopods and trees either did not increase or even decreased with soil 

metal induced stress. That this is not simply due to the lack of overall pollution effects as 

indicated by the expected reduction of growth associated with higher metal levels. As 

expected, isopods in sites with higher metal loads are relatively smaller in size (indicated 

by lower body size to head width ratio) compared to sites with lower metal stress, this 

even though their ages as indicated by head width (Donker et al 1993; Jones and Hopkin, 

1998) were similar. Likewise, previous work at Liberty State Park has demonstrated that 

Source of Variation Df MS F-test 

Intercept 1 4.810 1500.937* 

Habitats (H, fixed) 1 0.016 5.126* 

Species (S, fixed) 1 0.012 3.729 

H x S 1 0.000 0.033 

Error 994 0.003  
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growth rates of the two tree species (Gray Birch and Eastern Cottonwood) are also 

impaired by soil metal contamination (Renninger et al. 2013; Dahle et al. 2014). Similar 

to our results, the lack of any relationship, or even negative relationship between FA and 

stress across different traits and species have also been reported by others researchers 

(Ambo-Rappe et al. 2008; Floate and Fox 2000; Godet et al. 2012; Hódar 2002; Rabitsch 

1997).  For instance, Godet et al. (2012) observed that FA measured for antenna and 

periopod segments in male population of terrestrial isopod, Porcellio scaber were lower 

at heavy metal contaminated sites as compared to uncontaminated ones. In another study, 

Rabitsch (1997) also found no relation between FA of four morphological traits in the ant 

Formica pratensis and levels of heavy metals. Similarly, Ambo-Rappe et al. (2008) 

found no increase in FA of the seagrass Halophila ovalis sampled from a heavy metal 

polluted site and a control site. Overall, the inconsistency in literature concerning the 

relation of FA and stress is demonstrated by the fact that some studies have reported 

increased FA in response to stress (Kozlov et al. 1996; Mal et al. 2002; Jari and Mikhail 

V 2001), whereas some including ours have failed to detect a clear link between FA and 

stress.  

 4.1. Fluctuating asymmetry in isopods 

 

 The observed lower FA levels in the isopod population at highly contaminated 

sites may be related to synthesis of heat shock protiens (HSPs) known to be stress-

defense proteins, and the metal-binding proteins metallothioneins (MTs). These specific 

set of proteins play an important role in defense against metal toxicity and in maintaining 

cellular homeostasis (Ackerman and Iwama 2001; Beckmann et al. 1990; Viarengo et al. 

1999). Previous studies have demonstrated metal induced expression of HSPs and MTs in 
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several soil invertebrates (Arts et al. 1999; Morgan et al. 2004; Nadeau et al. 2001; 

Spurgeon et al. 2004; Sterenborg and Roelofs 2003). In terrestrial isopods, Mazzei et al. 

(2015) reported induction of Hsp-70 and MTs by metals in hepatopancreas, which is the 

primary organ for metal storage and detoxification in isopods. It is possible that 

activation of detoxification mechanisms based on the expression of HSPs or MTs protects 

isopod development from damage due to metal stress leading to a decrease in asymmetry. 

These protective mechanisms, however, are energetically expensive and may shift 

resources away from energy demanding process such as growth (Feder and Hofmann 

1999; Krebs and Feder 1997; Schill and Kohler 2004; Sibly and Calow 1989). This could 

explain why P. muscorum in the heavy metal load site tended to be smaller in size 

compared to sites with lower metal stress even though their ages as indicated by head 

width were similar. 

 Exposure to abiotic stress can act also as a form of selection against 

developmentally unstable phenotypes if stress induced asymmetry is negatively 

correlated with natural and/or sexual components of fitness (Moller 1997). Higher FA in 

antennae and pereiopods might have serious fitness cost for individuals and therefore 

natural selection may remove asymmetric phenotypes from isopod population at highly 

contaminated sites. In addition, selection pressures by mate choice may also mask a 

relationship between FA and metal stress if asymmetry is associated with reduced mating 

success in isopods. These hypotheses are better understood when considering the function 

of antennae and pereiopods in isopods.  

Antennae are involved in important sensory functions such as hygroreception and 

chemoreception (Haug and Altner 1984; Warburg 1993; Zimmer 1996). It has been 
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suggested for some isopods that the olfactory or chemoreceptors present on the antenna 

are responsible for their avoidance behavior towards contaminated food or soil 

(Weißenburg and Zimmer 2003; Zidar et al. 2005).  Additionally, in some species 

antennae are used by courting males to locate a receptive female (Johnson 1985) and to 

assess female quality (Mead 1973). Furthermore, males also use antennae in aggressive 

behavior against other contesting males during  mating  (Lefebvre et al. 2000). 

Pereiopods are the walking legs in isopods (Webb and Sillem 1906) and in addition to 

locomotion, pereiopods,  especially the 7th pair,  are also used by males to grasp females 

during the mating process (Forest 1999). Assuming that presence of asymmetry in these 

traits might: (i) be associated with loss or impairment of functions that are critical for 

survival (a fitness component), and/or (ii) influence the process of mate choice in favor of 

symmetric individuals. It is therefore plausible that selection might explain the absence of 

a relationship between FA and metal stress at highly polluted sites. A number of studies 

have determined negative impacts of asymmetry on fitness components in different 

invertebrates (Allen and Simmons 1996; Møller and Zamora-Munoz 1997; Naugler and 

Leech 1994; Thornhill 1992; Ueno 1994), however, these relationships have not been 

tested in the case of terrestrial isopods. 

4.2. Fluctuating asymmetry in trees 

 

 We also hypothesized that FA in leaves of Gray Birch and Eastern Cottonwood 

increase with metal stress. However, despite the evidence for metal induced growth stress 

of Gray Birch and Eastern Cottonwood at highly contaminated sites (Dahle et al. 2014; 

Renninger et al. 2013), results of the FA analysis in this study do not support our 

hypothesis (Fig. 7a). One plausible explanation of our results could be activation of stress 
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protection enzymes such as phytochelatin synthase upon the exposure to metal 

contamination. These enzymes catalyze the synthesis of metal binding proteins termed 

phytochelatins which play a key role in detoxification in plants. In fact, phytochelatin 

synthesis has been shown to be involved in maintenance of Zn homeostasis in Eastern 

Cottonwood (Adams et al. 2011). It is also known that Zn was the only metal to 

translocate to the leaves of these species at or above concentrations found in the soil. The 

other metals were sequestered within the root or excluded at the root soil interface 

(Gallagher et. al. 2008). It is possible that activation of phytochelatin synthase functions 

to protect plant development from high soil metal load, however the energy cost for such 

protection could impair long term growth (Dahle et al. 2014).  

 Some authors have argued that different traits vary in their sensitivity to stress and 

therefore examining FA levels of a sensitive trait can increase the likelihood of detecting 

FA and stress relations. For example, Ivanov et al. (2015) suggested that leaf width is not 

the most sensitive trait for FA analysis in Birch due to metal contamination as compared 

to other traits such as distance between the bases of the first and second lateral veins. 

Other researchers also recommend examining FA for multiple traits as relations between 

FA and stress are usually weak, hence, studying multiple traits can maximize the odds of 

detecting such a relationship (Leung et al. 2000). On the other hand, some comparative 

studies have reported positive correlations between metal stress and FA measured for leaf 

width in plants (Mal et al. 2002; Franiel 2008). Therefore, it is difficult to argue whether 

selection of a single and/or a relatively insensitive trait (leaf width) for FA analysis in 

trees was one of the reasons why we did not observe an increase in FA with metal stress. 
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Plasticity could be another factor that might facilitate resistance to metal stress in 

trees at high metal load sites. Unlike most animals, sessile organisms such as plants 

which demonstrate indeterminate and modular growth (Fenster and Galloway 1997; 

Schmid 1992) can often respond to stressful environmental conditions through plasticity 

involving changes in their growth patterns (Bradshaw 1965; Schmid 1992). Trees have 

been shown to develop resistance in form of phenotypic plasticity to cope up with metal 

stress, for example, Watmough and Hutchinson (1997) showed that callus cell lines 

derived from mature maple trees growing in metal contaminated soils possessed the 

ability to tolerate elevated levels of metals. Studies have also reported evidence of 

phenotypic plasticity in plants in response to other factors such as herbivory, light 

gradient, salt, or water stress (Abbruzzese et al. 2009; Chazdon and Kaufmann 1993; 

Goulet and Bellefleur 1986; Pedrol et al. 2000; Rautio et al. 2002). Since Gray Birch and 

Eastern Cottonwood trees have been growing on high metal load sites for many years, it 

is possible that ability to acclimatize or plasticity might be a contributing factor to metal 

tolerance in tree populations resulting in absence of a relation between FA and metal 

stress.  

Conclusions 

 

The results of this study did not support our hypothesis that FA increases in isopods and 

trees with higher heavy metal stress even though a growth reduction was shown at the 

site. Our results support the growing body of literature demonstrating the failure to detect 

a direct link between stress and FA. This need not imply that FA should no longer be 

used as a marker for environmental stress as argued by some skeptics (Bjorksten et al. 

2000), however, it does point to the need for identifying the reasons for these observed 



111 
 

 

inconsistencies and for a better understanding of the underlying developmental 

mechanisms related to the origin of FA. Natural processes such as selection have been 

suggested in studies as a possible mechanism that can mask the direct relationship 

between FA and stress (Bergstrom and Reimchen 2003; Hendrickx et al. 2003). 

Experiments under controlled settings using multiple generations of isopods will be 

helpful to verify the negative effects of increased FA on fitness. In addition, one could 

ask whether traits that contribute less to fitness and therefore are less selected on, are 

better candidates to detect FA.  Results of these studies may provide an insight into 

understanding the influence of selection on this relationship between FA and stress. 

Given the growing interest of researchers in studying FA as an indicator of stress, 

examining the role of detoxification mechanisms (e.g. induction of MTs, HSPs, or 

phylochelatins) in conjunction with FA measurements might also help to better explain 

FA and stress relations.  
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Chapter 5: Effects of soil and litter metal exposures on growth and 

metal accumulation in the terrestrial isopod Philoscia muscorum. 

Abstract 

 

This study investigated the effects of metal contaminated soil and poplar litter on growth 

and metal accumulation in the terrestrial isopod Philoscia muscorum. In order to evaluate 

the relative importance of different metal exposure routes, e.g. soil and leaf litter, 

experiments were conducted using soil and poplar litter collected from a metal 

contaminated brownfield and a reference site located in Liberty State Park, in New 

Jersey. Isopods were exposed to six different treatments under controlled conditions, 

where each treatment was a combination of one of the three poplar leaf litter types 

(contaminated, non-contaminated and mixed) and one of the two soil types (contaminated 

and non-contaminated). The weight of isopods was recorded initially at the start and after 

7 and 14 days of exposure. In addition, at the end of the experiment, zinc, copper and 

lead body burdens of isopods were determined using Atomic absorption spectroscopy. 

Results of the GLM analysis revealed that weight of isopods was significantly affected by 

exposure to soil and litter treatments after 7 days, however, after 14 days of exposure, 

weight change in isopods was significantly more negatively affected by soil as compared 

to litter. Exposure to contaminated soil and litter resulted in higher body concentrations 

of zinc and copper in isopods as compared to non-contaminated soil and litter treatment, 

however, lead body burdens were not significantly different between the two treatments. 

Finally, the mortality levels observed for isopods among all the treatments did not differ 

significantly after 14 days of exposure, however, seem to be approaching significance. In 

addition, we found that mortality in isopods after 14 days of exposure was more affected 
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by soil contamination as compared to litter. Our results demonstrate the importance of 

different exposure routes (soil and litter) in toxicity studies aimed at determining the 

effects of metals in isopods. In conclusion, weight change (growth) of terrestrial isopods 

i.e., P. muscorum can be used as a potential tool for assessment of metal contamination in 

litter and soil with ecological significance.  

Keywords: Terrestrial isopods, Metal exposure, Growth, Bio-accumulation, Eco-

toxicology.  

1. Introduction  

 

Terrestrial isopods (commonly known as woodlice), included in the suborder Oniscidea, 

are a group of crustaceans that have successfully colonized many terrestrial habitats. 

They form an important component of the soil macro-fauna community in terrestrial 

ecosystems and play a crucial role in litter decomposition (Paoletti and Hassall 1999; 

Špaldoňová and Frouz 2014). Commonly found in the litter layers covering the soil, 

isopods enhance the process of nutrient cycling in different ways. For example, directly 

by break down of leaf litter into smaller fragments and via digestive degradation of 

compounds such as cellulose or phenols present in the leaf litter (AF Quadros and PB 

Araujo 2007; Zimmer et al. 2005). The indirect influence is through return of consumed 

litter in form of feces that provides a suitable substrate for colonizing microbial 

populations (Anderson et al. 1983; Hanlon and Anderson 1980; Hassall et al. 1987). As 

abundant litter detritivores in terrestrial ecosystems, isopods have been shown to 

consume an estimated 10% of annual litter input, highlighting their importance in 
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regulation of organic matter and nutrients (Dias and Sprung 2003; Hassall and Sutton 

1978). 

 Among soil invertebrates, terrestrial isopods are the choice of organisms for 

heavy metal pollution monitoring studies. This is because they are quite abundant, have 

adequate body size, are easy to collect, and can tolerate and accumulate elevated 

concentrations of heavy metals as compared to other soil organisms (Paoletti and Hassall 

1999; Godet et al. 2011; Heikens et al. 2001; Köhler et al. 1996). Previous laboratory 

studies have used several toxicological endpoints with isopods to determine the potential 

toxic effects of metals in terrestrial environments. The commonly studied toxicological 

endpoints are growth, reproduction, feeding rates, accumulated metal concentrations, 

mortality rates, behavioral changes, molting frequency, and structural and cellular 

changes in hepatopancreas (Godet et al. 2011; Drobne and Štrus 1996; Loureiro et al. 

2005; Odendaal and Reinecke 1999; Zidar et al. 2005; Žnidaršič et al. 2003). Among 

these parameters, change in weight over time or responses such as avoidance behaviors 

are considered as sensitive endpoints in eco-toxicological studies with invertebrates 

(Godet et al. 2011; Zidar et al. 2005).  

Most of the experimental studies examining a parameter(s) in response to metal 

contamination are conducted by exposing the organisms to toxicant(s) using 

contaminated food or litter (Godet et al. 2011; Loureiro et al. 2005). Generally, metal 

concentrations in food are manipulated by applying prepared solutions (Odendaal and 

Reinecke 2004; Zidar et al. 2003). Furthermore, the laboratory studies often evaluate 

toxic effects of a single element (Zidar et al. 2005; Calhôa et al. 2012; Farkas et al. 1996) 

whereas, in polluted environments, organisms are exposed to elevated concentrations of 
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different metals. Therefore, this approach makes it difficult to extrapolate the results of 

these experiments to actual field conditions, thus compromising the relevance and 

usefulness of these studies. Another common shortcoming in these experimental studies 

is that the effects of metal exposure via soil in isopods are not tested as isopods are often 

placed on an artificial substrate (e.g. plaster of Paris or uncontaminated soil) (Godet et al. 

2011; Calhôa et al. 2012; Kampe and Schlechtriem 2016; Loureiro et al. 2006). In 

contaminated habitats, the food source and microhabitats of isopods coincide with the 

upper layers of the soil where metal accumulation occurs, therefore, metal exposure can 

occur via both food and soil (Donker et al. 1996; Martin et al. 1982; Vijver 2005). 

Indeed, researchers have stressed upon the importance of considering different exposure 

routes while assessing the effects of contaminants in isopods in eco-toxicological studies 

aimed at understanding the larger impact of metal contaminants in terrestrial ecosystems 

(Vink et al. 1995).  

 The objectives of this experimental study were to evaluate the effects of metal 

exposure through soil and food (separately and simultaneously) on (a) growth of the 

terrestrial isopod, P. muscorum after 7 and 14 days, and (b) zinc, copper and lead body 

burdens of isopods at the end of the exposure period. The results of this study will help to 

understand the physiology of P.muscorum in relation to different pathways of metal 

contamination and to establish its role as a suitable candidate for future bio-monitoring 

studies. 
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2. Material and Methods 

2.1. Study organism and culture 

 

 Terrestrial isopods, (Philoscia muscorum) were collected in September 2013 from a 

reference site (40°42'11.61"N, 74° 3'34.72"W) located at Liberty State Park (LSP), New 

Jersey, USA. This reference site encompasses an area of 18 acres within LSP and is filled 

with several feet of clean soil. It is an unmanaged site which has been naturally colonized 

by various plant assemblages including hardwood trees (Populus deltoides (Eastern 

Cottonwood), Populus tremululoides (Quaking Aspen), and Betula popufolia (Gray 

Birch)), shrubs (Rhus copallina (Winged Sumac), and Rhus typhina (Staghorn Sumac)) 

and herbs (Artemisa vulgaris (Mugwort), and Solidago spp. (Goldenrod)). The 

concentrations of metals in soil and poplar leaf litter at this site are listed in Table 1. P. 

muscorum was selected as the study organism because it is the most dominant of all the 

isopod species found in the park (Chapter 3). Prior to this study, isopod cultures were 

maintained in laboratory for eleven months. In laboratory rearing, isopods were kept in 

plastic culture boxes (each filled with 2-3 cm layers of moistened sand) and were fed 

with poplar leaf litter collected from the reference site. Before litter was offered to 

isopods, leaves were moistened in a jar with de-mineralized water for one week. In the 

laboratory, isopods in culture boxes were at maintained at 20 ± 1
o
C with a photoperiod of 

16:8 (light: dark). 

2.2. Leaf litter and soil collection 

 

 For this study, poplar leaf litter was used as the food source for isopods as it is one of the 

dominant hardwood trees present at LSP (Gallagher et al. 2008). Freshly fallen leaf litter 
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was collected in October 2013 from the reference site and one heavy metal contaminated 

site (denoted as TP-25 in Gallagher et al. 2008) located at LSP. The metal contaminated 

site (TP-25) is located in an abandoned area (about 251 acre) of the park that was used as 

a railyard by Central rail road of New Jersey (CRRNJ) from the late 1800’s to the mid 

1900’s. The area is closed for public access due to presence of metals (arsenic, lead, zinc, 

chromium and vanadium) in soils at concentrations higher than the ambient levels 

(Gallagher et al. 2008). Despite the contamination, the area has been spontaneously 

colonized by many native and non-native species, with dominant trees being B. 

populifolia, P. deltoides and P. tremuloides (Gallagher et al. 2008). Previous work at LSP 

has shown that the structure and development of vegetative assembly has been impacted 

by soil metal contamination (Gallagher et al. 2008; Gallagher et al. 2011). Among the 

metals, zinc has been shown to accumulate at extremely high concentrations in the leaf 

tissue of trees (B. populifolia and P. deltoides), whereas chromium is primarily 

assimilated in root tissue of the trees. The leaf litter collected from the two sites 

(reference site and metal contaminated site (TP-25)) was air dried in the laboratory, and 

stored in brown paper bags. The soils used for the non-contaminated and contaminated 

treatments were also collected from the same reference and contaminated site (TP-25) 

respectively. Soil collected from both reference and contaminated sites was air dried in 

the laboratory and sieved with a 2 mm sieve to remove any undesirable components. 

Heavy metal concentrations of soil and poplar leaf litter collected from the metal 

contaminated site (TP-25) and reference site in LSP are listed in Tables 1 and 2, 

respectively. 
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Table 1: Soil characteristics including concentrations heavy metals (means with standard 

errors in parentheses), soil pH, organic matter (OM), and cation exchange capacity (CEC) 

for the reference and metal contaminated (TP-25) sites at Liberty State Park, New Jersey, 

USA 

 

Site Cu (μg/g) Zn (μg/g) Cr (μg/g) pH OM  CEC 

Reference, LSP 67.1  

(30.99)
a
 

128.8  

(59.18)
a
 

14  

(0.34)
a
 

6.84 3.78  13.82  

 TP-25, LSP 2200 

 (160)
b
 

2330   

(1200)
b
 

50.5  

(23.0)
b
 

4.6 23.1 8.4 

a measured in 2015 

b measured in 2005 by Gallagher et al. (2008) 

 

Table 2: Chemical composition of poplar leaf litter collected from reference and metal 

contaminated (TP-25) sites at Liberty State Park, New Jersey, USA. 

Site %P %K %Ca %Mg Cu (ppm) Zn (ppm)  

Reference 0.25
a
 1.24

a
 2.09

a
 0.31

a
 21.49

a
 455.14

a
  

 TP-25, LSP 0.16
b
 0.93

b
 1.76

b
 0.16

b
 9.0

b
 1883

b
 

a measured in 2015 
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b measured in 2011  

2.3. Experimental design 

 

Experiments were conducted using P. muscorum individuals (4-5 months old and 

weighing 20-25 mg) obtained from the laboratory culture. Isopods were exposed to six 

different treatments, where each treatment was a combination of one of the three poplar 

leaf litter types and one of the two soil types (Table 3). For each treatment, eight 

replicates were used with 4 individual isopods per replicate. The four individuals were 

placed in a mesocosm (plastic box: 10.5 cm diameter and 8 cm high) filled with 2-3 cm 

of soil depending on the treatment (Table 3). In each of these boxes, isopods received 

prepared poplar litter (approx. 450 mg dry weight) depending on the treatment (Table 3). 

Small holes around 1 mm in size were made in the lids of the plastic boxes to allow for 

air to ventilate through the boxes. Isopods were kept at 20 ± 1
o
C, with a photoperiod of 

16:8 (light: dark) in a growth chamber.   

Combined weight of all the isopods in each box was recorded at the start of the 

experiment and subsequently after 7 and 14 days of the exposure. After 7 days, dead 

individuals were counted and removed from each of the box and litter was also replaced. 

Mortality levels in all the treatments were also recorded after 14 days of exposure. The 

present study was conducted over a period of 14 days as previous studies examining the 

lethal and/or sub-lethal effects of toxicants in isopods have shown that isopods do 

respond to changes in the food or soil quality over a short period of time (e.g. 14 days) 

(Zidar et al. 2003; Loureiro et al. 2006; Lapanje et al. 2008).  
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Table 3: Six different treatments based on the combination of different soil and leaf litter 

types. 

Treatment Soil type (S) Leaf litter type (L) Acronyms 

1 Contaminated  (SC) Contaminated  (LC)  (SCLC) 

2 Contaminated (SC) Non-contaminated (LNC)    (SCLNC) 

3 Contaminated (SC) Mixed (half contaminated & half 

non-contaminated, LM) 

   (SCLM) 

4 Non-contaminated (SNC) Contaminated (LC)  (SNCLC) 

5 Non-contaminated (SNC) Non-contaminated (LNC)   (SNCLNC) 

6 Non-contaminated (SNC) Mixed (half contaminated & half 

non-contaminated, LM) 

   (SNCLM) 

 

 2.4. Heavy metal analysis 

 

Metal body burdens were analyzed for isopods exposed to two of the six treatments: (a) 

non-contaminated soil and non-contaminated litter (most clean), and (b) contaminated 

soil and contaminated litter (most contaminated) treatments. To estimate metal body 

burdens, isopod samples (N=5 per treatment) were washed with deionized water (3 

times). The cleaned samples were then dried to weight constance in an oven at 60
o
C for 

48 hours.  The oven dried samples were then individually digested on hot-plates using 10 

ml of 69% HNO3. The digested samples were diluted with 10 ml solution of 1% HNO3 

and metal concentrations (zinc, copper and lead) were estimated using flame atomic 

absorption spectroscopy (Perking-Elmer 1100-B, Norvale, USA and Varian AA240FS). 

A DOLT-4 standard (dogfish liver [Institute for National Measurement Standards, 
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Certified Reference Materials for trace metals, Ottawa, Canada]) was used as reference 

material. Replicates of standard material and blank reagents were also included in the 

digestion and metal analysis to ensure accuracy and precision of the process. All of the 

metal analysis work was done at the Environmental Toxicology lab at Rutgers New 

Jersey Medical School, Newark, New Jersey.  

2.5. Statistical analysis 

 

One-way ANOVA analysis with post-hoc Tukey test was performed to compare the 

initial weight of isopods between all six treatments. A general linear model (GLM) 

analysis was performed to test the dependence of weight change and mortality (after 7 

and 14 days) in isopods with soil and litter. Deviations from normality in weight change 

data for each treatment (after 7 and 14 days) were tested with Kolmogorov Smirnov test. 

Normal distributions were observed for all the treatments (p> 0.05) except for the 

contaminated soil and contaminated litter (SCLC) treatment after 14 days. Two tail T- 

tests were performed to compare the zinc, copper and lead body burdens between isopods 

exposed to contaminated (soil and litter) and non-contaminated (soil and litter) 

treatments. All statistical tests and analysis performed in this study were done using SPSS 

version 21.0 for Windows (SPSS, Chicago, IL). 

3. Results 

 

The initial weight of isopod populations did not differ across all six treatments at the start 

of the experiment (p=0.86, F=0.369, df=5) (Fig. 1). Results of the GLM analysis revealed 

that weight change in isopods showed a significant change after 7 (p=0.00, df=5, 

F=6.554, MSS=1.554) and 14 (p=0.04, df=5, F=2.456, MSS=42.608) days of exposure. 
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The weight change in isopods was significantly impacted by both soil and litter after 7 

days, and only by soil after 14 days of exposure (p<0.05) (Table. 3).   

Treatment

In
it

ia
l 

w
e
ig

h
t 

(m
g

)

0

5

10

15

20

25

30

SCLC      SCLNC     SCLM      SNCLC   SNCLM    SNCLNC 

 

Fig. 1: Initial weight (mean± 1 Std. error) of P. muscorum for the six different treatments. 
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Fig. 2: Weight change (mean± 1 Std. error) of P. muscorum across six different 

treatments after (a) 7 and (b) 14 days of exposure. Letters (a, b, and c) indicate significant 

differences (p<0.05, post hoc Tukey) between different litter treatments with Non-

Contaminated soil ((SNCLC), (SNCLNC), and (SNCLM)) after 7 days of exposure. Bars with 

no letters are not significantly different.  
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On average the lowest number of dead individuals was observed for isopods 

exposed to the non-contaminated soil and non-contaminated litter treatment. Results of 

GLM analysis showed that mortality of isopods did not vary between different treatments 

after 7 days of exposure (p=0.53, df=5, F=0.829, MSS=0.521). However, mortality after 

14 days appeared to be approaching significance (p=0.054, df=5, F=2.383, MSS=2.283). 

Moreover, the mortality in isopods after 14 days of exposure was significantly affected 

by contamination of soils (p=0.05, Table. 4) as compare to contamination of leaf litter 

(p>0.05, Table. 4) 
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Table 3: Results of GLM analysis (general linear model) for weight change in isopods 

observed after 7 and 14 days of exposure to soil (contaminated and non-contaminated) 

and poplar litter (non-contaminated, contaminated and mixed) 

 

Source of 

Variation 

Mean square Df F-test p-value 

after 

7 days 

 

after  

14 days 

after 

7 days 

 

after  

14 

days 

after 

7 days 

 

after  

14 

days 

after 

7 days 

 

after  

14 

days 

Model 18.584 42.608 5 5 6.554 2.456 0.00 0.045 

Intercept 34.172 72.438 1 1 12.050 4.176 0.01 0.047 

Soil   62.563 165.690 1 1 22.063 9.552 0.00 0.004 

Litter  9.739 21.514 2 2 3.434 1.240 0.04 0.30 

Soil x Litter 5.441 1.493 2 2 1.919 0.086 0.16 0.91 

Error 2.836 17.345 42 41     

Total   48 47     
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Fig. 3: Mortality (mean ± 1 Std. error) observed in six different treatments after 7 and 14 

days of exposure. Letters (a, b, and c) indicate significant mortality differences (p<0.05, 

post hoc Tukey) between different litter treatments with Non-Contaminated soil 

((SNCLC), (SNCLNC), and (SNCLM)) after 14 days of exposure. Bars with no letters are not 

significantly different. No differences in mortality rates were observed among different 

treatments after 7 days.  
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Table 4: Results of GLM analysis (general linear model) for mortality rates observed in 

isopods after 7 and 14 days of exposure to soil (contaminated and non-contaminated) and 

poplar litter (non-contaminated, contaminated and mixed) 

 

  

Metal body burdens for zinc, copper, and lead were analyzed using Atomic 

absorption spectroscopy for isopods exposed to two different treatments: (a) 

contaminated soil and contaminated litter, and (b) non-contaminated soil and non-

contaminated litter. Results of metal analysis showed that zinc and copper body burdens 

for isopods in contaminated treatment (soil and litter) were significantly higher than the 

ones exposed to the non-contaminated (soil and litter) treatment (p< 0.05, two-tail T-test, 

Fig. 4). However, I did not find any significant difference between body burdens 

Source of 

Variation 

Mean square df F-test p-value 

after 

7 days 

 

after  

14 

days 

after 

7 

days 

 

after  

14 

days 

after 

7 days 

 

after  

14 

days 

after 

7 

days 

 

after  

14 

days 

Model 0.521 2.283 5 5 0.829 2.383 0.53 0.054 

Intercept 20.021 56.333 1 1 31.882 58.783 0.00 0.00 

Soil   0.521 4.083 1 1 0.829 4.261 0.37 0.05 

Litter  0.021 2.646 2 2 0.033 2.761 0.97 0.08 

Soil x Litter 1.021 1.021 2 2 1.626 1.065 0.21 0.35 

Error 0.628 0.958 42 42     

Total   48 48     
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measured for lead in isopods exposed to these two treatments (p>0.05, two-tail T-test, 

Fig. 4).  
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Fig. 4: (a) Zinc, (b) copper, and (c) lead body concentrations (mean ± 1 Std. error) of P. 

muscorum after 14 days of exposure to non-contaminated (soil and litter) and 

contaminated (soil and litter) treatments. Letters indicate significant differences between 

metal concentrations (p<0.05, two tailed T-test). Bars with no letters are not significantly 

different. 
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4. Discussion  

 

The present study examined the growth and metal body burdens in the terrestrial isopod, 

P. muscorum exposed to soil and poplar litter contaminated with heavy metals. Overall, 

results of GLM analysis revealed that weight change in isopods was negatively affected 

by metal contamination of both litter and soil after 7 days of exposure. However, after 14 

days, contaminated soil had a significant negative impact on weight change in isopods as 

compared to contamination of the leaf litter (Table. 3). One possible explanation for the 

growth reduction due to metal contamination might be related to a shift in energy budget, 

which means that energy is spent for physiological repair and to tolerate the contaminant 

rather than on growth (Donker 1992; Sibly and Calow 1989). Another explanation for the 

decrease in growth could be avoidance behavior resulting in reduced intake of food due 

to metal contamination (Zidar et al. 2005; Zidar et al. 2003).  

Previous studies have reported negative impacts on the growth of isopods exposed 

to elevated concentrations of metals in food (over a short period of time, e.g. 7, 14 days). 

For instance, Godet et al. (2011) observed a significant decrease in growth of the 

terrestrial isopod Porcellio scaber (from 7
th

 day and after 14
th

, 21
st
 and 28 days of 

exposure) fed with poplar leaf litter contaminated with Zn (1861 mg kg
-1

), Pb (258 mg 

kg
-1

), and Cd (40.9 mg kg
-1

). Similarly, Odendaal and Reinecke (2004) reported reduced 

growth in P. leavis after two weeks of exposure to oak litter spiked up with zinc (1000 

mg kg
-1

). However, only few studies have assessed the effects of metal contaminants in 

isopods using soil as route of exposure. Løkke and Van Gestel (1998) studied the effects 

on growth of P. scaber juveniles exposed to soil contaminated with copper chloride and 

reported a fifty percent inhibition in growth at a concentration of 1858 mg kg
-1

 (EC50 
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value). Tourinho et al. (2015) evaluated toxic effects of AgNPs and ionic Ag exposures 

via soil in P. pruninosus and found significant biomass loss and reduced food 

consumption after 14 days of exposure. Similar effects on body weight of isopods have 

been reported in studies after exposure to chemical toxicants (e.g. benomyl, abamectin) 

through soil (Vink et al. 1995; Kolar et al. 2010). In addition to reduced body weight, 

higher assimilation rates of contaminants in isopods have been reported from soil as 

compared to dietary exposures (Vink et al. 1995; Sousa et al. 2000; Tourinho et al. 2015). 

The difference in the assimilation rates might be due to lower bioavailability of 

contaminants via dietary exposure than soil because of higher organic content of food 

resulting in stronger binding of contaminants (Vink et al. 1995; Sousa et al. 2000). In the 

present study as well, weight change of isopods after 14 days was negatively impacted by 

contaminated soil as compared to litter (Table. 3), which might be due to greater 

exposure of metals via soil than litter because of the higher metal assimilation rates from 

soil as compared to litter.  

    Overall mortality in isopods after two weeks of exposure to metal contaminated 

soil and litter did not vary significantly between all the six treatments; however it did 

seem to be approaching significance (GLM analysis, p=0.054, Table 4). In addition, soil 

contamination significantly impacted mortality as compared to contamination of poplar 

litter (Table 4). The negative impact of soil contamination might be due to reduced 

consumption rates as found by Tourinho et al. (2013 & 2015) who observed a significant 

decline in food consumption of isopods after two weeks of exposure to ZnO and ionic Ag 

NP via soil. Result of the present study are also in agreement with findings of Godet et al. 

(2003) showing that exposure to metal contaminated poplar (for 28 days) litter did not 
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have a significant impact on the mortality of isopods (P. scaber). Similarly, Zidar et al. 

(2005) reported that exposure to cadmium contaminated food (hazel leaves, gelatin and 

fish food) over a period of three weeks did not result in an increase in mortality of P. 

scaber.  

     In addition to the negative effects of metals on mortality, significant growth 

impairment in isopods was also observed (Table 3). Since, in isopods, the number of 

offspring's born per female is proportional to female body size (Sutton et al. 1984), a 

negative impact on growth in females can eventually affect population size and dynamics 

at metal contaminated sites.                                

  In contaminated environments, metal intake in isopods can occur through 

different routes including orally by ingestion of contaminated soil and food particles 

(Koster et al. 2005; Udovic et al. 2009; Vijver et al. 2006) and via pleopods which draw 

soil pore water through capillary action (Sutton 2013). The results of this study showed 

higher zinc and copper body burdens (p<0.05) in isopods exposed to contaminated soil 

and litter as compared to ones exposed to non-contaminated soil and litter, whereas lead 

body burdens did not differ between the two treatments. For a similar exposure time, 

Zidar et al. (2003) also reported a comparable increase in zinc body burdens of isopods 

fed with contaminated litter. In case of metal exposure through soil, an increase in 

accumulated concentration of zinc in isopods (P. scaber after 14 days of exposure) has 

been shown with increasing soil metal concentrations (Udovic et al. 2009). Clearly, 

internal concentrations of zinc in isopods can be affected by both exposure routes (soil 

and litter). Furthermore, studies analyzing accumulation kinetics of zinc in isopods 

showed that intake of zinc from soil or food is generally dependent on its concentration, 



141 
 

 

and accumulation might be a net result of uptake from different exposure routes (Vijver 

et al. 2006). In this study, I did not record the feeding or consumption rates of litter, 

therefore, I could not distinguish the influence of individual exposure routes (soil or 

litter) on the zinc body concentrations of isopods. Regarding copper body burdens, I 

found that copper body burdens of isopods (320 µg/g and 466 µg/g in isopods exposed to 

SNCLNC and SCLC treatments respectively) were several times higher than concentrations 

of litter (21.49 µg/g and 9.0 µg/g in non-contaminated and contaminated litter 

respectively). The findings of this study are supported by Hopkin and Martin (1982) who 

reported that internal copper concentrations of isopods in metal contaminated 

environments are generally several times higher than concentrations in food. Copper is an 

essential element and is required for the production of hemocyanine; the respiratory 

pigment in isopods (Wieser 1965). Terrestrial isopods tend to accumulate excessive 

amounts of copper which is stored for a life time in the S-cells of hepatopancreas (Martin 

et al. 1982; Dallinger and Rainbow 1993). I did not account for the amount of litter 

consumed by isopods, but based on the findings of this study, it appears that the increase 

in body burdens for copper in isopods might be affected more by contamination of soil as 

compared to litter as concentrations of copper were higher in contaminated soil than non-

contaminated soil, and were lower in contaminated litter as compared to non-

contaminated litter (Tables 1&2). 

 Isopods have been shown to have lower concentration factor (CF, measured as 

ratio between accumulated concentration in body and concentration of metal in substrate) 

for lead than other metals such as zinc and copper, and therefore are considered as de-

concentrators of lead (Dallinger 1993; Dallinger et al. 1992; Hopkin and Martin 1982). In 
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this study, lead body burdens measured for isopods exposed to the contaminated metal 

and contaminated litter treatment did not vary with the ones exposed to non-contaminated 

soil and non-contaminated litter treatment. This result may be explained by effective 

excretion mechanisms (Witzel 1998). In isopods, borderline metals such as lead and zinc 

are stored in copper granules of S-cells as well as in the granules of B-cells of 

hepatopancreas. In comparison to S-cells, which serve the purpose of long term storage, 

metal storage in B-cells is temporary as cell contents are voided daily via aprocrine 

secretion (Hopkin and Martin 1982; Dallinger and Prosi 1988). Studies have shown that a 

difference in relative proportions of metals assimilated in B and S-cells of hepatopancreas 

can influence the net accumulated concentration of metals in the body. For example, 

Hopkin (1990) showed that zinc body burdens in isopods O. asellus were significantly 

lower than P. scaber sampled from the same metal contaminated site. The author 

explained that this was possibly due to O. asellus storing most of zinc in B-cells than S-

cells, thereby, excreting zinc deposited in these cells as compared to P. scaber which 

assimilated zinc predominantly in the S-cells of hepatopancreas. The lack of increase in 

lead body burdens in isopods observed in this study may be related to isopods 

assimilating lead mostly in B-cells in the hepatopancreas, which might be lost readily 

because of the rapid turnover of B cell cytoplasm (Hames 1989). 

To summarize, results of the present study demonstrate that litter and soil 

contamination can affect growth of the terrestrial isopod, P. muscorum. Overall, soil 

metal contamination had a significant negative effect on growth of isopods than 

contamination of leaf litter. Mortality in isopods seemed to be approaching significance 

after 14 days. Since, this study was conducted for a relatively short time (14 days) as 
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compared to the life span (2-3 years) of isopods, it is likely that long term exposures 

might result in significantly higher mortality rates. Exposure to contaminated litter and 

soil for a short period of time (14 days) resulted in a significant increase of zinc and 

copper body burdens of isopods. Based on results of this study, it is concluded that 

weight change of P. muscorum can be used as a potential tool to evaluate soil and litter 

contamination. The results of this study also showed the importance of soil as a route of 

metal exposure in isopods, which is significant because most of the toxicity studies tend 

to focus only on evaluating effects of contaminants through food. However, in this study, 

isopods were exposed to combined treatments of soil and litter. To further our 

understanding on the influence of different metal exposure routes in isopods, it is 

recommended that future toxicity studies should also consider testing the effects of 

metals via individual exposure routes (soil or litter).  
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