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ABSTRACT 

 

 

BIOLOGICAL INDICATORS OF TOXIC STRESS IN WETLAND SEDIMENTS 

 

 

by 

 

 

Subhomita Ghosh Roy 

 

The University of Wisconsin- Milwaukee, 2020 

Under the Supervision of Timothy Ehlinger Ph.D. 

 

 

Rapid population growth has created problems in meeting the goals of the Clean Water 

Act (CWA) “to restore and maintain the integrity of the nation’s waters”.  Approaches for 

monitoring and analysis have increasingly focused on identifying “biological response 

signatures” that can characterize the complex patterns of ecological responses to stress occurring 

across levels of biological, spatial and temporal organization. One productive area of research 

has employed integrated indices of chemical risk, ecotoxicological risk and ecological risk to 

assess the impact of human activity across disturbance gradients such as urbanization. Selecting 

relevant metrics for use in constructing multimetric index requires identifying bioindicator 

organisms across different trophic levels with capacities to detect signals from anthropogenic 

disturbances.  

This study explored the efficacy of a suite of higher plant ecotoxicological assays and 

sediment bacterial taxonomic community metrics for use as indicators in ecological risk 

assessment along a gradient of urbanization.  The study was conducted in the Pike River 

watershed (Racine, Wisconsin USA) in six wetlands selected across a gradient of dominant land 

use types (agricultural, commercial, residential, undeveloped and industrial).  Field 

measurements  were taken and sediment samples collected from 2015 through 2017. 
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MicroBioTest Phytotoxkit TM ecotoxicological assays, based on growth inhibition of three plants 

(Sinapis, Sorghum and Lepidium) were used to assess sediment toxicity. Likewise, bacterial 

taxonomical diversity metrics identified with 16S rRNA gene sequences were used to assess of 

the bacterial community assemblage of sediments. The Phytotox™ and bacterial community 

metrics were analyzed in relation to pollutant stress, measured by field concentrations of metals 

(Ag, As, Cd, Hg, Ni, Pb and Zn) in sediments, concentrations of nitrate and phosphate in the 

water, and predicted pollutant loadings calculated from surrounding landuse.  Additionally, a 

laboratory microcosm experiment was conducted in 2017 that examined the effects of 

manipulated pollutant levels of phosphate, nitrate, copper and lead on both PhytoTox™ and 

bacterial community metrics.   

Analysis of results from the field study and microcosm experiments indicate that 

PhytoTox™ assays (Sinapis alba, Sorghum saccharatum and Lepidium sativum) and sediment 

bacterial taxonomical diversity from16S rRNA gene sequences are responsive to variation in 

pollutant loadings and concentrations of metals and nutrients. Statistical interactions and patterns 

of responses demonstrate that a combination of PhytoTox™ and bacterial taxonomic diversity 

metrics can  serve as predictive bioindicators for ecological risk assessment in urbanizing water 

sheds.  In particular, the response patterns of bacterial genera observed in the microcosm 

experiments suggest directions for future research and the potential for the development  

pollutant-specific bacterial indicators. 
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abundance of less than 1% were not included in this figure. 
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abundance of less than 1% were not included in this figure. 

 

Figure 2.2B: The relative abundance of bacterial genera identified in the collected wetland 

sediments during fall 2016 identified by 16S rRNA gene sequencing in wetland sites 1, 2 and 5. 

Insufficient DNA was isolated from wetland 3,4 and 6 during fall 2016. Genera with an 

abundance of less than 1% were not included in this figure. 

 

Figure 2.2C: The relative abundance of bacterial genera identified in the collected wetland 

sediments during summer 2017 identified by 16S rRNA gene sequencing in wetland sites 1, 2, 4, 

5 and 6. Genera with less than 1% of the relative abundance in the sediment samples were 
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removed from this analysis. Insufficient DNA was isolated from wetland 3 during summer 2017. 

Genera with an abundance of less than 1% were not included in this figure. 

 

Figure 2.3: Scatterplot and line of fit for Shannon and Simpson diversity indices of phyla 

and genera identified by 16S rRNA gene sequencing in samples from wetland sites 1-6. 
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Nitrite and Phosphate loading (mg/m2/year). The blue-lined area in each profile represents the 
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at 8.43 kg/ year, phosphate at 24.68 kg/ year in case of Simpson diversity . 
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conditions, with nitrate at 3.37mg/L, phosphate at 0.21 mg/L in case of Shannon diversity, 2.19 
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phosphate concentration (mg/L) during summer 2017. The blue-lined area in each profile 

represents the 95% confidence prediction interval of the response variable. The profiler is set for 

nitrate at 2.72 mg/L, phosphate at 0.49 mg/L in case of Shannon diversity, 2.60 nitrate at mg/L, 

phosphate at 0.32 mg/L in case of Simpson diversity. 
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diversity indices identified as phyla out of wetland sites 1-6 from predicted total metal (Cd, Cu, 

Zn and Pb) loadings kg/year. The blue-lined area in each profile represents the 95% confidence 

prediction interval of the response variable. The profiler is set for Cu at 1.04 kg/ year, Pb at 1.60 

kg/ year, Zn at 4.78 kg/year, Cd at 0.23 kg/year in case of Shannon diversity, Cu at 1.17 kg/ year, 

Pb at 1.82 kg/ year, Zn at 5.43 kg/year, Cd at 0.34 kg/year in case of Simpson diversity. 

 

Figure 2.9: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as genera out of wetland sites 1-6 from predicted total metal (Cd, Cu, 

Zn and Pb) loadings (Kg/year). The blue-lined area in each profile represents the 95% 

confidence prediction interval of the response variable. The profiler is set for Cu at 1.17 kg/ year, 
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Pb at 1.82 kg/ year, Zn at 5.43 kg/year, Cd at 0.34 kg/year in case of Shannon diversity, Simpson 

diversity. 

 

Figure 2.10: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified to the level of phyla from wetland sites 1-6 from three sampling times 

of fall 2016, summer 2015 and 2017 and metal component 1 and 2 (from principal component 

analysis). The blue-lined area in each profile represents the 95% prediction confidence interval 

of the response variable. The profiler is set to metal component 1 at 0.026 and metal component 

2 at 0.075 in case of Shannon diversity, metal component 1 at 1.38 and metal component 2 at 

0.18 in case of Simpson diversity. 
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diversity indices identified as genera out of wetland sites 1-6 from three sampling dates of fall 

2016, summer 2015 and 2017 seasons and metal component 1 and 2. The blue-lined area in each 

profile represents the 95% prediction confidence interval of the response variable. The profiler is 

set to metal component 1 at 0.65 and metal component 2 is set to 0.18 in case of Shannon 

diversity, Simpson diversity. 

 

Figure 3.1: Risk propagation model for watershed-based aquatic ecological risk assessment. Root 

stressors act on a global, regional or local scale. Drivers of change create exposures to risk 

facors. Risk Probabilities are associated with exposures. Impact Endpoints reflect measures of 

system-related goods and services of value to society (Rüegg et al. 2018) modified from 

(Novotny et al. 2005). 

Figure 3.2:  Experimental design and sampling schema for wetland sediments microcosm 

experiments that manipulated loadings of pollutant metals (metal treatments) and pollutant 

nutrients (nutrient treatments). Experiments in the Metal Treatments ran for 15 days with 2 

seven-day cycles.  Experiments in the Nutrient Treatments ran for 30 days with 4 seven-day 

cycles. 

 

Figure 3.3: The concentration of Pb, Cu in mg/L in metal microcosm and nitrate and phosphate 

in mg/L in nutrient microcosm experiment during the start, middle and end of the microcosm 

experiment. This test included a native(control) treatment where no metals or nutrients were 

added in water to the sediment followed by low and high concentration treatments where the 

metals (Pb and Cu) and nutrients (nitrate and phosphate) were added in low and high 

concentration respectively in the water of the microcosm to the native sediment. Bars show mean 

± 1 SE. Multifactor ANOVA tables are located in Appendix 3.1. 

 

Figure 3.4: The concentration (in ppm) of detected sediment metals in metal microcosm during 

the start, middle and end of the microcosm experiments. This test included a native(control) 

treatment where no metal or nutrient were added in water to the sediment followed by low and 

high concentration treatments where the metals (Pb and Cu) and nutrients (nitrate and phosphate) 

were added in low and high concentration respectively in the water of the microcosm to the native 

sediment.  Bars show mean ± 1 SE. Multifactor ANOVA tables are located in Appendix 3.1. 
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Figure 3.5: The root and stem growth inhibition of Lepidium sativum, Sinapis alba and Sorghum 

saccharatum during the start, middle and end of the metal and nutrient microcosm experiments. 

This test included a native treatment where no metal or nutrient were added in water to the 

sediment followed by low and high concentration treatments where the metals (Pb and Cu) and 

nutrients (nitrate and phosphate) were added in low and high concentration respectively in the 

water of the microcosm to the native (control) sediment. Bars show mean ± 1 SE. Multifactor 

ANOVA tables are located in Appendix 3.2. 

 

Figure 3.6: The Shannon and Simpson diversity indices of phyla and genera during the start and 

end of the metal and nutrient microcosm experiment. This test included a native(control) treatment 

where no metal or nutrient were added in water to the sediment followed by low and high 

concentration treatments where the metals (Pb and Cu) and nutrients (nitrate and phosphate) were 

added in low and high concentration respectively in the water of the microcosm to the native 

sediment. Bars show mean ± 1 SE. Multifactor ANOVA results are presented in Appendix 3.3. 

 

Figure 3.7: Relationship between the increasing concentration of Pb (in mg/L) in the water of the 

metal microcosm and root inhibition of Sorghum saccharatum grown in the sediment of metal 

microcosm. All other statistically non-significant relationship between increasing concentration 

of Pb and Cu (in mg/L) in the water of the metal microcosms with root and stem inhibition of 

Lepidium sativum, Sinapis alba and Sorghum saccharatum are explained in Table 3.3. 

 
Figure 3.8: Relationship of the (A) Simpson diversity index of phyla with increasing concentration of 

Pb   in the water, (B) Simpson diversity index of phyla with increasing concentration of Cu   in the 

water, (C ) Shannon diversity index of phyla, with increasing concentration of Cu   in the water, (D) 

Shannon diversity index of genera with increasing concentration of  Pb   in the water, (E) Shannon 

diversity index of genera with increasing concentration of  Cu   in the water (F) Simpson diversity 

index of genera with increasing concentration of  Pb   in the water (G) Simpson diversity index of 

genera with increasing concentration of Cu   in the water, in the water of the metal microcosm . All 

other statistically non-significant relationship between increasing concentration of Pb and Cu   in the 

water of the metal microcosm with the Shannon and Simpson diversity indices of bacterial phyla and 
genera from the sediment of metal microcosms are explained in Table 3.3  

 

Figure 3.9: Relationship between the stem inhibition of Sinapis alba and the increasing 

concentration of  (A) Ag, (B) Ni, (C )Rb, stem inhibition of Sorghum saccharatum with 

increasing concentration of (D) Ag, root inhibition of Sinapis alba and the increasing 

concentration of  (E) As, (F) Cd, root inhibition of Sorghum saccharatum with increasing 

concentration of (G) Cd, (H) Ni  and root growth inhibition of Lepidium sativum with increasing 

concentration of (I) As. All metals were detected in the sediment of metal microcosm in ppm. All 

other statistically non-significant relationship between increasing concentration (ppm) of 

detected sediment metals are shown in Table 3.4. 

 
 

Figure 3.10: Relationship of the Simpson diversity index of phyla with increasing concentration of 

(A) As, (B) Zn, Shannon diversity index of phyla with increasing concentration of (C) Cd, (D) Fe, 

(E) Hg, (F) Zn, Simpson diversity index of phyla with increasing concentration of (G) Zn. All metals 
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were detected in the sediment of metal microcosm in ppm. All other statistically non-significant 

relationship between increasing concentration (ppm) of detected sediment metals of the metal 

microcosm and the Shannon and Simpson diversity indices and total number of individuals of 

bacterial phyla and genera from the sediment of metal microcosm. are explained in Table 3.5. 

 

Figure 3.11: Relationship between the (A) root inhibition of Sorghum saccharatum (B) stem 

inhibition of Sorghum saccharatum with increasing concentration of nitrate. All metals were 

detected in the water of the water microcosm in mg/L. All other statistically non-significant 

relationship between increasing concentration of nitrate (in mg/L) in the water of the nutrient 

microcosm with the stem, root inhibition of Sorghum saccharatum and the diversity indices of 

bacterial phyla and genera from the sediment of nutrient microcosm. are explained in Table 3.6. 

 

Figure 3.12: The concentration of Pb, Cu in mg/L in metal microcosm and nitrate and phosphate 

in mg/L in nutrient microcosm experiment in the autoclaved and nonautoclaved sediments. This 

test included low and high concentration treatments where the metal and nutrient were added in 

low and high concentration respectively in the water of the microcosm to the autoclaved 

sediment. Bars show mean ± 1 SE. 

Figure 3.13: The concentration of sediment metal detected (ppm) in metal microcosm and in the 

autoclaved and nonautoclaved sediments. This test included low and high concentration 

treatments where the metals (Pb and Cu) were added in low and high concentration respectively 

in the water of the microcosm to the autoclaved sediment.  Bars show mean ± 1 SE 

 

Figure 3.14: The root and stem growth inhibition of Lepidium sativum, Sinapis alba and 

Sorghum saccharatum in metal and nutrient microcosm experiment in the autoclaved and 

nonautoclaved sediments. This test included low and high concentration treatments where the 

metals (Pb and Cu) and nutrients (nitrate and phosphate) were added in low and high 

concentration respectively in the water of the microcosm to the autoclaved sediment. Bars show 

mean ± 1 SE. 

 

Figure 3.15: The Shannon and Simpson diversity indices identified as phyla and genera in metal 

and nutrient microcosm experiment in the autoclaved and nonautoclaved sediments. This test 

included low and high concentration treatments where the metals (Pb and Cu) and nutrients 

(nitrate and phosphate) were added in low and high concentration respectively in the water of the 

microcosm to the autoclaved sediment.  Bars show mean ± 1 SE. 

 

Figure 3.16: Hierarchical cluster analysis of the bacterial genera detected (by 16S rRNA gene 

sequences) in the sediments of the treatments of wetland site 1 metal microcosm. Where, start 

(day 0) = beginning treatment of the metal microcosm experiment, native end = end (day 15), 

control treatment of the metal microcosm experiment of the native sediment with no metals 

added, high trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb 

and Cu) added in higher concentration in the water to the native sediment, low trt end = end 

treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) added in lower 

concentration in the water to the native sediment, A low trt end  = end treatment (day 15) of the 

metal microcosm experiment with metals (Pb and Cu) added in lower concentration in the water 

to the autoclaved sediment. Adequate DNA was not found in the autoclaved sediment with 

metals added in high concentrations. 
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Figure 3.17: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences)  

detected in the sediments of the treatments of wetland site 2 metal microcosm. Where, start (day 

0) = beginning treatment of the metal microcosm experiment, native end = end (day 15), control 

treatment of the metal microcosm experiment of the native sediment with no metals added, low 

trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) 

added in lower concentration in the water to the native sediment. . Adequate DNA was not found 

in the high treatment (with metals (Pb and Cu) added in lower concentration in the water to the 

native sediment) in in the water to the native sediment and autoclaved sediment with metals 

added in high and low concentrations. 

 

Figure 3.18: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 5 metal microcosm. Where, start (day 

0) = beginning treatment of the metal microcosm experiment, native end = end (day 15) 

treatment of the metal microcosm experiment of the native sediment with no metals added, high 

trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) 

added in higher concentration in the water to the native sediment, low trt end = end treatment 

(day 15) of the metal microcosm experiment with metals (Pb and Cu) added in lower 

concentration in the water to the native sediment, A low trt end  = end treatment (day 15) of the 

metal microcosm experiment with metals (Pb and Cu) added in lower concentration in the water 

to the autoclaved sediment. Adequate DNA was not found in the autoclaved sediment with 

metals added in high concentrations. 

 

Figure 3.19: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 6 metal microcosm. Where, start (day 

0) = beginning treatment of the metal microcosm experiment, native end = end (day 15) 

treatment of the metal microcosm experiment of the native sediment with no metals added, high 

trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) 

added in higher concentration in the water to the native sediment, low trt end = end treatment 

(day 15) of the metal microcosm experiment with metals (Pb and Cu) added in lower 

concentration in the water to the native sediment. Adequate DNA was not found in the 

autoclaved sediment with metals added in high and low concentrations. 

 

 

Figure 3.20: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 1 nutrient microcosm. Where, Start 

(day 0) = beginning treatment of the nutrient microcosm experiment, native end = end (day 30) 

treatment of the nutrient microcosm experiment of the native sediment with no nutrients added, 

high trt end = end treatment (day 30) of the nutrient microcosm experiment with nutrients 

(nitrate and phosphate) added in higher concentration in the water to the native sediment, low trt 

end = end treatment (day 30) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate) added in lower concentration in the water to the native sediment, A high trt end  = 

end treatment (day 15) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate)  added in higher concentration in the water to the autoclaved sediment. Adequate 

DNA was not found in the autoclaved sediment with metals added in low concentrations. 
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Figure 3.21: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 2 nutrient microcosm. Where, Start 

(day 0) = beginning treatment of the nutrient microcosm experiment, native end = end (day 30) 

treatment of the nutrient microcosm experiment of the native sediment with no nutrients added, 

high trt end = end treatment (day 30) of the nutrient microcosm experiment with nutrients 

(nitrate and phosphate) added in higher concentration in the water to the native sediment, low trt 

end = end treatment (day 30) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate) added in lower concentration in the water to the native sediment, A high trt end  = 

end treatment (day 15) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate)  added in higher concentration in the water to the autoclaved sediment. Adequate 

DNA was not found in the autoclaved sediment with metals added in low concentrations. 

 

 

Figure 3.22: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene 

sequences)detected in the sediments of the treatments of wetland site 5 nutrient microcosm. 

Where, Start (day 0) = beginning treatment of the nutrient microcosm experiment, native end = 

end (day 30) treatment of the nutrient microcosm experiment of the native sediment with no 

nutrients added, high trt end = end treatment (day 30) of the nutrient microcosm experiment with 

nutrients (nitrate and phosphate) added in higher concentration in the water to the native 

sediment, low trt end = end treatment (day 30) of the nutrient microcosm experiment with 

nutrients (nitrate and phosphate) added in lower concentration in the water to the native 

sediment, A high trt end  = end treatment (day 15) of the nutrient microcosm experiment with 

nutrients (nitrate and phosphate)  added in higher concentration in the water to the autoclaved 

sediment. Adequate DNA was not found in the autoclaved sediment with metals added in low 

concentrations. 

 

Figure 3.23: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 6 nutrient microcosm. Where, Start 

(day 0) = beginning treatment of the nutrient microcosm experiment, native end = end (day 30) 

treatment of the nutrient microcosm experiment of the native sediment with no nutrients added, 

high trt end = end treatment (day 30) of the nutrient microcosm experiment with nutrients 

(nitrate and phosphate) added in higher concentration in the water to the native sediment, low trt 

end = end treatment (day 30) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate) added in lower concentration in the water to the native sediment. Adequate DNA was 

not found in the autoclaved sediment with metals added in low and high concentrations. 

 

Figure 3.24: Box plot showing the variation of temperature and DO (mg/L) in the metal 

microcosm from start (day 0) to end of the experiment (Day 15). 
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Chapter 1:  Effects of land use and pollution loadings on ecotoxicological assays in 

constructed wetlands 

Introduction: 

The establishment of water quality standards as the mechanism for categorizing water 

bodies and tracking progress toward the attainment of the goals of the Clean Water Act (CWA) 

“to restore and maintain the integrity of the nation’s waters” (EPA 2012) has challenged the 

science of environmental monitoring to bridge the social-ecological domains of designated uses 

(e.g. fishable-swimmable) with the interconnected biogeochemical cycles affecting protective 

numerical criteria (e.g. phosphate standards) in order to inform antidegradation policies 

developed in the complex political arena (e.g. agricultural buffer widths) (Glicksman and Batzel 

2010).  To this end, it became imperative to incorporate diverse disciplinary perspectives in the 

selection of metrics and indicators for use in monitoring programs (Cairns and Pratt 1993). 

The U.S. Environmental Protection Agency (USEPA) initially promoted the use of 

monitoring strategies that integrated metrics of water quality parameters, whole-effluent toxicity 

testing, and ambient biological assays (Karr 1993). This “3-legged stool” approach has proven to 

be limited in its capacity to characterize ecological integrity across diverse environmental 

context (Karr 1995, Yoder and Rankin 1995a, 1995b). In order to develop more effective and 

robust monitoring strategies, the use of biological assays and bioindicators has increased steadily 

(Karr 1993, 1995).  Concurrent with the increase in available tools and data, analytical 

approaches have increasingly focused on detecting “biological response signatures” (Yoder and 

Rankin 1995a) as a way to characterize the complex patterns of ecological responses to stress 

occurring across levels of biological, spatial and temporal organization (Cairns and Pratt 1993).  
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Supporting this trend has been research on how multiple biological criteria can be used 

for assessing the impact of human activity on biological indicators across disturbance gradients 

(Clapcott et al. 2012, Decker et al. 2017).  In United States urbanization is one of the major 

reason that impacts the surface water quality(Wang and Lyons 2003) correlated with increasing 

impervious surface area, increasing stormwater runoff into local streams, rivers, lakes and 

wetlands  (EPA 2003a). Higher rates of runoff carry increased concentrations and loadings of 

nutrient and heavy metal pollutants contributing to deterioration in the water quality of the 

streams, rivers, lakes and wetlands (Foley et al. 2005) (Figure 1.1). Increased public awareness 

of the interconnections between changes in landcover and surface water quality contributed to 

the passing of the US Clean Water Act (CWA) in 1972, establishing quality standards for surface 

waters and setting limits for the discharge of pollutants and excess nutrients (Carey and 

Hochmuth 2012, EPA 2012).  

Rivers and their contributing watersheds provide a diverse array of ecosystem goods and 

services (Wilson and Carpenter 1999) spanning from  hydropower, agricultural irrigation, 

transportation and waste assimilation to fisheries, tourism and recreation.  Managing for shared 

uses and the inevitable conflicts that arise as trade-offs are balanced is a central challenge for the 

21st century (Tallis et al. 2008).This creates complex challenges for the implementation of the 

CWA for environmental management that arise from the need to make predictions regarding the 

potential social, economic, and ecological impacts of a proposed activity (e.g. sighting a landfill) 

on ecosystem goods and services (Munns et al. 2016) .These challenges are compounded by the 

reality that decisions must often be formed on the basis incomplete information and inherent 

uncertainty, which gave rise to the field of ecological risk assessment (Suter 2006).Ecological 

risk assessment (ERA) has been defined as ‘‘the practice of determining the nature and 
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likelihood of effects of anthropic actions on animals, plants, and the environment’’ (SETAC 

1997). Different frameworks aimed at managing ERA studies have been developed in several 

countries (i.e., United States, Canada, European Union) and applied to environmental decision-

making (Jardine et al. 2003).   

Approaches have been developed to assess ecological risk that employ a triad approach 

(Dagnino et al. 2008) using an integrated index of chemical risk, ecotoxicological risk and 

ecological risk. These multi-metric indices incorporate data from multiple monitoring efforts 

conducted at different spatial and temporal scales which are then compared to data collected at 

the target sites (Suter 2001).Probabilistic methods have been collectively referred to as “weight-

of -evidence approaches” for the integration of environmental data to asses ecological risk 

(Dagnino et al. 2008).   

Selection of relevant metrics that comprise a multimetric index is not a simple process if 

it is to serve both in detecting change and predicting ecological risk (Schoolmaster et al. 2012). 

One must consider bioindicators from across different trophic levels and their capacity to detect 

signals from anthropogenic disturbances (Decker et al. 2017).  Research has shown that the use 

of multiple groups of organisms increases the potential to gather the information necessary to 

develop a robust understanding of impacts on ecological integrity (Brown et al. 2009, Waite 

2014). By incorporating patterns of covariation among diverse bioindicators in developing 

multimetric indicators, ecological risk assessment approaches can provide a robust tool for 

measuring impacts on ecological integrity. (Yoder and Rankin 1995a) used the term “biological 

response signatures” to describe the variety of ways that multimetric indicators in aquatic 

ecosystems may respond to different types of environmental stressors.  Their work reframes the 



 4 

question away from looking for distinct cause-effect relationships towards identifying signals of 

response amidst the complex noise of potential causes (Clapcott et al. 2012, 2014).  

Studies have shown repeatedly that multimetric indicators of ecological integrity 

comprised of water quality, macroinvertebrates and fish communities are significantly more 

effective as risk assessment endpoints indices compared to non-integrative measure (Clapcott et 

al. 2014).  Such multi-level approaches that employ diverse metrics can also provide effective 

methods for monitoring contaminant exposure levels and the environmental adverse effects into 

individual warning situations (Chapman 1990). 

Ecological Risk Assessment approaches have been used extensively for both monitoring 

the effects of development (ex post impact assessment) and predicting the likely effects of 

proposed projects (ex ante impact assessment).  To this end, constructed wetlands have been 

used extensively to address water quantity and quality problems and mitigate the environmental 

impacts of historical urbanization and minimize the impact of new construction (Tixier et al. 

2012).  In addition to capturing sediment and pollutants that flow off surrounding landscapes 

(Kadlec and Wallace 2009), constructed stormwater wetlands can play a critical role managing 

nutrients generated from agricultural and urban runoff (Manios et al. 2009, Scholz and Hedmark 

2010, Beutel et al. 2014). In addition, constructed wetlands have been shown to be effective in 

reducing  heavy metal contamination generated from industrial sources (Khan et al. 2009, Knox 

et al. 2010, Sahu 2014).  

Biomonitoring is measuring and evaluating the conditions of a living system (Karr and 

Chu 1999) . Since the passage of CWA, biomonitoring has become an essential component for 

monitoring the ecological integrity and condition of watersheds (Karr and Chu 1999) and 

bioindicators developed to serve as tools for assessing attainment of and adherence to water 



 5 

quality standards (Yoder and Rankin 1995a) .  Bioindicators detect signals across diverse 

temporal and spatial scales and provides integrated assessment of level of environmental impact 

on watershed integrity and (Kovacs 1992, Karr and Chu 1999, Dellinger et al. 2014). Various 

forms of bioindicators have been used to predict ecosystem integrity in wetlands. For example, 

vegetation, invertebrates, fishes, birds, algae, amphibians and microorganisms have been used 

for bioindicator studies in wetlands (Sims et al. 2013). Bioindicators developed for wetland 

sediments have been shown to be particularly sensitive in detecting ecological changes in 

watersheds (Ke et al. 2015, Aylagas et al. 2017) and for conducting sediment risk assessments 

from pollutants such as metals or nutrients (Chapman 1995, Jensen 2011, Dellinger et al. 2014).  

             This present chapter investigates the efficacy of the Phytotoxkit™ (Microbiotest Inc 

2015) ecotoxicological assay with plants  Sorghum saccharatum, Lepidium sativum and Sinapis 

alba as bioindicators of sediment toxicity among wetlands with varying land uses and associated 

pollutant (nutrient and metals) measurements.  PhytoToxKitsTM measure the growth inhibition of 

the indicator plants and have been shown to be effective in detecting toxic hazards in sediments 

in reservoirs and urban canals subjected to varying levels of marked nutrients and heavy metal 

such as Cd, Cr, Cu, Mn, Ni, Pb, Zn contamination  (Czerniawska-Kusza, I. and Kusza 2010)  

(Czerniawska-Kusza et al. 2006).  These PhytotoxkitsTM  provide low-cost, relatively easy assays 

to administer and have great potential for use for routine evaluations as bioindicators (Persoone 

and Vangheluwe 2000, Sims et al. 2013).  

 This present chapter will address two questions regarding the application of 

PhytoToxKitsTM for use as bioindicators.  First, does variation in growth inhibition of 

PhytoTox™ ecotoxicological assays (Sorghum saccharatum, Lepidium sativum and Sinapis 

alba) correlate with variation in pollution-related stressors, either as loadings estimates that enter 
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wetlands from their surrounding watersheds or as measured concentrations within the wetlands 

(i.e. ex post impact indicators for monitoring)?  Second, can PhytoTox™ ecotoxicological assays 

serve as predictive bioindicators of pollution loadings wetlands (i.e. ex ante impact bioindicators 

for ecological risk assessment)?  
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Figure 1.1: Hierarchy of factors affecting the investigation of landcover and land use on 

ecotoxicological and bacteriological bioindicators in wetland sediments. 
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Methods: 

Study system, Land use and site characteristics: 

This present study was conducted in Pike River watershed (Racine County, Wisconsin 

USA) utilizing a series of stormwater wetlands that were constructed between 2001 and 2008 as 

structural features in a flood-control plan implemented by the Village of Mount Pleasant. The 

plan included significant modifications in channel morphology, the creation of riparian wetland-

pond systems, and the installation of fish habitat along an 8 km stretch of river (Crispell-Synder 

1997, Ehlinger et al. 2002, Ehlinger and DeThorne 2004). The wetlands were excavated to 

receive runoff from adjacent catchments that comprised from a combination of agricultural, 

commercial, residential, undeveloped, and industrial land uses (Crispell-Synder 1997, Ehlinger et 

al. 2002, Ehlinger and DeThorne 2004). Six individual wetlands were selected for this study to 

capture a gradient of dominant land cover types (Figure 1.2).  The catchment area and percent 

land uses (residential, commercial, industrial, agricultural and undeveloped) for each wetland 

were determined from (SEWRPC 2010) and are shown in Table 1.1 together with mean water 

quality characteristics for each wetland measured during summer 2017. 
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Table 1.1: Wetland site, water quality characteristics and organic matter (OM)  

percent monitored in ten separate days between June - August 2017 of  

wetland sites 1-6 in the Pike river watershed. 

 

 

    Land Cover (Percent of Watershed) 

Wetland 

Site 

Watershed  

Area 

(m2) 

Percent  

Residen 

-tial 

Percent 

Commer 

-cial 

Percent 

Indus 

-trial 

Percent 

Agricu 

-ltural 

Percent 

Undeve 

-loped 

1 1044534.1 11.0 15.1 12.1 61.6 0.0 

2 3341812.4 42.3 0.0 0.0 57.5 0.0 

3 2674587.1 41.8 0.0 0.0 58.2 0.0 

4 28773.2 58.9 6.0 0.0 35.2 0.0 

5 4937165.0 15.7 14.2 20.8 0.0 49.3 

6 7200013.8 0.0 72.2 20.2 0.0 7.2 

 

Water and Sediment Characteristics 

Median  

Temperature  

 ( 0C ) 

Median 

pH 

Median 

Specific 

conductance 

(mS/cm) 

Median 

Dissolved 

Oxygen 

(%) 

Median 

Dissolved 

Oxygen 

(mg/L) 

Median 

Organic 

Matter  

percent 

21.5 7.6 870.0 105.9 9.2 8.1 

21.2 7.7 634.0 101.8 8.7 13.3 

20.2 7.2 701.0 79.2 6.9 17.0 

19.9 7.2 907.0 48.1 3.8 8.4 

21.4 7.7 974.5 88.6 7.8 3.8 

21.8 7.1 1395.5 81.5 7.1 14.0 
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Figure 1.2: Aerial photograph of the Pike River North Branch (Google 2015) showing locations 

(420 43’ N and 870 52’ W)  of study wetlands and surrounding 2010 land use (SEWRPC 2010).  
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Pollution loading estimates: 

Pollutant loadings into wetland sites were estimated based upon the calculated land uses 

draining into each wetland. The percent land use measurements for each category within the area 

draining into each wetland site was provided in Source Load and Management Model or 

SLAMM (Pitt and Voorhees 2000), run by Village of Mount Pleasant, Racine County 

Wisconsin, 2011 during construction of these wetlands (Figure 1.3, Figure 1.4). By default, 

agricultural lands were incorporated into the undeveloped lands category in SLAMM, due to its 

use as an urban planning model (Crispell-Synder 1997, Pitt and Voorhees 2000). Therefore, land 

classifications were manually re-coded to agricultural land uses by cross comparison with the 

2010 SEWRPC land cover data (SEWRPC 2010). All land use measurements were converted 

from acres as provide by SLAMM to square meters. The percent land uses were calculated with 

respect to the total area of the land cover draining into the wetlands. Values for each of the land 

uses categories (residential, industrial, commercial, undeveloped and agricultural) are the 

summation of the source subcategories (e.g. roofs, street area, parking, driveways, sidewalks and 

landscaped area) (Figure 1.3, Figure 1.4) (Pitt and Voorhees 1995).  

Predictions for pollutant loadings (nitrate+nitrite , phosphate,  Zn, Pb, Cu and Cd) were 

estimated using the geometric mean of values measured from studies reported in the literature 

(Pitt and Bozeman 1982, Bannerman et al. 1983, 1993) (Denver Regional Council of 

Governments 1983, Pitt and McLean 1986, Novotny 2003) by the source area subcategories (e.g. 

roofs, street area, parking, driveways, sidewalks and landscaped area) of each land use category 

(residential, industrial, commercial, undeveloped and agricultural) (Table 1.2). Due to 

inadequacy of data the loading estimates of nitrate and metals like Ag, As, Hg and Ni could not 

be calculated. Then the total pollutant loadings in Kg/year were calculated by multiplying the 
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pollutant loading estimates from the literature by the source area (m2) subcategories (e.g. roofs, 

street area, parking, driveways, sidewalks and landscaped area) of each land use category 

(residential, industrial, commercial, undeveloped and agricultural) in a year. This produces the 

total pollutant loading at each wetland site by land use category (residential, industrial, 

commercial, undeveloped and agricultural) in a year. These calculated loadings are shown in 

Figure 1.4 and Table 1.2. 
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Table 1.2: Predicted area-weighted loading and total loadings of nutrients and 

metals for wetland sites 1-6 based upon land use and watershed area. 

 

  Area-Weighted Loadings (mg/m2/year) 

Wetland  

Site 

Watershed  

Area (m2) 

Nitrate-

Nitrite 
Phosphate Cd Cu Pb Zn 

1 1044534 0.210 1.060 0.004 0.040 0.114 0.215 

2 3341812 0.190 0.985 0.007 0.030 0.051 0.153 

3 2674587 0.180 1.040 0.007 0.040 0.052 0.173 

4 28773 0.310 0.950 0.005 0.020 0.071 0.180 

5 4937165 0.410 0.941 0.028 0.050 0.080 0.240 

6 7200014 0.390 0.712 0.004 0.050 0.052 0.199 

  Total Loading from Watershed (Kg/year) 

Wetland  

Site 

Watershed  

Area (m2) 

Nitrate-

Nitrite 
Phosphate Cd Cu Pb Zn 

1 1044534 2.194 11.074 0.044 0.418 1.187 2.241 

2 3341812 6.349 32.926 0.220 1.003 1.690 5.126 

3 2674587 4.814 27.807 0.194 1.070 1.385 4.618 

4 28773 0.089 0.273 0.001 0.006 0.021 0.052 

5 4937165 20.242 46.434 1.364 2.469 3.963 11.870 

6 7200014 28.080 51.265 0.272 3.600 3.737 14.321 
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Figure 1.3: Percentage land use types for the drainage basins for the 6 constructed wetlands used 

in this study. Land use data from SEWRPC (2010) were accessed through the Racine County 

Map Server website. http://racinecounty.maps.arcgis.com. 

 

 
 

 

Figure 1.4: (A) Predicted model of total nutrient (nitrate-nitrite and phosphate) area-weighted 

loadings (Kg/year) from land use runoffs for wetland sites 1-6. (B) Predicted model of total 

metal (Cd, Cu, Zn, Pb) area-weighted loadings (Kg/year) from land use runoffs for wetland sites 

1-6. 
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Sediment sampling collection, water quality monitoring: 

Sediment sampling: Sediment samples were collected from the wetland sites 1-6 during 

summer 2015, fall 2016 and summer 2017. During summer 2015, a core sampler (5 x 50 cm) 

was used to collect sediment samples to a depth of 10-15 cm from top surface layer at three 

locations (two at both shorelines and the third one at the middle zone) for each wetland site. 

Sediments were homogenized in the field and were divided into two replicates, yielding two 

samples per site and were stored on ice in 1-liter Nalgene™ bottles for transport to the 

laboratory. At summer 2015, total 12 samples were collected. Based upon results from the Fall 

2015 samples, the sediment collection process was modified in 2016 by using an Ekman dredge 

grab sampler (15 x 15 x 25 cm) to gather a greater amount of sediment from the upper surface 

layer, without compressing the sediment samples (Katich et al. 2012).  At each wetland site, 

samples were collected at two different locations from the edge zone in fall 2016. Sediments 

were homogenized in the field and were divided into three replicates, yielding three samples per 

site and stored on ice in 1-liter Nalgene™ bottles for transport to the laboratory. During fall 

2016, total 18 samples were collected. During summer 2017, two edge and two middle zone 

samples were collected. This process yielded four samples per site in 2017. Samples were stored 

in Nalgene 1 liter bottles on ice before transport to laboratory. During summer 2017, total 24 

samples were collected. Hence, there were total 54 sediment samples from all sampling times. At 

the laboratory, samples were stored in separate replicates as collected at -800C for use in 

bacterial analysis (see Chapter 2) and -250C for eco-toxicological studies and sediment 

characterization of percent organic matter and analysis of metals using X-ray fluorescence 

(XRF).  
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Water quality parameters, wetland depth profile and sediment percent organic matter of 

each site were measured as site characteristics during summer 2017.  Water quality parameters 

were measured using multi-parameter YSI 6600 sondes that recorded pH, temperature, dissolved 

oxygen, specific conductance, and turbidity(YSI 2020). Water quality characteristics were 

monitored in twelve separate days between June - August 2017 of wetland sites 1-6 in the Pike 

river watershed. 

Water samples for nutrient analysis were collected during summer (in twelve separate 

days between June – August) 2017 of wetland sites 1-6 in the Pike river watershed, same days of 

water quality monitoring. These water samples were collected using inverted 1L Mason™ jars at 

the same locations where sonde data (water quality) were recorded. These water samples were 

collected using inverted 1L Mason™ jars. Water samples were stored on ice, transported back to 

the laboratory for analysis within 24 hours of sample collection.  

Organic content of sediments was determined by measuring the loss of weight upon 

ignition (Storer 1984). Crucibles were weighed prior to the addition of 10-15 grams of sediment 

from each sample. The samples were then oven-dried (at 800C) overnight and then re-weighed, 

after which the sediment samples were ignited to ash at 5000C using a muffle furnace (an 

additional hour required to allow the oven to reach the desired temperature). Upon cooling at 

room temperature between 25-300C the samples were weighed again and the weight of the 

crucibles were taken off from this post-ignition weight in grams. The percent organic matter was 

calculated for each sample by taking the difference of weight between oven-dried and the ashed 

sediments without the crucible weight, using the following formula (Storer 1984): 
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Ecotoxicological Assays: 

Ecotoxicological tests were carried out following the standard operational procedures for 

PhytotoxkitTM (Microbiotest Inc 2015) using three plant species: monocot Sorghum 

saccharatum, dicot Lepidium sativum and Sinapis alba. Control and test sediments were added 

and saturated with distilled water in PVC test plates (21 x 15.5 x 0.8 cm). Filter paper was placed 

on top of each of the control and test sediments and ten seeds of the same plant were placed on 

the filter paper in one row and at equal distance from each other. This was repeated with all the 

three seed species. Plates were incubated at 25°C in darkness for 72 hours. Digital images were 

taken of all the plates, and stem and root lengths were measured using Image J™ software 

(Schneider et al. 2012). The proportion of root and stem length inhibition of the test sample 

plants were calculated relative to the control plant growth to generate growth inhibition indices. 

One phytotoxkit test TM combined the growth inhibition test plates for Sorghum saccharatum, 

Lepidium sativum and Sinapis alba. Hence with 54 sediment samples each test had 162 test 

plates (54 x3). The same test was repeated twice yielding 310 sediment plates. Some sediment 

collected were not enough to do two tests. 

Nutrient and metal measurement in wetland sites : 

Water nutrients and sediment heavy metals:  Water samples for nutrient analyses were 

collected using inverted 1L glass jars at the same locations and depths where sonde data were 

recorded. Water samples were stored on ice and transported back to the laboratory for analysis 

within 24 hours of sample collection. Nitrate and phosphate were analyzed with HACH DR 

2800TM spectrophotometer using nitrate (powder pillow test kit – Cadmium reduction method) 

and phosphate test kit (powder pillow test kit –Ascorbic acid method). For nitrate test kit , the 

cadmium reduction method with a detection range of 0.3 - 30.0 mg/L NO3
––N was used 
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(Drummond and Maher 1995, Hach 2019). For phosphate kit, the PhosVer 3 (Ascorbic Acid) 

method was used with a detection range of 0.02-2.50 mg/L PO4 3- (Hach 2019). 

Sediment: The presence of heavy metals (Ag, Hg, Pb, As, Ni, Zn and Cd) in the 

sediments was estimated using X-ray fluorescence (XRF), a widely used technology for the 

detection of metals in soils and sediments (Baranowski et al. 2002, Kenna et al. 2011, Díaz Rizo 

et al. 2014). Sediment samples were dried at 60-80°C until a constant weight is obtained. Large 

rocks, organic debris, twigs, leaves roots were removed. Dried samples were homogenized using 

a mechanical homogenizer and then were turned into a ~5 g pellets of approximately 25 mm 

diameter and 5 mm height using a 25 metric ton press pellet. XRF analyses were conducted 

using Bruker Tracer III-V+ p-spectrophotometer (Bruker 2017) using the red filter settings. This 

setting allows x-rays from 14 to 40 KeV to reach the sample, which are better for analyses of 

higher Z elements such as heavy metals (EPA 2007, Díaz Rizo et al. 2014, DiScenza and 

Keimowitz 2014). 

Calibrations were performed using National Institute of Standards and Technology (NIST 

2013) Standard reference materials or SRMs containing certified amounts of the targeted metals 

in soil or sediments. The Standard reference materials or SRMs were obtained from NIST. The 

XRF signal intensity was plotted against the value of each of the SRM to construct the 

calibration curves. Blank samples composed of chemically pure Silica homogenized and formed 

into pellets were used to check the cross-contamination or other interferences. All the analyses 

were performed in a sample cup under the Si-Pin detector of the Bruker Tracer III-V+ p-

spectrophotometer  (EPA 2007, Díaz Rizo et al. 2014, DiScenza and Keimowitz 2014, Bruker 

2017) and 3 readings (in ppm) were taken for each sample (Zięba-Palus, J., Kunicki 2006). 
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Sediment metal and ecotoxicological indicators: 

To validate the process of using X-ray fluorescence (XRF) to detect the presence of 

metals  in the sediments at ppm level we used this technology at a study in India. A large portion 

of India textile dye industry exists in the informal economy, dumping their wastewater without 

treatment into nearby land and water. The goal of this study was to use the PhytotoxkitTM 

ecotoxicological assays (Microbiotest Inc 2015) using three plant species: monocot Sorghum 

saccharatum, dicot Lepidium sativum and Sinapis alba to characterize the extent of toxic stress 

coming to the adjacent ecosystems by dumping informal dye industry-waste directly in soil at 

two different locations in India.. This wastewater has the potential for creating toxic impacts as 

dyes are contaminated with heavy metals like copper (Cu), zinc (Zn), lead (Pb), etc. We were 

able to detect Sr (Strontium), Zn (Zinc), Co (Cobalt), Pb (Lead), Zr (Zirconium), Fe (Iron), Rb 

(Rubidium), Ti (Titanium), Mo (Molybdenum), Mn (Manganese), V (Vanadium) and Cu 

(Copper) at ppm level. For example Pb was detected at the range of 0-20 ppm, Zn at the level of 

0-40 ppm, Cu at 0-7 ppm. The commercial dyes were also observed to have metals like Fe, Cu. 

Rb, Sr, Zr. Mo, Pb and Au (Gold). With Pb was observed to be present in the range of 0-200 

ppm, Cu in 0-600 ppm in the commercial dyes. Using the standard operational procedure of the 

Phytotoxkit, MicrobiotestTM, proportion root and stem growth inhibition of the bioindicator 

plants (Sorghum saccharatum,  Lepidium sativum and Sinapis alba) was measured in dye 

contaminated test soil with respect to control soils for each plant. Our study clearly showed that 

metals concentration as detected in the dye-contaminated  soil, resulted in growth inhibition in 

the bioindicator plants. Suggesting that in combination toxic can cause an impact on the 

ecosystem (Ghosh Roy et al. 2019) (Appendix A). 
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Data Analyses: 

Data distributions were examined for normality and were transformed as necessary to 

meet assumptions of statistical tests. Count and length data were transformed using a log 

transformation (log10 (X + 1) while proportional data were transformed using an arcsine 

transformation (Sokal and Rohlf 1981) prior to statistical analyses conducted using JMP® 14 

(SAS 2019).  

Effect of Nutrients on Growth Inhibition: Multifactor Analysis of variance (ANOVA) was 

used to examine the effects of pollutants (nutrients and metals) and seed species on growth 

inhibition of Lepidium sativum, Sinapis alba and Sorghum saccharatum.  ANOVA for the effects 

of nutrients on growth inhibition, the growth inhibitions were entered as dependent response 

variables with nutrient concentration and seed species as independent variables.  Since in-situ 

nutrient data were collected only in 2017, effect of measured nutrient concentrations on the 

growth inhibition could only be tested for one year.  

Land use was assumed to not have changed significantly over the course of the study, and 

as such the ANOVA tests for the effect of predicted loadings from the surrounding land use on 

stem and root growth inhibitions (the dependent response variable) included loadings and seed 

species and year as independent variables.  

Effect of Sediment Metals on Growth Inhibition: Factor analysis was conducted using the 

log transformed concentrations of the metals (Ag, Zn, As, Cd, Ni, Pb and Hg) measured from the 

wetland sediments in ppm.  Factor Analysis was conducted using from JMP® 14 (SAS 2019) 

with maximum likelihood and varimax rotation method based on correlation matrix. ANOVA for 

the effect of measured metal pollution on growth inhibition was conducted using the metal factor 

component scores, seed species and year as the independent factors in the model.   
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ANOVA tests for the effect of predicted loading of individual (Cd, Cu, Pb, Zn) metals 

from the surrounding land use on growth inhibition (the dependent response variable) included 

loadings and seed species and year as independent variables. 

Examination of Effect Interactions:  Prediction profiles were used together with multi-

factor models in JMP® 14 (SAS 2019) to help examine how values of independent factors 

(either nutrients or metals) interact to influence growth inhibition a complex set of criteria. 

Prediction profiler uses the patterns of variation from ANOVA to visualize how response 

parameters (i.e. stem or root growth inhibition) change as the levels of individual factors are 

changed, and to understand the interactions between the pollutant concentrations. For example, 

in a nutrient analysis, prediction profiler would predict the effect of growth inhibition of 

individual species the when the nitrate concentration is high or low and the same time how the 

growth inhibition changes with respect to the phosphate concentration (SAS 2019). If there are 

interaction effects in the model, the prediction traces can shift their slope as the values of other 

terms are manipulated. 

Finally, forward stepping multiple regression was used to determine a best fit model for 

the combined predictive linear relationships between pollutants (nutrients and metals) and 

growth inhibition of the ecotoxicological bioindicators species.   

Results: 

Ecotoxicological bioindicators: 

Proportion root and stem growth inhibition values calculated relative to growth in control 

sediments (clean silica sand) so that positive values indicate inhibition (i.e. reduced growth = 

inhibition) whereas negative values indicate growth facilitation (i.e. increased growth = 

facilitation).  For Lepidium sativum, root inhibition in ranged from -1.5 to +1.5 and stem 
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inhibition ranged from -0.75 to +1.25. For Sinapis alba, root inhibition varied from -1.5 to +1.25 

and stem inhibition ranged from -1 to +1.25 (Figure 1.5B). For Sorghum saccharatum, the 

proportion root inhibition ranged from -1.5 to +1.25 and stem inhibition ranged from -3.5 to 

+1.5. Responses varied among wetland sites and between years (Figure 1.6). Sorghum exhibited 

consistently higher growth inhibition for both root and stem across the study compared to the 

other two bioindicator species (Figure 1.6). Wetland 1 exhibited consistently the lowest 

inhibition (highest facilitation) values for Lepidium sativum and Sinapis alba, whereas wetlands 

3 & 4 exhibited higher inhibition (Figure 1.6). 
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Figure 1.5: Variation of growth inhibition of the bioindicator plant species (Lepidium sativum, 

Sinapis alba, Sorghum saccharatum) and wetland sites (1-6) in three sampling dates of Fall 

2016, Summer 2015 and 2017 seasons.  (A) Stem Inhibition and (B) Root Inhibition. Bars show 

mean ± 1 SE. 
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Nutrient concentration range: 

The Nitrate concentration ranged from 0 to 11 mg/L across all sampling sites during 

summer 2017 and the phosphate concentration ranged from 0 to 1.8 mg/L across all sampling 

site water during summer 2017. In the wetland site (1-6) sediment. concentration of silver (Ag) 

ranged from 8-13 ppm, Arsenic (As) was from 0-4 ppm, Cadmium (Cd) was from 1.4 – 2.6 ppm, 

Mercury (Hg) was from 0.25 – 2.75 ppm, Nickel (Ni) was from 12 – 21 ppm, Lead (Pb) was 

from 0.001 – 0.0035 ppm, Zinc (Zn) was from 5-40 ppm.  

Factor analysis with measured metals: 

Factor analysis was conducted with  the metal concentrations resulting in two linear 

components: Component 1 with high positive loadings for Ag, Zn, As, Cd, Ni concentration, and 

Component 2 with a positive loading for Pb and negative loading for Hg (Figure 1.9). The 

concentration of Pb loaded positive on component 2 whereas Hg concentration loaded negatively 

along the component 2 axis (Figure 1.9), suggesting that these metals were negatively associated 

with each other in sediment samples. 
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Figure 1.6: Component loadings from multivariate Factor Analysis using JMP® 14 (SAS 2019) 

Analysis was conducted on the correlations matrix using maximum likelihood and varimax 

rotation method. The detected metals by XRF (Ag, Zn, As, Cd, Ni, Pb and Hg in ppm) were 

factored into two linear components (Component 1 and 2) which represented 61% of the total 

variation. Data were from sediments collected from wetland sites 1-6 sampled during 2015-2017.  

The plot shows rotated factor loadings relative to each component in the multivariate space.  
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Ecotoxicological bioindicator Responses to Pollution Stress: 

Nutrient Effects: 

For predicted nutrient loading ANOVA models the dependent variables were the growth 

inhibitions and the x variables (effects) were predicted total nutrient loadings and seed species. 

This model initially considered year as an independent variable but as no significant effect of this 

variable was observed, the year effect was not considered in the final model (Figure 1.10). This 

final model detected no statistically significant effects of predicted nutrient loadings or the seed 

species on the root growth inhibition of Lepidium sativum, Sinapis alba, Sorghum saccharatum 

(Figure 1.10, p-values: seed species = 0.5024, Nitrate+nitrite loading  = 0.4916, phosphate 

loading = 0.8761,  nutrient interaction = 0.9162).  Although with increase in the nitrate+nitrite 

and phosphate loading decrease in the root growth inhibition was observed.  There were 

significant results for stem growth inhibition. There were significant effect of the seed species 

(p< 0.0001) with highest inhibition in Sorghum saccharatum, nitrate+nitrite loading  (P= 0.0041) 

and the nutrient interaction (P= 0.0116) on stem growth inhibition of Lepidium sativum, Sinapis 

alba, Sorghum saccharatum. But the effect of phosphate loading  was not significant for stem 

growth inhibition (P=0.0898) (Figure 1.10). Stem growth inhibition was observed to be 

decreasing with nitrate+nitrite loading  but increasing with phosphate loading (Figure 1.10). 
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Response patterns were different with respect to in situ nutrients measured directly in the 

wetlands (Figure 1.11) where root inhibition was significantly affected by phosphate (P= 0.0207) 

and its interaction with nitrate (P= 0.0190) (Figure 1.11).  In this case, increased phosphate levels 

were related to increased root inhibition (Figure 1.11). However, the effects of nitrate 

concentration  (P= 0.0743) and seed species (P= 0.4924) were not significant (Figure 1.11) 

Stem inhibition exhibited no significant relationship to variation in measured nitrate 

concentration (P= 0.4060), phosphate concentration (P= 0.2304), the nutrient interaction (P = 

0.2859 or seed species (P= 0.0551) (Figure 1.11). 
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Figure 1.7: Prediction profiles from ANOVA showing the effects of seed species and the predicted 

total loadings of total nitrate+nitrite and phosphate (Kg/year) on the growth inhibitions of stems 

and roots for the bioindicator species Lepidium sativum, Sinapis alba, Sorghum saccharatum. The 

blue-lined area in each profile represents the 95% confidence prediction interval of the response 

variable. The profiler is set for nitrate+nitrite at 1.96 kg/ year, phosphate at 26.23 kg/ year in case 

of root growth inhibition and nitrate+nitrite at 10.91 kg/ year, phosphate at 26.23 kg/ year in case 

of stem growth inhibition.  
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Figure 1.8: Prediction profiles from ANOVA showing the effects of seed species and nitrate and 

phosphate concentrations (mg/L) measured in wetlands on the growth inhibitions of the 

bioindicator species Lepidium sativum, Sinapis alba and Sorghum saccharatum. The blue-lined 

area in each profile represents the 95% confidence prediction interval of the y (continuous) 

variable). The profiler is set to nitrate at 2.27 mg/L and phosphate at 0.29 mg/L in case of root 

and stem growth inhibition. 
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Metal Effects 

 

For predicted metal loading ANOVA models the dependent variables were the growth 

inhibitions and the x variables (effects) were predicted total metal loadings and seed species. 

This model initially considered year as an independent variable but as no significant effect of this 

variable was observed, the year effect was not considered in the final model (Figure 1.12). The 

effects of heavy metal loadings predicted by land cover on root inhibition were not statistically 

significant except for Pb (Figure 1.12).  P-values for root inhibition:  seed species = 0.4359, Cd 

loading = 0.3064, Cu loading  = 0.9990. Pb loading = 0.0168, Zn loading = 0.6119, metal 

loading interactions = 0.4625). Decreased root inhibition (i.e. facilitated root growth) was 

associated with increase in Pb loading.  Likewise the effects of heavy metal loadings predicted 

by land cover on stem inhibition were not significant (P-values for effect on stem inhibition: Cd 

loading = 0.3167, Cu loading = 0.6489, Pb loading = 0.1512,  Zn loading = 0.9076, metal 

loading interaction = 0.4629).  Seed species responded differently to predicted metal loadings.  

For stem inhibition the effect of seed species effect was significant (P <.0001) with highest 

inhibition observed in Sorghum saccharatum. 
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Figure 1.9:  Prediction profiles from ANOVA showing the effect of predicted total loading of 

Cd, Cu, Zn, Pb in Kg/year on the growth inhibitions of the bioindicator species Lepidium 

sativum, Sinapis alba, Sorghum saccharatum. The blue-lined area in each profile represents the 

95% prediction confidence interval for the response variable. The profiler is set to Cd at 1.26 kg/ 

year , Cu at 1.43 kg/ year , Pb at 1.88 kg/ year and Zn at 6.04 kg/ year in case of root growth 

inhibition and kg/ yr Cd at 1.25 kg/ year , Cu at 1.36 kg/ year , Pb at 1.88 kg/ year and Zn at 

13.85 kg/ year  in case of stem growth inhibition.  
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           The effects metal concentrations measured on ecotoxicological bioindicator growth 

inhibition parameters were examined through ANOVA using component scores calculated from 

the Factor Analysis (described above) as independent variables: Component 1 with high positive 

loadings for Ag, Zn, As, Cd, Ni concentration, and component 2 with a positive loading for Pb 

and negative loading for Hg (Figure 1.9).  Neither of the metal components had a statistically 

significant effect on stem growth inhibition (Figure 1.13). P values metal component 1 = 0.3511, 

component 2 = 0.8892, interaction = 0.5697) . However, seed species did respond differently 

(p=0.0002), with highest inhibition observed in Sorghum saccharatum. 

By contrast, metal component 2 showed significant effect on root inhibition ((P= 0.0026 

Figure 1.13), indicating an interaction between Pb and Hg on root growth inhibition.  An 

increase in component 2 is associated with a both a higher Pb concentration and lower Hg 

concentration, which is associated with decreased root growth inhibition (i.e. growth facilitation, 

Figure 1.13). Stated in the reverse, the combination of decreasing Pb and increasing Hg are 

associated with increased root inhibition (Figure 1.13).  The effect of seed species on root 

inhibition was not significant (P = 0.4391).  There was a suggestion of an effect of metal 

component 1 on root inhibition but it was not statistically signification (p = 0.0969), potentially 

due to a statistical interaction between the two metal components (p = 0.0508) 
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Figure 1.10: Prediction profiles from ANOVA showing the effects of metal components 1 and 2 

(from factor analysis) on the growth inhibitions of the bioindicator species Lepidium sativum, 

Sinapis alba, Sorghum saccharatum. The blue-lined area in each profile represents the 95% 

confidence interval for the prediction of the response variable. The profiler is set to metal 

component 1 at 1.0 and metal component 2 at 0.75 in case of root and stem growth inhibition. 
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Stepwise Regression: 

The capacity for nutrients (nitrate and phosphate) and metals (Hg and Pb) to predict 

ecotoxicological bioindicators was assessed directly using stepwise multiple regression. Each 

indicator species was run separately for nutrient (2017 data only) and metal (2015-2017 data) 

and best fit models using forward stepping algorithm are presented in Table 1.3. The indicator 

data was also used by the year along with the pollutants. 

          For stem inhibition, Lepidium sativum exhibited no significant response to variation in 

nutrients or metals (Table 1.3). Sinapis alba stem inhibition had a positive relationship with 

nitrate but a negative relationship with phosphate with total of R2 0.84 Table 1.3. Conversely, 

Sorghum sachharatum stem inhibition exhibited a negative relationship with nitrate but a 

positive relationship with phosphate but also had a positive relationship with Pb and Hg with 

overall R2 of 0.96 (Table 1.3).  

          With respect to root inhibition, Lepidium sativum growth inhibition was associated 

positively with nitrate and negatively with Pb and Hg with overall R2 of 0.82 (Table 1.3). Sinapis 

alba root inhibition was negatively associated with Pb and Hg with overall R2 of 0.55 (Table 

1.3). For Sorghum sachharatum root inhibition had a negative estimated relationship with Pb 

with overall R2 of 0.39 (Table 1.3). 
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Table 1.3: Stepwise regression with the estimates of relationship between nutrient (nitrate and 

phosphate concentration in mg/L and metal (Hg, Pb) concentration in ppm with stem and root 

growth inhibition of Lepidium sativum, Sinapis alba and Sorghum sachharatum in wetland sites 

1-6 along with appropriate R2 and P values. The blank spaces revealed no estimates of 

relationship. 

 

  
Seed  

Species 
Nitrate Phosphate Pb Hg R2 

(A)Stem 

 

Inhibition 

        

  Lepidium          

  Sinapis 
0.31 

(P=0.0656) 

-1.96 

(P=0.0286)   
0.84 

  Sorghum 
-1.77 

(P=0.1249) 

1.88 

(P=0.2417) 

998.83 

(P=0.1879) 

4.80 

(P=0.1548) 
0.96 

(B)Root 

 

Inhibition 

            

  
Seed  

Species 
Nitrate Phosphate Pb Hg R2 

  Lepidium 
2.12 

(P=0.0998)   
-1559.8 

(P=0.1216) 

-6.75 

(P=0.1310) 
0.82 

  Sinapis 
    

-1011 

(P=0.1962) 

-2.46 

(P=0.1196) 
0.55 

  Sorghum 
    

-234.54 

(P=0.0031)  
0.39 
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Discussion: 

 

This study was designed to explore the potential of PhytoTox™ ecotoxicological tests to 

serve as possible bioindicators for pollution loading from surrounding land uses for wetland 

ponds located in urbanizing watersheds. The present study investigates the efficacy of the 

Phytotoxkit™ (Microbiotest Inc 2015) ecotoxicological assay with plants Sorghum saccharatum, 

Lepidium sativum and Sinapis alba as bioindicators of sediment toxicity among wetlands with 

varying land uses and associated pollutant (nutrient and metals) measurements. Previous studies 

have demonstrated utility of ecotoxicological assays as practical and dependable tools to detect 

hazards in polluted ecosystems (Czerniawska-Kusza et al. 2006, Czerniawska-Kusza, I., & 

Kusza 2010). With increasing phosphate concentration in mg/L increased root inhibition was 

observed (Figure 1.11) but an opposite trend relationship was observed with the model predictive 

loadings. With increase in the nitrate+nitrite and phosphate loading a trend of decrease in the 

root growth inhibition was observed.  With regard to metal pollution, analysis using factor 

analysis revealed significant effects of associated groups of metals (component 2: Pb and Hg) 

(Figure 1.13).  The combination of decreased Pb and increased Hg are associated with increased 

root inhibition (Figure 1.13).  This is also supported in the regression analysis suggesting a 

negative estimated relationship between Pb and root growth inhibitions of growth inhibition of 

Lepidium sativum, Sinapis alba and Sorghum saccharatum (Table 1.3). Even the predictive 

model suggested that for root growth inhibition of Lepidium sativum, Sinapis alba and Sorghum 

saccharatum there could be decrease in inhibition with increase in Pb (Figure 1.11). All these 

facts suggest that the concentration at which Pb was detected (in ppm) in these wetland sites (1-
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6) did not affect these three plant bioindicator species of Lepidium sativum, Sinapis alba and 

Sorghum saccharatum negatively.  

Mercury is most often released into the environment from industrial pollution, mining, 

fossil fuel burning, and is a chemical of concern (Heidenreich et al. 2001, Manikandan et al. 

2015). Experiments have shown that Hg causes reduced growth in the root and stem of seedlings 

(Manikandan et al. 2015). Reduced growth happens due the production of reactive oxygen 

species (ROS) such as superoxide radical, hydroxyl radical, hydrogen peroxide causing damage 

in the cell membranes, chloroplast pigments and nucleic acids (Baker et al. 2001, Manikandan et 

al. 2015). The factor analysis revealed that the combination of decreased Pb and increased Hg 

are associated with increased root inhibition (Figure 1.13). But regression analysis suggested that 

root growth inhibition of Lepidium sativum and Sinapis alba decreased in association with 

increased Hg with a negative estimated relationship and no relationship with Sorghum 

saccharatum (Figure 1.13).  This suggests that the metal factor analysis was not able to clearly 

depict the individual interplay among species with the detected Hg concentration (Table 1.3). 

This clearly shows with the help of two different statistical test a much more robust risk 

assessment can be done. 

          The regression analyses for each ecotoxicological bioindicator species also revealed 

complex relationship between inhibition and facilitation when nutrients were analyzed in 

conjunction with metal pollutants (Table 1.3). For example, Sinapis alba stem inhibition had a 

positive relationship with nitrate but a negative relationship with phosphate with total of R2 0.84 

(Table 1.3). Conversely, Sorghum sachharatum stem inhibition exhibited a negative relationship 

with nitrate but a positive relationship with phosphate but also had a positive relationship with 

Pb and Hg with overall R2 of 0.96 (Table 1.3).   With respect to root inhibition, Lepidium 
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sativum growth inhibition was associated positively with nitrate and negatively with Pb and Hg 

with overall R2 of 0.82 (Table 1.3). Sinapis alba root inhibition was negatively associated with 

Pb and Hg with overall R2 of 0.55 (Table 1.3). For Sorghum sachharatum root inhibition had a 

negative estimated relationship with Pb with overall R2 of 0.39 (Table 1.3). 

Agricultural and residential land uses both produce runoffs rich in nutrients such as 

phosphate and nitrate due to the presence of fertilizers and pesticides applied to lawns, gardens 

and agricultural fields. These fertilizers and pesticides especially when rich in nutrients affect 

plant growth (Altieri and Nicholls 2003, Chen et al. 2004, Scheirs and De Bruyn 2004, López-

Luna et al. 2009, Pang et al. 2010, Liu et al. 2014a, Zhawar et al. 2014, Shukla et al. 2017). Our 

results that indicate that high phosphate be associated with higher growth inhibition was 

surprising (Figure 1.11) since phosphorus deficiency reportedly causes growth inhibition in 

plants (Morgan and Connolly 2013).This suggests that there may be interactions between the 

loadings of nutrients (e.g. from fertilizers) and loadings of metals associated with these 

pesticides. This became more clear in the regression analysis, where phosphate did not have a 

significant association with root growth inhibitions of Lepidium sativum, Sinapis alba  and 

Sorghum sachharatum when analyzed individually, so phosphate individually did not create a 

negative impact (Table 1.3). 

In component 1 in the factor analysis had positive loadings for an array of metals Ni, Cd, 

As, and Zn (Figure 1.9), which had a modest impact on growth inhibition (Figure 1.13).  Our 

previous studies performed on textile dye contaminated soils in India (Ghosh Roy et al. 2019), 

also have shown how combination of metals present in a soil ecosystem can affect bioindicator 

species of Sorghum saccharatum, Lepidium sativum and Sinapis alba. Th results in the present 
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chapter are consistent with a pattern of metals interacting to have combined toxic effect on 

bioindicator plant species (Ghosh Roy et al. 2019).  

The reasons contributing to the differing responses by the different ecotoxicological 

bioindicator species is grounds for further study.  Herbicides and metals are well-known to affect 

growth and development of Sorghum saccharatum (López-Luna et al. 2009, Gerik et al. 2010) as 

in this present chapter . In comparison however, Sinapis alba and Lepidium sativum frequently 

exhibited negative inhibition (facilitation) for root and stem growth in this present chapter.  

The predicted loadings  were a constant measure over a period of time (a year) and was 

used as a reference point in comparison to the instantaneous nutrient and metal concentration 

measurements. The significant effects from the measured pollutants such as phosphate 

concentration  and the predicted phosphate loadings  did not agree with each other but the 

predictive Pb loadings and the measure Pb did agree with each other as stated before. 

Mercury(Hg) was not in the predictive model as adequate data on Hg was not available. 

One of the challenges for monitoring for environmental impacts in terms of Clean Water 

Act is to identify and develop indictors that can capture and integrate the effects of pollutants or 

stressors across various (sometimes mis-matched) spatial and temporal scales. Chronic stressors 

such as baseline nutrient loading from agricultural fields provide fundamentally different signals 

to detect compared to acute events such as a manure spill or pesticide application whose 

detection by direct chemical measurement may be missed between monitoring sessions.  To this 

point, multimetric indicators must be constructed to include an array of biological sub-metrics 

that can detect biological responses to human activities across robust spatial-temporal scales 

(Karr and Chu 1999).  The situation is made more complicated by the fact that interactions 
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among different stressors in nature may result in complex response patterns that can result in the 

interpretation of the patterns detected being very context dependent.  

Prediction profiles provide a useful tool for visualizing the complexity of interactions 

among pollutants and help in understanding why a single relationship for a single indicator is not 

sufficient in characterizing biological response signature.  An example demonstrating the 

interaction effect of metal factors on root inhibition is shown in Figure 1.14.   The top half  

shows the expected relationship between root inhibition and Metal component 1 when Metal 

component 2 is set to a value of 1.5 which would indicate high levels of lead and low mercury 

(Figure 1.14 A).   In this case, the prediction is that one would expect to see at most a small 

positive effect if any of increasing levels of metal component 1 on root inhibition. By contrast, 

the prediction profile shown in Figure 1.14B illustrates the predicted changes in root inhibition 

relative to changing levels of metal component 1 when the level of metal component 2 is held to 

-1.0 (Low lead with high mercury). In this situational circumstance, the slope of the relationship 

between root inhibition and metal component 1 is negative, where increasing levels of metal 

component 1 are predicted to result in lower levels of root inhibition (Figure 1.14B). 
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Figure 1.11.  Prediction profiles for the effects of metal factor 1 and metal factor 1 on Root 

inhibition. (A) Profile when metal component 2 is set to 1.5, and (B) Profile when metal 

component 2 is set to -1.0 (high mercury and low lead)

Component 1     Component 2

Component 1                        Component 2



 42 

 

  

The results form this chapter demonstrate the interactions among complex mixture of 

nutrients and metals in wetland systems, which can produce relationships that run counter to the 

predictions made by considering individual pollutants independently (Alia et al. 2015). But 

overall the selected plant ecotoxicological bioindicators for this present chapter provide signals 

of stress from watershed pollutants draining into the wetland sites. A major character of a 

biological sub-metrics that it should be able to detect biological responses to human activities 

across different scales (Karr and Chu 1999), these ecotoxicological bioindicators demonstrated 

evidence of stress across different spatial scales of six different wetlands. When it comes 

ecological risk assessment,  approaches have been developed to assess ecological risk that 

employ a triad approach (Dagnino et al. 2008) with an integrated index of chemical 

ecotoxicological and ecological risk. We estimated the chemical risk (nutrient and metals) with 

the use of plant ecotoxicological bioindicators. Our results detected correlation in the 

ecotoxicological bioindicators with watershed pollutants that was measured and predicted.  

Use of multimetric indices is a common approach for assessing ecological risk 

assessment (Karr and Chu 1999). Selection of relevant metrics that comprise a multimetric index 

is not a simple process if it is to serve both in detecting change and predicting ecological risk 

(Schoolmaster et al. 2012). Bioindicators from across different trophic levels with capacity to 

detect signals from anthropogenic disturbances must be considered as a candidate metrics in a 

multimetric index (Decker et al. 2017).  Research has shown that the use of multiple groups of 

organisms increases the potential to gather the information necessary to develop a robust 

understanding of impacts on ecological integrity (Brown et al. 2009, Waite 2014). For this 
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reason, the next chapter will assess the efficiency of bacteria as ecological indicators for risk 

assessment. 

Conclusion: 

The present chapter investigates the efficacy of the Phytotoxkit™ (Microbiotest Inc 

2015) ecotoxicological assay with plants  Sorghum saccharatum, Lepidium sativum and Sinapis 

alba as bioindicators of sediment toxicity among wetlands with varying land uses and associated 

pollutant (nutrient and metals) measurements.   Results demonstrate that growth inhibitions of 

Sorghum saccharatum, Lepidium sativum and Sinapis alba had significant correlations with 

concentrations of Pb and Hg in sediments and phosphate concentration in water, which are 

consistent with ecotoxicological risk presented by the varying landuse patterns in the 

surroundings sub-watersheds.  
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Chapter 2: The effects of land use on bacterial assays in constructed wetland sediments 

Introduction: 

Several approaches have been taken to meet the goal of the Clean Water Act (CWA). 

Which is “to restore and maintain the integrity of the nation’s waters” (EPA 2012) . For 

example the U.S. Environmental Protection Agency (USEPA) initially proposed the use of “3-

legged stool”  that integrates metrics of water quality parameters, whole-effluent toxicity testing, 

and ambient biological assays (Karr 1993). Later on, the use of biological assays and 

bioindicators increased (Karr 1993, 1995). These assays focused on “biological response 

signatures” (Yoder and Rankin 1995a) that can characterize complicated interactions of 

ecological responses to stress from biological, spatial and temporal scales (Cairns and Pratt 

1993). Research increasingly started to focus on biological criteria to understand impact of 

anthropogenic disturbances on ecosystems (Clapcott et al. 2012, Decker et al. 2017). In the 

United States, due to urban encroachment and increasing impervious surface area a significant 

amount of stormwater runoff drains into local streams, rivers, lakes and wetlands impacting the 

quality of surface waters (Figure 1.1) (Wang et al. 2001, EPA 2003a).  Balancing ecological 

integrity with the needs of increasing population (Figure 1.1) is a challenge to the goals of CWA 

(Tallis et al. 2008). To meet this complex challenge Ecological risk assessment (ERA) became 

necessary. ERA is ‘‘the practice of determining the nature and likelihood of effects of anthropic 

actions on animals, plants, and the environment’’ (SETAC 1997).  Integrated index with triad 

approach (Dagnino et al. 2008) of chemical risk, ecotoxicological risk and ecological risk has 

been taken towards ERA. At the same time, metric selection is very important for a mutimetric 

index as metrics should detect change and predict ecological risk (Schoolmaster et al. 2012). In 

this regard, the use of bioindicators across different trophic levels to detect signals of pollution 

coming from anthropogenic disturbances across different spatial and temporal scales started to 
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increase. (Decker et al. 2017).  Different groups of organisms as bioindicators increase the 

potential to develop a robust understanding of impacts on ecological integrity (Brown et al. 2009, 

Waite 2014). The terms “biological response signatures” has been used (Yoder and Rankin 

1995a) to describe the variety of ways that multimetric bioindicators in aquatic ecosystems 

possibly can respond to several kinds of environmental stressors.  This kind of approach also 

refrains from looking for distinct cause-effect relationships but towards identifying signals of 

response within the complex noise of pollutants (Clapcott et al. 2012, 2014).  

Ecological Risk Assessment approaches have been used for extensively for both 

monitoring the effects of post development and predicting the possible effects of a proposed 

projects .To this end, as discussed in chapter 1, constructed wetlands have been used extensively 

to address water quantity and quality problems and mitigate the environmental impacts of 

urbanization (Tixier et al. 2012). Constructed stormwater wetlands capture sediment and 

pollutants from surrounding landscapes (Kadlec and Wallace 2009), manage nutrients generated 

from agricultural and urban runoff (Manios et al. 2009, Scholz and Hedmark 2010, Beutel et al. 

2014) and can remediate heavy metal contaminations from industrial land use runoffs (Khan et 

al. 2009, Knox et al. 2010, Sahu 2014).  

Biomonitoring is measuring and evaluating the conditions of a living system (Karr and 

Chu 1999). Biomonitoring is an essential component for monitoring the ecological integrity and 

condition of watersheds (Karr and Chu 1999) and bioindicators have been developed to serve as 

tools for assessing aquatic ecosystem integrity across diverse temporal and spatial scales (Yoder 

and Rankin 1995a) .  Various forms of bioindicators including communities of plants 

invertebrates, fishes, birds, algae, amphibians and microorganisms have been used as 

bioindicator studies in wetlands (Sims et al. 2013). These wetland bioindicators has proven to 
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effective to detect ecological changes in watersheds (Ke et al. 2015, Aylagas et al. 2017) and for 

conducting sediment risk assessments in relation to pollutants like nutrients and metals 

(Chapman 1995, Jensen 2011, Dellinger et al. 2014).  

 Wetlands have biogeochemical cycles with a combination of chemical transformations 

and transport processes. In wetlands, transformation of elements such as nitrogen, phosphate, 

sulfur, iron, manganese and carbon occurs in anaerobic environment and is highly mediated by 

anaerobic microbial populations (Mitsch and Gosselink 2000). Chemicals like nutrients (such as 

nitrate and phosphate) and heavy metals (Pb, Hg, Cu, Ni, Cd, Zn, Ag, As) are hydrologically 

transported to wetlands through surface flow, precipitation, groundwater and tides (Mitsch and 

Gosselink 2000). Microbes play important role in recycling and removal of these elements too 

(Knox et al. 2010, Bodelier and Dedysh 2013). In spite of these vital ecosystem services 

provided by microbial communities, wetland health-indices have largely ignored of microbial 

components (Sims et al. 2013).  

          Bacterial communities are excellent candidates for bioindicator development, because they 

are highly influenced both by external toxins such as nutrient loading. Over the years many 

studies have shown how land cover affects soil bacterial communities and various land uses and 

its associated input of nutrients and metals pollutants (Wang et al. 2012, Ding et al. 2013, 

Szoboszlay et al. 2017, Zhang et al. 2017). The input of nutrients recycles fast due to active 

aerobes and anaerobes making these systems highly productive (Groffman et al. 1996, Bodelier 

and Dedysh 2013). Cyanobacterial blooms are often associated with highest concentrations of 

water quality indicating nitrogen and phosphate loading (Glibert et al. 2004). Bacteria are known 

to be instrumental in the removal of metal contamination (Knox et al. 2010). Studies have also 

shown that with increasing metal concentrations, substantial change can take place in microbial 



 62 

diversity (Sobolev and Begonia 2008, Xie et al. 2016). Heavy metals like Zinc (Zn) and Arsenic 

(As), Mercury (Hg), Lead (Pb) may impact the community negatively, decreasing the number or 

diversity (Müller et al. 2001, Zhao et al. 2014a, An et al. 2018, Frossard et al. 2018). These 

negative impacts as a results of heavy metal contamination might happen even at low 

concentrations of the metals (Gummersheimer and Giblin 2003).   

            Recent studies have illustrated the value of incorporating bacterial assemblage data in 

monitoring  the ecological status of coastal estuarine (Aylagas et al. 2017) and freshwater (Ke et 

al. 2015) environments. These studies developed indices that utilized 16S rRNA diversity as a 

surrogate for bacterial taxonomic composition, and demonstrated patterns relating bacterial 

community assemblages with ecosystem integrity. With the aid of molecular tool like 16S rRNA 

gene sequences, bacterial communities can be characterized relatively quickly and in detail 

(Janda and Abbott 2007) and researchers are able to identify the dominant taxa in wetland 

sediment using molecular tools (Calheiros et al. 2010, Shange et al. 2013, Ligi et al. 2014).  

 This present chapter investigates the efficacy of the sediment taxonomical diversity and 

number (based on communities identified with 16S rRNA gene sequences) of the bacterial 

community assemblage in constructed wetlands as bioindicators of sediment toxicity among 

wetlands with varying land uses and associated pollutant (nutrient and metals) measurements.  

This present chapter will address two questions regarding the application of the sediment 

taxonomical diversity of the bacterial community assemblage as bioindicators.  First, does 

variation of sediment taxonomical diversity of the bacterial community assemblage correlate 

with variation in pollution-related stressors, either as loadings entering wetlands from their 

surrounding watersheds or ambient concentrations within the wetlands (i.e. ex post impact 

indicators for monitoring)?   Second, can sediment taxonomical diversity of the bacterial 
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community assemblage serve as predictive bioindicators of pollution loadings wetlands (i.e. ex 

ante impact bioindicators for ecological risk assessment)?  

Methods:  

Study location and sampling protocol: 

 This present study was conducted in Pike River watershed (Racine County, Wisconsin 

USA) in six individual wetlands sites (Figure 1.2). The details of the study site are described in 

chapter 1. Sediment samples were collected from 6 wetland sites 1-6 during summer 2015, fall 

2016 and summer 2017. The sediment sampling and storage procedure has been described in 

chapter 1. 

Pollution loading estimates:  

The pollutant loadings from surrounding watersheds were predicted for nitrate+ nitrite, 

Phosphorus, Zn, Pb, Cu and Cd in Kg /year using a model as described in chapter 1 (Table 1.2). 

Water Quality parameters and Percent organic matter  

Water quality parameters, wetland depth profile and sediment percent organic matter of 

each site were measured during summer 2017 as described in chapter 1. 

Bacterial community structure: 

           DNA was extracted using 0.8 g of each of the collected sediment samples with Fast 

DNATM spin kit for soil (Li et al. 2011, Burbach et al. 2016, MP Biomedicals 2017). The 

standard protocol provided from the instruction manual were followed. This method yields DNA 

70μl in DES solution. After extraction DNA was stored at -20°C for immediate next steps. About 

2μl (of 70μl) of the extracted DNA was quantified using a Nanodrop 1000 Spectrophotometer, 

Thermo Fischer Scientific (Shange et al. 2013).   

          PCRs were conducted using 1μl of the supernatant and 19μl of GoTaq master mix 
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(Promega) using the manufacturer’s recommended protocol. GoTaq includes the necessary Taq 

polymerase, nucleotides and the buffer for the PCR cycle. Primers that were used to amplify 

variable region of the 16S rRNA gene from genomic DNA were - 16S V3, 16S V4-V6, 16S11F -

907R  and 16S 515F – 1512 R  (Chakravorty et al. 2007, Liu et al. 2014b, Tremblay et al. 

2015).After PCR, the DNA was electrophoresed in 1% Agarose gel for size comparison with a 

size marker ladder. 

For the next steps, 10μl - 20μl of the extracted DNA was sent to the University of 

Wisconsin- Madison Biotechnology Centre where library preparation and sequencing of the v3-

v4 region in 16S bacterial rRNA gene were performed using Illumina Next-Generation 

Sequencing (Jiang et al. 2013) . The sequences were retrieved electronically. Bio-informatics 

analyses were done using the software mothur (v1.36.1). This set of analyses uses SILVA 

database (Release Version 128) for sequence alignment and for taxonomy it uses Greengenes 

Reference Taxonomy (Version13_8_99) (Schloss 2009). Mothur processes the sequences 

through a couple of quality control measures. The sequences were screened to remove any 

sequence with ambiguous  bases anything longer than 464 bp. After which unique sequences 

were identified, removing the duplicates. Then the sequences were aligned as per SILVA 

database (Release Version 128). To run this step the start and end of the alignment was specified. 

After this the sequences were counted, filtered and pre-clustered (splitting the sequences by 

group and sort them by abundance and list from most to least abundant and identify sequences 

that are within 2 nt of each other). After this chimera.vsearch was performed that removes the 

chimeric sequences. Then finally the sequences were classified using Greengenes Reference 

Taxonomy (Version13_8_99) (Schloss 2009). 
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Nutrient and metal measurement in wetland sites:  

 

Water samples for nutrient analysis were collected during summer (between June – 

August) 2017) of wetland sites 1-6 in the Pike river watershed. The details of water sampling, 

storage and nutrient (nitrate and phosphate) concentration measurement in mg/L has been 

described in chapter 1.  

The concentrations of heavy metals (Ag, Hg, Pb, As, Ni, Zn and Cd) in the sediments 

were estimated using X-ray fluorescence (XRF).The measurement and calibration procedure has 

been described in chapter 1. The metals were detected in ppm. 

Data Analyses: 

Bacterial taxonomical diversity was calculated using Shannon and Simpson diversity 

indices for both phyla and genera in case of each sediment sample collected and sequenced using 

JMP® 14 (SAS 2019).   

Effect of Nutrients: Multifactor general linear models analysis of variance (SAS 2019) 

was used to examine the effects of pollutants as independent variables (concentrations of 

nutrients and metals) on bacterial indicators as dependent response variables (Shannon and 

Simpson diversity indices of phyla and genera).  The effect of measured nutrient concentrations 

on the bacterial indicators could only be tested for 2017, the one year when measured nutrient 

data were collected. Land use was assumed to not have changed significantly over the course of 

the study, and as such the ANOVA tests for the effect of predicted loadings from the surrounding 

land use on bacterial indicators (Shannon and Simpson diversity indices of phyla and genera) 

included year as an independent factor. 

Effect of Sediment Metals: ANOVA tests for the effect of predicted pollution loadings of 

individual metals (Cu, Pb, Zn and Cd) from the surrounding land use on bacterial indicators were 
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tested, where the dependent response variables were the bacterial indicators and the independent 

variables (effects) were predicted total nutrient (nitrate + nitrite and phosphate) loadings and 

year.  Factor analysis was conducted in a prior study (see Chapter 1) using the log transformed 

concentrations of the metals (Ag, Zn, As, Cd, Ni, Pb and Hg) measured from the wetland 

sediments using from JMP® 14 (SAS 2019).  ANOVA for the effects of metal pollution on 

bacterial indicators (Shannon and Simpson diversity indices of phyla and genera) was conducted 

using the metal factor component scores and year as the independent factors in the model.  In 

addition, forward stepping multiple regression was used to estimate a best fit model for the 

combined predictive linear relationships between concentrations of the highest loading metal 

pollutants from the factor analysis (Hg, Pb, Cd, As) and bacterial indicators.   

Examination of Effect Interactions:  Prediction profiles were used together with multi-

factor models in JMP® 14 (SAS 2019) to help examine how values of independent factors 

(either nutrients or metals) interact to influence bacterial indicators. Prediction profiles use the 

patterns of variation from ANOVA to visualize how response parameters change as the levels of 

individual factors are changed, helping to understand the interaction between the pollutants. For 

example, in a nutrient analysis, prediction profiler visualizes the changes in bacterial indicators  

(e.g. Shannon diversity) when the concentrations of nitrate and phosphate are increased or 

decreased (SAS 2019)  The effects of interactions between factors can be observed when he 

prediction traces shift their slope as the values of other terms are manipulated. 

Results: 

Relative abundance of bacterial community 

         The sequence alignment and taxonomical analysis were conducted using SILVA database 

Release Version 128 and Greengenes Reference Taxonomy Version 13_8_99.  Taxonomic 
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profiles were determined up to and including the lowest level of classification for each sediment 

sample from each wetland site. A total of 67,503 sequences were identified. The lowest number 

of sequences that was identified in a sample was 115, while the highest was 16,005. At the 

broadest level, 70 unique phyla were identified (Table 2.1A), while at the narrowest level, 924 

unique genera identified (Table 2.1B). Among the total number of sequences detected 

proteobacteria was the most abundant phylum (38.57%) (Table 2.1). These unique types of phyla 

and genera as identified were used to calculate the bacterial indicators (Shannon and Simpson 

diversity indices of phyla and genera) across all the wetland sample as described in Figure 2. 

Table 2.1: (A) Number of sequences and the percent of total for each detected phylum across 

all wetland sites, samples and 3 years of the study 

(B)Number of unique type of phyla and genera detected across all wetland sites, samples and 

3 years of the study 

 

(A) Phyla detected Number of 

 sequences for each 

phyla 

Percent of total 

Proteobacteria 26037 40.04 

Bacteroidetes 6472 9.95 

Chloroflexi 5173 7.96 

Firmicutes 4719 7.26 

Actinobacteria 4497 6.92 

Planctomycetes 3327 5.12 

Acidobacteria 2548 3.92 

Verrucomicrobia 2096 3.22 

OD1 1032 1.59 

Spirochaetes 996 1.53 

Chlorobi 781 1.20 

Gemmatimonadetes 612 0.94 

Armatimonadetes 568 0.87 

Chlamydiae 528 0.81 

Cyanobacteria 504 0.78 

Nitrospirae 447 0.69 

OP8 377 0.58 
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Elusimicrobia 360 0.55 

TM6 358 0.55 

TM7 344 0.53 

BRC1 336 0.52 

GN02 273 0.42 

Fibrobacteres 198 0.30 

OP3 191 0.29 

Chlamydiae 188 0.29 

OP11 177 0.27 

AC1 163 0.25 

WS6 155 0.24 

NKB19 141 0.22 

GN04 139 0.21 

Lentisphaerae 121 0.19 

WS3 95 0.15 

WS4 91 0.14 

SR1 80 0.12 

WS2 76 0.12 

LCP-89 68 0.10 

NC10 59 0.09 

Tenericutes 56 0.09 

KSB3 53 0.08 

Fusobacteria 48 0.07 

SC4 47 0.07 

TA06 44 0.07 

WS5 41 0.06 

ZB3 34 0.05 

OP1 31 0.05 

FCPU426 30 0.05 

Caldiserica 29 0.04 

Thermi 28 0.04 

Caldithrix 26 0.04 

LD1 21 0.03 

GAL15 21 0.03 

OC31 21 0.03 

Synergistetes 20 0.03 

GOUTA4 17 0.03 

WPS-2 17 0.03 

H-178 16 0.02 

Kazan-3B-28 15 0.02 
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WS1 11 0.02 

AD3 10 0.02 

MAT-CR-M4-B07 9 0.01 

TPD-58 9 0.01 

MVS-104 8 0.01 

Thermotogae 8 0.01 

OP9 7 0.01 

SBR1093 5 0.01 

Caldithrix 5 0.01 

FBP 4 0.01 

WWE1 1 0.00 

PAUC34f 1 0.00 

Poribacteria 1 0.00 

Total number of sequences of 

all phyla 

65021 100.00 

Type of unique Taxa 

identified as phyla or genera 

number 
  

phyla 70   

genera 924   
 

The most common phyla found from collected surface layer (10 cm from top) of wetland 

sediments are shown in Figures 2.1A-C. For summer 2015, the most common phyla included:  

Proteobacteria, Actinobacteria, Acidobacteria, Choloroflexi, Plancomycetes, Bacteroidetes 

(Figure 2.1A). For fall 2016, the most abundant phyla were Proteobacteria, Actinobacteria, 

Firmicutes, Chloroflexi, Acidobacteria, Bacteroidetes and Gemmatimonadates (Figure 2.1B). 

The most abundant phyla during summer 2017 included Proteobacteria, Choloroflexi, 

Bacteroidetes, Actinobacteria, Acidobacteria, Verrucomicrobia, Firmicutes, Chlorobi and 

Cyanobacteria (Figure 2.1C). 
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Figure 2.1A: The relative abundance of bacterial phyla identified in the collected wetland 

sediments during summer 2015 identified by 16S rRNA gene sequencing in wetland sites 1,3 and 

4. Insufficient DNA was isolated from wetland 2, 5 and 6 during 2015. Phyla with an abundance 

of less than 1% of the total sample were not included in this figure. 
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Figure 2.1B: The relative abundance of bacterial phyla identified in the collected wetland 

sediments during fall 2016 identified by 16S rRNA gene sequencing in wetland sites 1,2 and 5. 

Insufficient DNA was isolated from wetland 3, 4 and 6 during fall 2016. Phyla with an 

abundance of less than 1% were not included in this figure. 
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Figure 2.1C: The relative abundance of bacterial phyla identified in the collected wetland 

sediments during summer 2017 identified by 16S rRNA gene sequencing in wetland sites 1, 2, 4, 

5 and 6. Insufficient DNA was isolated from wetland 3 during summer 2017. Phyla with an 

abundance of less than 1% were not included in this figure. 
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The dominant genera detected are shown in Figures 2.2A-C.  During summer 2015, the most 

abundant genera were:  Bacillus, Pseudomonas, Streptococcus, Bdellovibrio, Flavobacterium, 

Clostridium, Treponema, Thiobacillus, Plancomycetes, Gemmata (Figure 2.2A). During fall 

2016, the most abundant genera were: Thiobacillu, Sphingomonas, Pseudomonas, Pelomonas, 

Herbaspirillium, Geobacter, Gaiella, Flavobacterium, Clostridium and Ralstonia (Figure 2.2B). 

During summer 2017, the most abundant genera were: Thiobacillus, Sphingomonas, SJA-88, 

Rhodobacter, Pseudomonas, Pelomonas, LCD-6, Hyphomicrobium, Crenothrix, Clostridium, 

Methylotene 
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Figure 2.2A: The relative abundance of bacterial genera identified in the collected wetland 

sediments during summer 2015 identified by 16S rRNA gene sequencing in wetland sites 1, 3, 

4.. Insufficient DNA was isolated from wetland 2,5 and 6 during summer 2015. Genera with an 

abundance of less than 1% were not included in this figure. 
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Figure 2.2B: The relative abundance of bacterial genera identified in the collected wetland 

sediments during fall 2016 identified by 16S rRNA gene sequencing in wetland sites 1, 2 and 5. 

Insufficient DNA was isolated from wetland 3,4 and 6 during fall 2016. Genera with an 

abundance of less than 1% were not included in this figure. 
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Figure 2.2C: The relative abundance of bacterial genera identified in the collected wetland 

sediments during summer 2017 identified by 16S rRNA gene sequencing in wetland sites 1, 2, 4, 

5 and 6. Genera with less than 1% of the relative abundance in the sediment samples were 

removed from this analysis. Insufficient DNA was isolated from wetland 3 during summer 2017. 

Genera with an abundance of less than 1% were not included in this figure. 
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Diversity of bacterial indicators across the wetland sites 

        The Shannon diversity index of phyla ranged between 0.64 to 2.69 and the Simpson 

diversity index of phyla ranged from 0.22 to 4.04 in all the wetland sites 1-6 during all the 

sampling times. The Shannon diversity index of genera ranged between 1.30 to 5.18 and the 

Simpson diversity index of genera ranged from 0.64 to 0.99 in all the wetland sites 1-6 during all 

the sampling times. 

Relationship between diversity indices and number of sequences: Potential bias in the 

diversity indices related to the number of 16S rRNA gene sequences retrieved from each of the 

wetland sites were shown. Results reveal slightly positive correlation between total number of 

sequences in the sample (x-axis) and both measures of diversity (y-axis) (Figure 2.3). The slope 

values for relationship between the total number of sequences and Shannon, Simpson diversity 

indices of phyla and genera was positive (Figure 2.3). 
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Figure 2.3: Scatterplot and line of fit for Shannon and Simpson diversity indices of phyla 

and genera identified by 16S rRNA gene sequencing in samples from wetland sites 1-6. 

Sequence numbers are shown as Log10 values. 
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Bacterial Indicator Responses to Pollution Stress 

Nutrient Effects on Bacterial Indicators: The effects of nutrient pollution on bacterial indicators 

were examined using multifactor general linear model analysis of variance. Nutrient loadings 

predicted from land cover types showed no significant effects on phyla Shannon Diversity (p = 

0.1522 for nitrate+nitrite, p = 0. 1397 for phosphate, p= 0.2102 for interaction) (Figure 2.4).  By 

contrast, predicted nutrient loadings were significantly related to phyla Simpson diversity for 

nitrate+nitrite (p=0.0219), phosphate (p=0.0150) and the interaction term (p=0.0526).  With 

increasing predicted nitrate + nitrite loadings there was a significant increase in the Simpson 

diversity index but with increasing phosphate loadings there was a significant decrease in the 

Simpson diversity index  (Figure 2.4).  

A similar pattern was observed for Genera Shannon Diversity and Shannon Simpsons 

Index (Figure 2.5). Nutrient loadings predicted from landcover exhibited significant effects on 

Simpson diversity (for nitrate+nitrite p = 0.0028, for phosphate p =  0.0043, and nutrient 

interaction p = 0.0028). With increasing nitrate+nitrite loadings  there was an increase in the 

Simpson diversity index, but with increasing phosphate loadings there was a decrease in the 

Simpson diversity index significantly (Figure 2.5).  There were no significant effect for Shannon 

Diversity (Figure 2.5, p-value for nitrate+nitrite = 0.2580, p-value for phosphate loading = 

0.2710, p-value of the nutrient interaction = 0.3997).   
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Figure 2.4: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as phyla level out of wetland sites 1-6 from predicted total Nitrate-

Nitrite and Phosphate loading (mg/m2/year). The blue-lined area in each profile represents the 

95% confidence prediction interval of the response variable. The profiler is set for nitrate + 

nitrite at 7.25 kg/ year, phosphate at 22.51 kg/ year in case of Shannon diversity, nitrate+ nitrite 

at 8.43 kg/ year, phosphate at 24.68 kg/ year in case of Simpson diversity . 
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Figure 2.5: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as genera out of wetland sites 1-6 from predicted total Nitrate-Nitrite 

and Phosphate loading (mg/m2/year). The blue-lined area in each profile represents the 95% 

confidence prediction interval of the response variable. The profiler is set for nitrate + nitrite at 

8.43 kg/ year, phosphate at 24.68 kg/ year in case of Shannon diversity, Simpson diversity.  
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The effects of measured nutrient concentrations  in the wetlands on bacterial diversity 

indices are shown in Figures 2.6 and 2.7.  Shannon Diversity for phyla decreased significantly in 

relation to phosphate concentrations (Figure 2.6, P<0.0001) but not significantly for nitrate 

(P=0.3649) or nutrient interaction ( The p = 0.0559) (Figure 2.6). Simpson diversity index of 

phyla was observed to be decreasing significantly with increasing nitrate (P<0.0001) and 

phosphate concentration (P=0.0006) with a strong interaction (p <0.0001) ( Figure 2.6). 

 For bacterial genera, Shannon diversity index of genera was significantly related to 

concentrations of phosphate (P=0.0266) but not for nitrate (P= 0.7033), or for nutrient interactions 

(p= 0.3604) (Figure 2.7). Simpson diversity index of genera was observed to decrease with 

increasing nitrate (P = 0.0215) with no effect of phosphate (P = 0.1673) but with a strong 

interaction (p = 0.0087) (Figure 2.7).  
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Figure 2.6: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as phyla out of wetland sites 1-6 from measured nitrate and phosphate 

concentration (mg/L) during summer 2017. The blue-lined area in each profile represents the 95% 

confidence prediction interval of the response variable. The profiler is set for median ambient 

conditions, with nitrate at 3.37mg/L, phosphate at 0.21 mg/L in case of Shannon diversity, 2.19 

nitrate at mg/L, phosphate at 0.27 mg/L in case of Simpson diversity. 
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Figure 2.7: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as genera out of wetland sites 1-6 from measured nitrate and 

phosphate concentration (mg/L) during summer 2017. The blue-lined area in each profile 

represents the 95% confidence prediction interval of the response variable. The profiler is set for 

nitrate at 2.72 mg/L, phosphate at 0.49 mg/L in case of Shannon diversity, 2.60 nitrate at mg/L, 

phosphate at 0.32 mg/L in case of Simpson diversity. 
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Metal Effects 

ANOVA tests for the effect of predicted loadings of individual (Cu, Pb, Zn and Cd) 

metals from the surrounding land use on bacterial indicators were tested, where the dependent 

response variables were the bacterial indicators (Shannon and Simpson diversity indices of phyla 

and genera) and the independent variables (effects) were predicted total metal loadings. 

Shannon diversity of phyla increased with increasing predicted loadings for Cu 

(P=0.0002), Pb (p=0.0045) and Cd (P=0.0045) loadings, the but decreased in relationship with 

Zn (P=0.0003). The effects of the metals did interact in a statistically significant manner (p 

=0.0179, (Figure 2.8). The Simpson diversity of phyla increased Cu (P <0.0001), Pb (P <0.0001) 

and Cd (P=0.0031) loadings, but decreases with Zn (P <0.0001), together with a significant 

interaction among metals (p=0.0209) (Figure 2.8).  

No significant effect on Shannon diversity of genera were detected for calculated 

loadings of Cu (P=0.6620), Pb (P=0.9003), Zn (P=0.5828) and Cd (P=0.2932) (Figure 2.9). 

Simpson diversity of genera increased in relation to loadings of Cu (P=0.0098), Pb (P=0.0018) 

and Cd (P=0.0520), the but decreased with Zn (P=0.0045) loadings. Statistical interaction among 

metal loadings was marginally significant (p = 0.0559, Figure 2.9).  
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Figure 2.8: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as phyla out of wetland sites 1-6 from predicted total metal (Cd, Cu, 

Zn and Pb) loadings kg/year. The blue-lined area in each profile represents the 95% confidence 

prediction interval of the response variable. The profiler is set for Cu at 1.04 kg/ year, Pb at 1.60 

kg/ year, Zn at 4.78 kg/year, Cd at 0.23 kg/year in case of Shannon diversity, Cu at 1.17 kg/ year, 

Pb at 1.82 kg/ year, Zn at 5.43 kg/year, Cd at 0.34 kg/year in case of Simpson diversity. 
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Figure 2.9: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as genera out of wetland sites 1-6 from predicted total metal (Cd, Cu, 

Zn and Pb) loadings (Kg/year). The blue-lined area in each profile represents the 95% 

confidence prediction interval of the response variable. The profiler is set for Cu at 1.17 kg/ year, 

Pb at 1.82 kg/ year, Zn at 5.43 kg/year, Cd at 0.34 kg/year in case of Shannon diversity, Simpson 

diversity. 
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The effects of measured metal concentrations measured in situ on bacterial diversity 

indicators were analyzed by ANOVA. Using metal principal component factor identified in a 

prior study (Chapter 1), metal component 1 (characterized as increased concentrations of As, Ag, 

Cd, Ni, Zn in ppm) had no significant effect on Shannon diversity index of phyla (P=0.2024), 

Simpson diversity index of phyla (P=0.1826) (Figure 2.10 and 2.11).   By contrast, an increase in 

of metal component 2 (interpreted as associated higher Pb and lower Hg concentration) was 

associated with increases in the Shannon diversity index of phyla (P<0.0001), the Simpson 

diversity index of phyla (P<0.0001) (Figure 2.11). The interaction effect of metal component 1 

and 2 has a significant effect on Shannon diversity index of phyla (P=0.0003) (Figure 2.10). 

Metal component 1 (interpreted as associated with increases in concentrations of As, Ag, 

Cd, Ni, Zn in ppm) did have a significant effect on Shannon diversity index of genera 

(P=0.0413), but not on the Simpson diversity index of genera (P=0.0945) (Figure 2.11). With 

increase in metal component 1, Shannon diversity index of genera decreased (Figure 2.11). 

Simpson diversity index of genera (p<.0001) increased in relation to the increase in metal 

component 2 (interpreted as associated higher Pb and lower Hg concentration), but not 

significantly related to the Shannon diversity index of genera (P=0.5952) (Figure 2.11). The 

statistical interactions among metal component 1 and 2 were also statistically significant on 

Simpson diversity (P<.0001) but not on Shannon diversity of genera (P=0.072). 

 

 

 



 89 

 

Figure 2.10: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified to the level of phyla from wetland sites 1-6 from three sampling times 

of fall 2016, summer 2015 and 2017 and metal component 1 and 2 (from principal component 

analysis). The blue-lined area in each profile represents the 95% prediction confidence interval 

of the response variable. The profiler is set to metal component 1 at 0.026 and metal component 

2 at 0.075 in case of Shannon diversity, metal component 1 at 1.38 and metal component 2 at 

0.18 in case of Simpson diversity. 
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Figure 2.11: Prediction profiles from ANOVA showing the effect on the Shannon and Simpson 

diversity indices identified as genera out of wetland sites 1-6 from three sampling dates of fall 

2016, summer 2015 and 2017 seasons and metal component 1 and 2. The blue-lined area in each 

profile represents the 95% prediction confidence interval of the response variable. The profiler is 

set to metal component 1 at 0.65 and metal component 2 is set to 0.18 in case of Shannon 

diversity, Simpson diversity. 
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           Forward stepping multiple regression was employed to assess the best-fit metal predictors 

of bacterial indicators. Pb, Hg, As and Zn concentrations were selected for multiple regression 

analysis due to their high loadings in the metal factor analysis (See Figure 1.9).  Shannon 

diversity index of phyla was associated positively with Hg and Pb (Table 2.2, R2 = 0.40) (Table 

2.2). The Shannon diversity index of bacterial genera was associated positively with Hg and As 

and negatively with Pb (R2 = 0.52, Table 2.2). The Simpson diversity index was associated 

positively Hg and Pb (R2 = 0.27, Table 2.2).  
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Table 2.2: Stepwise regression with the estimates of relationship between metals  

concentrations with the highest loadings from factor analysis (As, Zn, Hg, Pb)  

regressed against Shannon diversity index, Simpson diversity index and total  

number of identified phyla and genera in wetland sites 1-6., including p-values  

and total R2 for the regression. 

      

  As Zn Hg Pb R2 

(A) Phyla Shannon  

diversity index                                      -- 

—  3.22 

(P=0.00185) 

1395.34 

(P=0.00057) 
0.40 

(B) Phyla Simpson 

diversity index 

 — —  —  —  
— 

  As Zn Hg Pb R2 

(C) Genera Shannon 

diversity index 

5.53 

(P=0.00022) 

—  11.0024 

(P=0.00001) 

 -1845.24 

(P=0.0066) 
0.52 

(D) Genera Simpson 

diversity index 

--  --  0.36 

(P=0.01618) 

161.35 

(P=0.00595) 
0.27 
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Discussion: 

The objective of this study was to determine if variation in taxonomical diversity of 

sediment bacterial community assemblages identified by 16S rRNA measured from wetland 

sediments correlates with predicated loads of pollution-related stressors such as nutrients and 

metals entering into the wetlands from surrounding land uses and/or concentrations of nutrient or 

metal measured within the wetlands. If so, could sediment taxonomical diversity of the bacterial 

community assemblage serve as predictive bioindicators of pollution loadings into the wetlands? 

Analysis of data collected in this study from 6 wetlands across 3 years, demonstrates that 

bacterial community assemblages are impacted by and highly correlate with the  pollutant stress 

measured heavy metals such as Pb and Hg, and phosphate. 

 Measures of Community Composition: Results from this study are consistent with other 

published studies that applied 16Sr RNA to wetland sediments, which also found common phyla 

to be Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, Acidobateria, Chloroflexi, 

Gemmatimonadetes, Chlorobi, Cyanobacteria and Verrucomicrobia (Calheiros et al. 2010, 

Shange et al. 2013, Ligi et al. 2014, Zhang et al. 2016). Similarly our results are consistent with 

other published studies that revealed  common genera to be Bacillus, Pseudomonas, Clostridium, 

Thiobacillus, Plancomycetes and Rhodobacter in wetland soils or sediments (Wang et al. 2012, 

Ding et al. 2015, Zhang et al. 2017). 

           The Shannon and Simpson diversity indices have been used extensively for characterizing 

bacterial communities (Calheiros et al. 2010, Shange et al. 2013, Stoeva et al. 2014, Zhang et al. 

2016), and each provides somewhat different information in regard to community composition. 

For example, the Shannon Index is more sensitive to taxonomic richness,  resulting in identifying 

each unique OTU adding to the index value evenness (Hughes and Bohannan 2004). By 
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comparison, the Simpson Index is weighted towards the most abundant OTU of the sample 

(Begon et al. 1996) and is less sensitive to taxonomic richness (Hughes and Bohannan 2004), 

although both indices can vary by taxonomic level of hierarchy (Begon et al. 1996). Also, when 

using indices to characterize differences in community composition it is advisable to include 

multiple indices (Hughes and Bohannan 2004).  In this study, the wide range of variation of the 

indices for both phyla and genera across all the wetland sites demonstrated differences in 

bacterial community assemblages – a primary consideration when selecting good sub-metrics for 

indicators (Karr and Chu 1999).  In addition, the use of multiple indices also avoids the biasness 

specifically towards richness or abundance of the identified OTUs among the taxonomical 

profiles of the wetland sites.  

 With respect to the Shannon diversity index of phyla, it is important to recognize the 

relationship between number of sequences detected influences the diversity indices. In this study, 

the correlations between total number of sequences in the sample and Shannon diversity index 

and Simpson diversity index were significant for phyla, but not so for genera (Figure 2.3). The 

highest R2 value was 0.40, between total number of sequences in the sample (x-axis) and 

Shannon diversity index of phyla (y-axis). This suggests that the number of sequences found in 

the wetland samples affected the phyla diversity more than genera. But, generally, R2 value 

ranges from 0 to 1.0, (Sokal and Rohlf 1981) hence even the highest R2 between total number of 

sequences in the sample and Shannon diversity index of phyla as stated, was not high. So the 

effect between total number of sequences in the sample on phyla diversity was not very high. 

Generally, Shannon diversity indices ranges between 1.5 and 3.5, Simpson diversity indices 

ranges from 0 to 1(Magurran 2004). Shannon diversity index was on the lower range (Shannon 

diversity index of phyla between 0.15 to 3.0 and Shannon diversity index of genera between 1 to 
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5.5: Figure 2.3) was less compared to these standards, this was possibly driven by the fact that 

some of the wetland samples had low number of sequences due to poor DNA yield and this 

affected the Shannon diversity index overall compared to Simpson diversity index. Other studies 

have also shown that Shannon diversity index of phyla and genera in soil and wetland sediment 

have been reported to range between 3.57 and 5.38 (Faoro et al. 2010, Shange et al. 2013), which 

was also observed in these wetland samples in the higher range (Figure 2.3). Simpson diversity 

index of phyla and genera ranged from 0.002-0.037 in soils and wetland sediments in other 

literatures (Hill et al. 2003, Yu et al. 2014). The value detected in the wetland sites of this study 

was much higher compared to the literatures (Figure 2.3) . Proving the efficiency of Simpson 

diversity more (Figure 2.3) compared to Shannon while detecting wetland sediment bacterial 

diversity. 

Relationships with Nutrient Pollution: Soil microorganisms are one of the main drivers of 

nutrient cycling in ecosystems (Artursson et al. 2006, Morris and Blackwood 2015, Wang et al. 

2018) and are excellent candidates for indicator development (Groffman et al. 1996, Glibert et al. 

2004, Bodelier and Dedysh 2013). Fertilizers and pesticides from surrounding agricultural lands 

are rich in phosphate and nitrate, serving as a source of nutrients that may runoff into the wetland 

sites (Ward 2009, USEPA 2016).  

 This study detected an array of relationships between nutrients and sediment bacterial 

communities.  For example, Simpson diversity of phyla, and both Shannon and Simpson 

diversity of genera were positively associated with increasing nitrate+nitrite loadings predicted 

from land use (Figures 2.4 and 2.5).  By contrast, the Simpson diversity of phyla and genera 

were observed to decrease with increasing measured nitrate concentration (Figure 2.6 and 2.7). 

This discrepancy between the effects of  predicted total nitrate-nitrite and the measured nitrate 
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concentration on the bacterial composition is consistent with the literature, which suggests that 

responses of soil bacterial communities to nitrogen addition are highly variable among different 

ecosystems (Freedman et al. 2015, Cui et al. 2017, Nie et al. 2018, Wang et al. 2018). But as the 

measured nitrate concentration was performed in the filed in contrast to the predicted 

nitrate+nitrite loading that was based on other studies (see chapter 1), we could consider the 

effect on the bacterial indicators by measured concentrations of nitrate to be more precise and 

effective in the context of the study.  In this case, there are opposite relationships between 

community composition indices and the predicted loading models (nitrate+nitrite) and the 

measured concentrations (nitrate). The spatial-temporal sampling regime of this study did not 

allow for sorting out this relationship further, but it is likely that these relationships are affected 

by interplay with other pollutants such as phosphorus and thus we see reduction in bacterial 

diversity when the nutrients were measured. 

Phosphate loading predicted from land use had a significant negative association with 

Simpson diversity index for phyla and genera, but no measurable effect on Shannon diversity of 

phyla and genera (Figure 2.4 and 2.5).  Similarly, higher phosphate concentrations measured 

were associated with decreased Shannon diversity for phyla and genera, Simpson diversity of 

phyla (Figure 2.6 and 2.7).  Hence for data collected during summer 2017, both the measured 

phosphate concentration and predicted phosphate loading models showed a similar pattern where 

higher phosphorus was associate with less diverse bacterial community composition. 

The wetland sites are rich in agricultural and residential land uses. Both these land uses 

produce runoffs rich in nutrients such as phosphate and nitrate due to the presence of fertilizers 

and pesticides applied to agricultural lands, lawns and gardens .This suggests possible 

interactions between the loadings of nutrients (e.g. from fertilizers) and loadings of other 
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pollutants such as heavy metals (Hg and Pb as observed in chapter 1) associated with these 

pesticides causing less bacterial diversity. Other studies have also shown that phosphate can 

cause reduction in diversity and microbial biodiversity in soils or sediments is often associated with 

a complex interaction of multiple factors such presence of several other pollutants (Faoro et al. 

2010). 

Relationships with Metal Pollution:  Studies have shown substantial change can take 

place in microbial diversity in response to increasing metal concentrations (Sobolev and Begonia 

2008, Xie et al. 2016).  Heavy metals can result in the extinction of non-resistant microorganisms 

(Zhao et al. 2014a) as well.  Most heavy metals cause toxic effects to bacterial cells  (Gadd 1992, 

Trajanovska et al. 1997, Wan et al. 2016). Several studies have found bacterial communities at 

phyla and genera level to be correlated with higher levels of metal contamination (An et al. 

2018), and bacteria have been shown to be instrumental in the remediation of metal 

contamination (Knox et al. 2010). 

The loading of metals predicted from surrounding land use had significant effect on the 

Shannon and Simpson diversity indices of phyla and genera (Figure 2.8 and 2.9).  Shannon 

diversity index of phyla and Simpson diversity index of  genera were associated with higher 

loadings of Pb.  It was also observed that higher scores for metal component 2 (interpreted as 

increasing Pb and decreasing Hg as measured ) were associated with higher Shannon diversity 

index of phyla, Simpson index of phyla and genera (Figure 2.10 and 2.11). With Pb there was 

consistency of effect patterns between predicted loadings and the measured concentrations. But 

examination of metal component 2 also suggest that Hg concentrations are negatively associated 

the relationship of bacterial diversity with Shannon Index, Simpson Index of phyla and genera 

(Figure 2.10 and 2.11).  Studies indicate that metals are often unevenly distributed in the soil 

structure (Ranjard et al. 1997) and most heavy metals including Hg can cause toxic effects to 
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bacterial cells at low concentrations (Gadd 1992, Trajanovska et al. 1997). As such, the 

interaction terms of several factors such as pollutants and sediment characters like pH (Faoro et 

al. 2010) could be due in part to the variability of the responses of the bacterial indicators to the 

metals within the samples, which was the case of effect on metal component 2 on the bacterial 

indicators. 

The multiple regression analyses of bacterial response to Hg and Pb concentrations show 

a strong interactions between the two metals.  Multiple regression analysis showed that Pb 

concentration had a significant positive relationship with Shannon diversity index of phyla and 

Simpson diversity index of genera (Table 2.2). Also, Hg concentration had a significant positive 

estimated relationship with Shannon diversity index of phyla and genera, Simpson diversity 

index of genera (Table 2.2). Stepwise multiple regression provided a best-fit model where Pb and 

Hg concentration (ppm) also had mostly significant positive estimated relationship with Shannon 

diversity index of phyla and genera, Simpson diversity index of genera when analyzed 

concurrently with As and Zn (Table 2.2). Sometimes bacterial communities also can develop 

metal resistance when exposed to metals for a longer duration, which result in the positive 

relationship of the bacterial indicators with concentrations of metals such as Pb and Hg 

(Gummersheimer and Giblin 2003, Chen et al. 2011, Irawati et al. 2012, Zhang et al. 2012, 

Figueiredo et al. 2014, Jarosławiecka and Piotrowska-Seget 2014, Jebara et al. 2015, Kowalczyk 

et al. 2016, Naguib et al. 2019). The metal component analysis revealed the effect of interactions 

of metals like Pb and Hg on bacterial indicators while the regression analysis showed how the 

metals (Pb and Hg) affected the bacterial indicators when analyzed individually (but 

concurrently with metal like As and Zn).  
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Chapter 1 demonstrated how prediction profiles can provide a useful tool for visualizing 

the complexity of interactions among watershed pollutants such as nutrients and metals. 

This present chapter investigates and establishes that the variation in taxonomical diversity 

(Shannon and Simpson of phyla and genera) of sediment bacterial community assemblages 

identified by 16S rRNA gene measured from wetland sediments highly correlates with variation 

in predicted  pollution-related stressors(such as nutrients and metals) entering into the wetlands 

from surrounding land uses and/or measured concentrations and nutrient or metal pollutants 

measured within the wetlands. This chapter also establishes the fact that sediment taxonomical 

diversity of the bacterial community assemblage serve as predictive bioindicators of pollution 

loadings into the wetlands in particular to nutrients like phosphate and nitrate and heavy metals 

such as Pb and Hg.  

Research has shown how land cover change various land uses and its associated input of 

nutrients and metals pollutants  affects soil bacterial communities (Yu et al. 2012, Ding et al. 

2013, Szoboszlay et al. 2017, Wang et al. 2017). With the help of molecular tool like 16S rRNA 

gene sequences, bacterial communities can be characterized relatively quickly and in detail 

(Janda and Abbott 2007) and thus also can be used as predictors of pollutants. 

Conclusion: 

This present chapter investigated the potential for bacterial to serve as indicators for  risk 

assessment analysis from watershed pollutants in these constructed wetland ecosystems.  The 

bacterial indicators (Shannon and Simpson diversity indices of phyla and genera) have the 

potential to serve as an indicator to pollutant stress such as nutrients and metals. The previous 

chapter explored the similar potential for the ecotoxicological plant indicators Lepidium sativum, 

Sinapis alba and Sorghum saccharatum). The third and final chapter builds upon these field 
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results by investigating how these indicators work when exposed to continued stress over a 

period applied within a controlled experimental wetland microcosm, and examines whether these 

ecotoxicological plant and bacterial indicators are suitable candidate metrics to be included as 

part of a multimetric risk assessment index for wetland ecosystems.  

The third chapter of this dissertation seeks to identify the presence of specific “guilds” of 

bacterial taxa within the identified (by 16s rRNA) bacterial community that could possibly serve 

as more specific bioindicators of risk assessment.  A limitation of the current studies presented 

here is that taxonomic identification was conducted only up to genus level but not up to species 

level. However, the statistical patterns suggest that there is enough predictive signal to warrant 

further study. 

When it comes ecological risk assessment, approaches have been developed to assess 

ecological risk via triad approach (Dagnino et al. 2008) using an integrated index of chemical 

risk, ecotoxicological risk and ecological risk. The research presented in this current chapter 

estimated risk using a bacterial ecological indicator, whereas the chemical risk was assessed in 

Chapter 1 using Phytotox™ plant ecotoxicological bioindicators. In combination, the 

correlations and interactions among the ecotoxicological and bacterial bioindicators demonstrate 

that there is sufficient signal detection capacity for these indicators to be considered as metrics 

for indicator development. To address this issue, the next chapter will use experimental 

microcosms to calibrate these responses by manipulating nutrient and metal pollution and 

following indicator responses. 
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Chapter 3: Responses of biological indicators to pollutant loading in experimental wetland 

microcosms 

Introduction: 

Increasing urbanization in the United States has contributed to to higher runoff rates into 

surface waters, generating more pollutant loadings for nutrients and heavy metals carried in the  

in the stormwater runoff  (EPA 2003, Wang and Lyons 2003). This in turn has strong negative 

impacts affecting the ecological integrity of aquatic ecosystems (Foley et al. 2005) (Figure 3.1). 

Public awareness of the severe declines in water quality across the United States contributed the 

passing of the US Clean Water Act (CWA) in 1972, which established quality standards and 

anti-degradation plans to limit discharge of pollution into surface waters (Carey and Hochmuth 

2012, EPA 2012).   

The field of ecological risk assessment arose to meet the goals of Clean Water Act 

(Wilson and Carpenter 1999, Tallis et al. 2008, Munns et al. 2016) as a methodology for making 

decisions in the face of incomplete or imperfect information regarding compels risk factors 

(Suter 2006) such as pollutant stress propagating through environment (Figure 3.1) (Foley et al. 

2005). 

A triad approach (Dagnino et al. 2008) using an integrated multimetric index of chemical 

risk, ecotoxicological risk and ecological risk have been applied to assess ecological risk. For 

metrics of a multimetric index bioindicators from several trophic levels should be incorporated to 

detect signals from anthropogenic disturbances (Decker et al. 2017), to make the ecological risk 

assessment more robust. In this regard, Yoder and Rankin (Yoder and Rankin 1995) used the 

term “biological response signatures” to characterize the various ways that the individual metrics 

of multimetric indicators may respond to different kinds of environmental stressors.   
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Rather than establishing distinct cause-effect relationships between a pollutant and a response 

metric, the objective of this research area is to identify signals provided by responses within the 

complex noise of multiple interacting pollutants (Clapcott et al. 2012, 2014).  

Biomonitoring has been defined as the process of measuring and evaluating the 

conditions of a living system using bioindicators, so that a dynamic picture of environmental 

conditions can be portrayed (Karr and Chu 1999). In wetland, the goal is to identify bioindicators 

for pollutants like heavy metals and nutrients (Chapman 1995) that can be used for risks 

assessment to monitor for ecological changes in watersheds (Ke et al. 2015, Aylagas et al. 2017).  

To this end, ecotoxicological assays have been used extensively as bioindicators to assess the 

ecological status of aquatic sediments (Jensen 2011, Dellinger et al. 2014). The Phytotox™ 

assays Lepidium sativum, Sinapis alba and Sorghum saccharatum,  (Microbiotest Inc 2015) were 

chosen in this study to undf nutrients and metals loading from surrounding land uses 

(Czerniawska-Kusza et al. 2006, Czerniawska-Kusza, I., & Kusza 2010). Potential bacterial 

indicators including taxonomical diversity and community structure were identified in the 

previous chapters of this dissertation, and were included in this study.  

Over the years many studies have shown how changing land use along with associated 

pollutant input of pollutants affect soil bacterial communities (Yu et al. 2012, Ding et al. 2013, 

Szoboszlay et al. 2017, Wang et al. 2017). Interest in identifying indicator species from wetland 

bacterial communities in the natural environment is high (Nikinmaa 2014) because their role in 

maintaining ecosystem stability and resilience after contamination,  nutrient cycling efficiencies, 

and biodiversity sustainability (Torsvik and Ovreas 2002, Wohl et al. 2004).   

In this regard, microcosm-scale experimental wetlands are useful tools for the study of 

wetland ecosystems and have been widely used to examine the fate and transport of pollutants 
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(Zhang et al. 2016, Messer et al. 2017). Experimental microcosms allow controlled treatment 

manipulations that are not possible in natural systems (Ramond et al. 2012) and allows for the 

manipulation of pollutant types (e.g. nutrient and metals) and loading rates.  Numerous studies 

have demonstrated that sediment microbiology influences the reduction in the levels metals and 

nutrients in wetlands (Webb 1998, Vymazal 2007).  

This chapter used controlled microcosms consisting of sediments collected from wetlands  

across a gradient of land use types in an urbanizing watershed to characterize how bacterial and 

ecotoxicological bioindicators respond to various levels of pollution stress.  The questions asked 

include: 

1. Do the responses of sediment ecotoxicological bioindicators (Lepidium sativum, Sinapis 

alba and Sorghum saccharatum) and sediment bacterial indicators (Shannon and 

Simpson diversity indices of phyla and genera) correlate with manipulated changes in the 

concentration of nutrients (nitrate, phosphate) and metals (Cu, Pb) added to the water of 

experimental microcosms? 

2. Are there specific assemblages of identified bacterial taxa that can potentially serve as 

indicators of the induced pollution to the water of experimental microcosms and used as  

ex ante impact indicators for ecological risk assessment? 
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Figure 3.1: Risk propagation model for watershed-based aquatic ecological risk assessment. Root 

stressors act on a global, regional or local scale. Drivers of change create exposures to risk 

facors. Risk Probabilities are associated with exposures. Impact Endpoints reflect measures of 

system-related goods and services of value to society (Rüegg et al. 2018) modified from 

(Novotny et al. 2005). 
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Methods: 

Sediment samples were collected from four wetland sites in the Pike River watershed  

during summer 2017 for the microcosm study, two sites from sub-watersheds watersheds 

dominated by agricultural land use (Wetlands 1 and 2) and two sites from sub-watersheds 

draining lands dominated by commercial & industrial land uses (See Chapter 1, Figure 1.2 and 

1.3). An Ekman dredge grab sampler (15 x 15 x 25 cm) was used to collect six samples per site 

and at two separate zones (three samples from each zone) of each wetland site. The samples were 

homogenized by zone, yielding two samples per wetland site. The sediment samples were 

collected and stored in 4.73-liter plastic containers, transported to the laboratory and stored in a 

cold room at 0-20 C. 

Microcosms were constructed from  4.73-liter plastic containers (22 cm diameter and 18 

cm height). Sediments were placed into the microcosms to a level of 5 cm from the bottom of the 

microcosm with the water added to a level rising 10 cm from the bottom (Busnardo et al. 1992, 

Ahn et al. 2007). The volumes of the added sediments (sample and control) in the microcosms 

were approximately 1900 cm3, with the total volume (water and sediment) approximately 3800 

cm3. Microcosms were placed in a controlled growth chamber with a temperature between 250C 

and 300C. 

Two different series of microcosm experiments were conducted (Figure 3.2), one 

examining effects of metal pollutants (Figure 3.2: Metal Treatments) and the other examining  

effects of nutrient pollutants (Figure 3.2: Nutrient Treatments). Both treatment types followed 

similar designs, with nutrients or metals added on day 0, followed by sequential 7-day cycles 

between water changes where pollutants were re-entered into the system by changing the water 

in the microcosms.   
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Figure 3.2:  Experimental design and sampling schema for wetland sediments microcosm 

experiments that manipulated loadings of pollutant metals (metal treatments) and pollutant 

nutrients (nutrient treatments). Experiments in the Metal Treatments ran for 15 days with 2 

seven-day cycles.  Experiments in the Nutrient Treatments ran for 30 days with 4 seven-day 

cycles. 

 

  



 122 

 

Table 3.1: Metal and nutrient microcosm experiment design with sediment treatment type 

for each wetland (1,2, 5 and 6) in native and autoclaved sediments. Experiments were 

conducted for 15 days utilizing  sediments collected from wetlands 1, 2, 5, and 6. 

 
 

(A) Metal microcosm  

  Sediment Treatment Type    

   Native sediment Autoclaved sediment 
Metal Added to 

Water 

Control low  

concentration  

high  

concentration  

low 

concentration  

high 

concentration  

Cu as CuSO4 

Pb as PbNO3 

0 mg/L 

0 mg/L 

0.05 mg/L 

0.1 mg/L 

0.15 mg/L 

0.3 mg/L 

0.05 mg/L 

0.1 mg/L 

0.15 mg/L: 

0.3 mg/L 

(B) Nutrient  microcosm 

  Sediment Treatment Type    

   Native sediment Autoclaved sediment 
Nutrient Added 

to Water 

Control low  

concentration  

high  

concentration  

low 

concentration  

high 

concentration  

Nitrate as 

KNO3 

Phosphate as 

Na2HPO4 
 

0 mg/L 

 

0 mg/L 

5.0 mg/L 

 

1.0  mg/L 

15.0 mg/L 

 

3.0 mg/L 

5.0 mg/L 

 

1.0  mg/L 

15.0 mg/L:  

 

3.0  mg/L 
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Metal microcosm treatments:  

In the metal microcosm treatments, metals in the form of lead (PbNO3) and Copper 

(CuSO4) were dissolved in RO water to produce the desired concentrations (Table 3.1) and 

poured over the sediments  (Owens et al. 1989, Busnardo et al. 1992, Sinicorpe et al. 1992, Gikas 

et al. 2013, Elder 2016). The compounds and the concentrations of Pb and Cu selected were 

adapted from the published literature (Busnardo et al. 1992, Sinicorpe et al. 1992, Ahn et al. 

2007, Behrends 2007, Messer et al. 2017) 

There were two levels of treatments: low-levels (Pb and Cu applied at 0.05 and 0.1 mg/L) 

respectively) and high-levels (Pb and Cu applied at 0.15 and 0.3 mg/L) respectively) in 

combination with controls without any added metals (Table 3.1). For each wetland site in this 

experiment, one control consisted of no metals added in the microcosm containing native 

sediment from the wetland.  A second control consisted of no metals added to wetland sediments 

that had been autoclaved for sterilization at 1210C for 30 minutes  and at 15 psi (Table 3.1). This 

procedure was repeated for sediments from each of the 4 wetland sites (1, 2, 5 and 6) from 

watersheds with different land uses. 

In week 1, at day 0 the metals (Pb and Cu) were added as per the treatments in low or 

high concentration or none for the control (Figure 3.2, Table 3.1). Following the addition of 

pollutants at day 0, measurements were taken for Pb and Cu concentration in water and water 

quality characters (pH, temperature, dissolved oxygen, specific conductance, and turbidity) were 

taken. On days 1, 4, 7, 8, 11 and 15 for Pb and Cu concentration in water and water quality 

characters were measured as well. At day 7 in the microcosm water was decanted down to the 

level of the sediment layer and replaced with water containing the same initial treatment 

concentrations of the pollutants (WC in Figure 3.2, Table 3.1). The retention time of 7 days was 
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selected based on the commonly recommended design for retention time of water in artificial 

wetlands (marshes and ponds) wastewater treatment systems as 4-12 days suggested by EPA 

(EPA 1985) . 

Sediment samples were collected from the microcosms (control and experimental) on 

days 0, 7 and 15 (end of cycles 1 and  2), to identify the response of the predictive 

ecotoxicological indicators of the induced pollutant (metal) loadings (Figure 3.2). In addition, 

sediment samples collected on day 0 and 15 were used to identify the response of the bacterial 

DNA indicators (bacterial community structure and diversity of phyla and genera) to the induced 

pollutant (metal) loadings (Figure 3.2). 

Within the metal microcosm treatments, concentrations of Pb and Cu in water (WM in 

Figure 3.2) were measured using ICP-MS (Inductively coupled plasma mass spectrophotometry) 

technology. Analysis was conducted in laboratories at the UW-Milwaukee School of Freshwater 

Sciences utilizing a Thermo Scientific Element 2 High Resolution Sector field ICP-MS 

following methods of Krachler et al.  (Krachler et al. 2016).   

Concentrations of metals in the sediments of each microcosm (SM in Figure 3.2) were 

analyzed using XRF following the detailed methods presented in chapter 1 of this dissertation 

(Baranowski et al. 2002, Zięba-Palus, J., Kunicki 2006, EPA 2007, Kenna et al. 2011, Díaz Rizo 

et al. 2014, DiScenza and Keimowitz 2014, Bruker 2017). Water quality parameters (WQ in 

Figure 3.2, including pH, temperature, dissolved oxygen, specific conductance, and turbidity) 

were measured using YSI 6600EDS™  multi parameter sondes (YSI 2020) .  

Sediment ecotoxicological bioindicators were assessed using PhytotoxkitTM (Microbiotest 

Inc 2015) standard operational procedures following the methods details in chapter 1 of this 
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dissertation (Ghosh Roy 2020).  The indicator plants included - Sorghum saccharatum, Lepidium 

sativum and Sinapis alba.  

Bacterial DNA was extracted using DNATM spin kit for soil (Li et al. 2011, Burbach et al. 

2016, MP Biomedicals 2017) following the standard protocol provided from the instruction 

manual. The detailed methods is explained in chapter 2 of this dissertation  (Ghosh Roy 2020). 

Nutrient microcosms:  

In the nutrient microcosm treatments, nutrients in the form of phosphate (Na2HPO4) and 

nitrate (KNO3) were dissolved in RO water to produce the desired concentrations (Table 3.1) and 

poured over the sediments  (Busnardo et al. 1992, Sinicorpe et al. 1992, Ahn et al. 2007, 

Behrends 2007, Messer et al. 2017).  There were two levels of treatments: low-levels (nitrate was 

applied at 5 mg/L and for phosphate at 1 mg/L) and high-levels (nitrate was applied at 15 mg/L 

and for phosphate at 3 mg/L) in combination with controls without any added nutrients (Table 

3.1).   For each wetland site in this experiment, one control consisted of  no nutrients added in 

the microcosm containing native sediment from the wetland.  A second control consisted of n 

nutrients added to wetland sediments that had been autoclaved for sterilization at 1210C for 30 

minutes  and at 15 psi (Table 3.1). 

Following the addition of nutrients (day 0), measurements were taken in the microcosms 

for nitrate and phosphate concentration in water and water quality characters, which were then 

repeated on days 1, 4, 7, 8, 11,15,16, 22, 23 and 30.  Experimental water treatments for each 

microcosm were recharged each week (days 7, 15 and 22), by decanting water down to the level 

of the sediment layer and replacing with water containing the initial treatment concentrations of 

the pollutants (Table 3.1). The retention time of 7 days was selected based on the commonly 
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recommended design for retention time of water in artificial wetlands (marshes and ponds) 

wastewater treatment systems as 4-12 days suggested by EPA (EPA 1985). 

At day 0, day 15 and day 30 (end of cycle 4), sediment samples were collected from the 

microcosms (control and experimental) to identify the response of the predictive indicators (eco-

toxicological) to the induced pollutant (nutrient) loadings using the same methods as described 

above for the metal microcosms. At day 0 and day 30 (end of cycle 4), sediment samples were 

collected from the microcosms (control and experimental) to identify the response of the 

predictive indicators (bacterial community structure and diversity of phyla and genera) to the 

induced pollutant (nutrient) loadings using the same methods as described above for the metal 

microcosms. 

Nitrate and phosphate were analyzed with HACH DR 2800TM spectrophotometer using 

powder pillow test kit – Cadmium reduction method for nitrate (in mg/L) and powder pillow test 

kit –Ascorbic acid method for phosphate (in mg/L) as described in details in chapter 1. 

Sediment ecotoxicological bioindicators were assessed using PhytotoxkitTM (Microbiotest 

Inc 2015) as described in the previous section of metal microcosm and chapter 1 of this 

dissertation. Bacterial DNA was extracted using DNATM spin kit for soil (Li et al. 2011, Burbach 

et al. 2016, MP Biomedicals 2017) as described in the previous section of metal microcosm and 

chapter 2 of this dissertation. 

Distributional properties were examined for all data collected from the microcosm 

experiments. When appropriate, concentrations and count data were log10 transformed and 

proportional data were arcsin transformed to address deviations from normality (Sokal and Rohlf 

1981) prior to analysis. All statistical analyses were conducted using JMP™ Software Version 

14.0 (SAS Institute 2020) 
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Data Analyses  

The effect of time in each experiment as examined by comparing between measurements 

taken at the start, middle and end of each treatment using multifactor Analysis of Variance 

(ANOVA).  Specific contrasts were made for changes in pollutant concentrations (metals or 

nutrients) among treatment levels and experimental timeline for water nutrients (WN), water 

metals (WM) and sediment metals (SM) (Figure 3.2) . Metal and nutrient concentrations were 

entered as dependent response variables with treatment level and experimental timeline as 

independent variables. 

The effects of treatment level and experimental timeline on ecotoxicological 

bioindicators (growth inhibitions of Sorghum saccharatum, Lepidium sativum and Sinapis alba) 

and bacterial indicators (Shannon and Simpson diversity indices of phyla and genera) were 

examined using  multifactor analysis of variance (ANOVA), The indicator variables were 

entered as dependent response variables with treatment level and experimental timeline as 

independent variables. An additional analysis was conducted to examine the effect of 

autoclaving on sediments on the ecotoxicological and bacterial community indicators. 

Forward stepping multiple regression was used to determine best fit models for the 

predictive linear relationships between concentrations of pollutants entered into the microcosms 

(metals or nutrients) and the measured ecotoxicological bioindicators (growth inhibitions of 

Sorghum saccharatum, Lepidium sativum and Sinapis alba) and bacterial community indicators 

(Shannon and Simpson diversity indices of phyla and genera). 

 Taxonomical profile of the sediment bacterial communities determined from sequencing 

of the 16S bacterial rRNA (v3-v4 region), identifying to the phylum and genus levels (Figure 

3.2). Hierarchical cluster analysis was performed with all these identified communities in each 
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wetland site of each type of microcosm (metal and nutrient).  Based upon visual examination of 

changes in clusters over the course of the experiments relative to their response to the pollutants 

added to the metal and nutrient microcosm treatments, bacterial genera were identified and 

categorized into specific categories based on tolerance level with in relation to added metal and 

nutrient to the microcosms .   

Specific predictions 

1. There will be reduction pollutant (Pb, Cu, nitrate and phosphate) in the water of metal and 

nutrient microcosms from beginning to the end of the experiments of microcosms. 

2. There will be reduction in the growth inhibition responses of Lepidium sativum, Sinapis alba 

and Sorghum saccharatum (ecotoxicological bioindicators) grown in the sediments of the  

metal and nutrient microcosms from beginning to the end of the experiment in metal and 

nutrient microcosms as the pollutants (Pb, Cu, nitrate and phosphate) are also reduced. 

3. There will be increase in the bacterial indicators (Shannon and Simpson diversity indices of 

phyla and genera) from beginning to the end of the experiment metal and nutrient 

microcosms as the pollutants (Pb, Cu, nitrate and phosphate) are also reduced. 

4. With the increase in the detected sediment metal concentration (in ppm) from beginning to 

the end the growth inhibition responses of Lepidium sativum, Sinapis alba and Sorghum 

saccharatum (ecotoxicological bioindicators) will increase and bacterial indicators (Shannon 

and Simpson diversity indices of phyla and genera) will decrease in the metal microcosm 

experiment. 

5. The bacterial indicators (Shannon and Simpson diversity indices of phyla and genera) and 

the pollutant concentration in mg/L (Pb, Cu, nitrate and phosphate) will be lower in the 

autoclaved sediments of the metal and nutrient microcosms but the growth inhibition 



 129 

responses of the ecotoxicological bioindicators (Lepidium sativum, Sinapis alba and 

Sorghum saccharatum) will be higher. 

6. There will be specific bacterial genera present in the sediments of the metal and nutrient 

microcosms which will be predictive indicators to the added pollutants (Pb, Cu, Nitrate and 

Phosphate) added in mg/L to the water of metal and nutrient microcosms. 

Results: 

Time and Treatment Effects on Metals and Nutrients  

 

 The distributions of measured concentrations of metals in the water and sediments, and 

nutrients in water are shown Appendix 3.7 and 3.8.  Concentrations of Pb and Cu decreased from 

start to the end of the metal microcosm experiment, both in high and low level of treatment 

(Figure 3.1).  Multifactor analysis of variance (ANOVA) indicated. The experimental timeline 

effect for the reduction of Pb concentration was significant (P<.0001) but not for Cu (P= 0.3186) 

(Figure 3.1).  The effect of treatment level was not significant for both Pb (P=0.6082) or Cu 

(P=0.5145).  

 

Concentration of nitrate and phosphate decreased from start to the end of the nutrient 

microcosm experiments, both in high and low level of treatment (Figure 3.3). Multifactor 

analysis of variance (ANOVA) indicated that the experimental timeline effect or the reduction of 

nutrient concentration from start end was statistically significant for nitrate (P = 0.0036) and 

phosphate (P<.0001) (Figure 3.3). The effect of treatment level was not statistically significant 

for nitrate (P=0.9455) or phosphate (P=0.0890) (Figure 3.3).  
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Figure 3.3: The concentration of Pb, Cu in mg/L in metal microcosm and nitrate and phosphate 

in mg/L in nutrient microcosm experiment during the start, middle and end of the microcosm 

experiment. This test included a native(control) treatment where no metals or nutrients were 

added in water to the sediment followed by low and high concentration treatments where the 

metals (Pb and Cu) and nutrients (nitrate and phosphate) were added in low and high 

concentration respectively in the water of the microcosm to the native sediment. Bars show mean 

± 1 SE. Multifactor ANOVA tables are located in Appendix 3.1. 
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In the Metals microcosms, the concentration of As decreased but Pb increased in the 

sediments from start to the end of the metal microcosm experiment (Figure 3.4).  None of the 

other metals (Ag, Cd, Fe, Hg, Ni, Rb, Zn) showed any significant changes (Figure 3.4). 

Multifactor analysis of variance (ANOVA) showed that neither the effect of treatment level or 

experimental timeline was statistically significant on any of the detected metals.  The 

experimental timeline effect was only significant for As (P=0.0223) (Figure 3.4). 
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Figure 3.4: The concentration (in ppm) of detected sediment metals in metal microcosm during 

the start, middle and end of the microcosm experiments. This test included a native(control) 

treatment where no metal or nutrient were added in water to the sediment followed by low and 

high concentration treatments where the metals (Pb and Cu) and nutrients (nitrate and phosphate) 

were added in low and high concentration respectively in the water of the microcosm to the native 

sediment.  Bars show mean ± 1 SE. Multifactor ANOVA tables are located in Appendix 3.1. 
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Time and Treatment Effects on ecotoxicological Indicators  

In metal microcosms, root inhibition of Lepidium sativum ranged from -0.41 (facilitation) 

to +0.62 (inhibition).  Sinapis alba ranged from – 0.39 (facilitation) to +0.65 (inhibition). In 

Sorghum saccharatum, the root inhibition ranged from -0.35 (facilitation) to +0.56. The stem 

inhibition of Lepidium sativum ranged from -0.26 (facilitation) to +0.51, in Sinapis alba ranged 

from –0.44 (facilitation) to +0.61. In Sorghum saccharatum, the root inhibition ranged from -

0.65 (facilitation) to +0.91. In nutrient microcosm, the root inhibition of Lepidium sativum 

ranged from -1.1 (facilitation) to +0.61, in Sinapis alba ranged from – 1.22 (facilitation) to 

+0.60. In Sorghum saccharatum, the root inhibition ranged from -0.49 (facilitation) to +0.56. 

The stem inhibition of Lepidium sativum ranged from -0.60 (facilitation) to +0.43, in Sinapis 

alba ranged from –0.49 (facilitation) to +0.51. In Sorghum saccharatum, the root inhibition 

ranged from -1.2 (facilitation) to +0.68. 

The root inhibition of ecotoxicological indicators from microcosms across all wetland 

sediments were lower both in low and high treatment for the metals microcosms at the end of the 

experiment (day 15) compared to the day 0 or start (Figure 3.5). In the native (control) sediment, 

there was a clear trend of increase in the root inhibition of Lepidium sativum and Sinapis alba 

but decreased in Sorghum saccharatum from start to the end of the experiment compared to the 

treatment microcosms (Figure 3.5).  Multifactor analysis of variance (ANOVA) showed that the 

effect of experimental timeline was statistically significant only on root growth inhibition of 

Sorghum saccharatum (P=0.0153). The effect of treatment level (high and low) was statistically 

significant only on root growth inhibition of Sinapis alba (P= 0.0487) (Figure 3.5).   

Stem inhibition of Lepidium sativum and Sorghum saccharatum from microcosms of 

wetland sediments were mostly lower in low and high treatments for the metals microcosms 

treatments by the end of the experiment (day 15) compared to the start (day 0). Although the 
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stem inhibitions of Sinapis alba was highly variable and inhibition was increased from start to 

the end of the experiment in both high and low treatment level (Figure 3.5). In the native(control) 

sediment, there was a clear trend of decrease in the stem inhibition of Lepidium sativum and 

Sorghum saccharatum but increased in Sinapis alba from start to the end of the experiment 

compared to the treatment microcosms (Figure 3.5).  However, multifactor analysis of variance 

(ANOVA) showed that the effect of experimental timeline and treatment level (high and low) on 

the stem growth inhibition of ecotoxicological indicators were not statistically significant (Figure 

3.5). 

In Sinapis alba, the root inhibition from microcosms of wetland sediments were 

increased at high treatment (of nitrate and phosphate applied in water in mg/L) at the end of the 

experiment (day 30) compared to the start or day 0 but were decreased in the lower treatment 

level (of nitrate and phosphate applied in water) at the end of the experiment (day 30) compared 

to the start or day 0. The root growth inhibition of Sorghum saccharatum from microcosms of 

wetland sites 1, 2, 5 and 6 sediments decreased in low and high treatments (of nitrate and 

phosphate applied in water of the microcosms at the end of the experiment (day 30) compared to 

the day 0 or start. (Figure 3.5). 

The stem growth inhibition of Sorghum saccharatum from microcosms of wetland sites 

1, 2, 5 and 6 sediments highly varied in high and low treatments (of nitrate and phosphate 

applied in water) of the microcosms at the end of the experiment (day 30) compared with the day 

0 or start (Figure 3.5). The variation trend of Lepidium sativum root and stem inhibition and 

Sinapis alba stem inhibition from day 0 or start to the end of the experiment (day 30) was not  

clear (Figure 3.5). The multifactor analysis of variance (ANOVA) examined the effects of 

treatment level and experimental timeline (independent variable) to the root inhibitions 
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(dependent variable) tested during experiment. The effect of experimental timeline and treatment 

level on the stem and root growth inhibition of the ecotoxicological indicators was not 

statistically significant (Figure 3.5). 
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Figure 3.5: The root and stem growth inhibition of Lepidium sativum, Sinapis alba and Sorghum 

saccharatum during the start, middle and end of the metal and nutrient microcosm experiments. 

This test included a native treatment where no metal or nutrient were added in water to the 

sediment followed by low and high concentration treatments where the metals (Pb and Cu) and 

nutrients (nitrate and phosphate) were added in low and high concentration respectively in the 

water of the microcosm to the native (control) sediment. Bars show mean ± 1 SE. Multifactor 

ANOVA tables are located in Appendix 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time and Treatment Effects on Bacterial Indicators  
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The sequence alignment and taxonomical analysis were conducted using SILVA database 

Release Version 128 and Greengenes Reference Taxonomy Version 13_8_99.  Taxonomic 

profiles were determined up to and including the lowest level of classification for each sediment 

sample from each wetland site. A total of 175207 sequences were identified. At the broadest 

level, 70 unique phyla were identified (Table 3.2 A), while at the narrowest level 32,848 unique 

genera identified (Table 3.2 B). Among the total number of sequences detected proteobacteria 

was the most abundant phylum (26.23%) (Table 3.2). These unique types of phyla and genera as 

identified were used to calculate the bacterial indicators (Shannon and Simpson diversity indices 

of phyla and genera) across both nutrient and metal microcosms (Figure 3.6). 
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Table 3.2: (A) Number of sequences and the percent of total for each detected phylum in nutrient 

and metal microcosms.  (B) Number of unique type of phyla and genera detected in nutrient and 

metal microcosms  

 
(A) Phyla  

detected 

Number of 

sequences for each 

phyla 

Percent of total 

Proteobacteria 51598 29.45% 

Bacteroidetes 23252 13.27% 

Chloroflexi 16236 9.27% 

Planctomycetes 10013 5.71% 

OD1 9477 5.41% 

Firmicutes 7513 4.29% 

Acidobacteria 7323 4.18% 

Verrucomicrobia 6934 3.96% 

Actinobacteria 5417 3.09% 

Chlorobi 3561 2.03% 

Spirochaetes 3428 1.96% 

Armatimonadetes 2702 1.54% 

Elusimicrobia 2148 1.23% 

Cyanobacteria 2099 1.20% 

GN02 2090 1.19% 

Gemmatimonadetes 1654 0.94% 

BRC1 1296 0.74% 

Nitrospirae 1288 0.74% 

Chlamydiae 1253 0.72% 

TM7 1232 0.70% 

OP11 1173 0.67% 

TM6 1127 0.64% 

OP8 1111 0.63% 

Lentisphaerae 1048 0.60% 

WS6 958 0.55% 

OP3 939 0.54% 

GN04 749 0.43% 

NKB19 737 0.42% 

AC1 635 0.36% 

Fibrobacteres 529 0.30% 

SR1 502 0.29% 

WS2 454 0.26% 

WS4 352 0.20% 
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LCP-89 346 0.20% 

SC4 343 0.20% 

WS5 340 0.19% 

WS3 290 0.17% 

KSB3 286 0.16% 

TA06 249 0.14% 

ZB3 223 0.13% 

OP1 180 0.10% 

Synergistetes 177 0.10% 

Caldithrix 173 0.10% 

GOUTA4 129 0.07% 

LD1 126 0.07% 

OC31 125 0.07% 

Tenericutes 118 0.07% 

Caldiserica 116 0.07% 

FCPU426 111 0.06% 

Fusobacteria 106 0.06% 

WPS-2 100 0.06% 

MVS-104 99 0.06% 

NC10 92 0.05% 

H-178 85 0.05% 

Kazan-3B-28 85 0.05% 

TPD-58 84 0.05% 

Caldithrix 83 0.05% 

Euryarchaeota 53 0.03% 

Thermi 45 0.03% 

FBP 43 0.02% 

Thermotogae 37 0.02% 

GAL15 34 0.02% 

Parvarchaeota 30 0.02% 

WS1 26 0.01% 

MAT-CR-M4-B07 12 0.01% 

WWE1 11 0.01% 

Crenarchaeota 10 0.01% 

OP9 9 0.01% 

Poribacteria 2 0.00% 

Hyd24-12 1 0.00% 

Total Number of sequences 175207 100.00% 
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(B) Type of unique phyla and 

genera  identified 

number 

  

Phyla 70 
  

Genera 32848   

 

Experimental Timeline and Treatment Effects – Metals Microcosms 

The phyla Shannon diversity index in metal microcosm, ranged from 1.51 to 5.42, the 

genera Shannon diversity index ranged from 3.9 to 5.04. The phyla Simpson diversity index 

ranged from 2.98 to 9.78, the genera Simpson diversity Index ranged from 10.77 to 87.35.  

In nutrient microcosm, the phyla Shannon diversity Index ranged from 1.9 to 2.88, the genera 

Shannon diversity index ranged from 4.63 to 5.04. The phyla Simpson diversity index ranged 

from 3.63 to 9.78. The genera Simpson diversity Index ranged from 52.95 to 87.35. 

The bacterial phyla and genera Shannon, Simpson diversity indices of the sediments from 

the metal microcosms decreased over time from the start to the end for both low and high 

treatments compared to controls (Figure 3.6). Multifactor analysis of variance (ANOVA) showed 

that the effect of experimental timeline was statistically significant on the Simpson diversity 

indices of phyla (P=0.0045) and genera (P=0.0314).  

Experimental Timeline and Treatment Effects – Nutrient  Microcosms 

 

The bacterial phyla and genera Shannon, Simpson diversity indices of the sediments from 

nutrient microcosms treatments decreased across the time course of the experiment (Figure 3.6). 

Multifactor analysis of variance (ANOVA) detected that timeline was statistically significant on 

the Shannon (P=0.0104), Simpson (P=0.0004) diversity indices of phyla and Shannon 

(P=0.0013), Simpson (P=0.0418) diversity indices of genera, compared to controls. (Figure 3.6). 

However, there was no significant difference between high and low treatment levels (Figure 3.6).  
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Figure 3.6: The Shannon and Simpson diversity indices of phyla and genera during the start and 

end of the metal and nutrient microcosm experiment. This test included a native(control) treatment 

where no metals or nutrients were added in water to the sediment followed by low and high 

concentration treatments where the metals (Pb and Cu) and nutrients (nitrate and phosphate) were 

added in low and high concentration respectively in the water of the microcosm to the native 

sediment. Bars show mean ± 1 SE. Multifactor ANOVA results are presented in Appendix 3.3. 
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Effects of Metal and Nutrient Pollutants on ecotoxicological and bacterial Indicators  

 

Water Metals 

 

Forward-stepping Multiple regression analyses were used to examine the predictive 

relationships between indicators and metal pollutant levels measured in the water.  Best-fit 

Models are presented in Table 3.3. There were no significant effects of  Pb and Cu 

concentrations measured in the water on the root and stem growth inhibition of ecotoxicological  

indicators in metal microcosm treatments with the exception increasing concentration of Pb 

having a positive impact on the root growth inhibition of Sorghum saccharatum (Figure 3.7, 

Table 3.3).  

For bacterial indicators, the effect of increasing Cu concentration in the water of metal 

microcosms significantly decreased the Shannon, Simpson diversity indices of phyla and genera 

(Figure 3.8 and Table 3.3). With increasing Pb concentration there was significant increase in the 

Simpson diversity indices of phyla and Shannon diversity indices of genera, Simpson diversity 

indices of genera (Figure 3.8, Table 3.3). 
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Table 3.3: Multiple regression model with estimate (slope), combined R2 and P value 

(significance) of relationship between root and stem growth inhibition of Lepidium sativum, 

Sinapis alba and Sorghum saccharatum, Shannon and Simpson diversity indices of phyla and 

genera and the concentration of Pb and Cu added (mg/L) in the water of metal microcosm. 

 

 

 
  root inhibition 

Lepidium 

root inhibition Sinapis root inhibition Sorghum 

Parameter Estimate P  

value 

R2 Estimate P  

value 

R2 Estimate P  

value 

R2 

Concentration of  

Nitrate (mg/L) in  

water 

0 NS 

0.00 

0 NS 

0.00 

0.082 0.0434 

0.06 
Concentration of  

Phosphate 

(mg/L) in water 

0 NS 0 NS 0 NS 

  stem inhibition 

Lepidium 

stem inhibition Sinapis stem inhibition 

Sorghum 

Parameter Estimate P  

value 

R2 Estimate P  

value 

R2 Estimate P  

value 

R2 

Concentration of  

Nitrate (mg/L) in  

water 

0 NS 

0.00 

0 NS 

0.00 

 -0.3190 <.0001 

0.26 
Concentration of  

Phosphate 

(mg/L) in water 

0 NS 0 NS 0 NS 

 

  

 

  

Phyla  

Shannon  

diversity index 

Phyla  

Simpson  

diversity index 

Parameter Estimate P value R2 Estimate 
P  

value 
R2 

Concentration 

of  

Pb (mg/L) 

 in water 

0 NS 

0.16 

2295 <.0001* 

0.65 
Concentration 

of  

Cu (mg/L)  

in water 

 -225.6 0.0422*  -1123.2 <.0001* 
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Genera  

Shannon   

diversity index 

Genera  

Simpson  

diversity index 

Parameter Estimate P value R2 Estimate P value R2 

Concentration 

of  

Pb (mg/L)  

in water 

254 <.0001* 

0.64 

10187 <.0001* 

0.64 
Concentration 

of  

Cu (mg/L)  

in water 

 -116 <.0001* 1797 <.0001* 
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Figure 3.7: Relationship between the increasing concentration of Pb (in mg/L) in the water of the 

metal microcosm and root inhibition of Sorghum saccharatum grown in the sediment of metal 

microcosm. All other statistically non-significant relationship between increasing concentration 

of Pb and Cu (in mg/L) in the water of the metal microcosms with root and stem inhibition of 

Lepidium sativum, Sinapis alba and Sorghum saccharatum are explained in Table 3.3. 
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Figure 3.8: Relationship of the (A) Simpson diversity index of phyla with increasing concentration of 

Pb   in the water, (B) Simpson diversity index of phyla with increasing concentration of Cu in the 

water, (C) Shannon diversity index of phyla, with increasing concentration of Cu in the water, (D) 

Shannon diversity index of genera with increasing concentration of  Pb in the water, (E) Shannon 

diversity index of genera with increasing concentration of  Cu in the water (F) Simpson diversity 

index of genera with increasing concentration of  Pb   in the water (G) Simpson diversity index of 

genera with increasing concentration of Cu in the water, in the water of the metal microcosm . All 

other statistically non-significant relationship between increasing concentration of Pb and Cu   in the 

water of the metal microcosm with the Shannon and Simpson diversity indices of bacterial phyla and 
genera from the sediment of metal microcosms are explained in Table 3.3  

 

 

  

Concentration of Pb

in water (mg/L)

Concentration of Cu

in water (mg/L)

A B
C

D E

F G
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Sediment Metals 
 

Forward-stepping Multiple regression analyses were used to examine the predictive 

relationships between indicators and metal pollutants measure in the sediments. Best fit models 

are presented in Table 3.4.  As, Cd, and Ni were observed to have effects on inhibition.  Ag, Ni 

and Rb were detected to have effects on stem inhibition. (Table 3.4 and Figure 3.9)  
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Table 3.4: Multiple regression model with estimate (slope), combined R2 and P value 

(significance) of relationship between root and stem growth inhibition of Lepidium sativum, 

Sinapis alba and Sorghum saccharatum and the metals detected (in ppm) in the sediments of 

metal microcosm. 

 

  root inhibition 

Lepidium 

root inhibition  

Sinapis 

root inhibition  

Sorghum 

Parameter Estimate 

P 

value R2 Estimate P value R2 Estimate P value R2 

Ag(ppm) 0 NS 

0.13 

0 NS 

0.43 

0 NS 

0.24 

As(ppm) 0.7579 0.0184 0.6551 0.0276  -0.1003 NS 

Cd(ppm) 0 NS 0.8672 0.0314 1.0935 0.0114 

Fe(ppm) 0 NS 0 NS 0 NS 

Hg(ppm) 0 NS 0 NS 0 NS 

Ni(ppm) 0 NS 0 NS  -5.3001 0.0150* 

Pb(ppm) 0 NS  -29.89 NS 0 NS 

Rb(ppm) 0 NS 0 NS 0 NS 

Zn(ppm) 0 NS 0 NS 0 NS 

  stem inhibition 

Lepidium 

stem inhibition  

Sinapis 

stem inhibition  

Sorghum 

Parameter Estimate 

P 

value R2 Estimate P value R2 Estimate P value R2 

Ag(ppm) 0 NS 

0.00 

1.8448 0.0189 

0.22 

3.8784 0.0052 

0.17 

As(ppm) 0 NS 0 NS 0 NS 

Cd(ppm) 0 NS 0 NS 0 NS 

Fe(ppm) 0 NS 0 NS 0 NS 

Hg(ppm) 0 NS 0 NS 0 NS 

Ni(ppm) 0 NS 0 NS 0 NS 

Pb(ppm) 0 NS 0 NS 0 NS 

Rb(ppm) 0 NS -0.7097 0.0386 0 NS 

Zn(ppm) 0 NS 0 NS 0 NS 
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Figure 3.9: Relationship between the stem inhibition of Sinapis alba and the increasing 

concentration of  (A) Ag, (B) Ni, (C )Rb, stem inhibition of Sorghum saccharatum with 

increasing concentration of (D) Ag, root inhibition of Sinapis alba and the increasing 

concentration of  (E) As, (F) Cd, root inhibition of Sorghum saccharatum with increasing 

concentration of (G) Cd, (H) Ni  and root growth inhibition of Lepidium sativum with increasing 

concentration of (I) As. All metals were detected in the sediment of metal microcosm in ppm. All 

other statistically non-significant relationship between increasing concentration (ppm) of 

detected sediment metals are shown in Table 3.4. 
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For the bacterial indicators, among the metals detected As, Cd, Fe, Hg, and Zn were 

shown to have effects on Phyla-based indicators Table 3.5. Shannon Diversity of Phyla had the 

greatest number of contributing metals in the best-fit model, with Cd, Zn positively contributing 

to  Shannon diversity of phyla, while Fe and Hg contributed to a decrease in the Shannon 

diversity of phyla (Figure 3.10, Table 3.5).  For Simpson Diversity of phyla , As  and Zn 

contributed positively. For Genera, Zn concentration was associated with increased Simpson 

diversity of genera (Figure 3.10, Table 3.5). The R2 values are also listed in Table 3.5. 
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Table 3.5: Multiple regression model with estimate (slope), combined R2 and P value 

(significance) of relationship between Shannon and Simpson diversity indices of phyla and 

genera and the metals detected (in ppm) in the sediments of metal microcosm.     
 

 

  Phyla Shannon diversity index Phyla Simpson diversity index 

Parameter Estimate P value R2 Estimate P value R2 

Ag(ppm) 0 NS 

0.55 

0 NS 

0.44 

As(ppm) 0 NS 9.7619 0.0039 

Cd(ppm) 4.1667 0.0488 0 NS 

Fe(ppm)  -5.5585 0.0038 0 NS 

Hg(ppm)  -3.7311 0.0133 0 NS 

Ni(ppm) 0 NS 0 NS 

Pb(ppm) 0 NS 0 NS 

Rb(ppm) 0 NS  -7.7248 0.0514 

Zn(ppm) 3.5775 0.0003 4.2563 0.0142 

  Genera Shannon  diversity index 

Genera Simpson diversity 

index 

Parameter Estimate P value R2 Estimate P value R2 

Ag(ppm) 0 NS 

0.00 

0 NS 

0.27 

As(ppm) 0 NS 0 NS 

Cd(ppm) 0 NS 0 NS 

Fe(ppm) 0 NS 0 NS 

Hg(ppm) 0 NS 0 NS 

Ni(ppm) 0 NS 0 NS 

Pb(ppm) 0 NS  -5606 0.0616 

Rb(ppm) 0 NS 0 NS 

Zn(ppm) 0 NS 57.85 0.0118 
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Figure 3.10: Relationship of the Simpson diversity index of phyla with increasing concentration of 

(A) As, (B) Zn, Shannon diversity index of phyla with increasing concentration of (C) Cd, (D) Fe, 

(E) Hg, (F) Zn, Simpson diversity index of phyla with increasing concentration of (G) Zn. All metals 

were detected in the sediment of metal microcosm in ppm. All other statistically non-significant 

relationship between increasing concentration (ppm) of detected sediment metals of the metal 

microcosm and the Shannon and Simpson diversity indices and total number of individuals of 

bacterial phyla and genera from the sediment of metal microcosm. are explained in Table 3.5. 
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Water Nutrients  

 

Best fit models for forward-stepping multiple regressions for the effects of water 

nutrients on ecotoxicological and sediment bacterial community indicators are presented in Table 

3.6.  Nitrate was the only nutrient with significant effect on PhytoTox™ with Sorghum 

saccharatum root inhibition (positive) and stem inhibition (Figure 3.11, Table 3.6). There was no 

significant relationship with nutrients and the bacterial indicators (Table 3.6). The R2 values are 

also listed in Table 3.6. 
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Figure 3.11: Relationship between the (A) root inhibition of Sorghum saccharatum (B) stem 

inhibition of Sorghum saccharatum with increasing concentration of nitrate. All metals were 

detected in the water of the water microcosm in mg/L. All other statistically non-significant 

relationship between increasing concentration of nitrate   in the water of the nutrient microcosm 

with the stem, root inhibition of Sorghum saccharatum and the diversity indices of bacterial 

phyla and genera from the sediment of nutrient microcosm. are explained in Table 3.6. 
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Table 3.6: Multiple regression model with estimate (slope), combined R2 and P value 

(significance) of relationship between root  and stem growth inhibition of Lepidium sativum, 

Sinapis alba and Sorghum saccharatum, Shannon and Simpson diversity indices of phyla and 

genera and the concentration of nitrate and phosphate  added (mg/L) in the water of nutrient 

microcosm.   

                 
  root inhibition  

Lepidium 

root inhibition  

Sinapis 

root inhibition Sorghum 

Parameter Estimate P 

value 

R2 Estimate P 

value 

R2 Estimate P 

value 

R2 

Concentration 

of  

Nitrate 

(mg/L) in  

water 

0 NS 

0.00 

0 NS 

0.00 

0.082 0.0434 

0.06 
Concentration 

of  

Phosphate 

(mg/L) in 

water 

0 NS 0 NS 0 NS 

  stem inhibition  

Lepidium 

stem inhibition  

Sinapis 

stem inhibition 

Sorghum 

Parameter Estimate P 

value 

R2 Estimate P 

value 

R2 Estimate P 

value 

R2 

Concentration 

of  

Nitrate 

(mg/L) in  

water 

0 NS 

0.00 

0 NS 

0.00 

 -0.3190 <.0001 

0.26 
Concentration 

of  

Phosphate 

(mg/L) in 

water 

0 NS 0 NS 0 NS 

  Phyla Shannon 

diversity index 

Phyla Simpson 

diversity index 

Parameter Estimate P 

value 

R2 Estimate P 

value 

R2 

Concentration 
of  

Nitrate 

(mg/L) in  

water 

0 NS 

0.00 

0 NS 

0.00 
Concentration 

of  

Phosphate 

(mg/L) in 
water 

0 NS 0 NS 
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  Genera Shannon  

diversity index 

Genera Simpson 

diversity index 

Parameter Estimate P 

value 

R2 Estimate P 

value 

R2 

Concentration 

of  

Nitrate 

(mg/L) in  

water 

0 NS 

0.00 

0 NS 

0.00 
Concentration 

of  

Phosphate 

(mg/L) in 

water 

0 NS 0 NS 
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Effect of Autoclaving Sediments 

In metal microcosm, the concentrations of Pb, Cu were observed to be higher in the 

autoclaved sediments compared to non-autoclaved sediments, both in higher and lower level of 

the treatment. Multifactor analysis of variance (ANOVA) showed the effect of autoclaving the 

sediments was statistically significant on added Pb concentration (P=0.0270) (Figure 3.12). The 

concentration level of low and high have been listed in Table 3.1. 

In metal microcosm, the levels of all the measured sediment metals, Ag, As, Cd, Fe, Hg, 

Ni, Pb, Rb, Zn were not observed to be different between autoclaved and non-autoclaved 

sediments (Figure 3.13). 
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Figure 3.12: The concentration of Pb, Cu in mg/L in metal microcosm and nitrate and phosphate 

in mg/L in nutrient microcosm experiment in the autoclaved and nonautoclaved sediments. This 

test included low and high concentration treatments where the metal and nutrient were added in 

low and high concentration respectively in the water of the microcosm to the autoclaved 

sediment. Bars show mean ± 1 SE. 

 
Figure 3.13: The concentration of sediment metal detected (ppm) in metal microcosm and in the 

autoclaved and nonautoclaved sediments. This test included low and high concentration 

treatments where the metals (Pb and Cu) were added in low and high concentration respectively 

in the water of the microcosm to the autoclaved sediment.  Bars show mean ± 1 SE 
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 In nutrient microcosm, the concentrations of nitrate and phosphate were observed to be 

higher in the autoclaved sediments compared to non-autoclaved sediments, both in higher and 

lower level of the treatment. Analysis of variance (ANOVA) showed that the effect of 

autoclaving the sediments was statistically significant on phosphate concentration (P= 0.0080) 

(Figure 3.14). The effect of autoclaving did not have a specific trend or significant effect of 

autoclaving on the stem and root growth inhibition of the ecotoxicological indicators in nutrient 

and metal microcosm (Figure 3.14).  

Not surprisingly, Shannon and Simpson diversity indices of phyla and genera were higher 

in the non-autoclaved sediments of metal microcosms for both in low and high level of treatment 

(Figure 3.15). Analysis of variance (ANOVA) that autoclaving did have a significant effect on 

Simpson diversity of phyla (P= 0.0430) and Simpson diversity of genera (P=0.0418), Shannon 

diversity of index of phyla (P= 0.0176) and Shannon diversity of index of genera (P=0.0178) 

(Figure 3.15) of metal microcosm. The Shannon and Simpson diversity indices of phyla 

observed to higher in the non-autoclaved sediments of nutrient microcosms (Figure 3.15) for 

both in low and high level of treatment. The effect of autoclaving did have a significant effect on 

Shannon (P<0.0001) and Simpson (P=0.0004) diversity indices of phyla of nutrient microcosm. 

The Shannon diversity indices of genera observed to higher in the non-autoclaved sediments of 

nutrient microcosms for both in low and high level of treatment (Figure 3.15). The effect of 

autoclaving did have a significant effect on the Shannon diversity indices of genera (P=0.0045) 

of nutrient microcosm. In the multifactor analysis of variance (ANOVA) examined the effects of 

treatment level and autoclaving (independent variable) to the bacterial indicators (dependent 

variable) of the nutrient microcosm sediment.  
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Figure 3.14: The root and stem growth inhibition of Lepidium sativum, Sinapis alba and 

Sorghum saccharatum in metal and nutrient microcosm experiment in the autoclaved and 

nonautoclaved sediments. This test included low and high concentration treatments where the 

metals (Pb and Cu) and nutrients (nitrate and phosphate) were added in low and high 

concentration respectively in the water of the microcosm to the autoclaved sediment. Bars show 

mean ± 1 SE. 

 

 

Figure 3.15: The Shannon and Simpson diversity indices identified as phyla and genera in metal 

and nutrient microcosm experiment in the autoclaved and nonautoclaved sediments. This test 

included low and high concentration treatments where the metals (Pb and Cu) and nutrients 

(nitrate and phosphate) were added in low and high concentration respectively in the water of the 

microcosm to the autoclaved sediment.  Bars show mean ± 1 SE. 
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Predictive indicator categories based on key pollutants in field and microcosm study  

 

Based on the response of the ecotoxicological and bacterial indicators, some key pollutants (Pb, 

Hg and Phosphate) were identified in chapter 1 and 2  field study. The added pollutants  in the 

microcosm experiment in the present chapter were Pb, Hg , nitrate and phosphate. Based on the 

response of the bacterial indicators to the key pollutants a list of specific predictive bacterial 

genera were identified and categorized in terms of their function to the pollutants as described in 

Table 3.7. The specific categories are:  Phosphorus solubilizing, Hg resistant and/or Hg 

bioremediating, Pb-resistant, remediating, precipitating, biomethylating, Denitrifiers and Cu 

resistant (Table 3.7). The identification of the bacterial genera was based on the taxonomical 

identification using 16S rRNA gene as described in the method section of chapter 2 and the 

present chapter. The identification of the specific predictive indicators categories  in relation to 

the key pollutants were based on a literature survey. The specific predictive indicator categories 

and the list of literature survey is listed in Table 3.7. 
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Table 3.7: Pb-resistant, remediating, precipitating, biomethylating , Hg resistant and/or Hg  

bioremediating and phosphorus solubilizing genera detected identified based on literature survey 

 in each wetland site (1-6) during summer 2015, fall 2016 and summer 2017  

and from the microcosms built from sediments collected from wetland sites 1,2, 5 and 6  

collected during summer 2017. Additionally Cu-resistant and Denitrifiers genera were also 

identified from the microcosms. 

 

 

 

Genera - in wetland sites and microcosms 

Phosphorus solubilizing Hg resistant 

and/or Hg 

bioremediating  

Pb-resistant, remediating, 

precipitating, biomethylating  

Bacillus, 

Pseudomonas, 

Agrobacterium 

Bacillus, 

Pseudomonas, 

Agrobacterium,  

Aeromonas, 

Vibrio, Serratia, 

Clostridium,  

Stenotrophomonas, 

Streptococcus 

Bacillus, 

Pseudomonas, 

Agrobacterium, 

Aeromonas, 

Streptococcus 

Thiobacillus, 

Rhizobium   

  

Ralstonia, Flavobacterium, 

Enterobacter  

Ralstonia, Flavobacterium,  

Enterobacter 

  Enterococcus Ramlibacter,Shewanella, 

Psychrobacter,Staphylococcus 

Achromobacter,Corynebacterium, 

Arthrobacter,Nitrospira 

Exiguobacterium,Vibrio, 

Cupriavidus,Acinetobacter 

Mamta et al. 2010, Postma et al. 

2010,  

Tajini et al. 2012, David et al. 

2014,  

Zhao et al. 2014b,Istina et al. 

2015,   

ori et al. 2017 

Irawati et al. 2012,  

Maiti and 

Bhattacharyya 

2013,  

Kowalczyk et al. 

2016,  

Naguib et al. 2019 

Gummersheimer and Giblin 2003, 

Chen et al. 2011, Kafilzadeh et al. 

2012, Zhang et al. 2012,  

Jarosławiecka and Piotrowska-

Seget 2014,  Jebara et al. 2015, 

Jiang et al. 2017, An et al. 2018b,  

Luo et al. 2018,  

Ayangbenro et al. 2019 
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Genera  in wetland microcosms 

Dentirifiers Cu resistant    

Bacillus, Enterobacter, 

Pseudomonas, Hyphomicrobium, 

Arthrobacter, Burkholderia, 

Rhizobium, Thiobacillus, 

Flavobacterium, 

Corynbacterium,Agrobacterium 

Clostridium, 

Pseudomonas, 

Bacillus,  

Arthrobacter  

  

Smith and Zimmerman 1981, 

Gerardi 2006,  

Castellano-Hinojosa et al. 2017) 

Kunito et al. 1997, 

He et al. 2010,  

Santo et al. 2010, 

Andreazza et al. 

2011,  

Altimira et al. 

2012, Berg et al. 

2012   
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Patterns of specific predictive bacterial indicators detected in the metal microcosm experiments 

 

Taxonomical profile of the sediment bacterial communities was determined from 

sequencing of the 16S bacterial rRNA (v3-v4 region), identifying sequences to the phylum and 

genus levels (Figure 3.2).  Hierarchical cluster analysis was performed with all these identified 

communities in each wetland site of each type of microcosm (metal and nutrient).  Based upon 

visual examination of changes in clusters over the course of the experiments relative to their 

response to the pollutants added to the metal( Pb and Cu) and nutrient (nitrate and phosphate)  

microcosm treatments, bacterial genera were identified and categorized into groupings.  These 

included: (1) Intolerant bacterial genera, were present at the start of an experiment but 

disappeared later in both the low and high treatments;  (2) Sensitive bacterial genera, were absent 

in the high treatments of the metal microcosm by the end of the experiment compared to start of 

the experiment; and (3) Tolerant bacterial genera, were present at the start and end of both the 

low and high treatments.  

Additional sub-types of tolerant genera were observed. Less tolerant bacterial genera 

decreased in abundance in the high treatments compared to the low treatment whereas highly 

tolerant bacterial genera increased in abundance in the high treatments compared to the low 

treatment. The bacterial genera that were not found at the start of the experiment but appeared 

later in the experiment were not included in the analysis as they do not provide any frame of 

reference for comparison and may have been introduced by contamination 

 

In the wetland site 1 metal microcosm experiment, the intolerant  (to Pb and Cu) bacterial 

genera were: Exigobacterium and Psychrobacter. The sensitive (to Pb and Cu)  bacterial genera 

that were observed included: Pedosphaera. Among the tolerant bacterial genera, some less 
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tolerant (to Pb and Cu) genera were: Bdellovibrio, Flavobacterium, Planctomyces, Rhodobacter, 

Spirochaeta, Aquicella, Bacillus, Pseudomonas and more. Some highly tolerant (to Pb and Cu) 

genera were: Clostridium, Treponema, Caldilinea, Blvii28, Thiobacillus, Rhodoplanes, 

Rhodoferax and more. The entire list in described in Table 3.8, Figure 3.16. 

In wetland site 2 microcosm experiment, the intolerant (to Pb and Cu)  bacterial genus 

was Chlorobium. The sensitive (to Pb and Cu) bacterial genera were: Gemmata and 

Sphingomonas. Among the tolerant bacterial genera, Some less tolerant (to Pb and Cu) genera 

were: Clostridium, Luteobacter, Treponema, Syntrophus, Bacteroides, Bdellovibrio, 

Flavobacterium and more. Some highly tolerant (to Pb and Cu) genera were: Anaerolinea, SJA-

88, Geobacter, Caldilinea, Blvii28, LCP-6, Thiobacillus, Cystobacter, Aeromonas, Ralstonia and 

more. The entire list in described in Table 3.8 and Figure 3.17. 

In wetland site 5 microcosm experiment, the intolerant(to Pb and Cu)  bacterial genera 

were: Enterobacter, Corynebacterium and Chlorobium.  The sensitive(to Pb and Cu)  bacterial 

genera were: Balneimonas, Arthrobacter, Chlorobaculum, Aeromonas and Agrobacterium. 

Among the tolerant bacterial genera, some less tolerant (to Pb and Cu)  genera were: 

Anaerolinea, SJA-88, Luteolibacter, Treponema, Thiobacillus, Cystobacter, Desulfococcus, 

Rhodoferax, Planctomyces, , Rhodobacter and more.  Some highly tolerant(to Pb and Cu)  

genera were: Bdellovibrio, Flavobacterium, Clostridium, Geobacter, Blvii28, LCP-6, 

Rhodoplanes, Sulfuritalea, Hyphomicrobium, Methylotenera , Bacillus and more. The entire list 

in described in Table 3.8 and Figure 3.18. 

In wetland site 6 microcosm experiment, the intolerant (to Pb and Cu)  bacterial genera 

were: Aquicella, Methylobacterium, Microbacterium, Shewanella, Cupriavidus, Enterococcus, 

Rhizobium and Chlorobium. The sensitive (to Pb and Cu) bacterial genera that was observed: 
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Nitrospira. Among the tolerant bacterial genera, some less tolerant (to Pb and Cu)  genera were: 

Clostridium, Anaerolinea, Luteolibacter, Treponema, Geobacter, Bacillus and more. Some 

highly tolerant (to Pb and Cu)  genera were: Bdellovibrio, Flavobacterium, SJA-88, Caldilinea, 

Blvii28, LCP-6, Thiobacillus, Sulfuritalea, and more. The entire list in described in Table 3.8 and 

Figure 3.19. 
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Figure 3.16: Hierarchical cluster analysis of the bacterial genera detected (by 16S rRNA gene 

sequences) in the sediments of the treatments of wetland site 1 metal microcosm. Where, start 

(day 0) = beginning treatment of the metal microcosm experiment, native end = end (day 15), 

control treatment of the metal microcosm experiment of the native sediment with no metals 

added, high trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb 

and Cu) added in higher concentration in the water to the native sediment, low trt end = end 

treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) added in lower 

concentration in the water to the native sediment, A low trt end  = end treatment (day 15) of the 

metal microcosm experiment with metals (Pb and Cu) added in lower concentration in the water 

to the autoclaved sediment. Adequate DNA was not found in the autoclaved sediment with 

metals added in high concentrations. 
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Figure 3.17: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences)  

detected in the sediments of the treatments of wetland site 2 metal microcosm. Where, start (day 

0) = beginning treatment of the metal microcosm experiment, native end = end (day 15), control 

treatment of the metal microcosm experiment of the native sediment with no metals added, low 

trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) 

added in lower concentration in the water to the native sediment. . Adequate DNA was not found 

in the high treatment (with metals (Pb and Cu) added in lower concentration in the water to the 

native sediment) in in the water to the native sediment and autoclaved sediment with metals 

added in high and low concentrations. 
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Figure 3.18: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 5 metal microcosm. Where, start (day 

0) = beginning treatment of the metal microcosm experiment, native end = end (day 15) 

treatment of the metal microcosm experiment of the native sediment with no metals added, high 

trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) 

added in higher concentration in the water to the native sediment, low trt end = end treatment 

(day 15) of the metal microcosm experiment with metals (Pb and Cu) added in lower 

concentration in the water to the native sediment, A low trt end  = end treatment (day 15) of the 

metal microcosm experiment with metals (Pb and Cu) added in lower concentration in the water 

to the autoclaved sediment. Adequate DNA was not found in the autoclaved sediment with 

metals added in high concentrations. 
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Figure 3.19: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 6 metal microcosm. Where, start (day 

0) = beginning treatment of the metal microcosm experiment, native end = end (day 15) 

treatment of the metal microcosm experiment of the native sediment with no metals added, high 

trt end = end treatment (day 15) of the metal microcosm experiment with metals (Pb and Cu) 

added in higher concentration in the water to the native sediment, low trt end = end treatment 

(day 15) of the metal microcosm experiment with metals (Pb and Cu) added in lower 

concentration in the water to the native sediment. Adequate DNA was not found in the 

autoclaved sediment with metals added in high and low concentrations. 
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Among all the sites, the bacterial genera Chlorobium was an intolerant (to Pb and Cu) 

bacterial genus identified in the microcosms of wetland sites 2, 5 and 6. Aquicella was observed 

to be less tolerant (to Pb and Cu)  in the microcosms of wetland sites 1 and 5, but was intolerant 

(to Pb and Cu) in the microcosms of wetland sites 5 (Table 3.8). The bacterial genera 

Nocardioides, Burkholderia, Holophaga, Syntrophus, Bacteroides, Anaerolinea, Geobacter, 

Candidatus Solibacter, Cystobacter, Desulfococcus, Syntrophobacter, GOUTA 19, Paludibacter, 

Methylocaldum, PSB-M-3, Candidatus Xiphinematobacter, Synechococcus, WCHB1-05, 

C1_B004, Methylibium, Trichococcus, Anaerovorax, Mycobacterium, LCP-6, Sulfurimonas, 

Epulopiscium, Ralstonia, Bdellovibrio, Flavobacterium, Clostridium, SJA-88, Luteolibacter, 

Treponema, Caldilinea, Blvii28, Thiobacillus, Rhodoplanes, Sulfuritalea, Rhodoferax, 

Methylotenera, Planctomyces, Rhodobacter, Gemmatimonas, Spirochaeta, Halomonas, 

Gallionella, Roseomonas, Fusibacter, Dechloromonas, Bacillus, Devosia, Hydrogenophaga, 

Prosthecobacter, Sediminibacterium, Phenylobacterium, Sulfuricurvum, Pedobacter, 

Hyphomicrobium and Pseudomonas were identified as tolerant (to Pb and Cu) (either less or 

highly) bacterial genera in the microcosms of wetland sites 1, 2, 5 and 6 (Table 3.8). Whereas, 

Gemmata was identified as sensitive (to Pb and Cu)  to high treatments of the metal microcosms 

of wetland site 2 but was highly tolerant (to Pb and Cu)  microcosms of wetland site 6. 

Sphingomonas was identified as sensitive (to Pb and Cu)  to high treatments of the metal 

microcosms of wetland site 1 but was less tolerant (to Pb and Cu)  microcosms of wetland site 6. 

Nitrospira was identified as sensitive (to Pb and Cu)  to high treatments of the metal microcosms 

of wetland site 6 but was tolerant (to Pb and Cu) in the microcosms of wetland sites 2 and 5. 

Balneimonas was identified as sensitive (to Pb and Cu) to high treatments of the metal 

microcosms of wetland site 5 but less tolerant(to Pb and Cu)  in the microcosms of wetland site 
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2. Chlorobaculum was identified as sensitive (to Pb and Cu) to high treatments of the metal 

microcosms of wetland site 5 but highly tolerant(to Pb and Cu)  in the microcosms of wetland 

site 2 and 6. Aeromonas was identified as sensitive (to Pb and Cu)  to high treatments of the 

metal microcosms of wetland site 5 but highly tolerant (to Pb and Cu) in the microcosms of 

wetland site 2. Pedosphaera was characterize as sensitive (to Pb and Cu) to high treatments of 

the metal microcosms of wetland site 1 but tolerant in the microcosms of wetland site 2, 5 and 6. 

Arthrobacter was classified as sensitive(to Pb and Cu)  to high treatments of the metal 

microcosms of wetland site 5 but highly tolerant (to Pb and Cu)  in the microcosms of wetland 

site 1, 2 and 6 (Table 3.8). 
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Patterns of specific predictive bacterial indicators in the nutrient microcosm experiments 

 

In wetland site 1 nutrient microcosm experiment, the intolerant (to nitrate and phosphate) 

bacterial genera were: Chronothrix and Psychrobacter. The sensitive (to nitrate and phosphate)  

bacterial genera that was observed: Exiguobacterium. Among the tolerant bacterial genera, some 

less tolerant (to nitrate and phosphate)  genera were: Anaerovorax, Aquicella, Bdellovibrio, 

Clostridium, Flavobacterium, Gemmatimonas, Geobacter, Hydrogenophaga and more. The 

highly tolerant (to nitrate and phosphate)  genera were: Arthrobacter, Bacillus, Blvii28, 

Candidatus Solibacter, Candidatus Xiphinematobacter, Cystobacter, Dechloromonas, Devosia, 

Fusibacter, Gallionella and more. The entire list in described in Figure 3.20, Table 3.8. 

In wetland site 2 nutrient microcosm experiment, the intolerant (to nitrate and phosphate)  

bacterial genera were: Chronothrix and Agrobacterium. No sensitive (to nitrate and phosphate)  

bacterial genera were observed in the microcosms of wetland site 2. Among the tolerant bacterial 

genera, some less tolerant (to nitrate and phosphate)  genera were: Chlorobaculum, Anaerovorax, 

Bdellovibrio, Clostridium, Cystobacter, Flavobacterium, Geobacter, Holophaga and more. The 

highly tolerant (to nitrate and phosphate)  genera were: Anaerolinea, Arthrobacter, Bacillus, 

Blvii28, Candidatus Solibacter, Dechloromonas and more. The entire list in described in Figure 

3.21, Table 3.8. 

In wetland site 5 nutrient microcosm experiment, the intolerant (to nitrate and phosphate)  

bacterial genera were: Cronothrix, Enterobacter, Brevundimonas, Agrobacterium, Chlorobium, 

Chlorobaculum and Corynebacterium. The sensitive (to nitrate and phosphate) bacterial genera 

that were observed: Burkholderia and Aeromonas. Among the tolerant bacterial genera, some 

less tolerant (to nitrate and phosphate) genera were: Aquicella, Blvii28 and more. Some  highly 

tolerant (to nitrate and phosphate) genera were: Anaerolinea, Anaerovorax, Arthrobacter, 
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Bacillus, Bdellovibrio, Caldilinea, Candidatus Solibacter, Cystobacter, Dechloromonas, 

Devosia, Flavobacterium and more. The entire list in described in Figure 3.22, Table 3.8. 

In wetland site 6 nutrient microcosm experiment, the intolerant (to nitrate and phosphate)  

bacterial genera were: Cronothrix, Methylobacterium, Microbacterium, Shewanella, 

Cupriavidus, Enterococcus, Rhizobium, Agrobacterium and Stenotrophomonas. No sensitive (to 

nitrate and phosphate) bacterial genera were observed in the microcosms of wetland site 6. 

Among the tolerant bacterial genera, some less tolerant (to nitrate and phosphate) genera were: 

Chlorobaculum, Aquicella, Arthrobacter, Balneimonas, Blvii28, Pedosphaera, Pedosphaera and 

more. The highly tolerant (to nitrate and phosphate) genera were: Chlorobium, Bacteroides, 

Sulfurimonas, Anaerolinea, Anaerovorax, Bdellovibrio, Clostridium, Devosia and more. The 

entire list in described in Figure 3.23, Table 3.8. 

 

 

 

 

 



 175 

 

Figure 3.20: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 1 nutrient microcosm. Where, Start 

(day 0) = beginning treatment of the nutrient microcosm experiment, native end = end (day 30) 

treatment of the nutrient microcosm experiment of the native sediment with no nutrients added, 

high trt end = end treatment (day 30) of the nutrient microcosm experiment with nutrients 

(nitrate and phosphate) added in higher concentration in the water to the native sediment, low trt 

end = end treatment (day 30) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate) added in lower concentration in the water to the native sediment, A high trt end  = 

end treatment (day 15) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate)  added in higher concentration in the water to the autoclaved sediment. Adequate 

DNA was not found in the autoclaved sediment with metals added in low concentrations. 
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Figure 3.21: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 2 nutrient microcosm. Where, Start 

(day 0) = beginning treatment of the nutrient microcosm experiment, native end = end (day 30) 

treatment of the nutrient microcosm experiment of the native sediment with no nutrients added, 

high trt end = end treatment (day 30) of the nutrient microcosm experiment with nutrients 

(nitrate and phosphate) added in higher concentration in the water to the native sediment, low trt 

end = end treatment (day 30) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate) added in lower concentration in the water to the native sediment, A high trt end  = 

end treatment (day 15) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate)  added in higher concentration in the water to the autoclaved sediment. Adequate 

DNA was not found in the autoclaved sediment with metals added in low concentrations. 
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Figure 3.22: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene 

sequences)detected in the sediments of the treatments of wetland site 5 nutrient microcosm. 

Where, Start (day 0) = beginning treatment of the nutrient microcosm experiment, native end = 

end (day 30) treatment of the nutrient microcosm experiment of the native sediment with no 

nutrients added, high trt end = end treatment (day 30) of the nutrient microcosm experiment with 

nutrients (nitrate and phosphate) added in higher concentration in the water to the native 

sediment, low trt end = end treatment (day 30) of the nutrient microcosm experiment with 

nutrients (nitrate and phosphate) added in lower concentration in the water to the native 

sediment, A high trt end  = end treatment (day 15) of the nutrient microcosm experiment with 

nutrients (nitrate and phosphate)  added in higher concentration in the water to the autoclaved 

sediment. Adequate DNA was not found in the autoclaved sediment with metals added in low 

concentrations. 
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Figure 3.23: Hierarchical cluster analysis of the bacterial genera (by 16S rRNA gene sequences) 

detected in the sediments of the treatments of wetland site 6 nutrient microcosm. Where, Start 

(day 0) = beginning treatment of the nutrient microcosm experiment, native end = end (day 30) 

treatment of the nutrient microcosm experiment of the native sediment with no nutrients added, 

high trt end = end treatment (day 30) of the nutrient microcosm experiment with nutrients 

(nitrate and phosphate) added in higher concentration in the water to the native sediment, low trt 

end = end treatment (day 30) of the nutrient microcosm experiment with nutrients (nitrate and 

phosphate) added in lower concentration in the water to the native sediment. Adequate DNA was 

not found in the autoclaved sediment with metals added in low and high concentrations. 
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Among all the sites, the bacterial genus Chronothrix was an intolerant (to nitrate and 

phosphate) bacterial genus identified in the microcosms of wetland sites 1, 2, 5 and 6. 

Agrobacterium was an intolerant(to nitrate and phosphate)  bacterial genus identified in the 

microcosms of wetland sites 2, 5 and 6. Chlorobium was observed to be highly tolerant(to nitrate 

and phosphate) in the microcosms of wetland site 6, but was intolerant (to nitrate and phosphate)  

in the microcosms of wetland sites 5. Similarly, Chlorobaculum was observed to be less tolerant 

(to nitrate and phosphate) in the microcosms of wetland sites 2 and 6, but was intolerant (to 

nitrate and phosphate)  in the microcosms of wetland sites 5 (Table 3.8).  Again the bacterial 

genera of Bacillus, Dechloromonas, Flavobacterium, Holophaga, Prosthecobacter, Ralstonia, 

Sediminibacterium, Spirochaeta, Anaerolinea, Anaerovorax, Aquicella, Arthrobacter, 

Balneimonas, Bdellovibrio, Blvii28, C1_B004, Caldilinea, Candidatus Solibacter, Candidatus 

Xiphinematobacter, Clostridium, Cystobacter, Desulfococcus, Devosia, Epulopiscium, 

Fusibacter, Gallionella, Gemmata, Gemmatimonas, Geobacter, GOUTA19, Halomonas, 

Hydrogenophaga, Hyphomicrobium, LCP-6, Luteolibacter, Methylibium, Methylocaldum, 

Methylotenera, Mycobacterium, Nitrospira, Paludibacter, Pedobacter, Pedosphaera, 

Phenylobacterium, Planctomyces, PSB-M-3, Pseudomonas, Rhodobacter, Rhodoferax, 

Rhodoplanes, Roseomonas, SHD-231, Sphingomonas, Sulfuricurvum, Sulfuritalea, 

Synechococcus, Syntrophobacter, Syntrophus, Thiobacillus, Treponema, Trichococcus, WCHB1-

05,  Epulopiscium, Fusibacter and SJA-88 were identified as tolerant (to nitrate and phosphate)  

(either less or highly) bacterial genera in the microcosms of wetland sites 1, 2, 5 and 6 (Table 

3.8). 
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Table 3.8: Category of bacterial Indicator genera (sensitive, tolerant, intolerant) in the metal and 

nutrient microcosms of wetland site 1,2,5 and 6 in the chapter. 

Genera- metal microcosm 

Intolarant Sensitive Tolerant 

    Highly tolerant Less tolerant 

Methylobacterium,

Microbacterium,She

wanella,Cupriavidu

s, Enterococcus, 

Rhizobium, 

Enterobacter, 

Corynebacterium, 

Chlorobium, 

Exiguobacterium,Ps

ychrobacter, 

Aquicella 

Agrobacteriu

m,Gemmata,S

phingomonas, 

Nitrospira,Ba

lneimonas,Ch

lorobaculum, 

Aeromonas,P

edosphaera, 

Arthrobacter 

Nocardioides, 

Holophaga, 

Gemmata,Syntrophus

, 

Bacteroides,Anaeroli

nea,Geobacter, 

Candidatus_Solibact

er, 

Cystobacter,Desulfoc

occus,Syntrophobact

er,GOUTA19, 

Paludibacter,Nitrospi

ra, Clostridium, 

Blvii28, 

Methylocaldum,Syne

chococcus,Candidatu

s_Xiphinematobacter

, 

WCHB1-05, 

Aeromonas, 

Luteolibacter, 

Caldilinea, 

C1_B004,Methylibiu

m, Anaerovorax, 

Treponema, 

Sulfurimonas,Chloro

baculum, 

Epulopiscium, 

Caldilinea 

Pedosphaera,Bdellov

ibrio,Flavobacterium

, SJA-88,Blvii28 

LCP-6, Thiobacillus, 

Rhodoplanes, 

Sulfuritalea,Rhodofer

ax, 

Methylotenera, 

Rhodobacter, 

Gemmatimonas, 

Candidatus 

Solibacter,Burkholderia,GOU

TA19 

Holophaga,Sphingomonas,Synt

rophus,Anaerolinea, 

Geobacter,Candidatus_Solibac

ter,Cystobacter, 

Desulfococcus,Syntrophobacte

r,Paludibacter 

Nitrospira, Methylocaldum, 

WCHB1-05, C1_B004, 

Candidatus_Xiphinematobacte

r, Synechococcus, 

Balneimonas, Trichococcus, 

Mycobacterium, Sulfurimonas 

Epulopiscium, Ralstonia, 

Pedosphaera, Bdellovibrio, 

Flavobacterium, Clostridium, 

SJA-88, Luteolibacter 

Treponema, Caldilinea, LCP-

6, Thiobacillus, Rhodoplanes 

Sulfuritalea, Rhodoferax, 

Methylotenera, Planctomyces 

Rhodobacter, Spirochaeta, 

Halomonas,Gallionella 

Roseomonas, PSB-M-3, 

Aquicella, Dechloromonas 

Bacillus, Devosia, 

Hydrogenophaga, 

Sediminibacterium 

Phenylobacterium, 

Sulfuricurvum, Pedobacter 

Hyphomicrobium, 

Pseudomonas 

  



 181 

Spirochaeta, 

Halomonas, 

Gallionella, 

Roseomonas, PSB-M-

3, Fusibacter, 

Dechloromonas,Bacil

lus, Devosia, 

Sediminibacterium, 

Hydrogenophaga,Pro

sthecobacter, 

Phenylobacterium,Su

lfuricurvum, 

Arthrobacter, 

Pedobacter,Hyphomi

crobium,Pseudomona

s 

Genera- nutrient microcosm 

Intolarant Sensitive Tolerant 

    Highly tolerant Less tolerant 

Psychrobacter, 

Enterobacte, 

Corynebacterium, 

Brevundimonas, 

Cronothrix,Methylo

bacterium 

Microbacterium, 

Shewanella, 

Cupriavidus 

Enterococcus, 

Rhizobium,Agrobact

erium 

Stenotrophomonas, 

Chlorobium, 

Chlorobaculum 

Exiguobacter

ium, 

Burkholderia 

Aeromonas 

Geothrix,Bacillus, 

Dechloromonas, 

Flavobacterium, 

Holophaga, 

Prosthecobacter,Rals

tonia, 

Sediminibacterium, 

Spirochaeta, 

Chlorobium,Bacteroi

des, Sulfurimonas, 

Anaerolinea, 

Anaerovorax,Arthrob

acter,Bdellovibrio, 

Blvii28,Caldilinea, 

Candidatus 

Solibacter, 

Candidatus 

Xiphinematobacter, 

Clostridium 

Cystobacter, 

Devosia, 

Gallionella,Gemmata

,Geobacter,GOUTA1

9 

Halomonas, 

Flavobacterium, Holophaga, 

Nocardioides, Ralstonia, 

Sediminibacterium, 

Spirochaeta, Chlorobaculum, 

C1_B004, Caldilinea, 

Anaerovorax,Aquicella, 

Arthrobacter, Bdellovibrio, 

Blvii28, Candidatus 

Xiphinematobacter, 

Clostridium, Gemmata 

Cystobacter,Desulfococcus,Ep

ulopiscium,Fusibacter,Gemmat

imonas,Geobacter,GOUTA19, 

Nitrospira, 

Paludibacter,Pedobacter, 

Pedosphaera, 

Phenylobacterium, 

Halomonas, Hydrogenophaga, 

Hyphomicrobium, LCP-6, 

Luteolibacter, Methylibium, 

Methylocaldum, 

Methylotenera, PSB-M-3, 

Pseudomonas, Rhodobacter, 

Rhodoferax, Rhodoplanes, 

Roseomonas,SHD-
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Hydrogenophaga, 

Hyphomicrobium, 

LCP-6,  

Mycobacterium, 

Luteolibacter, 

Methylibium, 

Methylocaldum, 

Methylotenera, 

Nitrospira, 

Paludibacter,Pedoba

cter, Pedosphaera 

Phenylobacterium,Pl

anctomyces,PSB-M-

3, Pseudomonas, 

Rhodobacter, 

Rhodoferax, 

Rhodoplanes, 

Roseomonas,Sphingo

monas 

Sulfuricurvum, 

Sulfuritalea, 

Synechococcus, 

Syntrophobacter 

Syntrophus, 

Thiobacillus, 

Treponema, WCHB1-

05, Fusibacter,SJA-

88 

231,Sphingomonas, 

Trichococcus 

Sulfuricurvum, Sulfuritalea, 

Synechococcus, 

Syntrophobacter 

Syntrophus, Thiobacillus, 

Treponema, Epulopiscium, 

Fusibacter,Trichococcus, SJA-

88 
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Discussion: 

The goal of this present chapter was to use controlled microcosms constructed from  

sediments collected from wetlands across a gradient of land use types in an urbanizing watershed 

to characterize how bacterial and ecotoxicological bioindicators respond to continuous pollution 

(nutrient and metal) stress in wetland ecosystems. 

The concentrations of Pb decreased over time the experiments of the metal microcosm 

experiment, both in high and low level of treatment (Figure 3.3). The removal mechanisms of 

metals in wetlands are complex (Xiao et al. 2013). Metals may be removed from water and get 

retained within the sediments. This removal can happen through abiotic or biotic process (Knox 

et al. 2006). The abiotic process may involve settling and sedimentation, redox and precipitation. 

The biotic process involves microorganisms related or mediated sorption and plant uptake (Xiao 

et al. 2013).  Ability of a wetland to retain pollutants like metals depends on the hydrology of the 

system. If the system is well-drained then the rate of oxidation is high, forming oxide and 

oxyhydroxides, resulting in metal/oxide complexes (Sinicorpe et al. 1992). These metal 

microcosm experiments of this present chapter were drained at the interval of 7 days. Figure 3.24 

shows that the dissolved oxygen level in mg/L was between 6.5 – 8 mg/L and the oxygen level 

increased at the end of the experiment with drop in temperature (0C). According to (EPA 1986), 

The Federal water quality criteria for dissolved oxygen in freshwater bodies should be between 6 

mg/L (in warm water) and 6.5 mg/L (in cold water) as a lowest 7 day mean for aquatic life to 

live. Therefore, the water in the microcosms was not anoxic/hypoxic for life. The oxygen level 

was not low, so the metals (Pb and Cu) added in the water of the microcosms formed oxide and 

oxyhydroxides. This resulted in metal/oxide complexes (Sinicorpe et al. 1992) and thus the 

metals (Pb and Cu) were retained in the sediments of the microcosms. Experiments on 
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assessment of contaminant such as Pb, Cu and Zn retention in constructed wetland sediments 

showed that elements of these pollutants (Pb, Cu, Zn) once strongly bound to sediment and form 

complexes that is unlikely to be broken (Knox et al. 2006). Reduction of Pb and Cu from day 0 

or start of the experiment to day 15 or end of this microcosm experiment is consistent with the 

hypothesis that these microcosm sediments formed complexes such as oxide and oxyhydroxides, 

particularly for Pb, thus were retained in the sediments .  

 

 

Figure 3.24: Box plot showing the variation of temperature and DO (mg/L) in the metal 

microcosm from start (day 0) to end of the experiment (Day 15). 

 

In metal microcosm, the root inhibitions of ecotoxicological indicators (Lepidium sativum 

,Sinapis alba and Sorghum saccharatum) from microcosms of wetland sediments were lower 

both in low and high treatments (of Pb and Cu) the microcosms at the end of the experiment 

(Figure 3.5). But only the effect was significant for Sorghum saccharatum (P=0.0153) (Figure 

3.7). This again implies a clear reduction in toxicity in the sediments from the start to the end of 

the experiment, but still toxicity was higher in the treatment microcosm by adding Pb and Cu, 
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hence there was no facilitation of growth as for the case of the native (control) sediment (Figure 

3.5). The effect of experimental timeline (day effect) and treatment level (high and low) on the 

stem growth inhibition of ecotoxicological indicators on the was not statistically significant as 

discussed in the results of this present chapter. 

The bacterial phyla and genera Shannon, Simpson diversity indices from the sediments of 

microcosms of wetland sites was lower in low and high treatments for the metals microcosms 

over time(Figure 3.6). The effect of experimental timeline was statistically significant of the 

Simpson diversity indices of phyla (P=0.0045) and genera (P=0.0314) (Figure 3.6). The effect of 

treatment level was not statistically significant as described in results. This indicates the bacterial 

indicators (Shannon and Simpson diversity indices of phyla and genera) were negatively affected 

by addition of Pb and Cu in the water of the metal microcosms in mg/L, which did not happen in 

the native (control) sediments (Figure 3.6). 

Previously in chapter 1, with increase in metal component 2 in positive axis (or increase 

in Pb concentration in ppm), the root growth inhibition of the Lepidium sativum, Sinapis alba, 

Sorghum saccharatum decreases or growth was facilitated (Figure 1.10). Unlike this present 

chapter, it was observed that with increase in Pb concentration, root inhibition of Sorghum was 

increased (Figure 3.7 and Table 3.3). These trends were not very clear or significant in the other 

root of plant indicator species (Lepidium sativum and Sinapis alba) even with the stem inhibition 

of any of the plant indicator species. Pb and Cu was added as a source of pollutant in this 

experiment. Pb is not an essential micronutrient for plant but species like Sorghum bicolor can 

accumulate Pb in their tissues up to a threshold level for which these plants are used for 

phytoremediation of Pb (Vamerali et al. 2010). Similarly, Sorghum saccharatum of this present 

chapter experiment grew, when exposed to element like Pb but up to a certain threshold point 
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which was likely crossed in this microcosm experiment as Pb was added in the water over a 

period (15 days) but that was not the case in Chapter 1. So, with the increase in Pb concentration, 

the root inhibition of Sorghum saccharatum increased in this present chapter microcosm 

experiment (Figure 3.7 and Table 3.3).   

This was confirmed by the experimental timeline effect, where the concentration of Pb 

decreased over time, in both in high and low level of treatment significantly (Figure 3.5). At the 

same time, the root inhibitions of Sorghum saccharatum were lower both in low and high 

treatments for the metal microcosms. This implies that Sorghum saccharatum was negatively 

affected by the Pb addition. With increase in Cu concentration root growth inhibition of 

Lepidium sativum and Sinapis alba or stem growth inhibition of Lepidium sativum, Sorghum 

saccharatum and Sinapis alba did not have any significant trend as described in results.  

For the bacterial indicators, the effect of increasing Cu concentration added in the water 

of metal microcosm significantly decreased the Shannon, Simpson diversity indices of phyla and 

genera (Figure 3.8 and Table 3.3). With increasing Pb concentration there were significant 

increase in the Simpson diversity indices of phyla and Shannon, Simpson diversity indices of 

genera (Figure 3.8 and Table 3.3). 

Hence, it is evident from these results that the impact of Cu, decreased the bacterial 

diversity and number directly. It appears that in situ (Roane and Kellogg 1996) and laboratory 

studies (Knight et al. 1997) bacterial diversity in contaminated soils can be highly correlated to 

metals concentrations (Ahmed et al. 2018). Studies suggest that long-term heavy metal such as 

Pb, Cu, Cd and Zn can affect and can also decrease the microbial biomass, activity and diversity 

(Chen et al. 2014). Specifically, metals like Cu (alone or in combination) can affect the genetic 

structure and function of the exposed community (Ahmed et al. 2018). Because of which, 
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increasing Cu concentration(mg/L) added in the water of metal microcosm significantly 

decreased the Shannon, Simpson diversity indices of phyla and genera.  

Metal contaminated ecosystems were shown to exert a highly selective pressure towards 

transfer of metal-resistance genes and finally developing resistance to metal concentration (Ryan 

et al. 2005, Cai et al. 2009, Azarbad et al. 2013, 2016). Several field-related studies have 

demonstrated a change in the microbial community structure and function with higher levels of 

metal-resistance genes being stably present, even after long-term exposure of the metal pollutant 

(Olson and Thornton 1982, Hemme et al. 2010, Kang et al. 2013). In a similar study showed Pb-

resistant bacteria tend to grow in contaminated soils after a certain timeline (Margesin and 

Schinner 1996, Sabry et al. 1997, Konopka et al. 1999). In this present chapter, the metal 

microcosm experiment with increasing Pb concentration there were significant increase in the 

Simpson diversity indices of phyla and Shannon, Simpson diversity indices of genera (Figure 

3.10, Table 3.3), confirming the growing resistance of the bacterial communities with the added 

Pb. In Chapter 2 also, a significant amount of Pb-resistant, remediating, precipitating, 

biomethylating bacterial communities were identified from the wetland site sediments (Table 

3.7). Additionally, with increase in of metal component 2 (effect of Pb and Hg concentration in 

ppm), the Shannon diversity index of phyla, the Simpson diversity index of phyla, genera 

increased significantly (Figure 2.10 and 2.11). The metal microcosm experiment of this present 

chapter confirmed this trend of growing resistance of the sediment bacterial communities with 

the added Pb. Presence of these specific Pb-resistant bacteria have been discussed layer in the 

discussion. 

In the sediment of the metal microcosm, the concentration of metals in the sediments did 

not significantly change over the time course of the experiments in the metal microcosm 
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experiment (Figure 3.4), with the exception  other than the concentration of As  that decreased 

from start (day 0) after adding to the end (day 15) of the experiment of the metal microcosm 

experiment (Figure 3.4). 

In terms of the relationship, with increase in Ni concentration in the sediments of the 

metal microcosm, a decrease in root growth inhibition of Sorghum saccharatum was observed 

(Figure 3.9) – Ni is a widely-distributed element, also creates toxic physiological effects on 

plants when accumulated above a certain body weight especially in the vegetative and 

reproductive parts (Soon et al. 1980, S. Sengar et al. 2008). Experiments on Sorghum bicolor 

show that sometimes Ni can bioaccumulate in this species and can efficiently take up Ni very 

efficiently but also can be toxic after a certain level (Al Chami et al. 2015) . In this experiment of 

the present chapter, Sorghum saccharatum also accumulated Ni efficiently and the effect was not 

toxic until the body weight after accumulation is achieved, hence decrease in root growth 

inhibition was observed. 

With increase in Cd concentration in the sediments of the metal microcosm, an increase 

in root growth inhibition of Sorghum saccharatum and Sinapis alba was observed (Figure 3.9). 

Other research studies have proven that Cd could get accumulated in the roots of Sinapis and can 

cause in the inhibition of root growth (Fargašová 2001). Similarly, root growth in Sorghum can 

be reduced with an increase in Cd supply (Zancheta et al. 2015). With increase in As 

concentration(ppm) in the sediments of the metal microcosm, an increase in root growth 

inhibition of Lepidium sativum was observed in the results (Figure 3.9). Other researches have 

also shown that As at a certain concentration, can negatively affect plant development in 

Lepidium sativum(Umar et al. 2013). 
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With increase in Ag and Ni concentration in the sediments of the metal microcosm, an 

increase in stem growth inhibition of Sinapis alba was observed (Figure 3.9). Studies have 

shown that growth in the root of Sinapis alba can get affected by Ag in ionic as well as in 

nanoparticle form (Kaduková et al. 2015), similarly Ni also can cause unfavorable changes in 

shoots and roots of Sinapis alba (Matraszek et al. 2017). With increase in Ag concentration in 

the sediments of the metal microcosm, an increase in stem growth inhibition of Sorghum 

saccharatum was observed. Ag after a certain concentration can affect the growth of Sorghum 

saccharatum negatively(Lee et al. 2012). With increase in Rb concentration in the sediments of 

the metal microcosm, a decrease in stem growth inhibition of Sinapis alba was observed. 

Implying Rb was not creating any toxic effects of Sinapis alba stem growth (Figure 3.9). 

With increasing Cd, Zn level, an increase in the Shannon diversity indices of phyla was 

observed (Figure 3.10). With increasing As and Zn level, an increase in the Simpson diversity 

indices of phyla was observed (Figure 3.10). With increasing Zn level, an increase in the 

Simpson diversity indices of genera was observed (Figure 3.10). To survive in toxic 

environment, some microbes evolved defense mechanisms to metabolize and transform heavy 

metal into a less toxic forms and consequently become heavy metal resistant microbes are 

formed. As a result, toxic metals like Cd, As, even micronutrients such as Zn, Ni can exert 

toxicity to living cells like microbes by growing resistance and thus can less impact the diversity 

and number of the sediment bacterial community (Gurave et al. 2015, Prabhakaran et al. 2015, 

Yazdankhah et al. 2018). With increasing Hg level, a decrease in the Shannon diversity indices 

of phyla was observed (Figure 3.10). Hg is a toxic element that can alter the bacterial community 

(Gurave et al. 2015, Prabhakaran et al. 2015, Vasileiadis et al. 2015, Yazdankhah et al. 2018). 
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Nutrient microcosm:  

The concentration of nitrate and phosphate decreased over time in the nutrient microcosm 

experiment, both in high and low level of treatment (Figure 3.3) and both the reductions of 

nitrate and phosphate concentration were significant (Table 3.6). Treatment wetland systems are 

used as water remediation processes, such as secondary and tertiary treatment of wastewater, and 

surface water runoffs. Previous studies have also shown that wetlands can remove nitrate and 

phosphate from nutrient-rich waters (Gersberg et al. 1986, Bachand and Horne 2000, Reilly et al. 

2000, Shannon et al. 2000, Walker and Shannon 2006). 

The effect of experimental timeline (day effect) and treatment level (high and low) on the 

stem and root growth inhibition of Lepidium sativum, Sinapis alba and Sorghum saccharatum  

was not statistically significant (Figure 3.5). The effect of experimental timeline (day effect) was 

statistically significant on the Shannon, Simpson diversity indices of phyla and genera. The 

diversity was high at the start of the experiment but decreased at the end (Figure 3.5). 

A wetland system can remove nitrogen because of the proximity of aerobic zones that can 

support autotrophic nitrifying bacterial population and anaerobic zones supporting heterotrophic 

denitrifying bacterial population. On the other hand, phosphate removal can be done through its 

adsorption onto soil or sediment, incorporation into microbial mass, uptake in plant biomass and 

precipitation (Thomas et al. 1995). Studies have shown that nitrate and phosphate can be 

removed from wetland ecosystems as well as from wetland microcosms very efficiently 

(Busnardo et al. 1992, Jasper et al. 2014, Kadlec 2016). Similarly, in the present chapter in these 

nutrient microcosms also, nitrate and phosphate added in water were reduced during the 

experiment and the residing bacterial population may have played a very important role in this 

remediation. There was a decrease of Shannon and Simpson diversity indices of phyla and 
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genera over time in the experiment (Figure 3.6). This suggests that, the reduction (or deficiency) 

of nitrate and phosphate may have contributed to  the decrease of Shannon and Simpson 

diversity indices of phyla and genera. These results are consistent with the  finding that the 

wetland microbial community was lower in diversity and number associated with  phosphate 

deficiency as in chapter 2. Other studies have also shown that phosphorus deficiency can also 

negatively affect the growth and development of microorganisms, thus reducing the number and 

diversity (Kulakovskaya 2014) 

Certain trends in the growth inhibition was clear. For example, in Sinapis alba (lower 

treatment level – in root) and Sorghum saccharatum (lower and higher treatment level – in root), 

growth inhibition decreased over time (Figure 3.5). This implies that the reduction (or 

deficiency) of nitrate and phosphate from start (day 0) to the end (day 30) of the experiment, 

created a decrease on the growth inhibition or facilitated the growth. In chapter 1, the increasing 

phosphate resulted in increasing root inhibition significantly (Figure 1.8). The phosphorus 

cycle is sedimentary but gaseous, forming complexes within organic matter in wetland soil 

(Kadlec and Wallace 2009). This implies that in these wetland sites the available phosphorus is 

not adequate for plants to grow properly resulting in growth inhibition. But when phosphorus 

was supplied outside in the microcosm experiments (as in this present chapter) there was 

facilitation of growth. 

With increasing addition of nitrate in the microcosm water the root growth inhibition of 

Sorghum saccharatum was increased but at the same time the stem growth inhibition decreased 

significantly with negative estimate values (Figure 3.11 and Table 3.6). Clearly in this case 

nitrate was affecting root and stem of the same plant differently. Previously in the experimental 

timeline effect, it was seen that, Sorghum saccharatum (lower and higher treatment level – in 
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root), growth inhibition decreased over time (Figure 3.5) at the same time the concentration of 

nitrate in the nutrient microcosm experiment, both in high and low level of treatment (Figure 

3.3). Hence, the negative effect on root was more pronounced than the stem growth inhibition. 

Although nutrients like nitrate or a nitrogen form are required for plant, but excess can cause ill-

effects (Mitsch and Gosselink 2000, USGS 2017) as here nitrate is causing increase in root 

growth inhibition. 

Pb and Cu concentration along with nitrate and phosphate concentration were observed to 

be high in the autoclaved sediments (Figure 3.12). This is consistent with the hypothesis that the 

bacterial community present in the wetland sediments may serve to alleviate the pollutant (Pb, 

Cu, nitrate and phosphate) concentration as bacterial community were less in number and 

diversity in the autoclaved sediment compared to non-autoclaved sediment (Figure 3.15). This 

however, does not rule out the possibility that autoclaving may have changed the physical 

structure of the sediments that could have affected the XRF methodology in detecting Pb.  This 

remains to be investigated. However,  in metal microcosm, the level of all the measured metals, 

Ag, As, Cd, Fe, Hg, Ni, Pb, Rb, Zn  were not observed to be different between autoclaved and 

non-autoclaved sediments and was also not statistically significant (Figure 3.15). Hence in case 

of sediment metals the effect of bacteria was not very profound. Metals in sediment once 

strongly bound to sediment and form complexes that is unlikely to be broken (Knox et al. 2006) 

hence the metals in the sediments were not likely in an available form within the microcosms. 

The effect of autoclaving did not have a specific trend or significant effect of autoclaving 

on the stem and root growth inhibition of Lepidium, Sinapis and Sorghum in nutrient and metal 

microcosm (Figure 3.14). Shannon and Simpson diversity indices of phyla and genera observed 

to higher in the non-autoclaved sediments of metal and nutrient microcosms for both in low and 
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high level of treatment with few exceptions (Figure 3.15). The autoclave process was performed 

in this experiment as a negative control to observe the effect of bacteria on the pollutants, when 

bacterial community is present in low numbers in the sediments. Hence, it is very common to see 

the effect of autoclaving creating a significant effect on the bacterial community (Figure 3.15). 

Although certain bacteria did survive the autoclaving process as well and their abundance in the 

sediments increased after autoclave (Figure 3.16 – 3.23). This might have happened due to two 

reason, firstly possibly some genera were simply resistant to the autoclave heating process and 

secondly as the autoclaved sediments were used in the microcosms, the water was changed at 7 

day interval and nutrients were also renewed every 7 days. More importantly the metal 

microcosm experiment ran for 15 days and nutrient microcosm experiment ran for 30 days after 

the autoclave so it was also possible that some bacterial genera actually grew back during this 

time. 

Patterns of predictive bacterial indicators detected in microcosm experiments: 

A bioindicator is a single or group of species whose status, functional abilities or 

population can depict a picture about the quality of the environment and the cumulative effects 

of several pollutants present in the environment. Hence, it is important for biological indicators 

to be sensitive to wide range of biological stresses. The indicators should be able to discriminate 

human caused changes from all the background “noise” of natural variation (Karr and Chu 

1999). Soil microbial communities play a very important role in the ecosystem and provides a 

multitude of ecosystem services thus impacting the overall functioning of the soil environment. 

Hence, soil microbial indicators can offer significant advantages over traditional biological and 

chemical methods, especially at the genus taxonomic level, that might not be available in the 

higher taxonomical ranks (Hermans et al. 2016). 
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In this present chapter, the first two major types of microbes that were detected were 

firstly intolerant (to Pb and Cu) bacterial genera that were present at the start of the experiment 

(day 0) but disappeared later in all the metal treatments (Table 3.8). The second type was 

sensitive (to Pb and Cu)  bacterial genera, were absent or could not sustain in the high treatments 

of the metal microcosm at the end of the experiment (day 15) compared to start of the 

experiment (day 0) (Table 3.8). In the high treatment of the metal microcosm the metals were 

applied with higher levels of concentration as listed in Table 3.1. 

Among all these identified these bacterial genera Chlorobium was an intolerant (to Pb 

and Cu)  genus identified among the wetland site microcosms of 2, 5 and 6 but was not detected 

in the microcosms of wetland site 1. This implies that this genus totally disappeared in all the 

treatments by the end or day 15 of the experiment of the microcosms of wetland site 2, 5 and 6. 

Hence, based on these results it could be concluded that Chlorobium very sensitive genus when 

exposed to heavy metal pollution for an extended period especially Pb and Cu.  Similarly, the 

genus Aquicella was not detected in the microcosms of wetland site 2, but was observed to be an 

intolerant (to Pb and Cu)  genus in the microcosms of wetland site 6 although was less tolerant in 

the microcosms of wetland sites 1 and 5. Implying that Aquicella also was not a very tolerant 

genus when exposed to heavy metal pollution for a long period especially Pb and Cu. Now the 

bacterial genera Gemmata, Sphingomona, Nitrospira, Balneimonas, Chlorobaculum, Aeromonas, 

Pedosphaera and Arthrobacter were observed to be resistant to Pb and Cu in most of the 

microcosms of wetland sites of 1, 2, 5 and 6 but were sensitive or they disappeared in the high 

concentration in certain microcosms also. For example, Pedosphaera, was a tolerant (to Pb and 

Cu) bacterial genus in the microcosms of wetland sites 2,5 and 6 but was sensitive (to Pb and 

Cu)  in the microcosms of wetland site 1 as it became zero abundance in the high level of 
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treatment where metals Pb and Cu was added in higher concentration in microcosm water. This 

implies that pollutant applied to the water of wetland site 1 created more stress compared to other 

in these sediments residing genera causing them to decrease in abundance, likely because of the 

sediment and metal interaction in wetland site 1 microcosm. Previous studies have also indicated 

that exposure to heavy metal pollution can lead to decrease in soil bacterial abundance diversity 

(Chen et al. 2014, Xie et al. 2016). 

Some of the bacterial genera that were observed to tolerant to Pb and Cu (either highly or 

less) among the microcosms of almost all wetland sites were: Nocardioides, Burkholderia, 

Holophaga, Syntrophus, Bacteroides, Anaerolinea, Geobacter, Candidatus Solibacter, 

Cystobacter, Desulfococcus, Syntrophobacter and more. The complete list is in Table 3.8. All the 

tolerant species could withstand the stress factor of Pb and Cu well, but some were less tolerant 

and some were more or highly tolerant. Although we found the same genus to be less tolerant 

within the microcosms of a wetland site were highly tolerant into the others, this could be a 

factor of the wetland site sediment chemistry. The less tolerant bacterial genera were lower in 

abundance in the high- concentration treatments of the microcosms and the highly tolerant 

bacterial genera were higher in abundance in the high and low concentration treatments. 

However, all these tolerant genera also survived the autoclaved treatments of high temperature as 

well, which could be because of two reasons firstly, these genera were simply resistant to the 

autoclave heating process and secondly they likely grew back as the experiment went along as 

discussed before (Table 3.8). But this property of surviving the high heat of these tolerant genera 

needs to be investigated in future studies. 

Among these tolerant genera identified Flavobacterium, Bacillus, Pseudomonas, 

Clostridium, Burkholderia, Aeromonas, Ralstonia and Arthrobacter have already been identified 
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as Pb-resistant, remediating, precipitating, biomethylating and/or Hg resistant and/or Hg 

bioremediating bacterial genera in chapter 2 from the field study (Gummersheimer and Giblin 

2003, Chen et al. 2011, Kafilzadeh et al. 2012, Zhang et al. 2012, 2017, Figueiredo et al. 2014, 

Tipayno et al. 2018, Ayangbenro et al. 2019). Clostridium, Pseudomonas, Bacillus and 

Arthrobacter have also been identified as Cu- resistant bacterial genera in previous studies such 

as in (Kunito et al. 1997, He et al. 2010, Santo et al. 2010, Andreazza et al. 2011, Altimira et al. 

2012, Berg et al. 2012). Thiobacillus also has been reported as resistant to various metals 

(Tipayno et al. 2018) and specifically to Cd (Zhang et al. 2017, Feng et al. 2018). 

Gemmatimonas, Candidatus Solibacter and Nitrospira has also been reported as resistant to Cd 

(Feng et al. 2018). SJA-88, Fusibacter and Dechloromonas have also been reported as resistant 

to Cd (Zhang et al. 2017). Rhodoferax has also been identified as Iron-reducing bacteria (Risso et 

al. 2009). Flavobacterium and PSB-M-3 have also been reported as resistant/remediating to Cr 

(Pei et al. 2018). Sediminibacterium was also reported as resistant to metal treatments (Kou et al. 

2018). Rhodoplanes have been detected in environments with high As concentrations (Lakshmi 

et al. 2011, Wang et al. 2016). Strains of Halomonas also been reported as resistant to heavy 

metals like Pb, Zn and Cd (Manasi et al. 2016). Desulfococcus has been reported having metal 

resistance genes especially to Cd (Naz et al. 2005). Anaerolinea and Geobacter have also been 

detected with possible resistant properties for heavy metals like As and Pb (Tipayno et al. 2018). 

(Kou et al. 2018) has observed Methylibium as resistant to many heavy metals like Pb, Cu and 

Zn. (Ding et al. 2017) have identified Sphingomonas as metal (Cr and Cd) resistant bacterial 

genera. The taxonomical phyla that these specific indicators belong to were: Firmicutes, 

Proteobacteria, Bacteroidetes and Actinobacteria.  

https://www.google.com/search?biw=1253&bih=620&sxsrf=ACYBGNR6qi9UplzxW-FjuOw21tOLvVWJjw:1577604615890&q=Bacteroidetes&stick=H4sIAAAAAAAAAONgVuLUz9U3MEqON01bxMrrlJhcklqUn5mSWpJaDADpmwwvHQAAAA&sa=X&ved=2ahUKEwjZoOeVq9rmAhVzds0KHaXoAEgQmxMoATAWegQIEBAH
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As discussed before, it is important for biological indicators to be sensitive to wide range 

of biological stresses. The indicators should be able to discriminate human caused changes from 

all the background “noise” of natural variation (Karr and Chu 1999). In the present chapter in the 

metal microcosm experiment, we could identify a wide range of soil bacterial indicators 

(specifically in genus taxonomic level) either sensitive to high concentration of Pb and Cu or 

tolerant to metal treatments.  

For nutrient microcosm, nitrate and phosphate were added in high and low concentration 

to the water of nutrient microcosm experiment. Nutrients such as nitrate and phosphate are 

essential for the growth of plants and animals but excess presence can cause adverse effects. 

Nitrate is abundantly present in the environment but phosphorus gets into water by soil erosion. 

Nitrate and phosphate are also artificially introduced in water through chemical fertilizers to 

grow crops. Excess runoffs from agricultural fields when gets into water bodies, level of nitrate 

also becomes excess causing water pollution and eutrophication (USGS 2017). 

Nitrate and phosphate were applied as a stress in the water of this microcosm experiment 

in high and low concentration (Table 3.1) over 30 days. The tolerant (nitrate and phosphate) 

genera of this stress present in the microcosms of all the wetland sites (1, 2, 5 and 6) were: 

Bacillus, Dechloromonas, Flavobacterium, Holophaga, Prosthecobacter, Ralstonia, 

Sediminibacterium, Spirochaeta, Anaerolinea and more. The complete list is in Table 3.8. All the 

tolerant species could withstand the stress factor of nitrate and phosphate well, but some were 

less tolerant and some were more or highly tolerant. Although we found the same genus to be 

less tolerant (to nitrate and phosphate)  within the microcosms of a wetland site were highly 

tolerant (to nitrate and phosphate)  into the others, this could be a factor of the wetland site 

sediment chemistry. The less tolerant bacterial genera were lower in abundance in the high-
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concentration treatments of the microcosms and the highly tolerant (to nitrate and phosphate)  

bacterial genera were higher in abundance in the high and low concentration treatments. But 

most of these tolerant genera also survived the autoclaved treatments as well as did not disappear 

(Table 3.8). As discussed in the metal microcosm section, this property of bacterial genera 

surviving the high heat of autoclaving process needs to be investigated further in future studies. 

Other than the tolerant bacterial genera, Cronothrix was also identified as the most 

intolerant (to nitrate and phosphate) bacterial genera present among microcosms of all the 

wetland sites (1, 2, 5 and 6).  

In this nutrient microcosm experiment where nitrate was applied in high and low 

concentration  as one the stress factors for 30 days. Nitrate is also formed in water bodies 

naturally through oxidation of other forms of nitrogen like nitrite, ammonia, and organic nitrogen 

compounds such as amino acids. Wetlands located especially near farmland also receive a high 

level of nitrate from the farming activities. Excess nitrate can be removed from the ecosystem by 

denitrification, which is reduction of nitrate (NO3-) into gaseous forms nitrous oxide (N2O) and 

dinitrogen (N2). However, the release of N2O is detrimental to the environment as it is a potential 

greenhouse gas as well (Kadlec and Wallace 2009).Microbes play a very important role in this 

denitrifying process. Microbes can convert nitrate into dinitrogen or N2 gas, these microbes are 

called as denitrifiers (Kadlec and Wallace 2009). 

Among the bacterial genera identified in this experiment, Bacillus, Enterobacter, 

Pseudomonas, Hyphomicrobium, Arthrobacter, Burkholderia, Rhizobium, Thiobacillus, 

Flavobacterium, Corynbacterium and Agrobacterium has also been identified as denitrifiers in 

(Smith and Zimmerman 1981, Gerardi 2006, Castellano-Hinojosa et al. 2017). Among which 

Bacillus, Pseudomonas, Hyphomicrobium, Arthrobacter, Thiobacillus and Flavobacterium have 
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been identified as tolerant (less or highly) and highly abundant bacterial genera to the continuous 

added nitrate stress in the nutrient microcosm experiments in this present chapter as well as in 

the field studies from chapter 2 (Table 3.7). 

The main function of denitrifying bacteria is to break down nitrate. These findings give 

us a clear direction to what kind of specific bacterial indicators to look for when there is a nitrate 

stress, and the direction might be confirmed with the presence of specific functional bacterial 

genera classified as denitrifiers. The taxonomical phyla of these genera were: Firmicutes, 

Proteobacteria, Actinobacteria and Bacteroidetes.  

A major part of the organic phosphorus treatment wetland soils and flocs is microbial 

(Kadlec and Wallace 2009). In a natural environment, numerous microorganisms in soil and 

rhizosphere can release total soil phosphorus through solubilizing and mineralization 

(Bhattacharyya and Jha 2012). These groups of microorganisms are called as phosphorus 

solubilizing microorganisms (PSMs). These PSMs increase the bioavailability of soil insoluble 

phosphorus for plants in ecosystems (Zhu et al. 2011). In literatures, the identified phosphorus-

solubilizing microorganisms (PSMs) genera are: Pseudomonas, Agrobacterium (Babalola and 

Glick 2012), Bacillus, Burkholderia (Mamta et al. 2010, Zhao et al. 2014, Istina et al. 2015, 

Alori et al. 2017), Ralstonia, Rhizobium (Tajini et al. 2012), Serratia, Rhodococcus, Salmonella 

and Thiobacillus (Postma et al. 2010, David et al. 2014, Alori et al. 2017), Flavobacterium, 

Enterobacter, Streptomyces (Zhu et al. 2011). In Chapter 2 field studies, the phosphorus 

solubilizing microorganisms (PSMs) genera that were observed during summer 2017 in wetland 

site 1-6 were: Pseudomonas, Agrobacterium, Thiobacillus, Ralstonia, Bacillus, Flavobacterium, 

Enterobacter, Arthrobacter, Streptomyces and Rhizobium (Table 3.7). But in this microcosm 

experiment phosphorus was added from was applied in high and low concentration in mg/L as 
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one the stress factors for 30 days (Table 3.1). Hence there were less abundance of phosphorus-

solubilizing microorganisms (PSMs) that were observed in this experiment. For example, genus 

like Streptomyces was not observed at all. Genera like Enterobacter, Rhizobium, Agrobacterium 

were present but were highly intolerant and were not present in any of the treatment microcosms 

other than the day 0 treatments, where no phosphorus was applied.  

Although genera like Pseudomonas, Thiobacillus and Flavobacterium were present and 

were tolerant in the microcosms of the wetland sites. But Pseudomonas was observed to be less 

tolerant in the microcosms of the wetland sites 1, 2 and 6. Thiobacillus was observed to be less 

tolerant in the microcosms of the wetland sites 1, 2 and 5. Flavobacterium was observed to be 

less tolerant to nitrate and phosphate in the microcosms of the wetland sites 1, 2 and was not 

observed in the microcosm of the wetland site 6. Implying that these genera were low in 

abundance in the higher treatment levels of nutrients (where phosphorus was also applied in 

higher concentration –Table 3.1) in most of the wetland site microcosms, compared to the lower 

treatment levels. Genus like Burkholderia, although was not detected in summer 2017 in wetland 

site 1-6 as in chapter 2, but in this nutrient microcosm experiment this genus was not present in 

the in the higher treatment levels of nutrients and was classified as a sensitive indicator (Table 

3.7).  Only two genera Bacillus and Ralstonia were tolerant to the phosphorus stress and were 

abundantly present in the nutrient microcosm experiment (Table 3.8). Hence these two genera 

did not respond to the applied phosphate stress. The taxonomical phyla of these genera were 

Firmicutes and Proteobacteria. 

Hence, in this nutrient microcosm experiment where phosphate was applied in high and 

low concentration as one the stress factors for 30 days other than the sensitive and tolerant and 

intolerant indicators of stress as phosphate, we also could identify certain genera such as: 
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Pseudomonas, Thiobacillus, Flavobacterium, Enterobacter, Burkholderia and Rhizobium who 

were mostly less tolerant and were specifically low in abundance in the higher treatment levels 

of nutrients (where phosphorus was also applied in higher concentration) (Table 3.8). These 

genera have been identified as phosphorus solubilizing microorganisms (PSMs) among other 

literatures as discussed before. These findings give us a clear direction to what kind of specific 

bacterial indicators to look for when there is a phosphate stress, and the direction might be 

confirmed with the decrease of specific functional bacterial genera classified as phosphorus 

solubilizing microorganisms (PSMs).  

 

Future Research: 

So far we were able to identify specific bacterial genera in relation to metal and nutrient stress. 

But a limitation to this study is that we were only able to identify taxi up to the genus level. To 

understand this correlation of bacterial genera and pollutants more specific analysis needs to be 

made. After long term exposure stress, microbial communities develop resistance systems (Nies 

1999, Hemme et al. 2010, Chen et al. 2018). For example, bacterial communities often develop 

metal resistance genes (MRGs) in response to metal pollution. Widespread metal pollution 

facilitates co-selection of antibiotic resistance genes (ARGs) and MRGs together(Li et al. 2017). 

Literatures have shown significant co-occurrence or co-selection of MRGs or ARGs in soil 

contaminated with metals such as As, Cr, Cd, Cu, Ni, Pb and Zn (Pal et al. 2015, Li et al. 2017, 

Chen et al. 2019, Liu et al. 2019). Studies have reported horizontal gene transfer of ARGs and 

MRGs as often these two genes are carried by the same plasmid (Pal et al. 2015, Li et al. 2017, 

Chen et al. 2019). MRGs and ARGs can respond to the influence of heavy metals (Chen et al. 

2019). These studies have also reported genera such as Escherichia, Staphylococcus, Bacillus, 
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Pseudomonas, Burkholderia, Rhizobium, Corynebacterium, Streptococcus, Enterobacter, 

Cupriavidus, Ralstonia and Streptococcus with metal resistance genes in plasmids with ARGs or 

without ARGs (Boyd and Barkay 2012, Pal et al. 2015). These genera were detected in the 

present study, in-fact genera such as Bacillus, Pseudomonas, Burkholderia, Rhizobium, 

Ralstonia, Streptococcus, Enterobacter and Corynebacterium were abundantly found in the 

present study and also were identified as metal-resistant genera in the present study. Hence, for 

future studies identification of specific metal resistance genes such as merA – for Hg resistance 

(Boyd and Barkay 2012), cop A, cop B, pco A, pco C, pco D – for Cu resistance and pbr T – for 

Pb resistance (Chen et al. 2019) with or without ARGs, could be investigated to establish the 

functional capabilities of metal resistance genera such as Bacillus, Pseudomonas, Burkholderia, 

Rhizobium, Ralstonia, Streptococcus, Enterobacter and Corynebacterium as detected in present 

study at the genetic level. This will establish the candidacy of these bacterial genera to be 

selected as metrics for a multi-metric index more strongly. 

Conclusion: 

The first two predictions in this chapter were that there would be reduction in the 

pollutant (Pb, Cu, nitrate and phosphate) added  to the water of metal and nutrient microcosms 

from beginning to the end of the experiments of microcosms and there will be reduction in the 

growth inhibition responses of Lepidium sativum, Sinapis alba and Sorghum saccharatum (the 

ecotoxicological indicators) grown in the sediments of the of metal and nutrient microcosms 

from beginning to the end of the experiment in metal and nutrient microcosms. Based on the 

predictions we clearly see there is reduction of Pb, Cu, nitrate and phosphate added to the water 

of metal and nutrient microcosms from beginning to the end of the experiments of microcosms. 

In terms of the bio-indicators, in metal microcosms it was observed that the root inhibition of 
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Sorghum saccharatum was lower at the end of the experiment compared to the beginning, 

indicating that reduction of the metals Pb and Cu also reduced the growth inhibition. Some 

similar trends were also observed in the nutrient microcosms with the indicators Sinapis alba and 

Sorghum saccharatum (Figure 3.5, 3.6). The regression model showed that with increase in Pb 

concentration , root inhibition of Sorghum saccharatum was increased. Again, confirming the 

fact that only reduction of toxic metals like can reduce toxicity in sediments indicated by 

reduction of root inhibition of Sorghum (Figure 3.7). In the nutrient microcosms, it was also 

observed that with increasing addition of nitrate in the microcosm water the root growth 

inhibition of Sorghum saccharatum was increased. Indicating that although nutrients like nitrate 

or a nitrogen form are required for plant, but excess can cause ill-effects (Figure 3.11). 

The third prediction was that there would be increases in the bacterial indicators 

(Shannon and Simpson diversity indices of phyla and genera) from beginning to the end of the 

experiment metal and nutrient microcosms as the pollutants (Pb, Cu, nitrate and phosphate) will 

be reduced. In contrast to the prediction it was observed that the bacterial phyla and genera 

Shannon, Simpson diversity indices microcosms of wetland sites 1, 2, 5 and 6 were lower in low 

and high treatments (of Pb and Cu applied in water) of the microcosms at the end of the 

experiment (Figure 3.8).  This indicates the bacterial indicators (Shannon and Simpson diversity 

indices of phyla and genera) were negatively affected by addition of Pb and Cu in the water of 

the metal microcosms  even at reduced condition at the end of the experiment (Figure 3.6).  

Similar trends were seen in the nutrient microcosm as well. The Shannon, Simpson diversity 

indices of phyla and genera was high at the start (day 0) of the experiment but decreased at the 

end (day 30). This implies that, the reduction (or deficiency) of nitrate and phosphate from start 

(day 0) to the end (day 30) of the experiment caused in the decrease of Shannon and Simpson 
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diversity indices (Figure 3.6). With increasing Cu concentration added in the water significantly 

decreased the Simpson diversity indices of phyla and genera with increasing Pb concentration 

there were significant increase in the Simpson diversity indices of phyla and Shannon, Simpson 

diversity indices of genera (Figure 3.8), suggesting how metals like Pb and Cu (alone or in 

combination) can affect the genetic structure and function of the exposed community (Ahmed et 

al. 2018). 

For the nutrient microcosm, a trend of increase in the Shannon, Simpson diversity indices 

of phyla and genera was observed with increase in the phosphate added in the microcosm water 

indicating that phosphorus deficiency can also negatively affect the growth and development of 

microorganisms, thus reducing the number and diversity (Kulakovskaya 2014).  

The next prediction was with the increase in the detected sediment metal concentration 

from beginning to the end the growth inhibition responses of Lepidium sativum, Sinapis alba and 

Sorghum saccharatum (the ecotoxicological indicators) will increase and bacterial indicators 

(Shannon and Simpson diversity indices of phyla and genera) will decrease in the metal 

microcosm experiment. The concentration of As detected in the metal microcosm sediments did 

significantly change from start (day 0) after adding to the end (day 15) of the experiment of the 

metal microcosm experiment (Figure 3.4). Also, sediment metals such as Ni, Cd, As, Ag, Zn, Fe 

and Hg detected in the sediment microcosms created significant relationships with the growth 

inhibition responses of Lepidium sativum, Sinapis alba and Sorghum saccharatum (the 

ecotoxicological indicators) and bacterial indicators (Shannon and Simpson diversity indices of 

phyla and genera) (Figure 3.9). 

After this it was predicted that the bacterial indicators (Shannon and Simpson diversity 

indices of phyla and genera) and the pollutant concentration in mg/L (Pb, Cu, nitrate and 
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phosphate) will be lower in the autoclaved sediments of the metal and nutrient microcosms but 

the growth inhibition responses of the ecotoxicological indicators (Lepidium sativum, Sinapis 

alba and Sorghum saccharatum) will be higher. The results showed that the Shannon and 

Simpson diversity indices of phyla and genera observed to higher in the non-autoclaved 

sediments of metal and nutrient microcosms for both in low and high level of treatment with few 

exceptions. The autoclave process was performed in this experiment as a control to observe the 

effect of bacteria on the pollutants, when bacterial community is present in low numbers in the 

sediments. Hence, it was very common to see the effect of autoclaving creating a significant 

effect on the bacterial community (Figure 3.15). Pb and Cu concentration along with nitrate and 

phosphate concentration was observed to be high in the autoclaved sediments (Figure 3.13). This 

confirms that the bacterial community present in the wetland sediments could reduce the 

pollutant (Pb, Cu, nitrate and phosphate) concentration in the non-autoclaved sediments as 

bacterial community were less in number and diversity in the autoclaved sediment compared to 

non-autoclaved sediment (Figure 3.15). Although no significant trends were seen among the 

ecotoxicological indicators when exposed to autoclaved/non-autoclaved sediments (Figure 3.14). 

The last prediction was that there will be some specific bacterial genera present in the 

sediments of the metal and nutrient microcosms which will be predictive indicators to the added 

pollutants (Pb, Cu, Nitrate and Phosphate) added to the water of metal and nutrient microcosms. 

In the present chapter from metal microcosm experiments, a wide range of soil bacterial 

indicators (specifically in genus taxonomic level) either sensitive to high concentration of Pb and 

Cu or tolerant genera to metal treatments (such as: Flavobacterium, Bacillus, Pseudomonas, 

Clostridium, Burkholderia, Aeromonas, Ralstonia, Arthrobacter, Thiobacillus, Halomonas, 

Anaerolinea, Methylibium and Geobacter) were identified. 
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The nutrient microcosm experiment findings give us a clear direction to what kind of 

specific bacterial indicators to look for when there is a nitrate stress, and the direction might be 

confirmed with the presence of specific functional bacterial genera classified as denitrifying 

genera (such as Bacillus, Pseudomonas, Hyphomicrobium, Arthrobacter, Thiobacillus and 

Flavobacterium). As denitrifiers break nitrate into N2O and N2. Also, these findings give us a 

clear direction to what kind of specific bacterial indicators to look for when there is a phosphate 

addition, and the direction might be confirmed with the decrease of specific functional bacterial 

genera (and species) classified as phosphorus solubilizing microorganisms (PSMs) genera (such 

as: Pseudomonas, Thiobacillus, Flavobacterium, Enterobacter, Burkholderia and Rhizobium). 

These results answer the research questions that the ecotoxicological indicators 

(Lepidium sativum, Sinapis alba and Sorghum saccharatum) and sediment bacterial indicators 

(Shannon and Simpson diversity indices of phyla and genera) in sediments correlate with 

manipulated changes in the concentration of nutrients (nitrate, phosphate) and metals (Cu, Pb) 

added to the water of experimental microcosms.  

Also, we did observe specific bacterial taxa or bacterial specific assemblages of 

identified bacterial taxa that can potentially serve as predictive indicators of the induced 

pollution to the water of experimental microcosms (i.e. ex ante impact indicators for ecological 

risk assessment). Although we detected some predictive genera but only more detailed functional 

analysis of these taxonomical species can confirm these trends of their response to pollutant 

loads such as nitrate, phosphate, Cu and Pb.  
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Appendices 

 

Appendix 1.1: Analysis of Variance for the effects of predicted yearly nutrient loading on  

(A) Stem Inhibition and (B) Root Inhibition among wetland sites 1-6.   

Factors included seed species (Lepidium sativum, Sinapis alba, Sorghum saccharatum),  

nitrate-nitrite load (Kg/yr) and phosphate load (Ky/yr).   

 
Source DF SS F Ratio Prob > F 

(A) Stem Inhibition 
    

Seed species  2 0.87377 16.1445 <.0001* 

Nitrate-Nitrite 1 0.24738 9.1415 0.0041* 

Phosphate 1 0.08137 3.0068 0.0898 

Nutrient Interaction 1 0.18764 6.9338 0.0116* 

(B) Root Inhibition 
    

Seed species  2 0.0820 0.6990 0.5024 

Nitrate-Nitrite 1 0.0282 0.4809 0.4916 

Phosphate 1 0.0014 0.0246 0.8761 

Nutrient Interaction 1 0.0007 0.0112 0.9162 
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Appendix1.2:  Analysis of Variance for the effects of measured nutrient concentrations on 

 (A) Stem Inhibition and (B) Root Inhibition among wetland sites 1-6.  

 Factors included seed species (Lepidium sativum, Sinapis alba, Sorghum saccharatum), 

 nitrate concentration (mg/L) and phosphate concentration (mg/L).   

 
Source DF SS F Ratio Prob > F 

(A) Stem Inhibition          

Seed species 2 0.1752 3.7271 0.0551 

Nitrate  1 0.0174 0.7416 0.4060 

Phosphate 1 0.0375 1.5963 0.2304 

Nutrient Interaction 1 0.0293 1.2475 0.2859 

(B) Root Inhibition     

Seed species 2 0.0478 0.7520 0.4924 

Nitrate  1 0.1215 3.8218 0.0743 

Phosphate 1 0.2253 7.0879 0.0207* 

Nutrient Interaction 1 0.2333 7.3402 0.0190* 
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Appendix1.3:  Analysis of Variance for the effects of predicted metal loading (Kg/yr) on 

 (A) Stem Inhibition and (B) Root Inhibition among wetland sites 1-6.  Factors included  

sampling time, predicted total loadings (Kg/yr) for Cd, Cu , Pb,  Zn, and seed species  

 (Lepidium sativum, Sinapis alba, Sorghum saccharatum) 

 

Source DF SS F Ratio Prob > F 

(A) Stem Inhibition 
    

Seed species 2 0.7259 12.0298 <.0001* 

Cd   1 0.0298 0.9863 0.3167 

Cu 1 0.0062 0.2047 0.6489 

Pb 1 0.0682 2.2601 0.1512 

Zn 1 0.0003 0.0104 0.9076 

Metal Interaction terms 1 0.0182 0.6045 0.4629 

(B) Root Inhibition 
    

Seed species 2 0.0861 0.8102 0.4359 

Cd   1 0.0547 1.0304 0.3064 

Cu 1 0.0001 0.0001 0.9990 

Pb 1 0.3144 5.9165 0.0168* 

Zn 1 0.0132 0.2486 0.6119 

Metal Interaction terms 1 0.0280 0.5268 0.4625 
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Appendix1.4: Analysis of Variance for the effects of measured metal concentration Principal 

Component on (A) Stem Inhibition and (B) Root Inhibition among wetland sites 1-6.  Factors 

included sampling time, metal PC1 and PC2, and seed species (Lepidium sativum, Sinapis alba, 

Sorghum saccharatum) 

 

Source DF SS F Ratio Prob > F 

(A) Stem Inhibition     

Seed species 2 0.7259 10.8653 0.0002* 

Metal PC 1 1 0.0297 0.8887 0.3511 

Metal PC 2 1 0.0007 0.0197 0.8892 

Metal Interaction 1 0.0110 0.3282 0.5697 

(B) Root Inhibition         

Seed species 2 0.0861 0.8389 0.4391 

Metal PC 1 1 0.1478 2.8808 0.0969 

Metal PC 2 1 0.5251 10.2325 0.0026* 

Metal Interaction 1 0.2072 4.0374 0.0508 
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Appendix 2.1:Analyis of Variance for the effects of predicted yearly nutrient loading on Shannon 

diversity index, Simpson diversity index and total number of identified phyla and genera among 

wetland sites 1-6.  Factors included nitrate-nitrite load (Kg/yr)) and phosphate load (Ky/yr).       

 
Source     DF SS F Ratio Prob > F 

(A) Phyla Shannon diversity index  
    

      Nitrate-Nitrite 1 0.8489 2.1758 0.1522 

      Phosphate 1 0.9057 2.3214 0.1397 

      Nutrient Interaction 
1 0.6422 1.6461 0.2108 

(B) Phyla Simpson diversity index 
   

  

      Nitrate-Nitrite 1 0.1515 5.8671 0.0219* 

      Phosphate 1 0.1725 6.6813 0.0150* 

      Nutrient Interaction 
1 0.1054 4.0831 0.0526 

(C) Genera Shannon diversity index 
   

  

      Nitrate-Nitrite 1 1.7510 1.3311 0.2580 

      Phosphate 1 1.6565 1.2592 0.2710 

      Nutrient Interaction 
1 0.9611 0.7307 0.3997 

(D) Genera Simpson diversity index 
   

  

      Nitrate-Nitrite 1 0.0860 10.6436 0.0028* 

      Phosphate 1 0.0776 9.6040 0.0043* 

      Nutrient Interaction 
1 0.0862 10.6695 0.0028* 
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Appendix 2.2:Analyis of Variance for the effects of measured nutrient concentrations on 

Shannon diversity index, Simpson diversity index and total number of identified phyla and 

genera among  wetland sites 1-6.  Factors included nitrate concentration (mg/L) and phosphate 

concentration (mg/L).       

 
Source DF SS F Ratio Prob > F 

(A) Phyla Shannon diversity index  
    

Nitrate  1 0.0205 0.8933 0.3649 

Phosphate 1 1.1500 50.1017 <.0001* 

Nutrient Interaction 1 0.1048 4.5654 0.0559 

(B) Phyla Simpson diversity index     

Nitrate  1 0.0665 77.2115 <.0001* 

Phosphate 1 0.0197 22.8275 0.0006* 

Nutrient Interaction 1 0.0861 99.9433 <.0001* 

(C) Genera Shannon diversity index     

Nitrate  1 0.0613 0.1528 0.7033 

Phosphate 1 2.6256 6.5481 0.0266* 

Nutrient Interaction 1 0.3652 0.9108 0.3604 

(D) Genera Simpson diversity index     

Nitrate  1 0.0035 7.1689 0.0215* 

Phosphate 1 0.0011 2.1868 0.1673 

Nutrient Interaction 1 0.0049 10.1546 0.0087* 
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Appendix 2.3:Analyis of Variance for the effects of predicted metal loading (Kg/yr) on Shannon 

diversity index, Simpson diversity index and total number of identified phyla and genera among 

wetland sites 1-6.  Factors included sampling time, predicted total loadings (Kg/yr) for Cd, Cu , 

Pb,  Zn. 

 
Source DF SS F Ratio Prob > F 

(A) Phyla Shannon diversity index  
    

Cu 1 4.5531 18.9091 0.0002* 

Pb 1 2.3646 9.8202 0.0045* 

Zn 1 4.3734 18.1629 0.0003* 

Cd   1 2.3709 9.8461 0.0045* 

Metal Interaction terms 1 1.5567 6.4649 0.0179* 

(B) Phyla Simpson diversity index     

Cu 1 0.5241 38.8365 <.0001* 

Pb 1 0.2829 20.9650 <.0001* 

Zn 1 0.5171 38.3168 <.0001* 

Cd   1 0.1420 10.5207 0.0031* 

Metal Interaction terms 
1 0.0812 6.0138 0.0209* 

(C) Genera Shannon diversity index     

Cu 1 0.2161 0.1954 0.662 

Pb 1 0.0177 0.0160 0.9003 

Zn 1 0.3419 0.3091 0.5828 

Cd   1 1.2712 1.1493 0.2932 

Metal Interaction terms 1 2.7329 2.4708 0.1276 

(D) Genera Simpson diversity index     

Cu 1 0.0568 7.7270 0.0098* 

Pb 1 0.0885 12.0378 0.0018* 

Zn 1 0.0707 9.6255 0.0045* 

Cd   1 0.0304 4.1309 0.0520 

Metal Interaction terms 1 0.0293 3.9897 0.0559 
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Appendix 2.4: Analysis of Variance for the effects of measured metal concentration Principal 

Component on Shannon diversity index, Simpson diversity index and total number of identified 

phyla and genera among wetland sites 1-6.  Factors included sampling time,  metal PC1 and 

PC2. 

 
Source DF SS F Ratio Prob > F 

(A) Phyla Shannon diversity index  
    

Metal PC 1 1 0.1404 1.7176 0.2024 

Metal PC 2 1 5.5359 67.7363 <.0001* 

Metal Interaction 1 1.4883 18.2105 0.0003* 

(B) Phyla Simpson diversity index 
    

Metal PC 1 1 0.0232 1.8714 0.1826 

Metal PC 2 1 0.3487 28.1249 <.0001* 

Metal Interaction 1 0.0062 0.5001 0.4855 

(C) Genera Shannon diversity index    

 

Metal PC 1 1 5.8019 4.5623 0.0413* 

Metal PC 2 1 0.3671 0.2887 0.5952 

Metal Interaction 1 4.4353 3.4876 0.0720 

(D) Genera Simpson diversity index     

Metal PC 1 1 0.0055 3.0043 0.0945 

Metal PC 2 1 0.2227 121.2653 <.0001* 

Metal Interaction 1 0.0634 34.5527 <.0001* 
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Appendix 3.1: Effect test from ANOVA showing the significance of experimental duration and 

treatment level (high and low) on metal (Pb and Cu) added in mg/L in the water and metal 

detected in ppm in the sediments of metal microcosm and nutrients (nitrate and phosphate) added 

in  mg/L in the water of nutrient microcosm. 

 

  Metal microcosm - metals added in water 

  Pb (mg/L) Cu (mg/L) 

Effect Source 

SS 

F 

ratio 

P value 

SS 

F ratio P value 

Experimental 

duration 0.000001 

24.763 <.0001* 

0.0003 

1.1749 0.319 

Treatment 

level 0.000067 

0.5031 0.61 

0.0005 

0.6749 0.515 

 
Nutrient microcosm - nutrients added in water 

 
Nitrate (mg/L) Phosphate (mg/L) 

Effect Source 

SS 

F 

ratio 

P value 

SS 

F ratio P value 

Experimental 

duration 9067 6.4182 0.0036* 26 11.9591 <.0001* 

Treatment 

level 79 0.0561 

NS 

6 2.5600 

NS 

Metal microcosm - metal detected in sediments 

  Ag (ppm) As (ppm) Cd (ppm) 

Effect Source SS F 

ratio 

P 

valu

e 

SS F 

ratio 

P 

value 

SS F ratio P 

valu

e 

Experimental 

duration 0.0012 

0.331

2 

NS 0.076

7 

4.248

4 

0.0223

* 0.0054 

0.4785 NS 

Treatment 

level 0.0017 

0.452

2 

NS 0.030

7 

1.701

7 

NS 

0.0194 

1.7162 NS 

 
Fe (ppm) Hg (ppm) Ni (ppm) 

Effect Source SS F 

ratio 

P 

valu

e 

SS F 

ratio 

P 

value 

SS F ratio P 

valu

e 

Experimental 

duration 0.0002 

0.009

6 

NS 0.054

0 

2.760

0 

NS 0.00013

1 

0.2523

00 

NS 

Treatment 

level 0.0001 

0.003

2 

NS 0.002

5 

0.126

1 

NS 0.00007

8 

0.1491

00 

NS 

Effect Source Pb (ppm) Rb (ppm) SS F ratio P 

valu

e 
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Experimental 

duration 

SS F 

ratio 

P 

valu

e 

SS F 

ratio 

P 

value 

0.0473 

0.3754 NS 

Treatment 

level 

0.0000

11 

1.971

6 

NS 0.005

7 

0.296

6 

NS 

0.0008 

0.0067 NS 

  0.0000

11 

2.132

8 

NS 0.008

3 

0.431

9 

NS       

 

 

Appendix 3.2: Effect test from ANOVA showing the significance of experimental duration and 

treatment level (high and low) on the root and stem growth inhibition of Lepidium sativum, 

Sinapis alba, Sorghum saccharatum in nutrient and metal microcosm experiments. 

 

Metal microcosm 

  
root inhibition  

Lepidium 

root inhibition 

 Sinapis 

root inhibition 

 Sorghum 

Effect Source SS 

F 

ratio 

P 

valu

e SS 

F 

ratio 

P 

value 

SS 

F 

ratio 

P 

value 

Experimental 

duration 

0.035

1 

0.318

3 

NS 0.022

2 0.225 

NS 0.403

0 

4.612

8 

0.0153

* 

Treatment level 

0.071

4 

0.647

9 

NS 0.320

6 3.245 

0.0487

* 

0.037

5 

0.429

6 NS 

  

root inhibition  

Lepidium 

stem inhibition  

Sinapis 

stem inhibition 

Sorghum 

Effect Source SS 

F 

ratio 

P 

valu

e SS 

F 

ratio 

P 

value 

SS 

F 

ratio 

P 

value 

Experimental 

duration 

0.029

1 

0.527

6 

NS 0.046

2 

0.493

7 

NS 0.119

9 

0.403

6 

NS 

Treatment level 

0.057

2 

1.037

7 

NS 0.004

0 

0.042

4 

NS 0.033

8 

0.113

7 

NS 

Nutrient microcosm 

  

root inhibition  

Lepidium 

root inhibition  

Sinapis 

root inhibition  

Sorghum 

Effect Source SS 

F 

ratio 

P 

valu

e 

SS F 

ratio 

P 

value 

SS F 

ratio 

P 

value 

Experimental 

duration 

0.039

3 

0.159

1 

NS 0.023

1 

0.095

5 

NS 0.014

5 

0.190

7 

NS 

Treatment level 

0.003

8 

0.015

3 

NS 0.249

9 

1.031

3 

NS 0.035

1 

0.461

9 

NS 

  

root inhibition  

Lepidium 

stem inhibition  

Sinapis 

stem inhibition 

 Sorghum 
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Effect Source 

SS F 

ratio 

P 

valu

e 

SS F 

ratio 

P 

value 

SS F 

ratio 

P 

value 

Experimental 

duration 

0.062

8 

1.095

8 

NS 0.044

1 

0.666

8 

NS 0.052

6 

0.155

3 

NS 

Treatment level 

0.008

3 

0.144

0 

NS 0.041

4 

0.626

9 

NS 0.210

0 

0.619

5 

NS 

 

 

Appendix 3.3: Effect test from ANOVA showing the significance of experimental duration and 

treatment level (high and low) on the Shannon and Simpson diversity indices of phyla and 

genera in  nutrient and metal microcosm experiments. 

 

  

Shannon diversity index of 

phyla 

Simpson diversity index of 

phyla 

Effect Source SS F Ratio P value SS F Ratio P value 

Experimental duration 0.0014 0.0039 NS 21.7560 10.2461 0.0045* 

Treatment level 1.1319 1.5537 NS 2.2168 0.5220 NS 

  

Shannon diversity index of 

genera 

Simpson diversity index of 

genera 

Effect Source SS F Ratio P value SS F Ratio P value 

Experimental duration 0.2765 3.3789 NS 1688.4 5.3548 0.0314* 

Treatment level 0.0553 0.3376 NS 410.21 0.6505 NS 

  

Shannon diversity index of 

phyla 

Simpson diversity index of 

phyla 

Effect Source SS F Ratio P value SS F Ratio P value 

Experimental duration 0.4023 8.0020 0.0104* 30.8410 18.1680 0.0004* 

Treatment level 0.1136 1.1295 NS 2.4055 0.7085 NS 

  
Shannon diversity index of 

genera 

Simpson diversity index of 

genera 

Effect Source SS F Ratio P value SS F Ratio P value 

Experimental duration 0.0804 14.0738 0.0013* 512 4.7310 0.0418* 

Treatment level 0.0143 1.2515 NS 93 0.4282 NS 
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Appendix 3.4: Effect test from ANOVA showing the significance of autoclave and treatment 

level (high and low) on metal (Pb and Cu) added in mg/L in the water and metal detected in ppm 

in the sediments of metal microcosm and nutrients (nitrate and phosphate) added in mg/L in the 

water of nutrient microcosm. 

 

  Metal microcosm - metals added in water 

  Pb  

(mg/L) 

Cu 

 (mg/L) 

Effect  

Source 
SS 

F 

ratio 

P value 

SS 

F 

ratio 

P value 

Autoclave 0.000003 5.4463 0.0270* 0.0005 1.4882 NS 

Treatment  

Level 
0.000000 0.129 NS 0.000027 0.0813 NS 

  Nutrient microcosm - nutrients added in water 

  
Nitrate  

(mg/L) 

Phosphate  

(mg/L) 

Effect  

Source SS 

F 

ratio 

P value 

SS 

F 

ratio 

P value 

Autoclave 568.266 2.1855 NS 5.7843 8.1497 0.0080* 

Treatment  

Level 
0.7657 0.0029 NS 3.1910 4.4959 0.0430* 

Metal microcosm - metal detected in sediments 

  
Ag  

(ppm) 

As  

(ppm) 

Effect  

Source 

SS F 

ratio 

P value SS F 

ratio 

P value 

Autoclave 0.0014 0.9676 NS 0.0179 1.4974 NS 

Treatment  

Level 0.00004 0.0283 
NS 

0.00004 0.0035 
NS 

  
Cd 

 (ppm) 

Fe 

 (ppm) 

Effect  

Source 

SS F 

ratio 

P value SS F 

ratio 

P value 

Autoclave 0.0226 2.8822 NS 0.00003 0.0028 NS 

Treatment  

Level 0.0027 0.3370 
NS 

0.0098 0.8337 
NS 

  
Hg 

 (ppm) 

Ni  

(ppm) 

Effect  

Source 

SS F 

ratio 

P value SS F 

ratio 

P value 
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Autoclave 0.0050 0.4840 NS 0.00005 0.2657 NS 

Treatment  

Level 0.0179 1.7298 
NS 

0.0002 0.7770 
NS 

  
Pb  

(ppm) 

Rb  

(ppm) 

Effect  

Source 

SS F 

ratio 

P value SS F 

ratio 

P value 

Autoclave 1.4E-05 2.9337 NS 0.000084 0.0091 NS 

Treatment  

Level 9.02E-10 0.0002 
NS 

0.0110 1.1761 
NS 

  
Zn  

(ppm)    

Effect  

Source 

SS F 

ratio 

P value 

   

Autoclave 0.00002 0.0003 NS    

Treatment  

Level 0.0011 0.0169 
NS 

   

 

Appendix 3.5 : Effect test from ANOVA showing the significance of autoclave and treatment level 

(high and low) on the root and stem growth inhibition of Lepidium sativum, Sinapis alba and 

Sorghum saccharatum in nutrient and metal microcosm experiments. 

 

Metal microcosm 

  
root inhibition  

Lepidium 

root inhibition  

Sinapis 

root inhibition 

 Sorghum 

Effect 

Source SS 

F 

ratio 

P 

valu

e SS 

F ratio P 

valu

e SS 

F 

ratio 

P 

valu

e 

Autoclave 
0.194

7 

3.878

8 

NS 0.000000

4 
0.0001 

NS 0.009

6 

0.264

4 

NS 

Treatment 

Level 

0.134

9 

2.687

9 

NS 
0.1556 2.6968 

NS 0.074

9 

2.061

4 

NS 

  

root inhibition  

Lepidium 

root inhibition  

Sinapis 

root inhibition 

 Sorghum 

Effect 

Source SS 

F 

ratio 

P 

valu

e SS 

F ratio P 

valu

e SS 

F 

ratio 

P 

valu

e 

Autoclave 
0.028

4 

0.745

3 

NS 
0.0730 

1.654
6 

NS 0.024

6 

0.234

7 

NS 
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Treatment 

Level 

0.040

4 

1.059

2 

NS 
0.0060 

0.135

4 

NS 0.003

9 

0.036

8 

NS 

Nutrient microcosm 

  

root inhibition  

Lepidium 

root inhibition  

Sinapis 

root inhibition 

 Sorghum 

Effect 

Source SS 

F 

ratio 

P 

valu

e 

SS F ratio P 

valu

e 

SS F 

ratio 

P 

valu

e 

Autoclave 
0.028

0 

0.157

4 

NS 
0.0048 0.0368 

NS 0.069

2 

1.993

3 

NS 

Treatment 

Level 

0.003

8 

0.021

2 

NS 
0.1631 1.2496 

NS 0.052

1 

1.500

4 

NS 

  
root inhibition  

Lepidium 

root inhibition  

Sinapis 

root inhibition 

 Sorghum 

Effect 

Source 

SS F 

ratio 

P 

valu

e 

SS F ratio P 

valu

e 

SS F 

ratio 

P 

valu

e 

Autoclave 
0.041

3 

1.085

4 

NS 
0.0250 0.6798 

NS 0.020

6 

0.184

7 

NS 

Treatment 

Level 

0.001

2 

0.032

5 

NS 
0.0032 0.0879 

NS 0.293

0 

2.626

4 

NS 

 

 

 

Appendix 3.6: Effect test from ANOVA showing the significance of autoclave and treatment 

level (high and low) on the Shannon and Simpson diversity indices of phyla and genera in 

nutrient and metal microcosm experiments. 

Metal microcosm 

  

Shannon diversity index of 

phyla 

Simpson diversity index of 

phyla 

Effect Source SS F Ratio P value SS F Ratio P value 

Autoclave 1.0944 10.5168 0.0176* 19.5739 6.5414 0.0430* 

Treatment Level 0.3149 3.0262 NS 6.6395 2.2188 NS 

  

Shannon diversity index of 

genera 

Simpson diversity index of 

genera 

Effect Source SS F Ratio P value SS F Ratio P value 

Autoclave 1.0162 10.4778 0.0178* 2739 6.6515 0.0418* 

Treatment Level 0.1587 1.6364 NS 684 1.6610 NS 

Nutrient microcosm 

  

Shannon diversity index of 

phyla  

Simpson diversity index of 

phyla 

Effect Source SS F Ratio P value SS F Ratio P value 

Autoclave 0.7580 174.8159 <.0001* 23.2464 52.4199 0.0004* 
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Treatment Level 0.0502 11.5729 0.0145* 0.2258 0.5091 NS 

  
Shannon diversity index of 

genera 

Simpson diversity index of 

genera 

Effect Source SS F Ratio P value SS F Ratio P value 

Autoclave 0.0232 19.4954 0.0045* 7 0.0805 NS 

Treatment Level 0.0192 16.1119 0.0070* 183 2.1770 NS 

 

 
 

Appendix 3.7: Frequency distributions with histograms (n or readings taken = 124) showing 

metal concentration (mg/L) of the added metals Pb and Cu in the water of the metal microcosm 

and frequency distributions with histograms (n or readings taken = 36) showing metal 

concentration (ppm) measured from the sediments of metal microcosm. 
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Appendix 3.8: Frequency distributions with histograms (n or readings taken =124) showing 

nutrient concentrations (mg/L) of the added nutrients nitrate and phosphate in the water of the 

nutrient microcosm. 
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Appendix A: 

Journal of Environmental Protection and Ecology 20, No 2, 608–

619 (2019) 

 
Industrial 

pollution 

 

EFFECT OF METALS ON GROWTH INHIBITONS OF 

SINAPIS, SORGHUM AND LEPIDIUM IN TEXTILE 

DYE WASTE CONTAMINATED SOIL, INDIA 
 
SUBHOMITA GHOSH ROYa, TIMOTHY J. 

EHLINGERb, MARISSA R. JABLONSKIb* 
 
aDepartment of Biological Sciences, University of Wisconsin 

Milwaukee, 53 201 Milwaukee, WI, USA  
bMasters of Sustainability Peacebuilding (MSP), University 

of Wisconsin Milwaukee, 53 201 Milwaukee, WI, USA  
E-mail: marissajablonski@gmail.com 

 
Abstract. A large portion of India textile dye industry exists in the informal economy, 

dumping their wastewater without treatment into nearby land and water. This wastewater has 

the potential for toxic impacts as dyes are contaminated with heavy metals like copper (Cu), 

zinc (Zn), lead (Pb), etc. The goal of this study is to use ecotoxicological methods to 

characterise the extent of toxic stress in the adjacent ecosystems to informal dyers in two 

different locations in India. 23 soil samples were col-lected around the city of Bangalore, 

India during July 2016. Using the standard operational procedure of the Phytotoxkit, 

MicrobiotestTM, growth of the indicator plants (Sinapis, Lepidium, and Sorghum) was 

measured in dye contaminated and control soils. Percentage of growth inhibition was 

calculated with respect to the control soil for each plant. The contaminated soil and 

commercial dyes were also tested with XRF (X-ray fluorescence) for presence and 

concentration of metals (ppm). Our study showed that despite the low level of metals present 

in the soil, growth inhibition was observed in the indicator plants. Suggesting that in 

combination toxic metals even at low levels can cause an impact on the ecosystem. 
 
Keywords: heavy metals, eco-toxicological tests, growth inhibition, dye. 

 

AIMS AND BACKGROUND 
 
Industrial pollution continues to be a major cause of environmental 

degradation in air, soil and water1–3. Soil samples are excellent media 

to monitor human caused metal pollution, since metals are normally 

deposited on topsoil and serves as metal sinks4. Therefore, analyses 

of metals in soils offer an ideal means to monitor pol-lution of soils 

and environment quality.  
Metals today have a great ecological significance due to their 

toxicity and accu-mulation by leaching into water, taken up by plants 

or by getting semi-permanently bonded by soil components like clay 

or organic matter5. Anthropogenic sources of  
 
* For correspondence 
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metals exist in various industrial point sources6. Contaminated sites 

often support some plant species accumulating high concentrations of 

metals like lead (Pb), copper (Cu), zinc (Zn) and many more7.  
In India, a major source of metal contamination in topsoil is from textile 

dye industrial waste. A significant portion of the dying industry occurs within 

an informal economy. Mainly due to economic stress, dyers lack means to treat 

their wastewater and mix their wash and dye batches in extremely high 

concentrations of dye (measured as high as 12 g/l) in each bath, which gets 

dumped onto soil after use. This dumping is fatal as these colours are 

concentrated with metals such as Pb, Cu, Zn, etc. with possibility of seeping into 

water and routing them artificially into the environment and human systems8.  
Dye-waste contamination is currently getting a lot of attention because of 

its possible toxic effects. But there is still a gap that can show how the biota is 

getting affected by the metal contamination of dye-waste, from the lowest to the 

highest trophic level by bio-accumulation or magnification. In this study, a 

standard eco-toxicological test was chosen to assess the possible threats that are 

affecting the biota from metal pollution of dye industries in India. Eco-

toxicological approaches are of paramount importance for testing the potential 

effect of contaminants on biota9, as they are based on standardised protocols, the 

results are reproducible and therefore provide the advantage of allowing easy 

comparisons and interpretations10.  
The aim of this project was to determine if growth inhibition of 

the indicator plants (Lepidium, Sinapis and Sorghum) can detect toxic 

contamination from dye waste. 

 

EXPERIMENTAL 
 

Two dye-dumping locations: Locations A (current dumping site) and 

B are about 16 and 80 km from Bangalore city, India, respectively 

(Fig. 1) were chosen. Total of 23 samples were collected using a 

sediment core sampler (depth 15–20 cm from surface) from both 

locations. Location B is considered an historic dumping site but has 

new infrastructure to carry wastewater to a community dumping site, 

built between 2013–2015. 
                                                                                                                               609 
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Fig. 1. Sediment sampling map from dye-waste dumping areas in location A and location B 

near Bangalore, Karnataka, India with the sampling collection sites 

 

In location A, sediment samples were collected from a dye unit 

waste stream that connects with a human waste pond. The sediment 

samples were collected in a linear transect: in the mid-stream, south 

and north borders of the stream or pool respectively (Fig. 1). In 

location B, sediment samples were collected from 6 sites 

(approximately 1 m apart) around a dyer house (Fig. 1). The 

sediments were stored on ice and were brought back to the laboratory. 

In lab, every sample were divided and stored into two parts, one 

stored for metals and the second for eco-toxicological tests.  
Analysis of metals and minerals was completed using X-ray fluorescence 

(XRF) using handheld INNOV-XSYSTEMS (Model α-4000, Serial 11392). 

The instrument was calibrated with Standard Reference Materials according to 

EPA method 6200 for soil11. Three trial readings (in ppm) for every metal were 

taken for each soil sample collected in field. Large rocks, organic debris, twigs, 

leaves roots were removed before taking the readings12. For eco-toxicological 

tests, root and stem growth inhibitions (PHYTOTOXKITTM) of three plant 

indicators (Sorghum saccharatum, Lepidium sativum and Sinapis alba) were 

measured. This test method PHYTOTOXKITTM has been developed by 

MICROBIOTESTS Inc., Belgium and these indicator species are widely used 

to assess sediment contamination10,13. Seeds from each species were grown in 

control and test sediments saturated with distilled water, for 72 h at 25 ºC in 

dark in polyvinylchloride plates (21 × 15.5 × 0.8 cm). In each plate, 10 seeds 

of the same plant were placed on a filter paper (placed on the sediments) in one 

row at equal distance. Digital images were taken of all plates. Root and stem 

lengths were measured using Image J software14. The proportion of root to shoot 

length inhibition of the test sample plants were calculated with 
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respect to the control plant growth. All lab work was performed at 

Environmental Engineering Laboratory, Civil Engineering Department, 

Bangalore Institute of Technology. Statistical Analysis was conducted using 

JMP® Version 13 (Ref. 15). The metal concentration (ppm) data were log 

transformed and proportional data were arc-sine transformed prior to analysis to 

correct for heteroscedastic variance. 

 

RESULTS AND DISCUSSION 
 

The main goal of this project was to determine if these dye-

contaminated soils high in metals cause growth inhibition among 

indicator plants Sinapis, Sorghum and Lepidium. The levels of metals 

were tested in both of our testing locations and in commercially 

available dyes. The elements detected in commercial dyes in ppm 

levels were: Fe, Cu, rubidium (Rb), strontium (Sr), zirconium (Zr), 

Mo, Pb and gold (Au) (Fig. 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Concentration of detected metals (ppm) in all the commercial dyes tested (each value 

of the metal concentration for every dye is the median of 3 recorded values) 

 

The metals detected in ppm levels in location A were: molybdenum (Mo), 

Fe, Pb, Zr, Sr, Rb, Zn, Co and titanium (Ti) (Fig. 3). The relationships between 

the metals were analysed using principal component analysis. In location A, 

principal component 1 was associated with the levels of Ti, Mo, Rb, Fe, Zr, Pb 

and Co and principal component 2 was associated with the levels of Zn and Sr 

(Fig. 4 and Table 1). For all the plant (Lepidium, Sinapis, and Sorghum) species, 

as principal component 1 (Ti, Mo, Rb, Fe, Zr, Pb and Co) increased, the 

proportion inhibition of root and stem growth decreased, showing a negative 

estimate values in the linear regression model but as principal component 2 (Sr 

and Zn) increased the 
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proportion growth inhibition increased with positive values (Fig. 5 

and Table 2). Also, in location A, the metals that had most significant 

principal components (PC) scores were Sr (0.81 in PC2), Zn (0.81 in 

PC2), Zr (0.94 in PC1), Rb (0.92 in PC1), Fe (0.94 in PC1) (Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. Concentration of detected metals in ppm (Y-axis) at location A sampling collection 

sites (X-axis) (each value of metal concentration in the graph is the median of 3 recorded 

values at each sampling site) – A; proportion inhibition of root and stem of Lepidium, Sinapis 

and Sorghum (Y-axis) at location A sampling collection sites (X-axis) (each value of 

proportion inhibition in the graph is the mean of 10 inhibition values of each seed species) – 

B 
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Fig. 4. Scatter plots of the scores for pairs of principal components overlaid with a matrix of 

2D representations of metals present in ppm level from locations A and B (labelled biplot 

rays show eigenvectors of endpoints relative to each component in multivariate space; X-axis 

represents com-ponent 1 and Y-axis represents component 2)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Line of fit showing linear regression for proportion growth inhibition of Lepidium, 

Sinapis and Sorghum root (solid) and stem (dotted) and principal components PC1 (top row) 

and PC2 (bot-tom) of detected metals for study location A 
                                                                                                                           613 
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The metals detected in ppm levels in location B were: Fe, Pb, Zr, Sr, Rb, 

Zn, Cu, manganese (Mn), vanadium (V) and Ti (Fig. 6). Principal component 1 

was associated with the levels of Ti, V, Mn, Cu, Rb, Sr, Zr, and Fe and 

component 2 was associated with the levels of Pb and Zn (Table 1 and Fig. 4). 

In all plants (Lepidium, Sinapis, and Sorghum) as component 1 increased, the 

proportion inhi-bition increased with positive estimate values in the linear 

regression model and as the elements associated with component 2 increased, 

growth inhibition of all plants decreased with a negative value (Fig. 7 and Table 

2). Also, in location B, the metals that had most significant principal 

components (PC) scores were Pb (0.86 in PC2), Zn (0.96 in PC 2), Rb (0.92 in 

PC1), Mn (0.94 in PC1), Cu (0.94 in PC1), Ti (0.93 in PC1) and V (0.80 in 

PC1) (Table 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6. Concentration of detected metals in ppm (Y-axis) at location B sampling collection 

sites (X-axis) (each value of metal concentration in the graph is the median of 3 recorded 

values at each sampling site) – A; proportion inhibition of root and stem of Lepidium, Sinapis 

and Sorghum (Y-axis) at location B sampling collection sites (X-axis) (each value of 

proportion inhibition in the graph is the mean of 10 inhibition values of each seed species) – 

B 
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Fig. 7. Line of fit showing linear regression for proportion growth inhibition of Lepidium, 

Sinapis and Sorghum root (solid) and stem (dotted) and principal components PC1 (top row) 

and PC2 (bot-tom) of detected metals for study location B 

 
Table 1. Loading score for principal components in locations A and B, India  

 Location A    Location B  
metals PC1 PC2  metals PC 1 PC2 

Sr 0.45   0.81  Pb –0.14   0.86 

Zr 0.94 –0.15  Zn –0.15   0.96 

Ti 0.61 –0.63  Sr   0.74   0.47 

Co 0.26   0.21  Zr   0.73   0.50 

Zn 0.53   0.81  Rb   0.92   0.34 

Rb 0.92 –0.21  Fe   0.75   0.32 

Mo 0.34 –0.47  Mn   0.94 –0.26 

Pb 0.70   0.19  Cu   0.94 –0.28 

Fe 0.94 –0.11  Ti   0.93 –0.28 

    V   0.80 –0.30 
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The purpose of this study was to characterise how the dye waste 

can have a toxic impact on indicator plants (Lepidium, Sinapis and 

Sorghum) of ecosystem. In general, in location A the sites 1–5, had 

higher level of root and stem growth inhibition and metal 

concentration (Fig. 3). Where, principal component 1 was associated 

with the levels of Ti, Mo, Rb, Fe, Zr, Pb and Co and principal com-

ponent 2 was associated of Zn and Sr (Fig. 4 and Table 1). Similarly, 

in location B the sites 1–4, had higher level of root and stem growth 

inhibition and metal concentration (Fig. 6). Where, principal 

component 1 was associated with the levels of Ti, V, Mn, Cu, Rb, Sr, 

Zr, and Fe and principal component 2 was associ-ated with Pb and Zn 

(Fig. 4 and Table 1). Lepidium root, Sinapis root and stem showed a 

significant relationship with principal component 1 both in locations 

A and B (Table 2). For principal component 2, Sinapis, Sorghum root 

and Lepidium, Sinapis stem showed a significant relationship with 

principal component 2 both in locations A and B (Table 2). 
 
Table 2. Linear regression estimate values along with probability levels from line of fit for 

propor-tion growth (root and stem) inhibition of Lepidium, Sinapis and Sorghum across 

locations A and B sites, India 

Test parameters Principal Location A  Location B 
 

  

components 
  

 

  
 

  estimate probability estimate probability 
 

 Lepidium – root PC1 –0.1369   0.0015* 0.0699   0.0108* 
 

Sinapis – root PC1 –0.1483   0.0073* 0.2034 <0.0001* 
 

Sorghum – root PC1 –0.0388   0.2762 0.1487 <0.0001* 
 

Lepidium – stem PC1 –0.0923   0.1691 0.3180 <0.0001* 
 

Sinapis – stem PC1 –0.2425   0.0008* 0.5764 <0.0001* 
 

Sorghum – stem PC1 0.0172   0.6772 0.4166 <0.0001* 
 

Lepidium – root PC2 0.0763   0.0004*  –0.0581   0.0565 
 

Sinapis – root PC2 0.1067 <0.0001*  –0.1803 <0.0001* 
 

Sorghum – root PC2 0.0386   0.0288*  –0.1466 <0.0001* 
 

Lepidium – stem PC2 0.1460 <0.0001*  –0.3120 <0.0001* 
 

Sinapis – stem PC2 0.1897 <0.0001*  –0.5579 <0.0001* 
 

Sorghum – stem PC2 0.0392   0.0551  –0.4306 <0.0001* 
 

 

Fe, Cu, Rb, Sr, Zr and Pb were detected in the sample soil as well 

as in the commercially available dye sample (Figs 2, 3 and 6).  
Cu is an essential element for all living organisms including 

humans at low levels of intake. But, at higher levels, toxic effects can 

occur. There are several instances of bioaccumulation in plants and 

even animals16,17. The maximum con-centration in one of the 

commercial dyes (with Cu as a component) was as high as 703 ppm 

(Fig. 2). This could raise a serious reason of concern, as these dyes 

are the sources of toxic contamination of Cu of the ecosystem at the 

studied loca-tion B (Fig. 6). 
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The second detected metal of concern was Fe. This is the second most abun-

dant metal on the earth crust7,8 and one of the vital components of organisms18. 

But there is evidence of Fe toxic accumulation in plants18 and the maximum level 

of Fe in both study locations A and B were as high as 19,506 ppm and B: 32,851 

ppm, respectively (Figs 2, 3, 6 and Table 1) and in the commercial dyes.  
One of the main metals of concern in this study is Pb which is a 

naturally oc-curring metal and is commonly found as a toxic element 

in paints and dyes19. Pb was detected in commercial dyes in significant 

levels (268 ppm: Fig. 2) as well as in the study locations A and B (Figs 

3 and 6). Pb is bio accumulated by terrestrial and aquatic plants and 

animals20. Therefore, chances of adverse biological effects on the 

ecosystem of biota of both these study locations, by the presence of 

high Pb from the commercial dyes is strongly possible as well.  
The other metals of concern were Rb, Sr and Zr. Both Sr and Zr 

are naturally occurring elements and can reportedly bio accumulate in 

plants and then in higher trophic level organisms21–23. Rb is not an 

essential component of living matter, but is a toxic agent that may 

partly substitute for potassium24. These metals were observed in the 

commercial dyes as well as in the soil ecosystem of the study locations 

A and B, proving the dyes to be the possible source of contamination 

(Figs 2, 3, 6 and Table 1).  
In terms of the effect of metals on the growth inhibitions of 

Sinapis, Sorghum and Lepidium (root and stem) in textile dye waste 

contaminated soil within loca-tion A, as principal component 2 (level 

of Sr and Zn) increased the proportion growth inhibitions of Sinapis, 

Sorghum and Lepidium (root and stem) increased with positive values 

(Fig. 5 and Table 2). Implying the negative effects of these elements 

on the indicator plants. Zn is a toxic metal known to be 

bioaccumulated in living organisms17,20. Also, as discussed before, Sr 

is a metal that was detected in the sample soil as well as in the 

commercial dyes with known toxic effects of bio-accumulation21. In 

location B, for Lepidium, Sinapis, and Sorghum (root and stem) as 

component 1 (level of Ti, V, Mn, Cu, Rb, Sr, Zr, and Fe) increased, 

the proportion inhibition increased with positive estimate values in the 

linear regres-sion model (Fig. 7 and Table 2). As previously discussed, 

Fe, Cu, Rb, Sr and Zr, all these elements either have the property of 

bio-accumulation at higher trophic level or is toxic to living beings16–

18,21–24.  
Eco-toxicological tests are used for testing the potential effect of 

contaminants on biota25. Our pilot study showed that these standard 

plant indicators Sinapis, Sorghum and Lepidium with the root and stem 

growth inhibition results are highly capable of displaying toxic effects 

from textile dye waste and hence can be easily applied to these field 

studies. 
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CONCLUSIONS 
 
This was a pilot study attempting to characterise and evaluate the degree of 

growth inhibition on indicator plants due to metal contamination dumped from 

dye-waste. Some trends were seen that answered the question of that 

combinations of metals found in dye-dump sites, can have toxic effects on the 

biota9 and simple eco-toxicological tools can display these results easily to 

understand these effects. More data is required to study these effects in more 

details, especially on higher trophic levels where the risk becomes 

proportionally higher. 
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