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ABSTRACT 

 Wetlands are vital ecosystems vulnerable to threats including metal contamination. 

Microorganisms can mediate metal fate and bioavailability, but the influence of environmental 

factors—particularly light exposure—on these interactions remains unclear. Previous works have 

shown that light can influence these communities, however its consequences for metal dynamics 

is understudied. We conducted a microcosm experiment using two wetlands—a constructed site 

and a natural depressional wetland at the Savannah River Site (Aiken, SC). Microbial 

communities were incubated under light and dark conditions, with copper added at the midway 

point. We assessed how light influenced microbial-driven copper transport and distribution 

between sediment and water. Our findings show that light significantly alters microbial 

community alpha diversity and membership, promoting copper retention in sediments under 

ambient conditions but lessening it under elevated copper stress. These results highlight abiotic 

factors like light shape microbial processes, informing strategies for wetland conservation and 

metal contamination management. 
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CHAPTER 1 

INTRODUCTION 

 Wetlands are one of the many ecosystems on Earth where microorganisms play essential 

roles for their function (Balkcom et al., 2000). Wetlands are critical aquatic ecosystems, which 

host diverse water-tolerant species and provide essential services such as flood control, climate 

regulation, and nutrient cycling (Balkcom et al., 2000). In these systems, microbial communities 

regulate nutrient availability, decompose organic material, and mediate the redox transformation 

of elements, including metals that can pose contamination risks. Wetlands are increasingly 

threatened by both habitat loss and contamination, with a 33% global loss recorded as of 2009, 

signifying a sharp decline in critical ecosystem function (Hu et al., 2017).  

 One of the key stressors to wetlands is climate change, which is already altering 

environmental conditions that affect many of Earth’s ecosystems. Recent evidence indicated that 

along with consequences to precipitation and temperature patterns, climate change is driving 

decreases in cloud cover over the southeast of North America due to shifts in storm tracks and 

expansion of dry zones (Norris et al., 2016). Because clouds regulate the amount of solar 

radiation reaching the Earth’s surface, these decreases can increase light intensity. Such changes 

in light have the potential to alter microbial activity and biogeochemical cycling in wetlands. 

Another important stressor to wetlands is excessive metal contaminants from aerial 

deposition, industrial runoff, or other sources can include pollutants such as copper, zinc, and 

lead which can disrupt or enhance microbial processes and negatively impact macrofauna by 

interfering with immune and reproductive systems (Richard et al., 2021; Wilson et al., 2007).  
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Copper is one of the most frequently detected metal pollutants in environments influenced by 

human activities, often occurring alongside metals like zinc and lead (Franson et al., 2012; 

Rahimzadeh et al., 2024). Copper is an essential trace element vital for many biological 

processes, including enzyme function, immune response, and energy production (Trevors & 

Cotter, 1990; Rensing & Grass, 2003; Ladomersky & Petris, 2015). Despite these benefits, 

elevated copper concentrations in water have been linked to serious health issues in wildlife, 

including anemia, convulsions, and coma, while in migratory birds, copper exposure has been 

associated with decreased reproductive success, neurotoxicity, and mortality (Franson, Lahner, 

Meteyer, & Rattner, 2012; Rahimzadeh et al., 2024). Regarding microbiota effects, extreme 

copper concentrations are toxic to microalgae by impairing photosynthesis and growth, but some 

microalgae show potential for copper bioremediation (Cavalletti et al. 2022). Despite these 

threats and the potential for microbially-based bioremediation, our understanding of how 

microbial communities influence the bioavailability of metals in wetland ecosystems remains 

incomplete.  

Copper has two main pathways of precipitation from the water column: oxidative 

reactions take place in rich oxygen environments, promoting the binding of metals to humic 

substances or iron oxides, while reductive processes take place mostly in oxygen poor locations 

and are driven by microbial activity leading to the formation of compounds like copper sulfides. 

Both pathways contribute to metal precipitation and accumulation in sediments (Eger, 1994; 

Christensen et al., 2000). However, metals bound under oxidative conditions tend to be more 

mobile and bioavailable compared to the more stable, less soluble metal forms produced under 

reducing conditions (Kang et al., 2019). 
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Multiple factors interact with microbial activity in wetlands to influence metal fate, 

including nutrients, seasons, oxygen, and light availability, which collectively shape whether 

reductive or oxidative processes dominate. For example, orthophosphate in the water column can 

interact with copper by forming insoluble copper-phosphate precipitates, reducing dissolved 

copper concentrations and bioavailability (Lytle, Schock, Leo, & Barnes, 2018). Seasonality 

plays a key role, as the time of year impacts plant growth, organic matter inputs, and oxygen 

dynamics (Xu and Mills, 2018). During late summer in North America’s Southeast reason 

region, increased wetland plant growth combined with lower oxygen concentrations promotes 

the activity of sulfate-reducing prokaryotes (SRPs). This environment favors reductive processes 

that lead to the formation and immobilization of metals such as copper sulfide particulates, 

which accumulate in sediments (Xu and Mills, 2018). In contrast, during winter, sulfur-oxidizing 

prokaryotes (SOPs) utilize available oxygen and hydrogen sulfide (H₂S) for energy, reducing 

sulfide availability for metal precipitation (Eger, 1994; Christensen et al., 2000). Increased 

oxygen during this period enhances oxidative processes, promoting the formation of metal 

oxides or metal binding to humic substances and iron oxides, ultimately leading to metal 

deposition in sediments in forms that are easily remobilized to the water column (Xu and Mills, 

2018).  

Decomposition, through complex microbial interactions, has the potential to facilitate the 

production and presence of metal-organic complexes (Rosemond et al., 2015), which are more 

bioavailable than metal sulfides. Additionally, increased light can stimulate photosynthetic 

carbon fixation, producing organic matter that accumulates as floc. As this material decomposes, 

microbial chelation processes may further influence the cycling and speciation of metals 
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(Rosemond et al., 2015). The influence from oxygen and light availability on the dominance of 

oxidation or reduction reactions is integrated by the activity of photosynthetic microorganisms.  

Under restricted light conditions, oxygen production by photoautotrophs declines, which 

may limit the activity of sulfur-oxidizing prokaryotes (SOPs) and favor the growth of sulfate-

reducing prokaryotes  (Skousen et al., 2004; Xu & Mills, 2018; Zhang et al., 2022). This 

microbial shift may reduce dissolved metals in the water column as SRB promotes the 

precipitation of metals into sediment-associated forms such as metal sulfides. Conversely, under 

full-light conditions, photoautotrophic microbes increase oxygen availability, which supports 

enhanced SOP activity and promotes the oxidation of hydrogen sulfide (Ljungdahl et al., 2003; 

Skousen et al., 2004; Reddy & Delaune, 2008). This process may reduce the availability of H₂S 

needed to form insoluble metal sulfides, potentially limiting metal sequestration in sediments.   

Despite extensive research on metal biogeochemistry in water bodies, there is a gap in 

understanding how microbial metabolic functions and natural community structure and 

environmental factors affect the sequestration of metals in wetlands (Xu & Mills, 2018; 

Rosemond et al., 2015; Richard et al., 2021). Microbial interactions can strongly influence 

sediment chemistry. Specifically, methanogens and sulfate-reducing prokaryotes (SRPs) can 

shape conditions that affect metal retention, often through competition with each other for 

substrates and the regulation of sulfide production (Lovley, 1983; Hines et al., 1989; Holmer & 

Nielsen, 1997). Furthermore, limited research has explored how these communities respond to 

varying light levels in metal contaminated wetlands. Kang et al. (2019) illustrated how variation 

in oxic versus anoxic conditions influences metal mobility in river systems, finding that anoxic 

conditions led to the release of metals such as lead, zinc, and iron , from sediments due to 

reduced redox potential and the dissolution of metal-oxide complexes, while oxic conditions 
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promoted their adsorption from the water column back into sediments. While we know that 

environmental factors influence microbial communities in wetlands, the relationship between 

light availability and microbial mediation of metal interactions in wetlands remains poorly 

understood.   

With mounting evidence of current and projected shifts in climate—potentially altering 

light availability and other key environmental conditions, the need to understand the complex 

interplay among microbial communities, environmental drivers, and metal cycling in wetlands is 

more critical than ever. This understanding is indispensable for ensuring the sustainable 

management of natural wetland ecosystems (Richard et al, 2021) and for determining best 

management practices for constructed ecosystem designs. Therefore, my research goal was to 

address the following question: How do environmental light availability conditions affect the 

capability of microbial communities to alter the fate of metals in wetlands? I hypothesized that if 

light influences microbial community composition, then light-exposed communities would 

experience increased potential for photosynthesis due to greater abundances of phototrophic 

organisms. The resulting increase in oxygen is expected to stimulate sulfur-oxidizing prokaryote 

(SOP) activity while suppressing sulfate-reducing prokaryotes (SRPs), leading to less hydrogen 

sulfide production and, consequently, decreased formation of copper sulfide particulates. 

Wetlands differ not only in their exposure to environmental stressors but also in the 

history of contamination experienced by their microbial communities. Constructed wetlands, 

given their purpose can accumulate metals over time, potentially selecting for microbial taxa that 

are more tolerant to metal stress. In contrast, natural wetlands without a history of contamination 

may lack these metal-tolerant groups. Previous studies have demonstrated that sulfate-reducing 

bacteria and other metal-tolerant microorganisms can adapt to elevated metal concentrations, 
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particularly in environments with high sulfate and heavy metal inputs, such as acid mine 

drainage systems (Martins et al., 2009). I hypothesized that a constructed wetland would exhibit 

higher richness and evenness of metal-tolerant microbial taxa compared to an uncontaminated 

natural wetland, and that this community composition would confer greater potential for 

functional resilience to additional copper exposure, maintaining or enhancing the wetland's 

capacity for metal removal. 

To address these hypotheses, I examined two light regimes—natural diel cycles and 

complete darkness—and assessed their effects in microcosms established with water and 

sediment from both a metal-contaminated constructed wetland and an uncontaminated natural 

wetland. Focusing on copper metal contamination, I analyzed the consequential alterations in 

copper partitioning into water and sediment compartments and the associated changes in 

microbial community composition.  

I analyzed microbial communities to help clarify their roles and predict their associations 

with different functional groups, including sulfur-cycling organisms, in mediating copper 

bioavailability under varying light regimes. By identifying conditions that enhance or inhibit 

copper sequestration, this research will support the development of more effective microbial-

focused wetland designs and management strategies for mitigating metal contamination in 

freshwater ecosystems. 
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CHAPTER 2 

METHODS 

Field Sites and Sample Collection  

The study took place at two wetlands, H-02 Wetland and Sarracenia Bay, located on the 

Department of Energy’s Savannah River Site (Aiken, SC, USA; Fig. 1a). The H-02 constructed 

wetland was established in 2007 to sequester  heavy metals, including Cu and Zn, from cooling 

water discharged by the National Nuclear Security Administration's Tritium Processing Facility. 

The constructed wetland consists of two main cells lined with gypsum (calcium sulfate) and 

planted with California bulrush (Schoenoplectus californicus) through which contaminated water 

collected in the upper retention basin flows. As the water moves toward the outflow over a 

period of 48 hours (Bach, Serrato, & Nelson, 2008), contaminants are removed through burial in 

the sediments (Fig. 1b). Sarracenia Bay is a natural depressional wetland (Carolina Bay) that 

rarely dries completely over the summer season (personal communication, S. Lance) and is 

located 15.05 km east of the H-02 wetlands (Fig. 1c). Neither wetland has tree canopy cover. The 

use of both a constructed and a natural wetland adds significant value by allowing comparison 

between systems with different histories, vegetation, and baseline contamination levels. 

Water and sediment samples were collected on July 27, 2024, from both sites: H-02 and 

Sarracenia Bay. At site H-02, eight collection points numbered one through eight were selected, 

corresponding to the center of each of the four sections within two cells (Fig. 1b). Samples were 

taken from the upper three cm layer of water ~3 m wide margins between the wetland bank and 

the start of the bulrush plants. At Sarracenia Bay, sample collection started 1 m from the water 
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edge, with eight collection points spaced 20.5 m apart along two parallel transects (transects 

were 10 m apart) through the widest part of the water body such that the transect ended in the 

center of the wetland (Fig. 1c). 

At each sampling location, four water and four sediment samples were collected. Water 

samples were obtained by rinsing a 250 mL wide-mouth acid-washed (10% nitric acid bath) 

plastic bottle with wetland water at each collection site. The bottle was submerged below the 

water surface near the sediment bottom, the cap was removed to release any trapped gas, and the 

rinse water was poured away from the collection site. This rinsing process was repeated twice, 

then the water sample was collected using the same method. The collected water was poured 

through a 300 μm mesh filter into an acid-washed carboy. Wetland water parameters: depth, pH, 

conductivity, water temperature, and dissolved oxygen, were measured out in the field using a 

hand-held YSI ProDSS Multiparameter Digital Water Quality Meter (YSI Inc./ Xylem Inc., 

Ohio), and water depth at each collection point was recorded with a meter stick. This procedure 

was repeated for each collection point at both wetlands.  

At each collection point, after water samples were collected, the upper sediment layer to 

a depth of 1 cm was collected into an ethanol-sterilized bucket. Both water and sediment 

samples were transported to the lab on ice in coolers. At the lab, water and sediment samples 

from each site were homogenized separately. Sediment was sieved through an acid-washed 

plastic soil sieve with a 6.5 mm mesh size. Homogenized water and sediment samples from the 

field baseline (hereafter referred to as “Field” samples) of each wetland were stored and 

processed at the laboratory for DNA, nutrient analysis, metals, and chlorophyll-a.   
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Microcosm Set-up  

On July 30, 2024, a total of 34 microcosms were established. Half of the microcosms 

were created using H-02 Wetland water and sediment and the other half were created using 

Sarracenia Bay water and sediment. The microcosms were created using autoclaved 473 ml 

wide-mouth glass bottles. Oxygen sensor spots SP-PSt7-NAU (PreSens, Inc. Germany) were 

adhered to the side of each experimental microcosm (2 cm above the sediment surface) and 

microcosms were filled with 60 mL of sieved, homogenized sediment from its respective 

wetland (~25.8 g for H-02 and ~4.9 g Sarracenia sediment dry weight). Wetland water (425 mL) 

was added to each microcosm while minimizing sediment disturbance. Six bottles (three from 

each wetland site) were designated as background bottles to monitor contamination and bottle 

effects outlined in Sub-section: Environmental manipulation and copper addition.  

The microcosms were initially stored in the dark at 4 °C for two days to acclimate and 

facilitate the settling of sediment particles. A subset of four bottles (two per wetland source) 

were then destructively sampled to assess bottle effects on key measurements using the same 

parameters and methods as for field sample processing. The remaining 24 microcosms were 

randomly assigned to the following treatment groups: H-02 Light, H-02 Dark, Sarracenia Bay 

Light, and Sarracenia Bay Dark. Six bottles were assigned to each group experimental group and 

four additional microcosms were established with the ltrapure water (MilliQ, SYNSVR000, 

Millipore Synergy Water Purification System, Remote Pure UV Ultrapure, Millipore 

Corporation, Burlington, MA USA) and no sediment negative controls (two for the light 

treatment and two for the dark treatment).   In addition to the 20 experimental microcosms, we 

included four background controls with Milli-Q water (two with metal added), three lab controls 
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with wetland sediment and water but no added metal (from both wetlands), and field samples for 

comparison. 

To prevent external metal contamination, all materials used for constructing and 

sampling microcosms were either certified metal-free or acid-washed (10% nitric acid). 

Environmental Manipulation and Parameters 

After set-up and acclimation, microcosms were incubated in the H-02 wetland for the 

eight-day duration of the experiment. Microcosms were divided into regular diel cycle light 

exposure (referred to as “light”) and no light exposure (“dark”) groups. We conducted the 

experiment in the wetland environment to better reflect natural conditions. This approach 

allowed us to capture factors like natural light availability, which would be difficult to replicate 

accurately in a laboratory setting. Bottles were incubated only in H-02, rather than both 

wetlands, primarily due to restrictions on water quality. Specifically, concerns were raised about 

introducing bottles containing copper and other H-02 contaminants into a natural wetland 

environment, which is a critical amphibian habitat. Twelve microcosms were designated for 

light exposure (six from H-02, six from Sarracenia Bay, and two ultrapure water controls), and 

twelve were assigned to dark exposure (six from H-02, six from Sarracenia Bay, and two 

ultrapure water controls). The dark microcosms were wrapped in light brown duct tape to match 

the sediment color and block out light while minimizing heat absorbance. Microcosms were 

deployed at the H-02 wetlands in cell 1, section 1 (Fig. 1b). Each bottle was secured to a 

bamboo pole and placed in randomized batches resting on the sediment surface (Appendix 1).    

To understand wetland environmental parameters, data were collected by a HOBO 

MX2202 temperature and light logger (Onset Computer Corporation, Firmware Version 59.140) 
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deployed at the inflow side of the H-02 wetland in Cell 1, Block 1 (Fig. 1b). The sensor 

recorded temperature (°C) and light intensity (lux) using HOBO Connect software (Version 

2.0.0) every 10 minutes from August 01, 2024, to August 10, 2024. From this dataset, the 

average daily light intensity (lux) and the duration of light exposure in hours were 

determined.  Throughout the experiment, dissolved oxygen measurements were taken daily at 

dawn, noon and dusk (0600, 1200, and 1900). The pH (Fisherbrand accumet AE150 Benchtop 

pH Meter) was also measured at the setup and breakdown stages for each microcosm. 

Experiment Timeline and Copper Addition  

Microcosms were destructively sampled at four timepoints: immediately after 

microcosm set-up (July 30, 2024) (background microcosms only), at day zero which occurred 

after the two-day microcosm acclimation and sediment settling (background microcosms only), 

after four days of experimental treatments, and after eight days of experimental treatments.  For 

each destructive sampling, microcosms were collected from the field, transported to the 

laboratory in a cooler, and samples were taken as detailed below. The remaining 15 microcosms 

had copper spikes added to induce metal contamination effects. This was done to separate the 

effects of light treatment from metal addition.  

Specifically, at noon, 5.0 mL of 10.7 μg Cu/ml dissolved copper (as copper sulfate, 

CuSO₄) was added to each remaining microcosm to reach the upper limit of metal 

concentrations previously recorded in H-02 (31.7 μg Cu/L) as determined by Xu and Mills 

(2018). Copper solution was made using the corresponding field wetland water filtered through 

0.2 µm pore filters (Supor 200, PALL Corporation) or ultrapure water for negative controls. On 

the eighth day, these remaining microcosms were deconstructed for samples.   
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Microcosms to be destructively sampled were removed at noon on collection days. 

Sample collection from microcosms included microbial community sampling (water for DNA 

analysis), water for chlorophyll-a, water for nutrient analyses (dissolved organic carbon (DOC), 

nitrate/nitrite, and ortho-phosphate), and water and sediment for copper concentrations. These 

sample collections were completed for each sacrificed microcosm and processed as described in 

Sub-section: Environmental manipulation and copper addition.  

Sample Processing and Analysis    

For inorganic nutrient analysis, unfiltered water samples (100 mL) were preserved with 

sulfuric acid (pH ≤ 2) at the time of collection. Acidified water samples from both field 

collections and all microcosms were collected and stored in a laboratory refrigerator (4°C) for 

no more than two days until transport to the Phinizy Center for Water Sciences (Augusta, GA, 

USA). Samples were analyzed at the Center for Total NOx (nitrate/nitrite) using EPA method 

353.2 and ortho-phosphate concentrations using EPA method 365.1. 

For dissolved organic carbon analysis, a 45 mL water sample from field wetlands and 

each microcosm was collected and stored at -20 °C until analysis. Water samples were filtered 

through 0.2 µm pore filters (Supor 200, PALL Corporation) and immediately analyzed on a 

Shimadzu Total Organic Carbon analyzer (SHIMADZU CO, Columbia, MD) at Savannah River 

Ecology Laboratory. 

Water from the field and microcosms (50 ml) was filtered using a vacuum pump and 

GF/F filters (0.7µm pore size, 47mm) (WP6211560, EMD Millipore Corporation, Burlington, 

MA, USA). Filters were stored in 15 mL Falcon tubes wrapped in aluminum foil to protect 

chlorophyll-a from light and frozen at -20°C for at least three hours. Following Kohler et al. 
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2022 extraction methods, filters were thawed, submerged in 7.5 mL of 90% ethanol, and 

sonicated for 30 seconds to enhance extraction efficiency, followed by a 10-minute incubation in 

a 70°C water bath. The tubes were then cooled at 4 °C for at least one hour. A 200 µL aliquot 

was then transferred to a 96-well clear plate and measured at 435 nm excitation and 676 nm 

emission (bandwidth ≤3 nm). Absorbance was recorded at 665 nm (chlorophyll-a), 649 nm 

(chlorophyll-a), and 750 nm (turbidity). Samples were checked to confirm that the absorbance at 

750 nm did not exceed 0.005. The Welschmeyer non-acidification method was used to prevent 

underestimation, and chlorophyll-a concentrations were calculated, following Wintermans & De 

Mots (1965). 

For copper analysis of media, a 45 mL sample of each unfiltered water and sediment was 

collected in metal-free 50 mL centrifuge tubes from field samples and microcosms and stored at 

-20°C until analysis.   

For water samples, samples were thawed in a refrigerator and acidified with trace metal 

grade nitric acid to a final concentration of 2% (v/v). Acidified samples were held for at least 16 

hours to ensure complete dissolution of metals. For dissolved copper analysis, samples were 

filtered using 0.45 µm metal-free filters (Millipore Sterivex-HV) prior to acidification. Copper 

concentrations were quantified using inductively coupled plasma mass spectrometry (ICP-MS) 

following EPA Method 200.8.   

Sediment samples were digested using microwave-assisted acid digestion following EPA 

Method 3051A. Approximately 0.250 g of dried, homogenized sample was weighed into acid-

cleaned MARSXpress vessels, and 10 mL of trace metal-grade nitric acid was added. Samples 

were allowed to pre-digest for 15–30 minutes before being sealed and digested using a CEM 
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MARS 6 microwave digestion system. After cooling, digestates were transferred to 50 mL 

metal-free centrifuge tubes and diluted to volume with ultrapure water (Milli-Q). A second 

dilution was performed as needed for ICP-MS analysis. Quality control measures included 

method blanks, certified reference materials (a tomato leaf standard NIST 1573a for Sarracenia 

Bay and the PACS-3 standard for H-02), and matrix spikes.  

Copper concentrations in the water and sediment subset samples were measured in 

copper in part per million (ppb). Duplicate water and sediment samples were included after 

every 20th sample. All ICP-MS analyses were conducted at the Savannah River Ecology 

Laboratory Analytical Services.  

The mean detection limit (MDL) for all water samples was 0.210 μg/L for Cu. Copper 

concentrations in laboratory blanks were consistently below detection. The mean relative 

percent difference (RPD) between replicate water samples was 2% for Cu. However, some 

replicate sets exhibited higher variability (e.g., 176% RPD for Cu in one sample). The higher 

RPD observed between copper replicates may be due to differences in how much the samples 

were shaken, potentially causing uneven suspension of copper particulates. Across all replicates, 

the average RPD for copper was approximately 45%. 

The method detection limit across H-02 sediment samples (N = 15) was 

0.137 mg Cu kg⁻¹. All blank values were below this detection threshold. The mean relative 

percent difference (RPD) between duplicate samples was 13% for Cu (SD = 11.3%, n = 2), with 

one pair scoring 5% RPD and another pair showing 21%. Spike recoveries for Cu averaged 

106% (SD = 2.83%, n = 2), based on 10 ppb spike additions. Certified reference material 

(PACS-3) recoveries for Cu averaged 103% (SD = 5.7%, n = 2).  
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The method detection limit across Sarracenia Bay sediment samples (N = 16) was 

0.0329 mg Cu kg⁻¹, and blank values were consistently below this threshold. The mean relative 

percent difference (RPD) between duplicate samples was 1.48% for Cu (SD = 2.12%, n = 1). 

Additional replicate sets showed higher RPDs (e.g., 29% for Cu). Spike recoveries for Cu 

averaged 100.3% (SD = 0.25%, n = 2), based on 20 ppb spike additions.  

DNA Sample Processing and Sequencing   

  From field and microcosm samples, DNA was collected on filters from 200 mL of water 

by filtering through 0.2 µm pore filters (Supor 200, PALL Corporation), using a vacuum pump 

(EMD Millipore Corporation, Burlington, MA, USA). Filters (water microbial community) were 

stored at -20°C until further processing. Water filters were extracted using a DNeasy 

PowerWater kit (Qiagen, Germantown, MD) according to the manufacturer’s recommendations. 

Negative extraction controls containing no sample were processed for each sample set (20 

samples per set) and sequenced to check for contamination.        

 After extraction, DNA was eluted with 50 µL of elution buffer and quantified using the 

Quant-IT PicoGreen dsDNA Assay Kit and a Synergy HTX Multi-Mode Microplate Reader 

(BioTek). Extracted DNA was shipped to the University of Delaware Ammon-Pinizzotto 

Biopharmaceutical Innovation Center, DNA Sequencing & Genotyping Center (Newark, DE 

19713) for sequencing using the NextSeq 2000 Illumina Platform with 600-cycle P1 (PE 300bp) 

using primers 515F (Parada et al. 2016) and 806R (Apprill et al. 2015). These primers were used 

as they target the V4 region of the 16S rRNA gene, which is commonly used for characterizing 

bacterial and archaeal community composition. For the extraction blanks and controls, these 

were added at 0.1 x the sample library. 
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We generated demultiplexed sequence data for each of our samples. The sequencing 

plate had independent dereplication, filtering, and trimming to 250 bp using Cutadapt (version 

17.1) (Martin, 2011), followed by error learning and sample inference in the R package dada2 

(version 1.16) (Callahan et al., 2016). This pipeline produced merged, denoised, chimera-free 

amplicon sequence variants (ASVs) from paired-end FASTQ files. We assigned taxonomy using 

the SILVA database (version 138.1, 99% identity threshold) (Quast et al., 2013; McLaren and 

Callahan, 2021). We processed negative controls with the decontam R package (Davis et al., 

2018) and removed 114 likely contaminants with a score >0.52. Additionally, we removed 

ASVs assigned to chloroplasts, mitochondria, and Eukarya. 

After removing sequencing artifacts (e.g., long CCC repeats), singletons defined as 

sequences that only occurred once in all samples, and subsetting data, there were 40,088 taxa 

remaining. Sequencing coverage was assessed using rarefaction curves, which indicated 

sufficient depth across all samples (Appendix 2). For alpha diversity, samples were rarefied to 

187,521 abundance per sample using phyloseq_mult_raref (microbiome package, Lahti & 

Shetty, 2012–2019). 

To infer potential metabolic functions of microbial communities, we used the Functional 

Annotation of Prokaryotic Taxa (FAPROTAX) database (Louca et al., 2016). FAPROTAX 

maps taxonomic information to ecologically relevant functional groups based on published 

literature, allowing us to estimate the abundance of metabolic pathways such as sulfur oxidation, 

sulfate respiration, photoautotrophy, and methanogenesis. We applied the FAPROTAX pipeline 

to our taxonomic table (derived from 16S rRNA gene sequencing) to generate a table of 

predicted functional group abundances. The resulting functional profiles were analyzed for 

differences across treatments (e.g., light vs. dark) using non-parametric statistical tests as 
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sequencing data are compositional and do not meet assumptions of normality. To minimize the 

influence of extremely rare taxa and reduce statistical noise, sequencing data were filtered to 

include only AVSs assigned to these functional groups. The AVS table was normalized to 

relative abundance within each sample using transform sample counts, and taxa missing in all 

replicates of a group were excluded. 

Statistical Analysis  

 All statistical analyses were performed using R version 4.3.1 (R Core Team, 2023) with 

the aid of the University of Georgia's Georgia Advanced Computing Resource Center’s Sapelo2 

Linux cluster.  

To assess the validity of the statistical models, several assumptions were checked. These 

included the normality of residuals, linearity between predictors and outcomes, 

homoscedasticity of residuals, and goodness of fit. To test these assumptions, normality was 

assessed using the Shapiro-Wilk test when applicable (shapiro.test) (R Core Team, 2023), and 

Q-Q plots and residual plots were used to check the residuals for normality and 

homoscedasticity. The coefficient of determination (R²) was computed using the r. Squared 

GLMM function for model evaluation (R Core Team, 2023). Statistical significance was defined 

as a p-value of < 0.05.    

To determine whether the light and dark treatments influenced environmental changes in 

the microcosms, we assessed the environmental parameters. One linear mixed-effects 

model(lme4 package, Bates et al., 2015) was constructed to determine treatment effects and 

additional environmental parameter relationships to the dissolved oxygen trends. The model 

used light treatment, wetland source, copper addition , hours of light exposure before sampling 
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(extrapolated from sensor data), as fixed variables, while average daily light intensity 

(extrapolated from sensor data) and time of measurement were included as random variables. 

This was done to differentiate between normal environmental effects and the true effects of the 

treatment groups. To address discrepancies in data normalization assumptions, dissolved oxygen 

measurements were log-transformed.  

Chlorophyll-a concentrations were analyzed as a proxy for autotrophic growth and 

metabolic activity under light and dark conditions. Chlorophyll- a concentration was the 

dependent variable, with light treatment, wetland source and copper addition as fixed effects . 

Additionally, the interaction between copper addition and light treatment was analyzed. To 

address normality issues in the original model and to meet the assumptions, chlorophyll-a values 

were log-transformed to improve residual normality. Light exposure effects on chlorophyll-a 

were determined by a model using sensor log data. This was done to differentiate between 

normal environmental effects and the true effects of the treatment groups. 

To determine how light exposure influenced the dynamics of copper flux between the 

sediment and water compartments, the sediment-to-water concentration ratios for copper were 

assessed. These values were estimated based on the sediment dry mass and water volume in 

each microcosm. Ratios were calculated by dividing the total copper in water by the total copper 

in sediment in each microcosm. The model was a linear mixed-effects model (lme4 R package, 

R Core Team, 2023) that accounted for both fixed effects: light treatment and copper addition 

(and their interactions) and Wetland Source (H-02 Wetland or Sarracenia Bay).  

To examine the effects of light treatment, wetland source, and their interaction on 

microbial community alpha diversity, I ran two linear models in R with community richness or 
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evenness as the response variables (v4.3.2; R Core Team, 2023). The predictor variables 

included light treatment (light or dark), wetland source (e.g., H-02 or Sarracenia Bay), and their 

interaction. Richness was calculated as observed ASV counts, and evenness was computed using 

Pielou’s index from Shannon diversity metrics. Both measures were extracted using the 

phyloseq R package (v1.46.0; McMurdie & Holmes, 2013). 

To understand treatment effects on beta diversity, the extent to which copper addition 

explained the variability in the microbial community for each wetland source relative to other 

environmental parameters was analyzed. For this analysis, ASVs occurring less than 10 times in 

the dataset were removed and the dataset was then cumulative sum scaling normalized with the 

metagenomeSeq R package version 1.38.0 (Paulson et al., 2013). Then, PERMANOVA was 

conducted on a Bray–Curtis dissimilarity distance matrix using light, wetland source, copper 

addition, and time as explanatory variables with 999 iterations (Anderson, 2017), implemented 

via the adonis2 function in the vegan R package (Oksanen et al., 2025; version 2.7-0). To 

evaluate  how different light treatments influence variation in microbial community structure, 

ordination was performed using both non-metric multidimensional scaling (NMDS) and 

principal coordinates analysis (PCoA) based on the Bray-Curtis dissimilarity matrix, 

implemented via the phyloseq package (v1.46.0; McMurdie & Holmes, 2013) and vegan 

package (v2.6-4; Oksanen et al., 2022) in R (v4.3.1; R Core Team, 2023). Environmental 

vectors including copper, dissolved organic carbon, chlorophyll-a, pH, nitrate, and ortho-

phosphate were fitted to the ordination space using the envfit function with 999 permutations to 

assess correlations. 

To determine treatment effects on predicted functional groups, functional group 

abundances derived from FAPROTAX annotations were first filtered to retain groups with 
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sufficient representation across samples. These abundances were then merged with taxonomic 

data at the Order level (or in the case of Sulfur Oxidizing microorganisms, on a species level) to 

focus on relevant taxa. The data were normalized to relative abundances and log-transformed to 

meet analysis assumptions. For each functional group, a Wilcoxon rank-sum test was performed 

to assess differences in abundance between light treatments before or after copper addition. 

Subsequently, Orders associated with functionally significant groups were also tested using 

Wilcoxon rank-sum tests. The same approach was applied to compare differences in abundance 

between wetland sources within light and dark treatment groups. P-values were adjusted for 

multiple comparisons using the Benjamini-Hochberg method. 

 

Figure 1. Study sites in two wetlands where field water and sediment samples were 

collected at the Savannah River Site, Aiken, South Carolina, USA. (a) Savannah River Site 

location, (b) H-02 Constructed Wetland site map (not to scale), and (c) Sarracenia Bay sampling 

site map (not to scale) with parallel lines of sample points located one meter from the water edge 

and 20.5 m apart with 10 m between parallel lines.   
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CHAPTER 3 

RESULTS  

Light exposure modified the ratio of copper in sediment-to-water, and this pattern 

differed by whether copper had been spiked into the microcosm. Table 1 shows mean and 

Standard error scores.  For both wetlands, prior to copper addition, light-exposed microcosms 

had copper in sediment-to-copper in water ratios higher by 1.29 (S.E. = 0.227, t = 5.709, p = 

0.011, R²m = 0.98, R²c = 0.933) compared to those in the dark treatment (Fig. 2). In contrast, the 

combination of copper addition and light treatment resulted in an average decrease in the ratio 

by -2.619 (S.E. = 0.3205, t = -8.173, p = 0.004, R²m = 0.97, R² a= 0.93) compared to the dark 

treatment after copper addition. The interaction of light treatment and copper addition also 

significantly influenced these ratios resulting in an estimated negative effect of 2.62 (S.E. = 

0.321, t = -8.173, p = 0.004, R²m = 0.97, R² a= 0.93) in the light exposure and copper addition 

group (Appendix 4).To contextualize, background sediment to water copper ratio prior to copper 

addition was 1.24 (S.E = 0.72) in H-02 and 2.29 (S.E =1.11) in Sarracenia Bay. These values 

reflect baseline variability in copper levels across wetlands.  

The varying treatments altered some environmental parameters in the microcosms for 

both wetland sources including chlorophyll-a, ortho-phosphate and dissolved oxygen (Appendix 

3 and Appendix 5). The median percent oxygen was higher in the dark treatment (77.0% ± 28.7 

SE) compared to the light treatment (45.9% ± 24.8 SE), suggesting that light exposure may 

reduce oxygen saturation in these wetland systems. Light treatment and copper addition 

significantly influenced log-transformed chlorophyll-a concentrations in the microcosms (Fig. 
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3). On average, light-exposed microcosms contained 0.696 μg/L more chlorophyll-a (log) (S.E. 

= 0.21, t = 3.34, df = 41.42, p = 0.002, R²m = 0.38, R²c = 0.38) compared to the dark treatment 

group before the copper addition. In contrast, the combination of copper addition and light 

treatment resulted in an average decrease of 0.717 μg/L in chlorophyll-a (log) (S.E. = 0.29, t = -

2.49, df = 41.42, p =0.002, R²m = 0.38,  R²c = 0.38) compared to dark treatments with copper 

added.  

The linear model of log-transformed ortho-phosphate concentrations explained a 

significant portion of the variation in ortho-phosphate concentrations (F(4, 41) = 17.44, p < 

0.001, R² adjusted = 0.59). Copper addition also resulted in a significant reduction in ortho-

phosphate (Estimate = –1.15, p = 0.003). In contrast, the main effect of light treatment was not 

significant (Estimate = 0.13, p = 0.73).   

Light treatment significantly reduced log(O₂) levels (Estimate = –0.25, p = 0.0119). A 

marginally non-significant negative trend was observed for high light availability (hlight; 

Estimate = –0.46, p = 0.0606). The model accounted for random variation across sampling 

conditions by including random intercepts for average light availability (variance = 0.537) and 

time (variance = 0.428), with a residual variance of 0.781. Overall, the model explained a 

moderate portion of the variance in the data (marginal R² = 0.036, conditional R² = 0.569), and 

demonstrated a good fit (REML criterion = 896.1), with scaled residuals ranging from –2.60 to 

3.39. 

Microcosms made using Sarracenia Bay water and sediment exhibited trends for several 

environmental variables that differed from those in microcosms with H-02 Wetland media. 

Sarracenia Bay microcosms had a trend of higher chlorophyll-a concentrations compared to H-
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02 microcosms, with an average increase of 0.468 μg/L (S.E. = 0.14, t = 3.25, df = 41.4, p = 

0.017, R²m = 0.38, R²c = 0.38).  Relative to H-02 Wetland microcosms, Sarracenia Bay 

microcosms exhibited higher copper in sediment-to-copper in water ratios, with an average 

increase of 0.94 (S.E. = 0.1602, t = 5.869, p = 0.010, R²m = 0.97, R² a= 0.93).  The wetland 

microcosms also exhibited higher log chlorophyll-a concentrations compared to H-02 

microcosms, with an average increase of 0.468 μg/L (S.E. = 0.14, t = 3.25, df = 41.4, p = 0.017, 

R²m = 0.38, R²c = 0.38). Similarly, Sarracenia Bay trended to have higher dissolved oxygen 

levels, with an estimated 1.184% higher log oxygen compared to H-02 Wetland (S.E. = 0.58, df 

= 15, t = -2.037, p = 0.060, R² m= 0.35, R² adjusted = 0.57). Wetland source also had a 

significant effect on ortho-phosphate with samples from Sarracenia Bay having significantly 

lower ortho-phosphate concentrations than those from H-02 (Estimate = –1.99, p < 0.001).    

Alpha Diversity  

Bacterial community alpha diversity metrics of richness and evenness were significantly 

influenced by light treatment (Fig. 4). Dark microcosms had an estimated median richness of 

4,597 ASVs (S.E. = 381), whereas those exposed to light had an estimated median of 9,169 

ASVs (S.E. = 1745) (Total model p = 0.01, R²m = 0.50, R²c = 0.39, F = 4.505, df =18). The 

light treatment significantly increased microcosm bacterial community richness by an average 

of 4,805 ASVs (S.E. = 1593, linear mixed model: t = 3.016, p = 0.007). Whereas wetland 

sources did not significantly change in community richness (p = 0.61). 

 Community evenness also varied by light treatment (Total model p = 0.12, R²m = 0.26, 

R²c = 0.14, F = 2.216, df =18). Light exposed microcosms had lower estimated Pielou’s 

evenness (0.957, S.E = 0.007) than those kept in the dark (Pielou’s evenness 0.962, S.E = 0.003, 
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Wilcoxon rank sum pairwise comparison, p = 0.04). Whereas community evenness did not differ 

between the two wetland sources (p = 0.73). 

Beta Diversity  

Non-metric multidimensional scaling (NMDS) was used to visualize differences in 

microbial community composition across treatments. The NMDS ordination achieved a fit with 

a stress value of 0.00009.Such extremely low stress values are often an artifact of small sample 

sizes and may not reliably indicate the ordination's robustness.. Although samples showed some 

spatial separation, no distinct clustering was observed by copper addition, light treatment, or 

wetland source.  

Due to the small sample size, NMDS ordination results should be interpreted cautiously, 

to further support these findings a Principal Coordinates Analysis (PCoA) was used to explore 

variation in microbial community composition based on Bray–Curtis dissimilarities. The first 

two axes explained 42.2% and 7.2% of the total variation, providing a reasonable two-

dimensional representation of differences among samples (Fig. 5). While some separation 

among samples was visually apparent, no distinct clustering patterns emerged by copper 

addition, light treatment, or wetland source—consistent with the PERMANOVA results. The 

broad distribution of samples across the ordination space suggests high within-group variability 

and weak structuring by the tested treatment factors. Environmental vectors fitted to the PCoA 

ordination revealed no significant correlations between specific environmental variables and 

microbial community patterns (Table 1). 

Metal exposure, light treatment, and wetland source did not have a combined or 

individual statistically significant effect on community composition (Table 3). Copper addition 
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did not show a significant effect (R² = 0.069, p = 0.178), suggesting a limited influence on 

community variation. Light treatment and wetland source were not significant explanatory 

factors for microbial community composition (Table 3).  

Functional Groups   

 There were 40 identified functional groups from the dataset. Overlapping of similar or 

identical predicted functional genes across groups was common, due to contributions to multiple 

predicted functions. Differences in relative abundances between light and dark treatment groups 

occurred in 14 functional categories (Table 4, non-significant values in Appendix 6). The 

functional categories, 'Respiration of sulfur compounds', 'Sulfur respiration', 'Oxygenic 

photoautotrophy', 'Photosynthetic cyanobacteria', 'Phototrophy', 'Methanogenesis', , 

'Hydrogenotrophic methanogenesis', 'Acetoclastic methanogenesis', 'Dark hydrogen oxidation', 

'Methanogenesis by CO₂ reduction with H₂', and 'Methanogenesis by disproportionation of 

methyl groups' all comprised a greater relative proportion of the known functions after copper 

addition in the light treatment compared to the dark treatment with P values all below 0.01 

(Table 4, non-significant values in Appendix 7). Additionally, 'Chemoheterotrophy' had greater 

relative abundance in the light treatment before copper addition and greater relative abundance 

in the dark treatment after copper addition. There were no significant differences between 

wetland sources (H-02 and Sarracenia Bay) in 14 functional categories grouped by light 

treatment (Wilcoxon rank-sum tests, Appendix 6). 

 Sulfur respiration functions were significantly enriched in light-exposed microcosms 

compared to dark treatments under copper-amended conditions (Table 4). Although the overall 

difference was modest, median log abundance values were slightly higher in light treatments 
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(median = 1.11) than in dark treatments (median = 1.00), indicating a statistically significant 

light-associated increase in sulfur respiration potential. Further taxonomic analysis of the 'Sulfur 

respiration' functional group—which also overlapped entirely with 'Respiration of sulfur 

compounds’ indicated that, out of the 12 identified bacterial orders, four exhibited significant 

differences between light and dark treatments following copper addition (Table 5, non-

significant values in Appendix 8). Desulfovibrionales and Desulfomoniales had greater relative 

abundance in the dark, while Syntrophales and Desulfobaccales were more relatively abundant 

in the light treatment conditions.  

Photosynthesis-related functional groups had significantly enriched in light-exposed 

microcosms compared to dark controls under copper-amended conditions (Table 4). Median 

relative abundance values were higher in light treatments (median = 1.07) than in dark 

treatments (median = 0.84), indicating a statistically significant light-associated increase in 

photosynthesis potential. Further taxonomic analysis of the ‘Oxygenic photoautotrophy' 

functional group — which also overlapped entirely with ‘photoautotrophy’, ‘phototrophy’, and 

‘photosynthetic Cyanobacteria’— indicated that, out of the four identified bacterial orders, three 

exhibited significant higher log relative abundances in the light treatment compared to dark 

(Table 4). Micrococcales and Verrucomicrobiales had greater relative abundance in the dark 

treatment following copper addition while Sphingomonadales had greater relative abundance in 

the dark treatment both before and after copper addition.   

Functions related to methane production or consumption had significantly enriched in 

light-exposed microcosms compared to dark treatments under copper-amended conditions (p < 

0.05). Further taxonomic analysis of the ‘Methanogenesis’ functional group, used as the 

representatives of these functional groups had median abundance values in light treatments of 
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1.43 and 1 in the dark treatments, indicating a statistically significant light-associated increase in 

photosynthesis potential. Of the ten identified bacterial orders, two exhibited significant 

differences in log abundances in the light compared to the dark treatment, Methanobacteriales, 

and Methansarcinales both had significantly higher relative log abundances in the dark exposed 

microsomes before and after metal addition (Table 5).  

The Chemotrophic functional group relative abundances were significantly lower in light 

treatments compared to dark treatments before copper addition and higher after copper addition 

(Table 4).  Of the 16 identified bacterial orders, 10 exhibited significant differences in log 

relative abundances in the light compared to the dark treatment. Peptostreptococcales, 

Flavobacteriales, Anaerolineales, Holophagales, Methanosarcinales, Methylococcales, 

Oscillospirales, Sphingomonadales, Verrucomicrobiales all had higher log relative abundances 

in the dark treatment groups after copper addition (Table 5).   

Only one Order, Burkholderiales, had higher log relative abundance in the dark 

treatment compared to the light exposed groups before and after copper addition. While Sulfur 

Oxidizing was not a functional group category, several species within the Burkholderiales that 

can oxidize sulfur compounds were identified: Sulufritalea, Sulfurisoma, and Thiobacter. 

Despite Burkholderiales having higher relative abundances in the dark treatment, both 

Sulufritalea, and Sulfurisoma had higher overall percent relative abundances in light treatments: 

6.9% and 29.0% compared to dark treatments: 0.07% and 26.3% respectively. Note however, p-

values could not be assigned because the analysis is done at the genus level, where many genera 

have low or highly variable abundances across samples, resulting in insufficient statistical 

power to detect differences between treatments. 
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Table 1. Mean (± SE) copper concentrations by light treatment, wetland source, and copper 

addition. 

Light 
Treatment Substrate Copper addition Wetland Mean 

Copper μg/L  SE 

Dark Water No Sarracenia Bay 4.080 0.557 
Dark Water Yes Sarracenia Bay 37.643 10.946 
Light Water No Sarracenia Bay 5.016 0.575 
Light Water Yes Sarracenia Bay 19.995 6.339 
Dark Water No H-02 46.243 16.054 
Dark Water Yes H-02 43.046 3.447 
Light Water No H-02 31.854 6.643 
Light Water Yes H-02 67.801 29.682 

Light 
Treatment Substrate Copper addition Wetland 

Mean 
Copper 

μg/kg 
SE 

Dark Sediment No Sarracenia Bay 18.666 1.006 
Dark Sediment Yes Sarracenia Bay 20.726 1.135 
Light Sediment No Sarracenia Bay 15.232 3.791 
Light Sediment Yes Sarracenia Bay 21.043 0.809 
Dark Sediment No H-02 43.563 9.546 
Dark Sediment Yes H-02 35.788 11.285 
Light Sediment No H-02 41.985 2.019 
Light Sediment Yes H-02 26.742 2.701 
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Figure 2. Boxplot of the copper sediment-to-water pool ratio in light and dark treatments 

before (red) or after (blue) copper addition (None = no copper added, Added = copper added). 

The predicted values and their associated confidence intervals were derived from the Metal vs 

Light treatment model (Appendix 5). Different letters denote statistically significant differences 

between groups (p < 0.05).     
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Figure 3. Boxplots of measured chlorophyll-a concentrations (µg/L) in microcosms 

exposed to different light treatments and copper additions. Data are grouped by light treatment 

(Dark = shaded, Light = unshaded) and metal addition (None = no copper added, added = 

copper added), with chlorophyll-a shown on the original (non-log) scale. Points represent 

individual measurements. Statistical differences among groups were assessed using a linear 

model on log-transformed chlorophyll-a, including main effects of light treatment, copper 

addition, and wetland source, as well as their interaction (see Appendix 3). Different letters 

indicate statistically significant differences between groups (p < 0.05). 
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Figure 4. Boxplots of bacterial community alpha diversity in wetland microcosms with light and 

dark treatments for a) Pielou’s Evenness and b) observed richness. Both alpha diversity metrics 

differ significantly between treatments (p < 0.05).    

 

Figure 5. Principal coordinates analysis plot displaying bacterial community composition in 

microcosms in dark and light treatments and wetland source with or without added copper.  

Table 2. Environmental variables correlated with PCoA ordination (Bray-Curtis distance).  
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Variable Axis.1 Axis.2  R2 p-value 

Cu (ppb) 0.22954 -0.9733 0.1874 0.125 

DOC (mg/L) 0.09845 0.99514 0.044 0.64 

Chla (μg/L) -0.98067 0.19568 0.0307 0.738 

pH -0.0547 0.0213 0.8394 0.629 

Nitrate (mg/L) 0.40938 -0.91236 0.0667 0.501 

Orthophosphate 
(mg/L) 

0.7321 -0.6812 0.1255 0.298 

 

 *Copper (Cu), (DOC) Dissolved Organic Carbon (DOC), Chlorophyll-a (Chla)  
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Table 3. PERMANOVA summary of microbial community composition 

Factor Df Sum of Squares R² F p-value 

Copper Addition 1 0.4323 0.069 1.55 0.178 

Light Treatment 1 0.3360 0.053 1.19 0.236 

Wetland Source 1 0.2473 0.039 0.86 0.390 

Combined (Model) 3 0.9903 0.158 1.19 0.283 

Table 4. Significant results of Wilcoxon signed-rank analysis comparing functional categories of 

median log-transformed relative abundances between light and dark treatments, with or without 

copper addition 

Functions Copper addition p value Adjusted p value Dark (Log Med.) Light (Log Med.)

Respiration of Sulfur Compounds Yes 0.0070 0.0197 1.0000 1.1139

Sulfate Respiration Yes 0.0070 0.0197 1.0000 1.1139

Oxygenic Photoaututrophy Yes 0.0016 0.0051 0.8451 1.0792

Photoautotrophy Yes 0.0016 0.0051 0.8451 1.0792

Phatosyntheti Cyanobacteria Yes 0.0016 0.0051 0.8451 1.0792

Phototrophy Yes 0.0016 0.0051 0.8451 1.0792

Methanogenesis Yes p< 0.0001 p< 0.0001 1.0000 1.4314

Chemoheterotrophy Yes p< 0.0001 p< 0.0001 1.3979 1.5682

Hydrogenotrophic Methanogenesis Yes p< 0.0001 p< 0.0001 1.0000 1.4771

Acetoclastic Methanogenesis Yes p< 0.0001 p< 0.0001 1.0000 1.4314

Dark Hydrogen Oxidation Yes p< 0.0001 p< 0.0001 1.0414 1.4771

Methanagenesis, by CO2 reduction with H2 Yes p< 0.0001 p< 0.0001 1.0000 1.4472

Methanagensis by Disproportionation of methyl groups Yes p< 0.0001 p< 0.0001 1.0414 1.4150

Chemoheterotrophy No p< 0.0001 p< 0.0001 1.4150 1.3802

Significant Wilcoxon signed-rank analysis Results  

 

*“Dark (Log Med.)” and “Light (Log Med.)” refer to the median log-transformed relative 

abundance of each category under dark and light conditions, respectively 
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Table 5. Comparison of median log-transformed relative abundances of taxonomic Orders 

within different functional groups between light and dark treatments.  

 

*“Dark (Log Med.)” and “Light (Log Med.)” refer to the median log-transformed abundance 

relative of each category under dark and light conditions, respectively. 
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CHAPTER 4 

DISCUSSION  

The fate of metals in wetland water columns plays a key role in determining the ability of 

these ecosystems to filter and retain pollutants. Interactions between microbial communities and 

abiotic factors—such as redox conditions and light availability—are critical in shaping metal 

mobility and bioavailability. By examining how microbial responses change with light exposure, 

we can better understand the biogeochemical mechanisms that govern metal cycling in wetlands. 

The research presented here indicates that light exposure in both natural and constructed 

wetlands can alter the predicted functional capacity of microbial communities, and potentially 

influences the partitioning of copper between the wetland water column and sediment. 

Specifically, light exposure has the potential to facilitate metal retention in sediment under non-

copper-stressed conditions but appears to hinder retention once an elevated copper stress is 

introduced into the system. 

I documented that sediment-to-water copper ratios in wetland-representative microcosms 

incubated in the field differed when exposed to natural diel cycles of light compared to those 

without any light exposure. A higher proportion of copper occurred in the sediment when 

microcosms experienced diel light cycles than only darkness; however, after four days, when an 

experimental spike of copper was added to microcosm water, this was  reversed, and it was the 

dark microcosms that retained a greater proportion of copper in the sediment. These shifts in 

copper distribution were accompanied by changes in chlorophyll-a concentrations and the 

relative abundances of microbial orders and predicted functional groups. Most microbial 
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taxonomic and functional differences between light and dark treatments only arose in the post 

copper addition group   

It is important to recognize that copper distributions measured before and after metal 

addition correspond to distinct experimental time points, limiting direct comparison between 

them. For example, an alternative, time-based explanation for the observed chlorophyll-a pattern 

is that chlorophyll-a concentrations remained low in dark treatments due to the absence of light 

for photosynthesis, while initially elevated levels in light treatments declined by day eight, 

potentially due to secondary resource limitation of photoautotrophs. 

Collectively, these results provide evidence that light exposure shapes relative abundance 

changes in microbial community members and potential function in wetlands, with direct 

consequences for copper retention. Furthermore, our findings indicate that microbial community 

responses to copper can shift retention patterns for this metal regardless of whether the wetland 

is constructed for metal removal or naturally occurring. 

Abiotic Factors Pre-Copper Addition  

Before a copper spike was added, the sediment-to-water copper ratio in microcosms 

experiencing natural diel cycles was, on average, 1.29 times higher than that of microcosms 

incubated only in the dark. This suggests that cyclical light exposure under pre-stress conditions 

facilitates metal particulate formation and/or retention in sediments more effectively than in 24-

hour dark conditions. This aligns with findings by Cheloni and Slaveykova (2018), who 

observed that light, particularly ultraviolet radiation, can alter the structure and reactivity of 

dissolved organic matter, thereby increasing metal bioavailability and influencing metal uptake 

by photosynthetic microorganisms. Their review highlights that light-driven changes in the 
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chemical environment and microbial responses can significantly affect trace metal dynamics in 

aquatic systems, depending on light intensity, spectral composition, and prior exposure 

conditions. 

Despite increased chlorophyll-a concentrations and elevated relative abundances of 

phototrophic bacteria such as Sphingomonadales, dissolved oxygen levels in light treatment 

microcosms were, on average, lower than those constantly in the dark. This apparent paradox 

may suggest that enhanced heterotrophic or phototrophic activity under light conditions 

contributed to localized oxygen consumption, which in turn could influence redox-sensitive 

metal retention in sediments. For example, higher oxygen consumption may result from oxygen-

respiring heterotrophs or sulfur-oxidizing phototrophs (SOP), the latter of which uses oxygen to 

oxidize inorganic sulfur compounds (Ljungdahl et al., 2003; Reddy & DeLaune, 2008). While 

not statistically backed, there is some indication of this interaction in the microcosms with 

patterns of SOP Sulufritalea, and Sulfurisoma within the Burkholderiales order that may have a 

greater relative abundance in the water of light treatment groups.  

This study included both water and sediment components in the microcosms, which 

distinguishes it from many traditional phototrophic studies that use only water. The inclusion of 

sediment introduces additional complexity to oxygen dynamics and facilitates oxygen–metal–

microbe interactions that may significantly influence metal cycling. Although this oxygen 

consumption might reduce the thickness of the oxic layer in sediments, earlier studies, such as 

Katano et al. (2021), demonstrated that light-driven photosynthesis can enhance sediment 

oxygenation by stimulating algal growth and benthic activity, resulting in a more extensive oxic 

zone. In this study, oxygen sensors were positioned near the bottom of the microcosms, close to 

the sediment surface, where this oxic–anoxic transition is expected to occur. This expanded oxic 
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layer may facilitate abiotic binding of metals like copper to organic matter or iron/manganese 

oxides, thereby increasing their retention in sediments and temporarily reducing their mobility 

into the water column (Katano et al. 2021). Together, these findings suggest a complex interplay 

in which light exposure promotes both microbial oxygen consumption and oxic zone expansion, 

increasing iron oxide copper complex and enhancing sedimentary metal retention under pre-

stress conditions. 

Biotic Factors Pre-Copper Addition  

Before copper addition, dark-incubated microcosms showed higher relative abundances 

of strict anaerobic methanogenic orders—Methanobacteriales and Methanosarcinales. These 

classical hydrogenotrophic and acetoclastic methanogens typically thrive in reducing 

environments and are known to directly compete with sulfate-reducing prokaryotes (SRPs) for 

substrates such as hydrogen and acetate (Lovley, 1983). Their presence implies that even under 

moderately oxygenated conditions in the water column, dark microcosms may have supported 

localized anaerobic niches within the sediment where such competition could occur. This 

substrate competition can suppress SRPs activity, limiting H₂S production and subsequently 

reducing the formation of metal sulfides that immobilize copper (Hines et al., 1989; Holmer & 

Nielsen, 1997). Thus, although fewer methanogens were present overall, their identity suggests a 

more competitive anaerobic environment for sulfur cycling, potentially influencing early-stage 

copper dynamics. 

Post-Copper Addition: Retention Reversal and Microbial Influence 

 Copper can enter wetlands intermittently—such as through copper sulfate applications 

for algae control—or continuously, via the inflow of metal-contaminated water in constructed 
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systems. My study demonstrates that copper additions during the experiment behave differently 

under light exposure, suggesting that light modifies copper dynamics in a distinct way compared 

to legacy contamination effects. After a copper spike was added, the sediment-to-water copper 

ratio of microcosms experiencing the diel light cycle decreased on average by 2.619 compared to 

the dark treatment, despite minimal changes in abiotic factors. These findings suggest that the 

retention of metal particulates under light conditions may be driven by shifts in the microbial 

community and their corresponding functions. 

Microbial Communities Post-Copper Addition   

Despite the overall functional group of sulfur reducing microbes having higher relative 

abundance in the light treatment group, the individual orders Desulfovibrionales and 

Desulfomoniales had greater relative abundance in dark microcosms after the copper addition. 

This is consistent with their known roles as strict anaerobes that perform classical sulfate 

reduction, to generate metal sulfides such as copper sulfides under low-oxygen conditions 

(Kuever, J, 2014, DeWeerd, Townsend, & Suflita, 2015). In contrast, Syntrophales and 

Desulfobaccales had higher relative abundances in the light treatments. These orders are 

facultative microaerophiles, groups that are more tolerant of light and oxygen exposure as seen 

in previous studies (Morais et al 2024, Leja K et al 2014). Unlike Desulfovibrionales and 

Desulfomoniales, Syntrophales and Desulfobaccales are not strictly sulfate reducers. 

Syntrophales undergo syntrophic fermentation that supports rather than directly creates hydrogen 

sulfide, and Desulfobaccales species undergo direct sulfur reduction but also can undergo 

aerobic respiration (Mayumi et al., 2010, Leja K et al 2014). Together, these findings suggest 

that light exposure restructures the composition of sulfur-respiring microbial communities, 
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potentially shifting to less efficient sulfur reducing organisms under metal stress despite a 

relative overall higher functional abundance.  

Phototrophic microbial taxa have been shown to play significant roles in metal cycling in 

aquatic environments by influencing oxygen production, shifting redox potential, and stimulating 

sulfur-oxidizing processes under light conditions (Ljungdahl et al., 2003). Increased 

photosynthetic relative abundances have been associated with enhanced oxygen production via 

phototrophic activity but also with the stimulation of sulfur-oxidizing phototroph (SOP) 

metabolism (Ljungdahl et al., 2003; Reddy & DeLaune, 2008). My findings support this, as 

Sphingomonadales—as well as other photoactive orders such as Micrococcales and 

Verrucomicrobiales—exhibited significantly higher relative abundance in the light treatment 

compared to the dark following copper addition. Higher SOP activity would have the potential to 

increase hydrogen sulfide (H₂S) oxidation, reducing its availability for reactions with copper to 

create copper sulfide. Notably, all three of these bacterial orders were also classified within 

cyanobacterial-associated functional groups, which may contribute to increased system toxicity 

through the production of reactive oxygen species or secondary metabolites, potentially 

inhibiting the growth and activity of sulfate-reducing bacteria and other sensitive anaerobes 

(Savadova-Ratkus et al., 2021). 

When I artificially elevated the copper concentration of microcosms, several 

chemoorganotrophic and facultative anaerobic bacterial orders—including Anaerolineales, and 

Holophagales—had higher relative abundances in dark treatments compared to light. All 

identified groups are adapted to low-oxygen or anaerobic environments and are often involved in 

complex organic matter degradation through fermentative or syntrophic pathways (Fukunaga & 

Ichikawa, 2014; Petriglieri et al., 2023; Fischbach & Sonnenburg, 2011; Park et al., 2016, 
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Nikitina et al., 2023; Lee et al., 2011). Their enrichment under dark conditions aligns with the 

suppression of phototroph-mediated oxygenation, creating favorable conditions for anaerobic 

respiration processes. Several of these orders—particularly, Anaerolineales, and Holophagales—

are known to participate in sulfide production either directly or through cross-feeding with 

sulfate-reducing bacteria, thereby contributing to hydrogen sulfide (H₂S) accumulation in 

sediments (Lee et al., 2011, Wasmund et al.,2017, Kielak et al. 2016). This microbial structure 

likely supports SRPs metabolic activity by supplying substrates such as acetate or hydrogen, 

which are critical for dissimilatory sulfate reduction. Such metabolic support can enhance the 

competitive advantage of SRPs over methanogens, which rely on similar substrates (Lovley & 

Klug, 1983). 

Methanogens, through their interactions and competition with sulfate-reducing 

prokaryotes, can play a key indirect role in shaping copper dynamics in sediment environments. 

After copper addition, total methanogen relative abundance was significantly higher in light-

exposed microcosms. While specific taxonomic identities varied, their expansion in light 

treatments suggests an increase in competition with SRPs within this treatment group when 

compared to dark microcosms. This shift could suppress classical sulfate reduction, lower H₂S 

concentrations, and decreasing copper sulfide formation. The result: less copper retention in 

sediments and higher dissolved copper levels in the light-exposed systems. These findings are 

reinforced by previous researched descriptions of competitive dynamics with SRPs and 

methanogenesis species (Lovley, 1983; Hines et al., 1989; Holmer & Nielsen, 1997). 

The lower relative counts of methanogens in light treatments suggest that increased 

oxygen availability and sulfur-oxidizing phototrophic (SOP) activity may suppress anaerobic 

fermenters and SRPs-supporting consortia. Thus, their presence in the dark treatment not only 
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reinforces the potential for anaerobic conditions but may also indirectly promote metal 

immobilization through enhanced sulfide production and reductive dissolution mechanisms. This 

would agree with the greater delivery and retention of copper in the sediment that I found for 

dark-only microcosms compared to light-exposed microcosms when both treatments spiked with 

copper.  

Microbial Community Richness and Evenness   

Despite no detectable differences in the beta diversity of microbial communities, alpha 

diversity differed between light-exposed and dark-only microcosms in both pre and post copper 

additions When microbial communities were restricted to complete darkness, they exhibited 

higher evenness but lower richness, suggesting that while there are a number of microbial taxa 

present, fewer, highly abundant groups may dominate the community. Communities with high 

evenness and low richness may reflect a more stable or uniform environment, where certain 

anaerobic specialists thrive and outcompete others, leading to dominance (Chesson, 2000). 

Alternatively, this pattern could arise in systems with fewer overall niches, but where each niche 

is more isolated, allowing specialized taxa to flourish independently with minimal competition or 

overlap (Chesson, 2000). In contrast, light treatments had lower evenness but higher richness, 

indicating that while fewer organisms are present in each species overall, there is a higher 

number of species present. This may suggest a more variable or heterogeneous environment, 

where phototrophic activity, oxygen gradients, and light-driven dynamics create a greater 

number of viable ecological niches, promoting coexistence without dominance. 

These differences in community structure may influence how microbial communities 

respond to stressors such as copper. In dark treatments, where evenness was higher, additional 
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copper exposure led to increased metal retention in sediment compared to pre-stress conditions. 

One explanation is that when dominant taxa were impacted by copper, less abundant but 

potentially metal-tolerant taxa or those that rely on copper for their enzyme function were able to 

occupy available niches and maintain or even enhance functional processes like metal retention. 

For example, Desulfovibrionales and Desulfomoniales show a more prominent role in these 

communities. This highlights a potential “insurance effect” of richness—greater taxonomic 

diversity provides more opportunities for functional compensation under stress (Yachi & Loreau, 

1999).  

Conversely, in light treatments, where richness was higher, metal retention decreased 

following copper exposure. The richer but less even communities may lack the functional 

redundancy needed to maintain performance when key taxa are lost due to metal toxicity, leading 

to a loss of function under stress. Thus, while light-exposed communities may be better adapted 

to dynamic environments under normal conditions, they may be more vulnerable to novel 

stressors that disrupt specific functional groups. This is supported by previous studies like 

Cheloni and Slaveykova (2018) which found that trace metals disproportionately affect 

photosynthetic microbial groups under light conditions, supporting the idea that disruptions to 

specific functional groups lead to loss of function.  

Comparison of Sarracenia Bay and H-02 Wetlands  

We observed differences in chlorophyll-a, ortho-phosphate and copper sediment-to-water 

ratios between Sarracenia Bay and H-02 microcosms despite the lack of significant differences 

between microbial communities, and all other abiotic factors measured. These observations may 

be partially explained by vegetation legacy effects and site-specific contamination histories.   
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             Sarracenia Bay is dominated primary by Nymphaea odorata (American white-water 

lily), that allows greater light penetration into the water column compared to the dense surface 

mats formed by Lemna minor (duckweed) and Schoenoplectus californicus (bulrushes) that is the 

primary foliage in H-02. Increased light availability under N. odorata can support greater 

phytoplankton productivity, consistent with the elevated chlorophyll-a concentrations observed 

in Sarracenia Bay microcosms. It is possible that plant coverage like Nymphaea can promote 

algal growth by allowing sufficient light transmission, in contrast to duckweed, which 

significantly suppresses it through dense shading (Barko & Smart, 1981; Van Nes et al., 2002). 

This could lead to increased algal photosynthesis and benthic microbial activity, leading to a 

thicker oxic layer that more effectively binds copper and limits its release into overlying water 

abiotically (Katano et al. 2021).  

The H-02 wetland plants L. minor and S. californicus are known for their nutrient uptake 

and metal retention capabilities, particularly nitrate, phosphate, and heavy metals such as copper 

(Tanner, 2001; Akratos & Tsihrintzis, 2007, Harguinteguy, Arán, Gudiño, & Peñaflor, 2023). 

However, these active remediation pathways are absent in this experiment's microcosms, leaving 

only the legacy of environmental conditioning (e.g., sediment chemistry and microbial 

composition). This vegetation-driven history shaped the biogeochemical context of each wetland, 

influencing sediment oxygenation and copper-binding potential even without live plant uptake 

shifting the base lines of wetland microcosms. 

Given the lack of significant differences in microbial community composition and most 

other abiotic factors, our results suggest that both wetlands, despite differences in location and 

contamination levels, exhibited similar microbial responses and potential for functional 

resilience to metal stress and its interaction with light. This pattern aligns with findings from 
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Gilbert, Fulthorpe, and Kirkwood (2012), who reported high similarity in sediment microbial 

community composition and function across urban wetlands in Ontario, Canada. Despite 

differing contaminant input regimes and exposure histories, microbial communities in their study 

exhibited overlapping diversity profiles and functional characteristics. Given that many of the 

taxa identified in my study are also sediment-associated, these results support the idea that 

wetland microbial assemblages may possess inherent resilience and functional redundancy, 

allowing them to maintain similar community structure and activity under varying environmental 

pressures. 

Experimental Limitations  

Several considerations should be made when interpreting our findings. The work was 

conducted with a smaller size of 34 microcosms and is based around two wetland sources, one a 

constructed wetland and another a naturally occurring Carolina Bay both located in the 

southeastern United States. Due to the limitation of both experimental scale and sampling 

locations, results may not be broadly generalized across wetland categories or geographic 

regions. For example, dissolved oxygen may have been depleted much faster in the enclosed 

microcosms than in the real wetland, due to the closed system experimental set up. Similarly, 

Reddy and DeLaune (2008) demonstrated that microbial responses to metal inputs, such as 

copper, can vary significantly depending on wetland type by examining biogeochemical 

processes in saltwater marshes, which experience tidal flushing and elevated salinity. 

 It is important to acknowledge the timing of sample collection relative to metal addition. 

In this study, samples were collected four days apart, which limits the ability to directly compare 

microbial community changes before and after metal exposure. Microbial communities can 
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naturally fluctuate over short timescales due to environmental variability and ecological 

succession (Moxon & Kussell, 2017). Therefore, some of the taxonomic shifts observed 

following the metal spike might reflect natural temporal variation rather than a direct response to 

metal addition.  

One should also consider sediment sampling depth and spatial design may have 

influenced observed microbial communities and metal dynamics. Although sediment was 

collected to a uniform depth, the selected depth encompassed microenvironments with differing 

redox conditions and contamination histories that were then homogenized. For instance, the 

upper layers of H-02 may be less contaminated than deeper sediments due to ongoing burial of 

legacy contamination, resulting in microbial communities that reflect a mixture of sediment 

layers. Studies have shown that microbial communities, such as sulfate-reducing 

microorganisms, shift significantly with depth, particularly across boundaries between 

bioturbated surface layers and deeper, unmixed sediments (Jochum et al., 2017). The disturbance 

of these vertical gradients in community structure could influence copper cycling and microbial 

responses and should be considered when applying the results to wetland ecosystems. 

To address the acknowledged limitation regarding Zn background contamination, it is 

important to consider its potential biogeochemical interactions with both copper and microbial 

communities in wetland environments. Zinc, like Cu, is a transitional metal that can compete for 

binding sites on organic matter, sulfide minerals, and microbial cell surfaces. This competitive 

behavior may influence the speciation, mobility, and bioavailability of both metals (Xu and 

Mills, 2018). In sulfate-reducing environments, for example, Zn can also form insoluble zinc 

sulfides, potentially altering the availability of sulfide for Cu precipitation and thereby affecting 

Cu retention in sediments. Moreover, microbial communities—particularly sulfate-reducing and 
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sulfur-oxidizing prokaryotes—may exhibit metal-specific tolerances or sensitivities, with some 

taxa being inhibited by Zn at lower concentrations than Cu. This could result in shifts in 

microbial community structure or function that confound interpretations based solely on Cu 

treatments. Future studies should quantify and control Zn concentrations more rigorously and 

explore co-metal or multi-metal interactions explicitly to disentangle their individual and 

synergistic effects on microbial metal cycling and environmental factors. 

Broad Impacts   

My findings suggest that light-driven shifts in the relative abundances of some taxonomic 

members of the microbial community could significantly affect a wetland's capacity to retain or 

transform copper, particularly under environmentally stressful conditions. By identifying 

phototrophic microbial groups associated with increased metal transformation or potential 

toxicity, this study contributes to a mechanistic understanding of contaminant fate in wetland 

ecosystems. These insights emphasize the importance of integrating larger scale impacts such as 

foliage coverage and microbial responses, especially those mediated by light availability—into 

the design, management, and restoration of constructed wetlands. As climate change continues to 

reshape aquatic systems, understanding the microbial drivers of metal cycling is critical for 

maintaining water quality and ecosystem health. 
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APPENDIX 1

 
 

Appendix 1. Microcosm placement at the H-02 wetland. Bottle locations were chosen at random 

from the locations illustrated above 
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APPENDIX 2 

 

Appendix 2. Sequencing rarefaction curve to assess depth. Wat#, B#, represents individual 

unique identification numbers and zymo is the sequencing control community. The red line 

represents the alpha diversity cutoff for refraction.  
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APPENDIX 3 

Appendix 3. Summary of linear model outputs predicting log-transformed chlorophyll-a 

concentration (log [Chl-a], µg/L)   

 Predictor Estimate SE t value p-value Significance 

(Intercept) 1.696 0.158 10.76 1.63 × 

10⁻¹³ 

*** 

Light Treatment (Light) 0.696 0.209 3.34 0.0018 ** 

Copper addition  0.048 0.198 0.24 0.8099   

Wetland Source 

(Sarracenia Bay) 

0.468 0.144 3.25 0.0023 ** 

Light × Metal 

Interaction 

–0.717 0.288 –2.49 0.0168 * 

 

*Model fit statistics: Adjusted R² = 0.345, F(4,41) = 6.93, p = 0.00023; Residual SE = 0.486. 

Marginal R² = 0.381 (conditional R² = 0.381). 
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APPENDIX 4 

Appendix 4. Summary of linear model evaluating the interactive effects of light treatment, 

copper addition, and wetland source on the copper sediment-to-water ratio during experimental 

incubations  

 Predictor Estimate SE t value p-value Significance 

(Intercept) 0.650 0.179 3.29 0.036 * 

Light Treatment (Light) 1.294 0.227 5.71 0.0107 * 

Copper addition  1.199 0.227 5.29 0.0132 * 

Wetland Source (Sarracenia Bay) 0.941 0.160 5.87 0.0099 ** 

Light × Metal Interaction –2.619 0.321 -8.173 0.0038 ** 

 

*Model fit statistics: Adjusted R² = 0.933, F(4,41) = 6.93, p = 0.00023; Residual SE = 0.9714. 

Marginal R² = 0.936 (conditional R² = 0.936). Residual standard error: 0.2266 on 3 degrees of 

freedom. 
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APPENDIX 5 

Appendix 5. Chi-squared test results for the relationship between environmental variables and 

light treatment conditions 

 Variable  Chi-squared df p-value 

Precent Dissolved Oxygen  1.8651 1 0.172 

pH 0.39614 1 0.5291 

Nitrate mg/l 2.0483 1 0.152 

Ortho-Phosphate mg/l 7.1848 1 0.00735 

hpa 0.0728 1 0.2870 

Chlorophyll -a (µg/L) 5.2376 1 0.0221 

Total Dissolved Carbon  mg/l 0.09375 1 0.3329 
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APPENDIX 6 

Appendix 6: Non-significant comparisons of median log-transformed Orders category 

abundance between light and dark treatments 

 

*Dark (Log Med.)” and “Light (Log Med.)” refer to the median log-transformed 

abundance of each category under dark and light conditions, respectively.  
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APPENDIX 7 

Appendix 7. Comparison of median log-transformed functional category abundance between H-

02 and Sarracenia Bay microcosms 

 

 *“Dark (Log Med.)” and “Light (Log Med.)” refer to the median log-transformed abundance of 

each category under dark and light conditions, respectively.  

 

 



 

60 

 

 

APPENDIX 8 

Appendix 8. Non-significant comparisons of median log-transformed functional category 

abundance between light and dark treatments 

*Dark (Log Med.)” and “Light (Log Med.)” refer to the median log-transformed abundance of 

each category under dark and light conditions, respectively. 
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