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ABSTRACT 

 In the past three decades, it has been established that archaea play important 

biogeochemical roles in the marine water column and sediments, but there remains a gap 

in knowledge about the phenology of these marine planktic archaea. Even less is known 

about their phenology and diversity in estuarine environments than in marine 

environments. Here I report the results of a year-long census of archaeal diversity created 

by filtering water from the Broadkill River, an estuarine river mouth in Delaware, USA, 

and sequencing the DNA extracted from filters. These results provide information on 

how the archaeal community, at the class level, changed over time, as well as based on 

particulate size fraction, tides, and environmental parameters such as temperature and 

salinity. The most important factor affecting community composition was particle size, 

suggesting a partitioning of archaea into particle-associated and free-living groups. 

Seasonal and tide-based trends, while not important in explaining overall diversity, were 

evident for several classes of archaea. Of particular interest were Nitrososphaeria (Marine 

Group I), the relative abundance of which correlated with tide, and Thermoplasmata 

(Marine Group II), which increased in relative abundance during the warmer months. The 

dominance of the community by Thermoplasmata during the summer presents an 

opportunity to investigate this uncultured group’s membrane lipids in the future. 

Methanogens and other anaerobic archaea were present in greater abundance in the larger 

size fraction, suggesting the use of anoxic particle interiors and active anaerobic 

metabolism in the water column.
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Chapter 1 

INTRODUCTION 

1.1 Background 

Numerous studies have investigated the phenology of marine bacterioplankton in 

the surface ocean and found consistent seasonal trends in the abundance of both common 

and rare taxa (Fuhrman et al. 2006, Gilbert et al. 2011). However, due in part to their 

recent discovery, considerably less is known about how marine planktic archaea vary in 

abundance over time (Delong 1992). The research that has been done on marine archaeal 

community composition has focused on environments such as the Black Sea (Sollai et al. 

2019), polar ocean (Church et al. 2003), and open ocean (Baltar et al. 2007), but 

comparatively few studies have examined the diversity and phenology of planktic 

archaea in estuaries. Bacterial community structure can change drastically along a salinity 

gradient (Campbell and Kirchman 2013), and the same is likely true of archaeal 

communities. Estuaries are unique environments in that they exist at the conflux of fresh 

and saltwater, and this leads to a unique mixed community of freshwater and saltwater 

microbes (Crump et al. 1999). Indeed, the few studies comparing archaeal diversity 

between estuarine and pelagic environments have found significant differences between 

the two (Anas et al. 2021, Tee et al. 2021). Some research has focused only on particular 

functional groups or taxa, for example ammonia oxidizers (Francis et al. 2005, Santoro 

and Casciotti 2011) and methanogens (Levipan et al. 2007), rather than the community as 

a whole. Furthermore, while it is clear that planktonic community structure can change 
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dramatically in a short period of time (Guadayol et al. 2009), few studies have sampled a 

single location over time to characterize temporal changes. Those that have, have done so 

in non-estuarine environments (e.g., Galand et al. 2010, Hugoni et al. 2013). A 

reoccurring census of the entire archaeal community in a coastal estuary is a missing 

puzzle piece in our understanding of marine microbial community dynamics. Given the 

importance of marine planktonic archaea in biogeochemical cycling (Offre et al. 2013), 

understanding how the marine planktic archaeal community changes over time would 

improve our understanding of the ecology of estuaries as a whole.   

1.2 Study Site 

The Broadkill River is a tidal river located in Sussex County, Delaware. It 

delivers riverine and land-derived material and biomass to the Delaware Bay via the 

Roosevelt Inlet. This study’s sampling site was located on the University of Delaware’s 

Hugh R. Sharp campus in Lewes, Delaware, approximately 250 meters from the 

Roosevelt Inlet. At this terminal end of the river, the water column is well mixed; in fact, 

it is completely vertically homogeneous in terms of physical and chemical parameters for 

90% of the tidal cycle. This is the result of the strong tidal currents at work, which lead to 

water from the Bay passing through the river channel which, at its mouth, is only about 4 

meters deep and 100 meters across (Dewitt and Daiber, 1973). This results in very little 

vertical stratification of salinity and temperature. At high tide, the temperature, salinity, 

pH, dissolved oxygen concentration, and total dissolved solids of the river mouth are 

similar to those of the lower Delaware Bay; at low tide, they are similar to those of the 

upper river (Dewitt and Daiber 1973). This tidally-driven contrast in conditions at the 
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Broadkill River mouth presents the opportunity to compare river and marine influences at 

this single site. The Broadkill River has more suspended particles at upriver sites (Dewitt 

and Daiber 1973, Yoshimura et al. 2018) and has no annual trend in chlorophyll a 

concentrations or total nitrogen (DNREC et al. 2022). 

1.3 Abundant Marine Archaea 

Globally, the two most abundant archaeal taxa in the marine water column are 

Marine Group I (MGI) and Marine Group II (MGII) (Hugoni et al. 2013, DeLong 2021, 

Santoro et al. 2019). MGI have a cultivated representative, Nitrosopumilus maritimus, 

and thanks to this, more is known about their physiology and metabolism than any other 

planktic marine archaea (Könneke et al. 2005). They are chemoautotrophs that gain the 

energy to reduce bicarbonate into organic carbon by oxidizing ammonia to nitrite 

(Walker et al. 2010, Pester et al. 2011). There is evidence that some may be mixotrophic 

(Ingalls et al. 2006, Ouverney and Fuhrman 2000, Teira et al. 2006), but autotrophic 

ammonia oxidation is the dominant metabolic strategy. In fact, they are the dominant 

ammonia oxidizers in the marine water column (Wuchter et al. 2006), outcompeting 

bacteria thanks to their tolerance for low-oxygen concentrations and more efficient 

carbon fixation pathway (Pester et al. 2011, Könneke et al. 2014). Understanding the 

major role that MGI play in the marine nitrogen cycle has initiated a paradigm shift from 

a few decades ago where archaea were thought to play no significant role in the 

biogeochemistry of the marine water column. This raises the question: what ecological 

role do other planktic archaea play in the surface ocean? There are no cultured 

representatives of the abundant but variable MGII, but thanks to metagenome-assembled 
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genomes and culture experiments we know that they are likely heterotrophs that degrade 

high-molecular weight organic compounds such as those produced by marine diatoms 

(Iverson et al. 2012, Orsi et al. 2015). Most also contain the gene for proteorhodopsin, 

and the greater prevalence of this gene among MGII in surface waters suggest they use 

sunlight to create extra energy (Frigaard et al. 2006, Rinke et al. 2019). Other archaeal 

taxa (e.g. Bathyarchaeota, Halobacteria, and various methanogens) show up frequently in 

estuarine water column environments but are typically not detected in the open ocean. 

Many of these groups are typically associated with sediment and their biogeochemical 

and numerical importance in the water column is uncertain (Sollai et al. 2018; Biddle et 

al. 2006).  

 A topic of great interest to scientists who study marine archaea is their membrane 

lipids, which are easily distinguished from bacterial membrane lipids. As a result, much 

effort has been made to identify particular lipids as biomarkers for archaeal taxa (Sturt et 

al. 2004, Wakeham et al 2004). The cultivation of N. maritimus has revealed the 

membrane lipids of MGI archaea, but the distribution of lipids produced by uncultured 

archaea such as MGII is as of yet unclear.  Crenarchaeol, a glycerol biphytanyl glycerol 

tetraether (GDGT) lipid, is widely considered to be produced only by MGI archaea and 

other members of the phylum Thaumarchaeota (formerly within Crenarchaeota) 

(Brochier-Armanet et al. 2008, Pester et al. 2011). However, there has been much debate 

over whether MGII might also produce crenarchaeol and other GDGTs believed by many 

to be unique to MGI and related archaea (Lincoln et al. 2014a, Lincoln et al. 2014b, 

Schouten et al. 2014, Turich et al. 2007, Schouten et al. 2008, Turich et al. 2008), with 
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recent studies continuing to report conflicting results (Besseling et al. 2020, Ma et al. 

2020). Understanding which groups produce which lipids is important not just for 

evaluating the viability of using lipids as biomarkers but because a proxy for past sea 

surface temperatures, TEX86, relies upon the relative abundance of GDGTs in sediment 

(Schouten et al. 2002). The identification of a site even temporarily dominated by MGII 

would present the opportunity to gain insight into the group’s membrane lipids. 

 A note about taxonomy: taxonomic designations for MGI and MGII have changed 

over the years. MGI was originally placed in the phylum Crenarchaeota, subsequently 

moved to its own phylum, Thaumarchaeota, and now is placed in the phylum 

Thermoproteota and class Nitrososphaeria. MGII, once classified in the phylum 

Euryarchaeota, is now classified as phylum Thermoplasmatota and class Poseidoniia 

(Brochier-Armanet et al. 2008, Parks et al. 2020, Rinke et al. 2020). However, the Silva 

database (v138_1) (Quast et al. 2013) used to classify sequences for this study locates 

MGI/Nitrososphaeria in the phylum Thaumarchaeota and MGII in the class 

Thermoplasmata. The analyses in this paper considers primarily the class-level 

distinctions due to limitations in the resolution of sequence data and, for simplicity’s 

sake, the classes Nitrososphaeria and Thermoplasmata will be used interchangeably with 

MGI and MGII. These taxa contain orders other than MGI and MGII, but MGI and MGII 

are the dominant member of those classes in the marine water column (Rinke et al. 2019, 

Santoro et al. 2019) including at the study site sampled for this project (Yoshimura et al. 

2018). 

 



6 
 

1.4 Time Series and Phenology 

 Several studies have investigated archaeal community structure over a time series 

in the marine water column. One purpose of time series studies is to investigate seasonal 

trends in the abundance of key taxa. Such studies can provide information about the 

ecology of these taxa when paired with measurements of biotic (e.g. chlorophyll 

concentration, abundance of bacteria and eukaryotes) and abiotic (e.g. salinity, 

temperature, nutrient concentrations) factors (Galand et al. 2010, Liu et al. 2018). There 

are numerous studies that investigate archaeal populations in pelagic settings compared to 

a more limited number in coastal settings. Generally, pelagic water column studies have 

focused on the most abundant groups, MGI and MGII, even using specific 

oligonucleotide probes to target them at the exclusion of other taxa (Quiñones et al. 2009, 

Beman et al. 2011, Molina et al. 2020). This is reasonable for pelagic studies given that 

MGI and MGII are by far the most abundant archaeal groups in the epipelagic ocean 

(Santoro et al. 2010). The abundance of both MGI and MGII changes throughout the 

year, but bloom events are more common for MGII. Blooms can appear sporadic, 

following no apparent seasonal trend in some locations and regularly occurring in other 

locations. Beman et al. (2011) studied a 4-year long time series in coastal California 

waters and saw peaks in abundance for both MGI and MGII, but these did not follow 

seasonal trends; instead, they identified several groups of bacteria whose abundance was 

correlated with that of MGI and/or MGII. Quiñones et al. (2009) likewise did not identify 

any seasonal trends in MGI or MGII abundance in their time series study of archaea in 

the Humboldt current. 
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 In the shallow ocean, Marine Group I is often found in higher abundance in the 

winter (Wuchter 2006, Galand et al. 2010, Herfort et al. 2007, Hugoni et al. 2013), 

although at least one study found it to be more abundant in summer and fall than in 

winter and spring (Molina et al. 2020).  MGI archaea are autotrophic or mixotrophic, 

obtaining their energy from oxidation of ammonium to nitrite or a combination of 

ammonia oxidation and heterotrophy (Walker et al. 2010, Ingalls et al. 2006). It is not 

surprising, therefore, that their abundance is often found to correlate with the abundance 

of the amoA gene, which encodes a subunit of the ammonia monooxygenase enzyme 

(Herfort et al. 2007, Galand et al. 2010), as well as with the concentration of nitrogen 

compounds (Herfort et al. 2007, Hugoni et al. 2013), nitrite in particular (Smith et al., 

2015; Hurley et al., 2018); they are not found to bloom during algal blooms. More 

enigmatic is the ecology of Marine Group II, whose abundance is not typically correlated 

with nutrient abundance (Murray et al. 1999). Given the expected use of phytoplankton-

derived organic carbon by MGII, many studies have examined MGII abundance in the 

context of phytoplankton abundance, often using chlorophyll concentration as a proxy. 

MGII blooms often occur in spring and summer, times of high phytoplankton 

productivity in many regions (Pernthaler et al. 2002, Wuchter 2006, Herfort et al. 2007, 

Needham and Furhman 2016). Murray et al. (1999) found that MGII abundance did not 

covary with chlorophyll a concentrations in the Santa Barbara Channel over a multi-year 

timeseries, but some MGII blooms followed chlorophyll peaks. In the North Sea, 

Wuchter (2006) connected MGII blooms to phytoplankton blooms in a time series study 

of planktic archaea abundance measured by qPCR and CARD-FISH and Herfort et al. 
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(2007) identified a spatial as well as temporal correlation of MGII relative abundance 

(measured by qPCR) with chlorophyll a concentration. Needham and Fuhrman (2016), in 

their study of MGII abundance measured by PCR off the coast of southern California, 

identified a MGII bloom immediately following a phytoplankton bloom. These bloom 

events of MGII can be quite significant. MGII can represent greater than 30% of the total 

prokaryotic community during blooms, much higher than their typical abundance 

(Needham and Fuhrman 2016, Pernthaler et al. 2002, Orellana et al. 2019).  

One factor that might complicate our understanding of MGII phenology is the 

presence of multiple phylotypes that occupy different niches. Two time-series studies 

conducted in the Mediterranean Sea identified two primary ecotypes of MGII: MGIIa and 

MGIIb. MGIIa bloomed in summer, MGIIb in winter (Galand et al. 2010, Hugoni et al. 

2013). These studies also identified a potential link between MGII abundance and 

chlorophyll concentration, but only for MGII.b. Galand et al. (2010) attributed the 

MGII.a peak in winter to summer stratification of the Mediterranean water column. 

Orellana et al. (2019) also identified these two phylotypes, and also reported higher 

abundance of MGII.a in summer and MGII.b in winter. The authors connected the 

reoccurring MGII.a blooms to phytoplankton blooms, and hypothesized that the small 

cell size of this phylotype may help them avoid grazing and so benefit from blooms. 

From all of these studies, a connection between phytoplankton blooms and MGII 

abundance seems likely, but the dynamics differ in different systems: sometimes there is 

a lag between phytoplankton blooms and MGII blooms, and sometimes there is none; 

other factors such as stratification of the water column may influence the timing and 
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magnitude of MGII blooms; and the different niches occupied by different phylotypes 

may obscure relationships if one considers MGII as a whole.  

1.5 Estuaries and their Planktic Archaea 

It is clear from these studies that the community dynamics of even pelagic 

systems can be quite different from each other; the dynamics are likely quite different in 

an estuarine system, but no comparable time-series study of archaeal community 

dynamics in an estuary exists. Furthermore, diversity tends to be higher in estuaries, with 

groups other than MGI and MGII often making up large proportions of the community 

(Liu et al. 2018). The few papers that have reported archaeal diversity of estuaries have 

yielded an intriguing array of results. Yoshimura et al. (2018) sequenced archaeal 16S 

rRNA genes taken from a transect of sites in the Broadkill River with a particular focus 

on the differences between upriver/downriver sites and between particle-associated and 

free-living microbes. They found that upriver stations were dominated by Halobacteria in 

the free-living fraction and Halobacteria and Methanomicrobia in the particle-associated 

fraction. Their “marine” station, the same station that was sampled for this project, was 

dominated by Thermoplasmata, the vast majority of which could be further classified as 

Marine Group II (MGII). This finding was a major impetus for this thesis work. 

However, as valuable as this study’s findings were, sampling of the “marine” station took 

place at a single date in July, and so only captured a snapshot of the community at that 

time. Anas et al. (2021) sampled a transect from the Coochin Estuary in India to the 

Arabian Sea. They found that their estuarine site was more diverse than their more 

marine sites, but most of their Operational Taxonomic Units (OTUs), analogous to 
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species, could not be classified at all. What could be classified was mostly 

Nitrosopumilaceae in the class Nitrososphaeria. Thermoplasmata was also observed but 

never in high abundance. As with Yoshimura et al. (2018), their sampling took place at a 

single date, in this case in August. An additional study examined archaeal diversity along 

a river-to-estuary transect in New Zealand, also at one date (November) at low tide (Tee 

et al. 2021). This study found an archaeal community composed of Bathyarchaea, 

Methanocellales, Methanomicrobiales, Woesearchaeales (class Nanoarchaeia), and MGI 

(class Nitrososphaeria).  

The most comprehensive study of archaeal diversity in estuaries comes from Liu 

et al. (2018), who used as their dataset 16S rRNA genes uploaded to a database, 

representing 24 estuaries worldwide. They found that the most abundant archaeal phyla 

in estuarine water columns worldwide were Thaumarchaeota (containing 

Nitrososphaeria/MGI); Bathyarchaeota; and Euryarchaeota (at the time containing 

Thermoplasmata/MGII). They also found a trend in the abundance of many groups based 

on latitude and environmental factors. Thermoplasmata was more abundant in low and 

high latitudes and its abundance was influenced by temperature. MGII was more 

abundant in low latitudes. The authors noted that certain OTUs were present across many 

estuaries while others were far more localized. This highlights the importance of 

understanding local dynamics; every estuary is unique. The authors also noted the 

presence of OTUs that could not be confidently identified by current databases, 

suggesting the potential for the discovery of novel archaeal taxa in estuaries. This 

potential for the discovery of novel estuarine taxa was also noted by Vieira et al. (2007) 
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in their study of archaea in a tropical estuary in Brazil. Given the limitations of their 

methodology, however, Liu et al. (2018) were unable to determine relationships between 

archaeal diversity and tides or seasonality within any given estuary. 

 High turbidity distinguishes estuaries from the open ocean due to high loads of 

suspended particulate matter (Shi and Wang 2010). This has implications for the structure 

of the microbial community of the estuarine vs. the open ocean water column, since 

sediment particles can become entrained in the water (Crump et al. 1999). Microbes are 

known for taking advantage of microhabitats, including the distinct conditions found on 

the exterior vs. interior of particles. In estuaries, more than half of the bacterioplankton 

present can be associated with particles, and more than 90% of the bacterial carbon 

production in these systems can be attributed to particle-attached bacteria. Studies of 

marine and estuarine archaeal communities have found a divide between free-living and 

particle-associated groups (Kellogg and Deming 2009, Yoshimura et al. 2018, Vieira et 

al. 2007).  Particle-attached microbial populations can also be responsible for a large 

proportion of the organic matter degradation occurring in estuaries (Crump et al. 1998, 

Crump and Baross 1996). The shallow depth of estuaries compared to the open ocean 

also contributes to sediment resuspension (Crump and Baross 1996). This mechanism 

connects populations of water column and sediment microbes. Particles may deliver their 

associated microbes from water column to sediment (Mestre et al. 2018), and it is 

conceivable that microbes on particles suspended from sediment may continue their 

metabolic activities and thus influence biogeochemical cycling in the water column.  
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Particle interiors can offer an anoxic or hypoxic environment within an 

oxygenated water column, allowing for oxygen-inhibited metabolic processes such as 

methanogenesis that would otherwise be thermodynamically unfavorable in an oxic water 

column (Simon et al. 2002). Methanogenic archaea (and indeed all methanogens are 

archaea (Offre et al. 2013, Lyu et al. 2018)) such as Methanosarcina and 

Methanomicrobia have been found to be associated with anoxic particle interiors in 

estuaries (Smith et al. 2013).  Methanogenesis occurs in oxic regions of freshwater 

(Bogard et al. 2014) and marine (Damm et al. 2010, Leonte et al. 2020) ecosystems. 

Bogard et al. (2014) found that 4% of all greenhouse gas contribution from a freshwater 

lake was from methanogenesis occurring in the oxic water column, and that this number 

could be higher in systems with higher productivity and deeper water columns.  Leonte et 

al. (2020) found methane production in the aerobic water column to be a more important 

source of methane than seafloor gas seeps, although they also determined that methane 

concentrations are kept low by active aerobic methanotrophy. Methanogens are 

sometimes detected in studies of archaeal diversity in estuarine water columns and 

sometimes not. Tee et al. (2021), Anas et al. (2021), Yoshimura et al. (2021), and Vieria 

et al. (2007) all reported the presence of methanogens in the water column; Liu et al. 

(2018), and Hao et al. (2010) did not. Interestingly, one study from the Pearl River 

Estuary in China did not report the detection of methanogens (Liu et al. 2014), whereas 

another found them in great abundance, making up most of the community at upriver 

sites (Chen et al. 2019). This diversity of findings raises the questions of how important 
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these water column-dwelling methanogens are to global organic carbon degradation and 

what factors determine their presence or absence. 

1.6 Hypotheses 

 The time series of estuarine archaeal community composition and 

environmental parameters presented in this thesis represents a unique set of data that will 

help shed light on the factors that drive changes in archaeal diversity and the abundance 

of individual archaeal classes over time. The experimental design allows me to 

investigate these questions with a focus on the archaeal community as a whole as well as 

resolve differences between discrete size classes of particles. 

 I hypothesized that seasonality and the factors that change with the seasons, 

namely temperature and light availability (PAR), would exert a strong influence on the 

composition of the archaeal community and would drive changes in the abundance of 

individual archaeal classes from season to season. I expected the influence of season to 

be particularly pronounced for MGII and predicted that this group would experience a 

bloom in the summer. I further hypothesized that tidal stage, and salinity by proxy, would 

also be a strong control on archaeal community composition. High tide and high salinity 

would represent a greater marine influence from the Delaware Bay while low tide and 

low salinity conditions would correspond with a greater influence from the Broadkill 

River. I expected archaeal communities at high tide to more closely resemble a pelagic 

water column community with low diversity and a dominance of MGI and MGII archaea. 

At low tide, I hypothesized greater similarity with riverine and estuarine communities, 
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higher diversity and a greater presence of anaerobic archaeal taxa such as methanogens, 

Halobacteria, Bathyarchaea and Nanoarchaea, with MGI and MGII still present.  

In addition to seasons and tides, I hypothesized that I would see a relationship 

between MGII abundance and peaks in the concentration of total chlorophyll and DOC 

concentration due to an association between MGII and phytoplankton blooms. I expected 

to see a relationship between MGI and nitrate, nitrite or total nitrogen, but did not expect 

this for MGII. Finally, I expected to see higher diversity in particles captured on large 

pore size filters (particle-associated archaea) vs. smaller particles or free-living archaea 

captured on the smallest pore size filters as the larger particles would likely accommodate 

microhabitats with conditions supporting anaerobes.  

The original objective of this project was to couple the investigation of the 

archaeal community using 16S rRNA gene sequencing to the lipids present using 

HPLC/MS. Technical challenges prevented the inclusion of lipid data in this work. 

However, the sequence data presented here open up the possibility for targeted future 

work investigating MGII lipids in the season and particle size where they are dominant.  
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Chapter 2 

METHODS 

2.1 Sampling 

Monthly water samples for this project were taken near the mouth of the Broadkill 

River where it empties into the Delaware Bay via Roosevelt Inlet. Sampling was done 

from the dock near the Pollution Ecology Lab at the University of Delaware’s Hugh R. 

Sharp campus in Lewes, Delaware (38.790419°N, 75.163378°W) (Figure A.1). The 

primary objective of sampling was to obtain water from the surface (0 meters) and 1 

meter depth in order to capture particulate matter and microbial cells by filtration. A 5-

liter General Oceanics Niskin bottle was lowered from a davit on the dock repeatedly to 

collect 15-20 L of water, which was transferred to acid washed HDPE carboys. Sampling 

was performed every month for 12 months, from July of 2020 to June of 2021. For the 

first five months (July through November 2020), sampling was performed once per 

month; subsequently, sampling was performed twice per month, once during a high slack 

tide and once during a low slack tide within 8 days of each other. Overall, 11 high tides 

and 9 low tides were sampled (Table 1). 

Ancillary data (Figure 1) was taken at each sampling event. A PNF-300 Profiling 

Natural Fluorometer System (Biospherical Instruments Inc.) was lowered off the davit to 

measure the photosynthetically active radiation (PAR) at both depths. The accompanying 

software LoggerLight was used to collect real-time data from the instrument. A YSI 

ProSolo ODO/CT probe (YSI Incorporated, Yellow Springs, Ohio) was used to collect 
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data on chemical and physical water parameters at both depths. To allow for later 

measurement of dissolved inorganic carbon (DIC), combusted glass bottles were filled 

with water from the outlet on the Niskin bottle.  

2.2 Sample Processing 

Sample processing began within 1 hour of sampling. The carboys containing the 

sample water were returned to lab and placed on ice. DIC bottles were preserved 

immediately; 20 μl of saturated mercuric chloride (HgCl2) 6.5% solution (LabChem lot # 

J339-08) were added to each bottle to kill all organisms and so stop respiration and 

photosynthesis. To minimize gas exchange, Apiezon M grease was applied to the inside 

of the ground glass joint of BOD bottles and the bottle was sealed with a stopper and 

further secured with a rubber band. If using a bottle with a threaded cap, the cap was very 

tightly sealed and Parafilm was wrapped around the cap to help mitigate gas exchange 

with the bottle’s contents. DIC samples were stored in a dark drawer until they were 

processed. 

Filtration of the collected water was necessary to concentrate particulate material and 

microbial cells for later lipid extraction, DNA extraction, and chlorophyll analysis. The 

water from each carboy was filtered using a peristaltic pump and acid-washed Masterflex 

BioPharm tubing. Sample water was passed through a series of three in-line Advantec 

polypropylene 47mm filters holders with pre-combusted glass fiber filters (450°C for 1 

hour and 500°C for 2 hours) of decreasing pore size: Whatman GF/D (nominal pore size 

2.7 µm), Whatman GF/F (nominal pore size 0.7 µm), and Advantec GF-75 (nominal pore 



17 
 

size 0.3 µm). The exception was that for the first one or two sets of filters, a 0.22 µm 

Millipore GSWP nitrocellulose filter replaced the GF-75, and these were later used for 

DNA extraction. Water was filtered until the flow rate through the distal end of the tubing 

slackened and the tubing began to shake, indicating the build-up of backpressure due to a 

clogged GF/D filter. At this point the filtration was paused and each filter was folded into 

a pre-combusted foil packet which was immediately transferred to a -80°C freezer. The 

forceps used to transfer the filters were solvent-rinsed between each set. The filters were 

replaced and filtering resumed; this was repeated until 4 – 17 (average 9.4) liters of water 

had been passed through all sets of filters for each carbo–. During this process, 40 ml of 

filtered water was collected for both depths and stored in EPA vials in a -20°C freezer for 

later nitrate/nitrite and DOC analysis.  

2.3 Chemical analyses 

2.3.1 Physical and Chemical Parameters Measured by Sensors 

A YSI ProSolo probe was used to measure water temperature, salinity, dissolved 

oxygen, and total dissolved solids. The instrument probe was lowered into the water by 

the cord; to get surface measurements, it was lowered until all sensors were submerged. 

The cord was marked at 1 m so that the probe could be lowered to that depth as well. 

After submerging, the probe was given a shake to dislodge any internal air bubbles. Data 

were recorded on the instrument once readings stabilized. The dissolved oxygen sensor 

was calibrated approximately every other month by exposure to water-saturated air. The 

salinity sensor was calibrated at the same time using a conductivity standard (YSI 3168 
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Conductivity Calibrator). Data were uploaded from the instrument to the YSI software 

KorDSS. 

2.3.2 Nitrate and Nitrite Analyses 

Nitrate and nitrite (Figure A.2) were measured by UV-Vis spectrophotometry on a 

HP Diode Array Spectrophotometer paired with the software Olis Globalworks. Frozen 

filtered water samples were thawed then aliquoted into acid-washed plastic vials. To 

determine nitrite concentrations, aliquots were spiked with Griess reagent and color 

allowed to develop for 25 minutes before quantification of absorbance. To determine 

nitrate concentrations, Griess reagent and vanadium chloride in hydrochloric acid were 

added and samples were heated at 60°C in a water bath for 25 minutes so that all nitrate 

was reduced to nitrite. Standards (made with NaNO2 and KNO3) were diluted and used to 

make a standard curve by which concentrations were determined from absorbance values. 

Nitrate concentration was calculated by subtracting the nitrite concentration of the 

aliquots that had not been spiked with the reducing agent from those that had nitrate 

reduced to nitrite by the reducing agent. 

2.3.3 Chlorophyll Analysis 

Chlorophyll was measured by extracting chlorophyll from a set of paired GF/D 

and GF/F filters from each sampling date and depth. The filters were left to extract in 10 

mL acetone in the -20 freezer for 24 hours, then the supernatant was transferred to a clean 

pre-combusted 20 mL vial. Samples were kept in the dark as much as possible. Total 

chlorophyll was quantified on a Turner fluorometer with an excitation filter at 340-500 
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nm and emission filter at 665 nm. Briefly, 2-5 ml of sample was centrifuged to remove 

debris, then diluted with 2-3 ml of MilliQ water, depending on concentration. The 

instrument was warmed up for 20 minutes, a solid standard (Turner secondary standard 

for chlorophyll) measured, then the samples measured. Data were normalized by dividing 

total micrograms chlorophyll by the number of L filtered by each filter pair. 

2.3.4 Other Analyses 

DIC (Figure A.2) was measured on a Model AS-C5 DIC analyzer (Apollo 

SciTech). Briefly, intake tubes were purged with 3% H3PO4 in 7% NaCl then placed in 

standard and sample bottles. N2 flow rate was set to 200 mL/min and a leak test was 

performed. The instrument was instructed to measure DIC in the standard and each 

sample via the associated ASC5 X12 software. A Li-Cor infrared gas analyzer was used 

to quantify the DIC as CO2. 

DOC (Figure A.2) was quantified on a Shimadzu TOC-V analyzer linked to the 

software TOC-Control V. Prior to a run, the instrument was instructed via the software to 

create a calibration curve using a 10 mM organic carbon standard of potassium hydrogen 

phthalate. Sample vials, blanks, and check standards were then loaded into the 

instrument’s autosampler. Samples were sparged with acid to remove all DIC. Remaining 

DOC was oxidized to CO2 with a catalyst at 680°C and quantified by an IR detector 

(Sharp 2002). 
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2.4 DNA Extraction and Sequencing 

2.4.1 DNA Extraction 

DNA was extracted from all three filter sizes (GF/D, GF/F, and nitrocellulose) for 

every sample date and depth. The filters were cut in half or, in the case of the highly-

loaded GF/D filters, in thirds; a portion was used for the extraction and the remainder was 

returned to the -80 freezer. DNA was extracted using a Qiagen Dneasy PowerSoil kit 

according to kit protocol with the exception that instead of sediment, the filter was folded 

up and inserted into the bead beating tube. Steps were taken to avoid contamination, 

including pre-cleaning surfaces and tools by flame sterilization with ethanol. After the 

full DNA extraction sequence, the DNA-containing extract was stored in a -20 freezer 

until the next step. 

2.4.2 PCR and Gel Electrophoresis 

The goal of this step was to produce amplified DNA with Illumina tags to be 

sequenced at the Microbial Analysis, Resources, and Services (MARS) facility at the 

University of Connecticut, Storrs (https://mars.uconn.edu/). The PCR primers targeted 

bacterial and archaeal 16S ribosomal RNA genes in order to investigate the taxonomy of 

the microbes present. Universal primers B114F and B1275R (Denman and McSweeney 

2006) and archaeal primers ARCH915F and ARCH1059R (Seyler et al. 2018) were used 

and are described in Table B.1. Archaea-specific primers were chosen to more closely 

investigate the archaeal community as they amplify more archaeal sequences than 

universal primers do (DeLong 1992). The archaea-specific primers used also included 
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Illumina “tags”, short sequences appended to the 5’ end of the primer that are required by 

the Illumina sequencing technology. Various rounds of “check PCR” were performed to 

make sure that bacteria and archaea were present in all samples; DNA amplified by 

universal primers were not sequenced. All PCR reactions were done using the 

HotStarTaq mix (Qiagen) which contains Taq polymerase, dNTPs, and buffer. This was 

mixed with 2 μL of sample DNA, PCR-grade water, and 20 μM forward and reverse 

primer solutions. All PCR prep was done in a PCR hood to avoid contamination. The 

PCR itself was run on an Eppendorf Mastercycler pro. Conditions for DNA with archaeal 

primers was as follows: denaturation at 94°C for 45 seconds followed by 35 cycles of 

annealing at 60°C for 1 minute and extension at 72°C for 1 minute. Conditions for DNA 

with universal primers were identical except the annealing temperature was 55°C. 

Following amplification, PCR products were cooled to 4°C by the Mastercycler then 

collected and stored in a -20°C freezer. 

Gel electrophoresis was used to confirm that bacterial and archaeal DNA had 

been amplified successfully. A TAE buffer was used to make a gel with ethidium 

bromide as the intercalating agent. The gels made for the check PCR were 1% agarose 

(w/v). They were run for about 15-20 minutes, or until good separation was reached 

(Figure A.3). Gels were placed in a Carestream Molecular Imaging System and imaged 

on top of UV light using a Kodak Gel Logic 112 Imaging System. Images were processed 

for clarity using the Molecular Imaging Software provided by Carestream.  

Two sets of samples were submitted to the MARS facility for sequencing: 

extracted DNA to be amplified with universal primers targeting the v4 region of the 16S 
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rRNA gene and PCR products amplified with archaea-specific primers and Illumina tags 

for two-step library prep and sequencing. The two-step process refers to the addition of 

unique nucleotide identifiers by an additional round of PCR which precedes sequencing 

(Lange et al. 2014).  PCR products were cleaned up using a Thermo Scientific GeneJet 

PCR Purification Kit. DNA for both types of sample was quantified using Thermo 

Scientific NanoDrop LITE: between 58.5 and 200.5 ng/μL of purified PCR product and 

between 0.3 and 193.8 ng/μL of DNA were sent. Extracted DNA was pipetted into sterile 

96 well Eppendorf twin.tec plates and shipped to MARS on dry ice. 

2.4.3 Sequencing and Bioinformatics 

Sequences were processed using the software program mothur (Schloss et al. 2009). 

Files were hosted and mothur processes run on the computing cluster BIOMIX at the 

Delaware Biotechnology Institute (DBI). Reverse reads were determined to be of low 

quality based on a FastQC Report visualization (Andrews 2010) of base sequence quality 

and so were discarded; only forward reads were used for analysis. An apparent 

sequencing error produced a string of adenosine (“A”) reads towards the end of every 

sequence; the software Geneious 9.1.8 (http://www.geneious.com) was used to remove 

these, leaving sequences in the range of 200-212 base pairs long. These were quality 

filtered to remove sequences with ambiguous nucleotide reads or more than 8 

homopolymers. Mothur was used to align sequences, remove repeats, and find pairwise 

distance between sequences. Sequences were then clustered into OTUs at 3% 

dissimilarity and binned. Finally, OTUs were classified using the Silva v138_1 database 

(Quast et al. 2013). Rarefaction curves showed that most samples did not converge 
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toward a horizontal asymptote (Figure A.4). In order to determine whether it would be 

reasonable to remove low abundance OTUs, all OTUs with less than 10 representative 

sequences in each sample were searched against sequences in all other samples using the 

BLAST tool (Wheeler et al. 2006). None of these low abundance OTUs matched 

sequences in any other samples, so they were removed given that the focus of this project 

was on abundant groups. Rarefaction curves produced after removing low abundance 

OTUs showed all samples reaching horizontal asymptotes, indicating that the sequencing 

depth represented the diversity at the study site well (Figure 2). 

Rarefaction curves, stacked bar chart, Nonmetric Multidimensional Scaling (NMDS), 

and other plots were produced using R. Prior to producing the stacked bar charts (Figures 

3-5), the data were normalized for the large variability in the number of sequences 

returned per sample. Rarefaction to a fixed number of sequences and scaling with ranked 

sampling (SRS) (Beule and Karlovsky 2020) methods were compared given that 

McMurdie and Holmes (2014) provide arguments for the statistical inadmissibility of 

rarefying data. Data were rarefied by taking 7000 sequences from each sample. Rarefied 

and normalized data were nearly identical. The data shown in figures here were produced 

with the data normalized using SRS. In general, the sequence quality was too poor to get 

high-resolution taxonomic information – removing the string of A’s resulting from a 

sequencing error resulted in sequences shorter than normal for Illumina sequencing. The 

following analyses focus on the level of class which distinguishes between the groups of 

the most interest: MGI and MGII (Nitrososphaeria and Thermoplasmata, respectively). 

OTUs that represented less than 5% of the sequences in each sample were combined into 
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an “Other” category prior to creating stacked bar charts. Empty bars in the bar charts 

indicate missing data. In the case of the first two sampling dates, on 7/21/20 water was 

sampled at 0 m only; on 7/30/20, water was sampled at 1 m only. Other missing dates for 

certain pore sizes/dates were unintentionally left out of the samples sent to MARS, except 

in the case of 2/17/21 at 0 m in the smallest size fraction (nitrocellulose); that sample was 

intentionally left out because it represented a small number of sequences and was an 

outlier compared to the sequencing depth of other samples. NMDS plots were produced 

based on normalized data prior to grouping low-abundance classes into an “Other” 

category. The normalized data were transformed into a Bray-Curtis dissimilarity matrix 

before creating the NMDS plots.  

Statistical tests were also performed in R. An ANOSIM test with 9999 permutations 

was employed for each set of categorical variables to provide a statistical evaluation of 

patterns revealed by the NMDS plots. To investigate which particular classes were more 

or less abundant based on the different categorical variables, indicator species analysis 

was used (De Cáceres et al. 2009). Statistical tests involving relationships between taxon 

abundance and environmental parameters were done using the relative abundance of taxa. 

A Mantel test was used to find correlations between the Bray-Curtis distances of the 

community matrix and Euclidean distance matrices of environmental variables. Alpha 

diversity was calculated from normalized data. Simpson’s Diversity Index and the 

Shannon-Wiener Diversity Index were used to calculate Alpha diversity. A Tukey’s 

Honest Significant Different test based on ANOVA test results was performed to 

determine whether alpha diversity was different among high vs. low tide, pore size, 
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depth, and season. A Tukey’s test was also used to compare DNA yields from the three 

types of filters. Linear regressions were used to investigate the relationship between the 

relative abundance of MGI/MGII and environmental variables; a Wilcoxon test was used 

to investigate whether these same groups had different abundances at high vs low tide. 

R packages used were as follows: agricolae (de Mendiburu 2021); colorBlindness 

(Ou 2021); ggplot 2 (Wickham 2009); grid (R Core Team 2021); gridExtra (Auguie 

2017); indicspecies (De Cáceres et al. 2009); reshape (Wickham 2007); SRS (Beule and 

Karlovsky 2020); tidyverse (Wickham et al. 2019); timeSeries (Wuertz 2020); vegan 

(Oksanen et al. 2020); viridis (Garnier et al. 2021); and weathermetrics (Anderson et al. 

2013). 

2.5 Lipid extraction 

Lipids were extracted from glass fiber filters via a modified Bligh and Dyer method 

(Sturt et al. 2004, Bligh and Dyer 1959). Individual filters were removed from the freezer 

and placed in a combusted glass centrifuge tube with a 2:1:0.8 mix of methanol (MeOH), 

dichloromethane (DCM), and aqueous phase (first a phosphate buffer solution (P-buffer), 

then a 5% w/v trichloroacetic acid (TCA) solution). The tubes were sonicated for 20 

minutes, then solvent was transferred to a separatory funnel and GenPure water and DCM 

added to separate the organic and aqueous phases. The organic phase was drained into a 

Labconco evaporation flask. The extract was then rinsed twice more with DCM, shaken, 

and the organic phase drained into the flask. Extracts were dried down to < 2 ml in a 

Labconco RapidVap under ultra high purity 5.0 grade N2, pipetted into pre-combusted 
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glass storage vials, given an N2 headspace and stored in a -80°C freezer. It was 

determined that extracting a single filter likely would not yield sufficient lipid biomass to 

be detectable by mass spectrometry, so multiple filters were subsequently extracted 

together to create a pooled/combined extract for each sample. The process was similar to 

the above except centrifugation was used instead of a separatory funnel, and the organic 

phase was pipetted out of the bottom of the centrifuge tube after centrifuging at 5000 rpm 

for 5 minutes. For both methods, extracts containing both aqueous phases (P-buffer and 

TCA) were combined. 
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Chapter 3 

RESULTS 

3.1 Physical and Chemical Parameters 

 Physical and chemical parameters measured using the YSI ProSolo probe 

(temperature, dissolved oxygen, salinity, and total dissolved solids, Figure 1) were 

carried forward in the analysis and used to determine if they were correlated with aspects 

of the archaeal community structure. There was an expected seasonal trend in 

temperature and salinity fluctuated with the tides. Per Pearson’s correlation coefficient, 

temperature and dissolved oxygen were highly negatively correlated (r2 = -0.93 for 0 m -

0.94 for 1 m) and salinity and total dissolved solids were highly positively correlated (r2 

= 0.99 for both 0 m and 1 m). No other combinations of variables had high or moderate 

correlations.  

PAR data was collected for the entire time series with a few missing dates due to 

instrument malfunction. However, these data were not carried forward for analysis 

because it became clear they were influenced dramatically by short-term phenomena such 

as passing clouds or shadows from the dock, and thus were unlikely to be meaningful 

when related to community dynamics. Samples were collected for the measurement of 

nitrite, nitrate, DIC, and DOC, but only a subsection of samples for the latter two have 

been analyzed so far. See Table B.2 for these ancillary data. 

Total chlorophyll from the entire time series was measured, but these data were 

not carried forward for analysis. Large differences between concurrent samples taken 
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from 0 meters and 1 meter depth were observed which was unexpected given the well-

mixed nature of the study site (DeWitt and Daiber 1973) and the similarity between other 

values such as temperature and salinity at the two depths. The high variability cannot be 

explained by the measurement uncertainty as uncertainty is small compared to the 

difference between 0 and 1 meter pairs for each sampling event;  the difference in 

chlorophyll values between 0 and 1 meters could be as much as 7.6 µg/L for the same 

sampling event. Because our sampling volumes were larger than typical chlorophyll 

samples, uncertainty may have been introduced in the dilution of the samples. The fact 

that the chlorophyll values that we measured were lower than those typically reported for 

the Delaware Bay (DNREC et al. 2022) (measured values were always less than 10 µg/L, 

and often less than 1 µg/L, compared to a mean value of 15.14 µg/L for DNREC 

historical data from the same site), indicates that it is possible that noise in the 

measurement overwhelmed the signal (Figure A.5). Regardless of the cause of the 

variability in total chlorophyll, we suspect it may not represent true chlorophyll 

concentrations in the Broadkill River. Instead of the measured chlorophyll data, averaged 

historical chlorophyll A data from the same sampling location (DNREC et al. 2022) were 

considered when explaining trends in archaeal diversity. 

3.2 DNA Yield 

 Total DNA extracted from filters was quantified with a Nanodrop. The 0 m GF/D 

filter from July 21, 2020 was an outlier with a DNA concentration an order of magnitude 

higher than any other sample. Sequence data from this sample were similar to the sample 

taken at 1 meter and samples from the month before and therefore did not seem to be 
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biased by contamination. It is most likely that this high concentration represented an 

erroneous measurement from the Nanodrop therefore this sample was removed prior to 

creating Figure 6, which shows DNA concentrations across the time series and box plots 

created with these data separated by filter pore size (and therefore particulate size 

fraction). A Tukey’s HSD test revealed that DNA yield was lower in the colder months 

(October-March) than in the warmer months (April-September). The 2.7 µm and 0.22 µm 

pore size filters were not different in terms of DNA concentration, but the 0.7 µm pore 

size filters had significantly lower DNA concentrations than the other two. This 

corresponds with a pattern visible from rarefaction curves, where the largest and smallest 

pore size yielded more OTUs than the smallest pore size (Figure 2). This difference is 

significant per a Tukey’s HSD test and indicates a bimodal distribution of archaeal 

biomass in the largest (> 2.7 µm) and smallest (0.22 – 0.7 µm) size fractions. 

3.3 Relative Abundance of Classes 

Normalized data were plotted in stacked bar charts to visualize the changing 

abundance of the archaeal classes present in the Broadkill River (Figures 3-5). There was 

a clear distinction between the distribution of archaeal groups that were most abundant in 

the largest (>2.7 µm GF/D filter) and medium size fractions (2.7 – 0.7 µm GF/F filter) 

compared to the smallest size fraction (0.7 – 0.22 µm nucleopore filter). In the two larger 

size fractions, the groups Halobacterota/Halobacteria, four methanogen taxa 

(Methanomicrobia, Methanobacteria, Methanocellia, and Methanosarcinia), and an 

unclassified Crenarchaeota group are abundant (represent >5% of the community). 

Bathyarchaeia become most abundant in the largest fraction in June at low tide (0 meters) 
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and in April at high tide (1 meter). Halobacteria makes up >5% of the community only in 

the medium size fraction (GF/F) in December at low tide (both depths) November at high 

tide (1 meter). In fact, the high abundance of Halobacteria in the medium size fraction in 

December represents a unique event given that it was never abundant at any sampling 

dates except November. An unclassified group in the phylum Halobacterota appears in 

December at low tide in the largest size class at both depths, but no unclassified 

Halobacteria make up more than 5% of the community elsewhere. Either one or several 

classes of unclassified Crenarchaeota are present in the two larger size fractions but not in 

the smallest size fraction. Nanoarchaeia, Thermoplasmata, Nitrososphaeria and 

unclassified Archaea are the only groups that represent more than 5% of the community 

in all three size fractions (though not necessarily every sample) and the only groups 

present in the smallest, 0.22 – 0.7 µm fraction.  

The relative abundance of all four abundant methanogen classes were negatively 

correlated with the relative abundance of Thermoplasmata (MGII) in the two largest size 

classes and at both depths, with the exception of Methanosarcinia, for which this 

correlation was only present in the largest size fraction (Table B.3). This is unsurprising 

given that the highest abundance of Methanosarcinia was observed in the largest size 

fraction and it was often <5% in the smaller size fractions. The relative abundance of 

Methanobacteria was positively correlated with that of Methanocellia in the two larger 

size fractions at both depths. Relative abundance of Nitrososphaeria (MGI), 

Thermoplasmata (MGII) and the sum of all methanogens over time are plotted in Figure 

7. The results of linear regressions of these groups and their relationship to environmental 
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variables are summarized in Table 2. MGI had no correlations with any environmental 

variables except in the largest size fraction, where it correlated positively with salinity 

and TDS. MGII correlated positively with salinity, temperature, and TDS, and negatively 

with dissolved oxygen. Methanogen relative abundance correlated positively with TDS, 

salinity, and temperature, and negatively with dissolved oxygen. 

3.4 Alpha Diversity 

The Shannon-Wiener diversity index was used to investigate alpha diversity, with 

a Tukey’s HSD test employed to determine which groupings had significantly higher or 

lower diversity than others (Figure 8). Alpha diversity was higher in samples taken at low 

tide than in samples taken at high tide. No significant difference was found in alpha 

diversity between samples taken at 0 m vs 1 m. When comparing particulate size 

fractions, the Shannon-Wiener index indicated that the samples collected on the 2.7 µm 

pore size filter were more diverse than the 0.7 µm pore size samples, which were more 

diverse than the particulate matter collected on 0.22 µm filters. There was no difference 

between spring and winter samples, but both were more diverse than fall samples which 

in turn were more diverse than summer samples. The highest diversity was observed in 

the largest size fraction in samples taken at low tide in the winter and spring and the 

lowest diversity was observed in the smallest size fraction in samples taken at high tide in 

the summer. 
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3.5 Indicator Species Analysis 

 The results of the indicator species analysis test show which classes are more 

available in which categories (Table 3). Notably, Thermoplasmata and Nitrososphaeria 

were both more abundant at high tide than at low tide. Thermoplasmata was most 

abundant in the largest size fraction and was more abundant in summer and fall than 

winter and spring. Nitrososphaeria was more abundant in the middle and smallest size 

fractions compared to the largest and had no apparent seasonal trend. There were 

similarities between all four abundant methanogen classes (Methanomicrobia, 

Methanobacteria, Methanocellia, and Methanosarcinia). All were more abundant in the 

winter and spring than in the summer and fall. All were most abundant in either the 

largest size class (Methanosarcinia and Methanomicrobia) or the two largest size classes 

(Methanocellia and Methanobacteria). While not entirely absent from the smallest size 

class, no class of methanogen ever made up more than 5 percent of the community, and 

in most cases represented less than 1%.  Only one class, Thermoprotei, was more 

abundant at one depth (0 m) than the other. Table 3 also shows some of the less abundant 

classes that never made up more than 5% of the population but nonetheless were detected 

and observed to be correlated with a size class of particles or environmental variable. 

3.6 Explanatory Variables 

 The stress value for the ordination used to produce NMDS plots was 0.14, 

indicating an acceptable representation of the data as it lies below the threshold of 0.2 for 

acceptability (Dexter et al. 2018). Figure A.6 shows a stress plot of the ordination used 
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for all NMDS plots. Overall, based on visual analysis of NMDS plots, the community 

structure was most different between the size fractions (represented by GF/D, GF/F, and 

nitrocellulose (Nit) filters) (Figures 9 & 10). Visual analysis of NMDS plots show that 

community structure was not different based on depth, a finding confirmed by a non-

significant ANOSIM result (Table 4).  

 NMDS plots, based on the Bray-Curtis dissimilarity matrix, provide insight into 

the factors that influence the community structure of the Broadkill. There is no apparent 

separation at all based on depth, which is supported by insignificant ANOSIM p-value. 

An ANOSIM R-statistic of < 0.25 indicates that samples are not separable based on tide, 

and that there is a high degree of overlap in the samples taken at high vs. low tide 

(Ramette 2007). Likewise, comparing samples separated by season resulted in an 

ANOSIM R-statistic of < 0.25, indicating that samples are not separable based on season. 

The seasons were grouped in three-month blocks as follows: winter (Dec-Feb); spring 

(Mar-May); summer (Jun-Aug); and fall (Sep-Nov). As these groupings were relatively 

arbitrary, the groupings were shifted forward and backward by one month and ANOSIM 

were re-run as a sensitivity analysis. No change in interpretation of the data resulted from 

this; samples were still not separable by season. The year was also split into two halves, 

winter/spring (Dec-May) and summer/fall (Jun-Nov), a distinction that can be seen 

plotted on an NMDS (Figure 10). This split was made because the NMDS plot with 

samples colored by season appeared to have winter and spring samples grouped together, 

and likewise with summer and fall samples. An ANOSIM R-statistic of > 0.25 indicates 

that samples are indeed separable by this grouping, but with overlap. The same sensitivity 
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analysis as above was performed on this grouping; when it was shifted later by one 

month, the samples were no longer separable per ANOSIM; when shifted one month 

earlier (Nov-Apr and May-Oct), they were. 

The clearest separation of samples is based on pore size, indicating that samples 

collected on different filter pore sizes represent distinct archaeal populations. This is 

supported by an ANOSIM R-statistic of 0.45, indicating the samples are different in 

different particulate size classes but with some overlap. The ANOSIM test also indicates 

that, based on the high R-statistic (0.72), the greatest difference is between the largest and 

smallest particles (samples from GF/D and nitrocellulose filters). Figure 10 shows 

environmental vectors fit onto the ordination plot and Table 5 shows the R2 and p-values 

for each according to a Mantel test. All environmental variables (salinity, temperature, 

dissolved oxygen and total dissolved solids) had significant Mantel p-values, but the R 

statistics indicated they did not explain very much of the variation when all samples are 

taken together.  

 In order to determine whether some archaeal populations in different particulate 

size classes respond to environmental variables independently from each other, NMDS 

plots and statistical tests were recreated on samples from each size class separately. See 

Figures A.7 and A.8 for NMDS plots produced via this method. Non-parametric 

statistical tests performed separately for each pore size yielded different results in a few 

cases, suggesting the portions of the community represented by different size fractions 

might respond differently to environmental parameters. Whereas when considering all 

samples together, samples were not separable by season, ANOSIM tests performed on 
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pore sizes individually revealed that the samples taken at different seasons were indeed 

separable (but overlapping) for each size class taken on its own, with higher separability 

seen in the larger two fractions (Table B.4). As with all samples together, samples were 

separable by the winter/spring and summer/fall split, again with this effect more 

pronounced in the larger two size fractions. Correlation with salinity, temperature, 

dissolved oxygen, and TDS was low (based on Mantel test) with individual size classes 

as with the total population combined, with the exception of a modest r-value for 

temperature for the largest size fraction (Table B.5). Alpha diversity patterns were similar 

to those seen when all size fractions were considered together (Figure A.9). 
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Chapter 4 

DISCUSSION 

The goal of this study was to investigate the diversity and phenology of the 

planktic archaeal community in a tidal estuarine system over the course of a year, with a 

focus on the effects of season, tidal stage, particle size, primary productivity and light 

availability. In addition to direct measures for some of these parameters, proxies such as 

temperature, salinity, and chlorophyll concentration were also used although not all 

proxies were as representative of environmental conditions as I anticipated. For example, 

PAR did not clearly distinguish between 0 meters and 1 meter depth in the turbid water 

column of the Broadkill River and was sensitive to artifacts related to weather, shadows 

and cloud cover. Therefore the hypothesized relationship between light availability and 

MGII abundance was not evaluated. Robust indicators for season, tidal stage and particle 

size, however, were found. 

Determining which factors shape diversity in a community can help explain the 

way the community functions. Because microbes play such important roles in marine 

biogeochemistry, measuring their diversity and identifying taxa can inform us about the 

biogeochemical processes mediated by archaea in the environment (Strom 2008). Alpha 

diversity itself can tell us about the community as well without the need for metagenomic 

sequencing targeting functional genes; a more diverse community likely has more niches 

present and a wider array of metabolic strategies than a less diverse community. This 
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study considers both alpha diversity, a measurement of diversity in an individual sample, 

and beta diversity, a measurement of diversity across all samples.  

4.1 Factors Explaining Community Structure 

With this study, we wanted to understand which factors were driving the overall 

diversity in the archaeal community as well as which were affecting individual taxa. It 

was found that factors which did not explain overall diversity may still explain the 

changes in abundance of particular taxa. The most important factor explaining differences 

in overall community structure was size class as shown on NMDS plots (Figure 9) and 

ANOSIM results (Table 4). This, and the higher alpha diversity in the larger particle size 

classes, reveal a divide between larger particle-associated archaea and archaea that are 

presumably free-living in the sub-micron size class, indicating that these communities are 

quite different from each other. The NMDS plot (Figure 9) shows some similarity 

between the two largest (GF/D and GF/F; >2.7 µm and 0.7 – 2.7 µm) size fractions but a 

separate smallest (Nitrocellulose; 0.22 – 0.7 µm) size fraction, suggesting that the true 

divide is bimodal, i.e. there is likely a community associated with particles less than 0.7 

µm in diameter and a smaller, sub-micron community that is likely free-living, rather 

than a continuum of particle sizes and archaeal cells attached indiscriminately to all sizes 

of particles. This is supported by the amount of DNA extracted the different filter types, 

which shows higher DNA concentration in the largest and smallest size fraction than the 

middle size fraction (Figure 6). Many studies that sample marine planktic archaea do not 

capture particles and cells smaller than 0.7 µm (Molina et al. 2020; Turich et al. 2007; 

Wuchter et al. 2005). These studies likely misrepresent the free-living community by 



38 
 

failing to capture the some of the small, free-living biomass. The high concentration of 

DNA on the smallest filters indicates that a significant proportion of the community 

would be lost by using a filter that is not capable of capturing the < 0.7 µm fraction. The 

sub-micron fraction of plankton cells and POM is generally understudied and often 

ignored but is an important component of the marine biological carbon pump (Close et al. 

2013). 

This study reinforces the importance of particle association for estuarine planktic 

archaea. One study of an estuary found a higher diversity in particle-associated than free-

living bacterioplankton (Crump et al. 1999), which is consistent with this study’s 

findings. However, a pelagic study found the opposite, i.e. the free-living microbial 

community (both bacteria and archaea) was more diverse than its particle-associated 

counterpart (Kellogg and Deming 2009). Because sediment is entrained in the water 

column in shallow environments like estuaries (Crump et al. 1999), it is possible that 

many of the particle-associated archaea detected in this study originate from sediment 

and therefore have a different composition than pelagic particles. The seeding of 

microbes from a distinct environment could explain the higher diversity of particle-

associated microbes in estuaries than the open ocean, where the water column to 

sediment relationship tends to only go one way -- i.e., particles from the water column 

may transport pelagic microbes to the sediment, but not vice versa (Mestre et al. 2018). 

 Time of year was also found to have an influence on archaeal community 

composition. While season and temperature were hypothesized as important factors, 

dividing the year in half was more effective. The significance of the summer/fall and 
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winter/spring divide in structuring the community reflects the location of the study site. 

Delaware has a temperate climate with dramatically different seasons, so a seasonal 

component to the data was not unexpected. The low diversity in summer appears to be 

driven by Thermoplasmata, which represented the majority of the community in June and 

July, matching the high proportion of Thermoplasmata seen in July by Yoshimura et al. 

(2018). Time series data from more locations and spanning several years would do much 

to elucidate the drivers of the abundance of archaeal taxa.  

To my surprise, tidal stage and salinity were not strong drivers of archaeal 

community composition. Few studies have examined tidal stage as a driver of changes in 

an archaeal community. The goal of sampling at low and high tide was to compare the 

marine and riverine endmembers, with the expectation that the marine endmember 

assemblage would resemble that of a coastal ocean water column. In general, samples 

were not separable by tide, but as discussed below, tide (and salinity, which can be 

considered a proxy for tidal stage) affected the abundance of certain key taxa. If high tide 

is taken to represent the marine endmember, we would expect to see a community similar 

to those observed in pelagic water column environments, which have less diverse 

archaeal assemblages than riverine water column environments (Chen et al. 2019, Anas et 

al. 2021). As expected, it was observed that diversity was lower at high tide and higher at 

low tide, the likely reason being the greater abundance of anaerobic archaea such as 

methanogens at low tide. Particle-associated anaerobic microbes have been found to be 

more abundant at upriver than downriver sites within a single estuary (Chen et al. 2019, 

Yoshimura et al. 2018), so the higher diversity at low tide can be attributed to the greater 
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abundance of these groups, since low tide represents the riverine endmember at the 

Broadkill River mouth. These groups are likely present as the result of sediment entrained 

in the water column as the tide goes out. Sediment particles can remain suspended in a 

turbid estuary for 2-4 weeks, suggesting that a stable community of particle-associated 

microbes that could form and play a consistent ecological role at our site (Crump et al. 

1999).  

4.2 Nitrososphaeria (MGI) 

The experimental design of this study was designed to test the hypothesis that 

archaeal community would be different during the river-influenced low tides and more 

marine-influenced high tides. We hypothesized that MGI would be more abundant under 

higher salinity conditions and greater marine influence (associated with high tide) as seen 

in Chen et al. (2019). Relative abundance of MGI and MGII shows higher MGI 

abundance at high tides than low tides in the largest size fraction (Figure 7); a Wilcoxon 

test comparing MGI abundance at low and high tide confirms this pattern (Table 2). This 

differential tidal effect between the size fractions could be due to tides bringing in 

particles with MGI in from the Bay; the free-living fraction may not be as influenced by 

the tides. The greater relative abundance of this group in the two smaller size fractions, 

however, suggests a larger proportion of the detected MGI were free-living and not 

affected by tidal stage or salinity. The tidal association of MGI abundance seen in large 

particles is not unexpected, as this group is typically associated with the pelagic water 

column (Santoro et al. 2019); the lack of this association for the free-living fraction may 

mean that the particle-attached community shifts more with the tide than the free-living. 
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The positive correlation of MGI relative abundance with salinity is likely related to this 

relationship with the tides. Indicator species analysis suggests MGI was more abundant in 

the smaller size fractions, but previous studies suggest that MGI has no preference for a 

particle-associated over a free-living lifestyle (Jain and Krishnan 2021); MGI were 

indeed present at >5% of the community in all three size fractions in this study. The 

lower abundance in the largest size fraction may be attributable to the higher proportion 

of methanogens in that fraction, as is discussed in the next section. 

The presence of MGI nearly year-round at this site suggests the group plays an 

important role in ammonia oxidation in estuaries, as it does in the open ocean (Pester et 

al. 2011), which would be corroborated by nitrite and nitrate quantification. Historical 

data shows no trend in total nitrogen at the sampling site (DNREC et al. 2022), but there 

may be a trend in nitrite or nitrate that is obscured by the measure of total nitrogen. 

Unlike for most of the abundant taxa detected in this study, no clear seasonal difference 

was observed in the relative abundance of MGI. Some studies have reported that MGI 

abundance peaks in winter (Wuchter 2006, Herfort et al. 2007, Galand et al. 2010, 

Hugoni et al. 2013), whereas others do not (Pernthaler et al. 2002, Quiñones et al. 2009). 

Murray et al. (1999) noted a negative correlation of prokaryote abundance with MGI 

abundance, suggesting MGI is most abundant when overall microbial abundance is low. 

The productive and diverse nature of the estuarine environment may prevent MGI from 

ever becoming dominant over other taxa. 
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4.3 Thermoplasmata (MGII) 

 Given their hypothesized heterotrophic metabolism and light harvesting 

capabilities (Frigaard et al. 2006), I hypothesized that MGII archaea would show a 

preference for seasons with more light availability and a possible correlation to indicators 

of phytoplankton productivity such as chlorophyll and DOC concentrations. 

Thermoplasmata (MGII) showed a higher relative abundance in summer and fall and at 

high tide. The higher abundance at high tide suggests a preference for higher salinity 

marine conditions, which is consistent with reports from the Cochin estuary in India 

(Anas et al. 2021), the Pearl Estuary in China (Chen et al. 2019), and the Broadkill River 

(Yoshimura et al. 2018). The seasonal trend could be explained by a number of factors. 

Many studies have observed MGII blooms in summer (Pernthaler et al. 2002, Wuchter 

2006, Herfort et al. 2007). One potential explanation that has been given in temperate or 

polar locations could be that longer day lengths (and therefore more available sunlight) 

support the growth of photoheterotrophic MGII phylotypes (Frigaard et al. 2002). 

However, higher relative MGII abundance lasted into the fall. During the spring, when 

day lengths were comparable to the fall through October when day lengths are much 

shorter, relative abundance of MGII was lower. Longer day lengths may have played a 

role in kickstarting the bloom, but additional factors are necessary to explain their 

persistent high abundance through the fall. 

Many studies link MGII blooms to phytoplankton blooms, often using chlorophyll 

concentrations as a proxy. In the North Sea, MGII blooms have been found to correspond 

directly with an increase in chlorophyll concentration/phytoplankton bloom (Herfort et al. 
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2007, Orellana et al. 2019). In another North Sea study (Wuchter 2006), and in offshore 

California (Needham and Fuhrman 2016, Murray et al. 1999), MGII blooms have been 

found to occur after a phytoplankton bloom, with lags ranging from a few days to about a 

month. The relationship between MGII abundance and phytoplankton blooms is 

attributed to the probable reliance of MGII on high molecular weight organic compounds 

deriving from phytoplankton (Iverson et al. 2012, Orsi et al. 2015). A goal of this study 

was to investigate the association of MGII abundance with phytoplankton in the context 

of an estuary using chlorophyll concentrations as a proxy for the summer phytoplankton 

bloom. Unexpectedly, historical data from the last 20 years from the mouth of the 

Broadkill (DNREC et al. 2022) shows no statistically-significant seasonal trend in 

chlorophyll A concentrations (Figure A.4). These data support the lack of a seasonal 

trend that we observed in our own total chlorophyll concentrations when monthly 

measurements from 0 and 1 meters depth are averaged together (although they do not 

explain the variability between depths that we report) (Figure A.8). It may be that our 

monthly chlorophyll values do not have sufficient time resolution to capture a summer 

phytoplankton bloom in 2020 and 2021. Alternatively, the absence of a summer 

maximum in total chlorophyll concentrations may be due to efficient zooplankton 

grazing. A similar absence of a chlorophyll (in this case total chlorophyll) peak observed 

at the mouth of the Delaware Bay by Voynova et al. (2013). In fact, chlorophyll 

concentrations decreased slightly in the summer in that study although a summer peak 

was reported from independently-measured primary production. The authors found that 

zooplankton biovolume increased at the same time as this increase in primary production 
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and suggested that this allowed for an efficient transfer of phytoplankton carbon to 

primary consumers such that chlorophyll did not represent the increase in primary 

production. If similar dynamics occur at the mouth of the Broadkill River, efficient 

zooplankton grazing could explain the lack of a seasonal chlorophyll peak. Chlorophyll a 

is widely considered to be a good proxy for phytoplankton biomass (Huot et al. 2007), 

but our data and historical data from the Delaware Water Quality Portal indicate that it 

does not appear to accurately reflect phytoplankton activity at the Broadkill River outlet 

and lower Delaware Bay (Voynova et al., 2013, DNREC et al. 2022). Based on the 

results of Voynova et al. 2013, a seasonal increase in the availability of phytoplankton-

derived organic carbon could still occur, driving an MGII bloom despite this not being 

reflected in the chlorophyll data. Future studies at this site could directly measure primary 

production or the abundance of phytoplankton sequences to test this hypothesis.  

A confounding factor in interpreting the data of the relative abundance of MGII is 

the existence of multiple phylotypes that occupy different niches. Galand et al. (2010) 

and Hugoni et al. (2013) identified MGII.a and MGII.b, the former of which bloomed in 

the summer in their studies, the latter in the winter. Our sequence data indicate a 

population of MGII that blooms in the summer which may indicate a dominance of just 

one niche occupied by MGII and possibly one phylotype. This pattern was also observed 

by Orellana et al. (2019), who noted the different metabolic capabilities of MGII.a and 

MGII.b, the latter of which has a smaller, more streamlined genome and adaptations to 

survive in the absence of phytoplankton blooms such as a sulfur assimilation pathway. In 

a river-influenced setting with high DOC concentrations such as the Broadkill, the 
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adaptations of MGII.b have for survival under conditions of lower organic carbon supply 

may be less advantageous. Orellana et al. noted that summer blooming MGII.a cells are 

smaller than MGII.b cells, an adaptation that could help them avoid grazing and also 

could also explain why the summer MGII bloom in this study is the most pronounced in 

the smallest size fraction (0.7 – 0.22 µm). Given that relatively few phylotypes of MGII 

dominate globally (Massana et al. 2000), it is possible that the summer bloom of MGII 

observed at the mouth of the Broadkill River can be attributed to MGII.a. Unfortunately, 

the short sequence length resulting from a sequencing error does not allow for phylotype-

level specificity to be determined from our OTUs. A future sequencing run could result in 

higher quality sequences that can distinguish between the two phylotypes.      

Other factors that have been identified as contributing to MGII blooms in other 

settings can likely be ruled out. Galand et al. (2010) attributed the summer MGII.a bloom 

in the Mediterranean Sea to stratification of the water column; however, this does not 

occur in the Broadkill (Dewitt and Daiber 1973). Murray et al. (1999) specifically 

investigated whether the availability of nutrients like nitrite, nitrate and phosphate 

affected MGII blooms, and did not identify any strong relationships like those 

consistently observed for MGI. Needham and Fuhrman (2016) identified particular 

phytoplankton taxa whose abundance correlated with that of MGII. We cannot evaluate 

this possibility without sequencing DNA amplified with 18S primers which was beyond 

the scope of this project. However, a future investigation of the eukaryote community in 

the Broadkill River might reveal similar results. The occurrence of a summer MGII 

bloom at this study site in three different years (2020 and 2021, measured in this study, 
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and in 2014, as reported by Yoshimura et al. 2018), suggests the driver of this bloom 

reoccurs annually in June. We have determined that the MGII bloom cannot be correlated 

with hours of daylight, temperature or chlorophyll concentrations individually. More 

work is needed to determine its precise cause. 

MGII had higher relative abundance in the smallest size class, but was present in 

all three at >5% of the community. Some MGII phylotypes appear to have a preference 

for particle-associated lifestyles; others are more abundant in free-living fractions, but 

most have no preference either way (Jain and Krishnan 2021). There may be an abundant 

phylotype with a preference for a free-living lifestyle in the Broadkill; alternatively, its 

higher relative abundance in the smallest size class may be attributable to lack of 

methanogens and other archaeal classes in that fraction. 

4.4 Methanogen Classes 

Several methanogen classes were detected in this study, and all were more 

abundant in the larger size fractions and found only in very low abundance in the smallest 

size fraction. This likely has to do with their metabolic strategy.  Methanogenesis is 

inhibited by oxygen and so these methanogens are strictly anaerobic (Offre et al. 2013); 

they would not be able to metabolize as free-living individuals in an oxic water column 

such as that of the Broadkill River. However, some methanogens are able to take 

advantage of the hypoxic or anoxic interiors of particles (Simon et al. 2002). The 

probable particle-associated lifestyle of water column methanogens may explain their 

near absence from the smallest size class. Particulate material captured on 2.7 µm GF/D 



47 
 

filters appeared brown suggesting the presence of large quantities of re-suspended 

sediment. Methanogens are the predominant microbes in estuarine sediment (Biddle et al. 

2006), so the methanogens captured from the water column may have their origin in 

sediment that gets entrained in the water column. (Chen et al. 2019), in their study of 

archaeal diversity in the water column of the Pearl River Estuary, found a higher 

abundance of methanogens in bottom waters than surface waters, lending credence to the 

theory that these archaea have their origin in sediment. 

The higher abundance observed for all abundant methanogen classes in winter 

and spring compared to summer and fall is a surprising finding that does not appear to be 

widely reported in the literature or expected given that methanogens with a sediment 

source would be expected to reflect abundance in the sediment and archaeal diversity in 

sediments is unlikely to have a seasonal pattern. While there is a significant correlation 

between the sum of the relative abundance of methanogens and temperature (Table 2), 

temperature is unlikely to be the cause of their lower abundance during the summer and 

fall as methanogens are not inhibited by warm temperatures. In fact, methanogens in 

aquatic sediment have been found to have higher activity at higher temperatures (Zeikus 

and Winfrey 1976). Notably, MGII and methanogens are anti-correlated in the large and 

medium particles and a pronounced bloom of MGII occurs in June. Given that we did not 

amplify archaeal DNA by quantitative PCR (qPCR), a more likely explanation may be 

that the bloom of Thermoplasmata (MGII) in the summer and fall may have obscured the 

methanogen population in our results. It would be possible for the absolute abundance of 

the methanogens to remain the same year-round, but if the absolute abundance of MGII 
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increased in summer, the relative abundance of methanogens would decrease as we 

report; in other words, the signal from increasing MGII abundance may be drowning out 

a relatively stable methanogen community. However, these results do not distinguish 

between a seasonal pattern in methanogen abundance and a decrease in relative 

abundance due to an increase in absolute abundance of MGII. Sampling at this site but 

amplifying DNA via qPCR would help resolve this question.  

There were unique aspects to the relative abundance patterns of each of the 

abundant methanogen taxa. Methanocellia and Methanobacteria were more abundant at 

low than high tide (Table 3). This is not unexpected, as Chen et al. (2019) reported higher 

methanogen abundance at more lower salinity riverine sites than higher salinity marine 

sites in their study of an estuarine salinity gradient. Moreover, at least one cultivated 

representative of the order Methanocellales is reported to have lower salinity tolerance 

than Methanosarcinales. The reported maximum salinity tolerance of Methanocellales is 

20 ppt (Sakai and Imachi 2016), compared to greater than 33 ppt for Methanosarcinales 

(Sowers and Gunsalus 1998). This could explain Methanocellia’s affinity for low tide. 

Several cultured representatives of Methanobacteriales, however, had a salinity tolerance 

similar to that of or exceeding Methanosarcinales (Ciulla et al. 1994, Shlimon et al. 

2004). However, Yoshimura et al. (2018) found Methanobacteriales in higher abundance 

in upriver sites, so the phylotype(s) found in the Broadkill may be less salinity-tolerant. 

Alternatively, the presence of more suspended particles upriver than downriver in the 

Broadkill River (Dewitt and Daiber 1973, Yoshimura et al. 2018) could accommodate 

larger populations and be the reason for their greater abundance at low tide. The relative 
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abundance of Methanocellia and Methanobacteriales in this study were positively 

correlated, and Methanocellia was only detected in abundance when Methanobacteriales 

was as well. These similarities suggest a degree of niche similarity between the two, 

which is supported by their evolutionary relatedness (both are Class I methanogens) 

(Adam et al. 2017). Both are hydrogenotrophic (Bonin and Boone 2006, Sakai et al. 

2011), so perhaps increase in abundance when H2 or formate become more available.  

Methanomicrobia, the most abundant methanogen taxon at this site, is 

hydrogenotrophic like Methanobacteria and Methanocellia (Garcia et al. 2006). One 

reason it may be more abundant than those groups is the ability of archaea in that clade to 

efficiently use low concentrations of H2, which they use as an electron donor do reduce 

CO2 into CH4 (Anderson et al. 2009). This may give them a competitive edge over other 

methanogens with less affinity for low concentrations of H2. There is also a species of 

Methomicrobia, Methanothrix paradoxum, that is globally abundant in oxic wetland soils 

and capable of managing oxic stress (Angle et al. 2017); this species or similar could be 

present in the Broadkill and dominate because of this unique ability, but with this study’s 

data it is impossible to say. Methanomicrobia was also the most abundant methanogen 

detected in the Broadkill by Yoshimura et al. (2018), suggesting that conditions in the 

Broadkill River selects for their growth.  

Methanosarcinia were found to represent >5% of the community from December 

through June, but only in the largest size fraction. Methanosarcinia have some of the 

largest archaeal genomes (Buan 2018) and are capable of the largest diversity of 

methanogenic pathways. Unlike the other three methanogen taxa, Methanosarcinales are 
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capable of all three known types of methanogenic metabolic strategies: 

hydrogenotrophic, aceticlastic, and methylotrophic (Kendall and Boone 2006). This 

makes Methanosarcinales the most catabolically diverse methanogen clade, and the only 

one that can split acetate to form CO2 and CH4 (Ferry and Lessner 2008). This means that 

they have access to substrates not utilized by other methanogens, making them a 

dominant clade in many environments (Kendall and Boone 2006). Acetate is a common 

intermediate in organic carbon mineralization in the marine water column (Zhuang et al. 

2019), so use of acetate by Methanosarcinia could explain their abundance in the large 

size fraction. Another question is why, unlike with the other taxa, the relative abundance 

of Methanosarcinia is so reduced in the middle size fraction. Methanosarcinales cells 

occupy a wide size range including strains that fall both above and below 2.7 μm, the 

nominal pore size of the largest (GF/D) filters used in this study (Kendall and Boone 

2006) implying that they could only be accommodated in the interior of the largest size 

class of particles. A FISH microscopy study would be able to confirm or deny this 

hypothesis. 

 Flux from estuarine and shelf sediments is a significant contributor to the global 

flux of methane, a potent greenhouse gas, contributing about 75% of all oceanic 

emissions (Bange et al. 1994). The detection of methanogens by this study raises the 

possibility of methane flux from the water column itself, especially given that they are 

present at this site nearly year-round. Methanogenesis is known to occur in oxic water 

columns, but the magnitude of its contribution to atmospheric methane is uncertain 

(Bogard et al. 2014) and modulated by the activity of aerobic methanotrophs in the water 
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column. Without metatranscriptomic data it is not possible to say for certain whether they 

are actively metabolizing, but the suspension of particles in estuarine water columns for 

weeks or months suggests it is a possibility (Crump et al. 1999). Methanogens have been 

found in other studies of estuarine water columns (Tee et al. 2021, Chen et al. 2019), so 

water column methanogenesis may be a feature of estuaries. This is supported by 

Yoshimura et al. (2018) who found a higher abundance of methanogenic groups at 

upriver sites. Chen et al. (2019) found methanotrophic bacteria in association with 

methanogenic archaea in the water column and surmised that some methane may be 

oxidized back to CO2 before it escapes to the atmosphere. In the future it would be 

interesting to investigate whether methanotrophic taxa from the same site correlate in 

abundance with the methanogens. 

4.5 Other Anaerobic Classes 

 Nanoarchaeia is part of the phylum Nanoarchaeota, a phylum that is characterized 

by small cell size (Huber et al. 2002), which would explain its higher abundance in the 

smallest size fraction. Some Nanoarchaeota are endosymbionts (Jarett et al. 2018), and 

the potential association with hosts could explain their presence in the larger size 

fractions as well. Most of the Nanoarchaeia at this site were further classified as order 

Woesearchaeales; this group is indeed thought to be symbiotic with or parasitic of other 

microbes (Castelle et al. 2015). They are often present in anoxic waters and sediment 

(Sollai et al. 2018), and their presence here could suggest utilization of anaerobic 

interiors of host cells. The lack of seasonal pattern or association with tide for this class 

could indicate the presence of a cosmopolitan variety of hosts, allowing Nanoarchaeia to 
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be present in the water column year-round. Its presence in the smaller size fraction, 

however, suggests hosts that are free-living and relatively small in cell size. 

Bathyarchaeota are quite common in estuarine water columns (Liu et al. 2018). 

They are also found in sediments where they may be involved in methane metabolism 

and acetogenesis. In the water column, they can also be found in suboxic and anoxic 

regions (Sollai et al. 2018). This reliance on low-oxygen environments suggests that, as 

with the methanogens, Bathyarchaeota in the water column may be utilizing anoxic 

particle interiors. They can be organo-heterotrophs or acetogenic autotrophs (Lazar et al. 

2016); the lack of detailed taxonomic information on the Bathyarchaeota from this study 

makes it difficult to speculate on their metabolic activity. Regardless, they do not appear 

to be a dominant class in the Broadkill River, only representing >5% of the community 

for two months, and only in the largest size fraction.  

A surprising finding was the presence of several classes within the 

Asgardarchaeota phylum, specifically Lokiarchaeota and Odinarchaeota. These anaerobic 

taxa are typically found associated with sediments (Bulzu et al. 2019) and are rarely if 

ever detected in the water column, so finding them in this study is quite unique. These 

classes were more abundant in the largest particle size, suggesting that they, too, are 

particle-associated. 

4.6 Unclassified Taxa 

 A considerable proportion of the community could not be classified at all (OTUs 

labelled “Archaea_unclassified”) or could only be classified to the phylum Crenarchaeota 
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(“Crenarchaeota_unclassified”). There were also sequences that could not be classified 

even to domain level (“Unclassified_unclassified”); these represented less than 5% of the 

population in all but one sample. Evidence suggests that these groups may be genuinely 

novel taxa (i.e. not present in the SILVA database) as opposed to the result of sequencing 

errors. One piece of evidence for this is that these groups remained even after removing 

low-abundance OTUs. Another is that these groups correlate with particular variables. 

Crenarchaeota_unclassified, for example, are more abundant in the largest size fraction, 

and are mostly absent from the smallest fraction, never making up more than 5% of the 

community. A group resulting from a sequencing error is unlikely to have such strong 

size partitioning, so it stands to reason that this study may have found an undescribed 

class in the phylum Crenarchaeota. Archaea_unclassified were more abundant in spring, 

at low tide, and in the two smaller size classes, also suggesting that this designation may 

represent a novel taxon. The relatively low sampling effort for archaeal diversity in 

estuaries would make the presence of undescribed taxa unsurprising. Other studies (Anas 

et al. 2021, Vieria et al. 2017) also found a high proportion of archaea that could not be 

classified when they sampled an estuarine water column. However, if these are indeed 

novel taxa, it is somewhat surprising that Yoshimura et al. (2018) did not report such an 

abundance of unclassified groups from the same site; however, this could be explained by 

the MGII bloom that was occurring during their sampling. These unclassified groups 

made up a smaller percentage of the community during the bloom seen by this study as 

well. Using the BLAST tool to search the sequences of randomly-chosen unclassified 

sequences brings up near-100% matches to uncultured archaea found by other studies 
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(e.g. Baumgartner et al. 2009, Quaiser et al. 2011, Swan et al. 2010, Ye et al. 2009), 

which supports the idea of these being genuine undescribed taxa. Interestingly, these 

studies come from a variety of habitats, including freshwater (Ye et al. 2009), marine 

(Baumgartner et al. 2009, Quaiser et al. 2011), and hypersaline (Swan et al. 2010).  

 It is important to note that, as described above, there were groups whose relative 

abundance correlated with parameters (e.g. tide, season) that did not explain diversity 

changes in the overall community according to statistical tests. Because the abundance of 

different taxa are driven by different variables, this makes it less likely that any single 

variable will explain shifts in community structure as a whole. Archaea, as with bacteria, 

occupy a diverse array of niches (Offre et al. 2013), and individual groups are worthy of 

investigation as to factors affecting their abundance, particularly in what is clearly the 

complex environment of an estuary. 
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CONCLUSION 

 This study represents a unique dataset: a census the diversity of an archaeal 

community in an estuarine river over the course of a year that also compares the 

community at high tide vs. low tide. Moreso than any other factor, it was found that size 

class is the greatest determinant factor of community structure at the mouth of the 

Broadkill River. The higher diversity of archaea in larger size fractions suggests a robust 

particle-associated community, likely originating from sediment entrained in the water 

column. Many of the classes found may employ anaerobic metabolic strategies such as 

methanogenesis in the water column. The bloom of MGII in June represents an exciting 

opportunity to learn more about this uncultured group, including an investigation into its 

membrane lipids. This bloom could not be attributed to an increase in chlorophyll 

concentration as expected, but may still be the result of increased availability of 

phytoplankton-derived organic carbon. It is clear that the estuarine water column hosts a 

diverse and dynamic archaeal community that differs from that of the pelagic marine 

water column in structure and phenology. This study illuminates how a single sampling 

event cannot be considered as representative of a community year-round, and that there is 

much more to be learned about the phenology and biogeochemical roles of planktic 

archaea in an estuarine setting. 
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FIGURES AND TABLES 

 

 

Figure 1: Time series of environmental data taken concurrently with water samples from 

July 2020 through June 2021 with YSI ProSolo probe. 0 m and 1 m data were almost 

identical so only 0 m data are represented here. 
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Figure 2. Rarefaction curves of all samples after removing low-abundance OTUs, color-

coded by pore size. The vertical red line represents the cutoff value chosen for rarefaction 

of data (7000 sequences). 
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Figure 3. Community composition of archaea at the class level from the largest pore size 

(GF/D) filters at 0 m and 1 m depth representing particles >2.7 μm. Samples range from 

July 2020 to June 2021. Data are normalized by scaling with ranked sampling. The 

“Other” category contains all classes that represent less than 5% of the total community 

in that sample. 
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Figure 4. Community composition of archaea at the class level from the middle pore size 

(GF/F) filters at 0 m and 1 m depth representing particles from 0.7 μm to 2.7 μm. 

Samples range from July 2020 to June 2021. Data are normalized by scaling with ranked 

sampling. The “Other” category contains all classes that represent less than 5% of the 

total community in that sample. 
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Figure 5. Community composition of archaea at the class level from the smallest pore 

size (nitrocellulose) filters at 0 m and 1 m depth representing particles from 0.22 μm to 

0.7 μm. Samples range from July 2020 to June 2021. Data are normalized by scaling with 

ranked sampling. The “Other” category contains all classes that represent less than 5% of 

the total community in that sample. 
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Figure 6. Scatterplot (A) and box plot (B) of DNA concentrations from each filter type. 

One sample (7/21/2020 0 m GF/D) was removed because it had an order of magnitude 

higher concentration than the other samples and so represented an outlier. Different 

lowercase letters represent groupings that are significantly different from each other 

according to Tukey’s HSD test. 
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Figure 7. Abundance of MGI (A), MGII (B), and total methanogens (C) over time. 

Vertical green bars represent samples taken at high tide. 
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Figure 8. Box plots of alpha diversity (Shannon-Wiener index) comparing samples 

grouped by depth (A), tidal stage (B), season (C), and pore size (D). Different lowercase 

letters represent groupings that are significantly different from each other according to 

Tukey’s HSD test.  
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Figure 9: NMDS plot of all samples with colors denoting categorical variables: depth 

(A); tidal stage (B); season (C) and filter type (D) . Data are normalized by scaling with 

ranked sampling. Stress for the ordination is 0.14. 
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Figure 10: NMDS plot of all samples coded by filter type and time of year with pseudo-

axes. Lines represent pseudo-axes constructed from environmental variables; the longer 

the arrow, the greater its predictive value of variation in the community. Stress for the 

ordination is 0.14. 
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Table 1. Sampling dates and corresponding tidal stages, tide heights, volume filtered, and 

data from YSI ProSolo probe. Tidal height retrieved from NOAA website 

(https://tidesandcurrents.noaa.gov/) and represents the height approximately halfway 

through sampling. 
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Table 2. Results of linear regressions of Nitrososphaeria (MGI), Thermoplasmata 

(MGII), and sum of methanogens (Methan.) relative abundance vs. environmental 

variables and Wilcoxon signed rank test comparing relative abundance in samples taken 

at high tide vs. samples taken at low tide. Individual linear regressions were performed 

for each filter type and for all samples combined. Yellow indicates a statistically 

significant positive correlation (or statistically-significant result for the Wilcoxon test); 

orange indicates a negative correlation (p-value cutoff 0.05). Methanogen abundance was 

only analyzed in the larger two size fractions where they were most abundant.  
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Table 3. Results of Indicator Species Analysis test. Shown are the archaeal classes that 

are more abundant in particular groupings than others (p-value <0.05). Classes in gray are 

those that do not make up more than 5% of the community in any sample 
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Table 4. Results of ANOSIM (Analysis of Similarities) test comparing the community 

structure between different groupings. Yellow cells indicate a significant p-value (<0.05). 

“Yearsplit” indicates Dec-May vs. Jun-Nov. 
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Table 5. Results of Mantel test comparing Euclidean distance vectors constructed from 

environmental variables with a Bray-Curtis dissimilarity matrix of all samples. 

Highlighted cells indicate significant p-values. 

 

  Temperature Salinity  ODO TDS 

Mantel statistic r 0.1857 0.1787  0.107 0.1772 

Significance 1.00E-04 1.00E-04  3.00E-04 1.00E-04 
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Appendix A 

SUPPLEMENTAL FIGURES 

 

 

A.1. Location of the study site and sampling setup. The red star in panel A indicates the 

location of zoomed-in panel B. The red star in panel B indicates the location of sampling. 

C shows an image of the sampling location and setup. 
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A.2. Plots of ancillary data over time at 0 m and 1 m: nitrite (A), nitrate (B), PAR (C), 

chlorophyll (D), DIC ©, and DOC (F). 
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A.3: Annotated example of a successful gel – result of gel electrophoresis of PCR 

products using archaea-specific primers both with and without Illumina “wings”. 
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A.4: Rarefaction curves of all samples before removing low-abundance OTUs (those that 

appeared fewer than 10 times across all samples). Color-coded by pore size.  
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A.5. Box plot of monthly (A) chlorophyll a concentrations and (B) total nitrogen in the 

Broadkill river from 2001-2022. Lowercase letters at top represent groupings from 

Tukey’s HSD test; in this case, none are significantly different from any other. Data are 

from the Delaware Water Quality Portal (DNREC et al. 2022). 
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A.6. Stress plot for ordination of Bray-Curtis dissimilarity of all samples. 
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A.7: NMDS plots created from separate ordinations for each pore size with colors 

denoting season (A) and tidal stage (B). Data are normalized by scaling with ranked 

sampling. Stress for the ordinations for GF/D, GF/F, and Nitrocellulose samples are 0.21, 

0.21, and 0.19, respectively. 
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A.8: NMDS plots created from separate ordinations for the largest (A), middle (B), and 

smallest (C) pore sizes. Lines represent pseudo-axes constructed from environmental 

variables; the longer the arrow, the greater its predictive value of variation in the 

community. Stress for the ordinations for GF/D, GF/F, and Nitrocellulose samples are 

0.21, 0.21, and 0.19, respectively. 
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A.9: Box plots of alpha diversity (Shannon-Wiener index) comparing samples grouped 

by category; done for the largest (A), middle (B), and smallest (C) pore sizes. Different 

lowercase letters represent groupings that are significantly different from each other 

according to Tukey’s HSD test.  
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Appendix B 

SUPPLEMENTAL TABLES 

B.1. Nucleotide sequences and references for primers used. Illumina “wings” for the 

archaea-specific primers are in red. 

 

Primer Name Primer Sequence Target Reference 

Illumina915F 5’-ACA CTC TTT CCC TAC ACG CTC TTC 

CGA TCT AGG AAT TGG CGG GGG AGC 

AC-3’ 

Archaeal 

16S 

Seyler et al. 2018 

Illumina1059R 5’-GTG ACT GGA GTT CAG ACG TGT 

GCT CTT CCG ATC TGC CAT GCA CCW 

CCT CT-3’ 

Archaeal 

16S 

Seyler et al. 2018 

B114F 5’-CGG CAA CGA GCG CAA CCC-3’ Bacterial 

16S 

Denman and 

McSweeney 

2006 

B1275R 5’-CCA TTG TAG CAC GTG TGT AGC C-

3’ 

Bacterial 

16S 

Denman and 

McSweeney 

2006 
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B.2. Sampling dates and corresponding ancillary water chemistry data for nitrite, nitrate, 

photosynthetically active radiation (PAR), chlorophyll, dissolved inorganic carbon (DIC), 

and non-purgeable organic carbon (NPOC). For nitrite concentration and nitrate 

concentration, values are derived from a calibration curve and were sometimes negative; 

negative values have been converted to zeroes. Blank cells represent data that have not 

yet been generated.  
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B.3. Results of linear regressions comparing relative abundance of methanogens vs. MGI 

and MGII, relative abundance of Methanobacteria vs. Methanocellia, and the sum of the 

relative abundance of the four major methanogen classes vs. temperature. Orange cells 

indicate a significant negative correlation; yellow cells indicate a significant positive 

correlation. 
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B.4. ANOSIM results for samples separated by pore size. Yellow cells indicate a 

significant (<0.05) p-value. “Yearsplit” indicates Dec-May vs. Jun-Nov. 
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B.5. Results of Mantel test evaluating relationship between Euclidean distance matrices 

constructed from environmental variables and a Bray-Curtis dissimilarity matrix of 

samples; done separately for each pore size. Highlighted cells indicate significant p-

values. 

 

  GF/D GF/F Nitrocellulose 

  
Mantel 
statistic r Significance 

Mantel 
statistic r Significance 

Mantel 
statistic r Significance 

Salinity 0.1543 0.022 0.1952 0.0019 0.1919 0.0015 

TDS 0.1343 0.0406 0.192 0.0025 0.1967 0.0019 

ODO 0.277 1.00E-04 0.1095 0.0354 0.226 5.00E-04 

Temp 0.407 1.00E-04 0.2559 1.00E-04 0.3144 1.00E-04 

 

 

 

 

 

 

 

 


